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ABSTRACT

This thesis reports investigations of the protein
molecule myoglobin by means of electroh’paramagnetic resonance
and supplemented by optical absprptioh measurements,

Certain ions can be attached to the sixth coordination
point of the iron atom in the haem site of the myoglobin
molecule. Attachment of these ions causes the iron ion to be
in either the ferric or ferrous state. Several ferric types
(or derivatives) of myoglobin are studied at microwave frequencicc
of 35 GHz and 70 GHz.

The spin state of the iron can be either low (S = 3)
or high (S = $). It is found that the angular dependance of -
the 'high spin derivative' spectra can be described by the spin

Hamiltonian :
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where D is very large =~ 5 cm *

and E is very small ~ 0.01 cm.-l

Since D is very large only the transition between the
energy levels of the lowest Kramer's doublet is observed using
normal microwave frequencies. It is possible to use a simplified
spin Hamiltonian to describe the angular variation of the

spectra. This is :

= B Bug gpr S



where Boff is the effective g-value.
Angular variation measurements of single crystals of

the fluoride derivative (F ) yield effective g-values

&

_ +
x = 585, g =5.98, g, = 2,00, = 0.005

and the z axis of the g-tensor system is found to be 5° away
from the normal to the haem plane, Measuréments on the paste
spectrum of the fluoride derivative at Q=-band determined g-vaiues
g, = 5.85, g, = .03, = 0,01.
Myoglobin formate HC02- was»found to produce two
separate spectra whose effective g-values were g, = 5.52,
gy = 5,94 and 8y © 5.87, gy = 6,06, Other derivatives studied
in paste‘form at Q-band were acid-met (HZO) and'cyanate (OCN™)
and their respective effective g-values were 8y ° 5.87, gy = 5.99
and g, = 5.72, &y = 5,98, The cyanate derivative when studied
Cat 4.2°K appeared to exist in two forms, one being high spin
~and the other low spin. Yet optical absorption measurements‘at
room tempéfature show that it is essentially in the low spin state.
Two methods were used to determine the zero field
splitting parameter D. Firstiy, from the variation of the intensity
of the g = 6 absorption line with temperature, and secondly,
the dependance of the effective g-values on microwave frequency.
The values found are significantly lower than those determined
by othef workers. It was found that the intrinsic linewidth of

the e.p.r. signal in the case of a paste spectrum increased

linearly with microwave frequency.
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CHAPTER I

INTRODUCTION

‘This thesis is a study of the active centre (haem group)
in the ﬁrotein molecule myoglobin by electron paramagnetic
resonance and supplemented by optical absorption measurements.
Electron paramagnetic resonance (e.p.r.) discovered in 19u51,t
has now reached a highly sophistiéated level, It ié eaSentially
high resolution spectroscopy using microwave frequencies between
10 and 100 GH,. Microwave power incident on a paramagnetic
System can stimulate transitions between tﬁe Zeeman levels, the
splittings of which are altered by the magnitude of an applied
magnetic field. From detection of the absorption of microwave
Power it is pbssible to obtainyimportant information concerning
the paramagnetic system. |

Myoglobin is a protein molecule of molecﬁlar weight
17000. 1Its function is to act as a temporary store of oxygen in
the muscles of vertibrate animals. Diving birds and sea mammals
contain large amounts of myoglabin and’thése investigafions
Were made on myoglobin from sperm whale. Oxygen is transpbrted
around the body in the blood by haemoglobin: A myOglobiﬂ molecule
Will accept one oxygen molecule from haemoglobin which it will hold

until the oxygen partial pressure in the muscle tissues descends
to a certain level. It will then release’the oxygen molecule
as the affinity for oxygen is affected by the‘ambient partial

Pressure of oxygen.



Chromatography and X-ray studies have shown that the
myoglobin molecule is composed of a single polypeptide chain of
153 amino acids. Extensive X-ray diffraction studies have been

- 0 .
2-6 down to l.4 A resolution. ' Extreme

Mmade by J.C. Kendrew et al
difficulties were encountered in the analysis of the Laue
diffraction pattern'from a single crystal of‘m§oglobin. The
Problem was in determining the phase of the radiation diffracted
from atoms within {he molecule which contributed to a Laue fringe
Pattern. The solution to the problem was a modification of a
technique devised by Perutz, that was later used for the anaiysis
of haemoglobin, called isomorphous replaéement. This technique
involves attaching a heavy atom, such as mercury, to certain

known atoms of the protein molecule. Comparison of the Laue
fPinges with and without the heavy atom attached give unambiguous
Values for the phase. By this method three dimensional fluctuations
in electron density were'plotted at a series of imaginary sections
Cut through the molecule. These electron densities were plotted
On thin perspex sheeting and stacked on top of one another thus
Showing the electron density throughout the molecule. Initial
inVestigations at 6 R resolution ' revealed the presence of rods
Penetrating the structure and having a similar cross sectional .
dimension to Pauling's a - helix. These rods were interwoven
thI‘Oughout the molecule in a complex way. Later analysis at 2 g
Pesolution, involving analysis of 10,000 Laue diffraction spots,
Showed rods in the shape of a helix with side chains. The

dimensions of this helix were found to be very similar to the
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¢ - helix. It was deduced that the a - helix is the basis of
globular as well as fibrous proteins. Xray diffraction has been
' completed to 1l.u4 K resolution which has revealed the positions of
every atom in the molecule.

. The haemoglobin molecule, the structure of which has

7-10, is found to consist of two

been analysed by M.F. Perutz

Pairs of dissimilar helices all intertwined. One pair are

similar in structure to myoglobin, being a helices, whilst the

Other pair are called B - helices. Therefore, knowledge of the

Structure and functional mechanisms of myoglobin is particularl&
useful as the molecule may be treated as a modél’for more complex

haem proteins such as haemoglobin.

Each of the helices or ?hains in haemoglobin contain an
iron atom, as does a myoglobin molecule and it is to this atbm an
oxygen molecule becomes attached. The iron atom is located in |
4 porphyrin structure as shéwn in Fig. 1. In the haem plahe
four nitrogen atoms are seen to be attached to the iron atom.

Below the haem plane a nitrogen atom of a histidine amino acid

group and vertically above the plane an oxygen~molecu1é form the
fifth and sixth ligands of an octahedral complex. When deoxygenafed,
Oof course, the sixth coordination point is vacant. It is this

'Small part of the molecule, the haem group, whiéh forms the active
Centre of myoglobin that is of interest in e.p.r. studies. The
Temainder of the molecule can only be investigated, by this means,

through its effect upon the environment of the iron ion in the

Porphyrin group.
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Iron in myoglobin and haemoglobin is‘in a,ferrous state
(Fe2+) when it is oxygenated or deoxygenated., The electron
configuratipn is thus (3d)6 but coﬁtrary to Hunds rules, the
Oxygenated form is diamagneticll. In the deoxygenated state
there is a resultant spin S = 2 but e.p.r. has not been observed
from myoglobin in this state. Moreover it is possible to reduce
the iron atom to the ferrié state (Fe3+) by attachment of various
ions onto the haem group at the sixth coordination point in
Placé of oxygen. The configuration is now (3d)s which results in
a ground state of GS% (S = %E ) when the sixth ligand is essentially
ionically bound to the iron atom. If the bonding is more of a
covalent nature a low spin form @S = 1) results. The high spin
form has a characteristic e.p.r. spectrum of a single resonance
line resulting from a transition between the m, = & levels,
with a large g value variation between 2, when the magnetic field
is parallel to the magnetic'z axis, to 6, when the field is in
the xy plane. In the low spin form the axial symmetry, inherent
in the high spin case is lost. An angular variation of g values
between approximately 1.5 and 2.8 is found. 1In a singie crystal
of myoglobin the linewidth varies with orientation of the magnetic
axes with respect to the magnetic field being a minimum when the
field is in the xy plane, which is }found. to be the haem plane.
Linewidths aré large as a result of inhomogeneous broadening due
to misorientations of the haem planes within a crystal.

When the iron ion is changed to the ferric state the

molecule is said to be in the met form. Met-myoglobin and



haemoglobin occur within the body when nitrites and nitrates
combine reversibly with the haem group. Certain ions such as
cyanide becone so strongly attached that the process is irreversible.
Molecules in the met form are incapable of transporting oxygen .
and they remain in the system, ineffectual in the respiratory
Process, until they either are naturally replaced or revert to
the ferrous state. Congenital met haemoglobinae occurs in certain
Peoplé where the amino acid sequence of the molecule is disturbed.
Sucﬁ.a disease often causes cyandsis, a blue colouring of the skin.,
It is comparatively easy to exchange the'ligaﬁd at the

sixth coordination point of the haem group in myoglobin in vitro

- and thus to study changes in the haem environment. From changes
Produced in the e.p.r. and optical spectra it is possible to
investigate the symmetry of the iron atom and its immediate
Surroundings and hopefully to relate this to the function of the
Protein, The mechanism by Which oxygen binds to myoglobin is
$till not understood nor even is the orientation of the 02 molecule
relative to the haem plane known. The strange phenomena in
haemoglobin of cooperative ligand binding, in which the four haem
groups in a molecule simultaneously attach an oxygen molecule and
again simultaneously release them at the appropriate time, still
remains unexplainedf Unfortunately the diamagnetic oxygen
derivative cannot be studied by e.p.r. buf there are many para-
magnetic derivatives, which naturally can be investigated.
Studies of the lowest lying energy levels of such derivatives as
are available for spectroscopic investigationsare very important

* Since starting the writing of this thesis this mechanism has been

explained by Perutz.



if the nature of this unique chemical bond between O2 and
bHaemoglobin is to be understood.

Tl.e lowest lying energy levels of the ferric ioh in the
high spin form have an unusually large §plittihg in zero magnetic
field and the mechanism for such splittings is not very well
understood. Careful measurements of the exactvmagnitude of such
splittings are essential if an effective theoretical explanation
is to be developed. The establishment of a suitable theory for
these large splittings would be one step nearer to an understanding
of the function of these complex molecules.

Studies have been made on the angular variation of g
values in single crystals of myoglobin and the diréctions of the
magnetic axes have been determined for the fluoride derivative.
Estimates of the large zero field splittings'for certain high
spin derivatives have been made by two methods. The first is by
& measurement of the g value variation as a function of applied
magnetic field, and the second method is an intensity variation

study of the g = 6 signal as a function of temperature. Finally

the optical spectra of various derivatives were measured which
together with the e.p.r. spectra of the pastes of these derivatives.
indicate that high spin and low spin forms exist together in

‘thermal equilibrium,
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CHAPTER II

BASIC THEORY AND TECHNIQUES OF ELECTRON PARAMAGNETIC

RESONANCE.

2.1 Introductioh

In order for e.p.r. to occur it is necessary for the
electrons on the atoms being studied to have a resultant angular
momentum. The angular momentum may‘arisé from orbital motion of
the electrons or from their intrinsié spin.  When the electrons
of a free atom or ion have resultant angular momentum then they

POssess a permanent magnetic dipole moment given by
H=yC 2.1
where U = magnetic dipole moment

G - angular momentum in units of h

y - magnetogyric ratio

Using a classical pictﬁre it can be shown thatl, in
the presence of an applied magnetic field, the magnetic moment
will precess around the applied magnetic field with the Larmor
fr’equency given by

w =-yB | 2.2,

Resonance will occur if an oscillating field is applied
With a frequency the same as the Larmor frequency. If magnetic
fielqs up to 1 tesla (10 Kg) are used then the corresponding

frequencies of the applied radiation will be in the microwave

range,



E.P.R. has been used to investigate many systems.,
Certain ions in crystals have partly filled orbital shells and
hence have e permanent dipole moment due to either orbital orﬁ
spin angular momentum or both. These ions are from the 3d, 4d,
4f, 5d aﬁd 5f transition groups andbe.p;r. has yiélded valuable
information concerning the symmetry, valency and bonding of such
ions, In free rédicals the elecfrons are usually delocalised and
therefore their dipole moment is due to spin angular momentum..
Similar resonances occur in bdfh conductors, due to conduction
eleétrons,and unpaired electrons, associated with donor or acceptor
atoms,iﬁ semiconductors where the orbital angular momentum can be

considered to be zero.

2.2, Paramagnetism

The permanent magnetic dipoles associated with the

Pesultant angular momentum of the electrons of an ion is given by
u=y@
e 2.3.

where Y =~ g (=)
€, and m, are the charge and mass of an electron and g is a pure
Number whose value depends on the relative contributions of orbit
and spin to the total angular momentum.

If the only contribution to the angular momentum is from

the orbital motion of the electrons then g = 1
and €=h1L | - ' 2.4

where I is the quantum number of the orbital momentum
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If only spin angular momentum is present we can write

8 =HhS§ and g = 2 2.5

[72H

is the quantum number of the total spin momentum.

- When both orbital and spin angular momentum are present
Then the value of g depénds on the way in which the two are
Coupled. When LS coupling is applicable the resultant angular

momentum is associated with quantum number J, where J = L + S

end g is given by the Lande g factor

. 3, , S(S+1) - L(L+1)

&5 2 23(I+1) 2.6
Then the resultant electronic magnetic dipole moment is
an-gJBJ’ 2,7
ch .
where B = 5 1s the Bohr magneton
Mo

0.9273. lO-23 ampere - metre2

for]
1]

The units adopted throughout this thesis are the S.I.
system whiéh has gained internatidnal'acceptance. The systenm is
based on the six basic units metre; kilogramme, second, ampere,‘
Cegree Kelvin and'candelah "The familiar unit}for magnetic flux
density, the gauss, is replaced by the tesla.

| i tesla-= 104 gauss

Fquation 2.7 is valid if we can ignore anyvinteractions
that would admix states of different J. This means‘that the
energy associated with interactions, such as thé Zeeman interaction

with an external field, must be small compared with the energy



_____ IS,
!
. S |F:>|
D L |02
MJ
3 : .3
3p! 4p! S 3, 3p
l P L , . 0o g=“s
ez l_ 3 -
L =I--~- 1 P
! , - 10%em-" - o on 3 _3
D L ‘-_'_" 3 3 Dz i 7
[T 2 Dz o ¢ 0 g«'ls
B é ~10 cm'13D -2
Configuration Terms Levels ¢ -—'——-—a:: g=
—=H
Fig 2.1 (@) Schematic Illlustraton of the energy levels of a configuration 3p' 4p'

when Russell- Saunders
(b) Zeeman splitting of ground state triplet

coupling holds.
3D,



- 11 -

differences between levels of different J. These energy levels
are split by spin-orbit couplihg which can be represented by a
term |

M ., = L5 | 2.8

Therefore if any interaction, including the Zeeman

interaction, is larger than or of the same order as the spin-orbit
interaction the Lande g factor is no longer applicable. In some
rare earth ions in solids, where the unpaired electrons are |
screened from the lattice, this is still applicable but for 3d‘
ions in a solid, where the unpaired electrons are in the outer |
‘Shell, the crystalline electric field has a larger interaction
energy than the spin-orbit coupling and hence equation 2.7 is no
longer valid. |

Fig. 2.1. shows, for illustration purposes, the energy

1 1
Hp .

Initially electrostatic interaction between electrons (coulomb

levels associated with a free atom with a configuration 3p

and exchange) couples the orbital angular momenta of the

individual unpaired electrons and similarly the spin angular

momenta of the unpaired electrons according to the Russell=-Saunders
coupling scheme. The ground term is found by Hund's rules to be

3p. Spin-orbit interaction further splits the terms into levels

according to the total angular momentum quantum number J. The

separation between successive levels is given by
Wy - Wg=l = A J 2.9

which is known as the Landé interval rule. The level with the
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smallest value of J lies lowest if the shell is less than half
filled but is highest when the shell is more than half filled.

Finally the magnetic interaction
B B.(L +2 %) 2.10
is treated as a perturbation upon the levels. This splits each

level into (20 + 1) Zeeman levels.

Hypeffine Structure -

| In a free atom or ion which has a resultant electrpnic
angulér momentum 3, and nuclear spin T,the tﬁo are generally‘
.coupled together through the magnetic interaction between the
electronic and nuclear dipole moments. VWithin a manifold of

given J this usually takes the form
}( = a(J.I) ’ 2.11

this couples J and I together to form a set of levels with

quantum numbers
F=(J+1I).eee (J=1I) 2.12
The separation beteen successive levels is

Wp = Wp_; = afF | 2,13

The hyperfine interaction energy is usually very small being
- 10"1 cm-'1 and is smaller than the Zeeman energy thus I and J
will not couple to form F. The hyperfine interaction must be

considered as a perturbation upon the electronic Zeeman levels.

In the strong field limit (the Back-Goudsmit region) the
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electronic moment precesses about the external field independantly
of the nuclear moment. Therefore the magnetic hyperfine inter-

action resu’ts in a magnetic field of the nucleus whose steady

,Component Be is parallel to the external field B. The nuclear

" moment then.precesses about (B + Be). Conversely the nuclear
moment generates a magnetic field and the elecfronic moment

" Precesses about‘the combihed field (B + Bn).

Then from the magnetic hyperfine energy a(J.I), if B

is along the z axis

a Jz Iz = g3 B Jz Bn = - g1 B Iz Be 2,14

then for the electrons

We = g; B Jz (B + Bn) 2.15

where since Bn is proportional to Iz, it has (2I + 1) values,
equally spaced.

Similarly for-the nucleus
Wn = - g1 8 Iz (B + Be) 2.16

where since Be is proportional to Jz; it has (2J + 1) values,
equally spaced.
The hyperfine splitting for an ion with § =f£ and I = 1 is

shown in Fig. 2.2.

2,3, Magnetic Resonance

When a magnetic dipole u is placed in a magnetic field

the interaction between them can be represented-by the Hamiltonian

H =-:5.5 | 2.17
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for a free atom the electronic magnetic dipole moment is from
2.7

=-g;BJ 2.18
Thus the Hamiltonian for the Zeeman interaction of the dipole
moment ﬁJ with B is

H = - (B = g; 8 (B.D) 2.19

The vector J has (2J + 1) values corresponding to/the.
different projections of this vector in the direction of the
éppliéd magnetic field B. Therefore the (2J + 1) degeneracybof
level J is 1lifted in the field and the energy of each component
M; is given by :- | |

W, = gy B B M; 2.20

From quantum mechanics it is found that transitions
between the component levels designated by MJ are allowed when

AM_ = + 1, Therefore such transitions require an energy quantum
hv = g; B B 2.21

This applies to free atoms where one is dealing with a group of
(20 + 1) levels that are well ;eparated from other levels. In
the solid state this is far from the case and the theory'has,to
be modified as will be seen in Chapter 3. | Transitions between
the Zeeman levels are stimulated by an oscillating magnetic field
of frequency v. It is now necessary to consider the quaﬁtum
mechanical conditions for stimulation of transitions between the

Zeeman levels by an applied oscillatory magnetic field.



Consider an oscillatory magnetic field applied in a
Plane normal to B, the static magnetic field, with components
Bx, By. This introduces an additional perturbation described b&
the Hamiltonian

H?t = - (Bx ux + By uy) | 2,22

The oscillatory field can be represented by a rotating field with

components Bx = Bl cos wf, By = Bl sin wt, this can be written as
}(l = - 3 Bl [u+ exp (~iwt) + u- exp (iwt)] - 2.23

wh + = A 7 -— - i ‘
| ere H Ux. luys H ux Uy

Time dependent perturbation theory must be applied since){l is
oscillatory. '

The Schroedinger equation is
1, , . h ay , |
()'("')'() ¥ = - 2.24

Now the wavefunctions can be expressed as a series involving the
complete set of orthogonal wave functions for the unperturbed
system Un at time t

Wn t
T )

¥ (t) = 2 a  (t) Un exp (-i°

n 2.25

where Wn is the energy of the nth state an’d,an is the amplitude
of this base state n in the wavefunction V¥
Substituting 2.25 into the Schroedinger equation 2.24 yields the

relation

da_(t) - - ‘
o = @7 Hm () a (6 exp [i(w-’-“—h—-"-@t] 2.26.
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These are a set of simultaneous differential equations in the

function a, (t) where){mn is the expectation value (matrix element) |,

of the oscillatory perturbation between the base states m and n.
i.e. }(mn z <Um1H}IUn> 2,27

Now for the oscillatory perturbation 1 (equation 2.23) the
only finite matrix elements are those between states M and M b 1,

which are

<M + 1] u+ |M> = <M + 1|yhJ+ |M>

N

' 1
M - 1] u~ |M> :

Yh [J(J + 1) - M(M + l)]%

<M - 1]yhJ- |M> = vyh [J(J + 1) - M(M - 1)
- 2,28
giving rise to the selection rule AM = ¥1. M can refer to the
Projection on the magnetic field B of (a) J, the total angular
momentum or (b) L, the orbital angular momentum, or (c) §, the
spin angular momentum.

If we assume that the system is initially in the state
Jz = M, so all the coefficients a  are initialiy Zero excepf CIVE

which is unity, then since (W, * 1 < W) /R = ¥+ yB for small values

of the perturbation we have approximately

dayey . .
I - % 1vB <M+1l| Jx| M> exp [1((WM$1.- Wy) + how) t/h]
=3 ivB <Mtl| Jz| M> exp [1 i(y B+ w t]
2.29
This can be integrated énd yields for the probability
(a a”f)Mil of finding the system in the state M¥1 after a time t
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2 . 2 (yB + w)t

2
(a a*) = (y B,)° <M*l| Jx| M>° sin
Hel 1 (vB + w)?
= (¥ }31)2 <M1| Jt| M>2 sinz-lc (b= w)t
2
(w = wL) |
2.30
If the resonance condition is satisfied exactly then
| 2 .2
. _ 2 <M#1|Jz| M>C ¢ |
(a a*dyyy = (v By) N 2.31

This refutes Einsteins theory for transitions which
says that the transition probability increases linearly with time.
In preality there are a large number of more or less identicai
systems. The levels are homogeneously broadened so that W W
has a distribution of values.. We define a line shape function f(w)

which describes the distribution of energy levels between which

the transition is occurring. This is normalised by the condition
o0 .
I f(w) de =1 . 2.32
0

The transition probability per unit time W is given by the time
~derivative d(a a*)/dt integrated over a distribution of Larmor

frequencies

sin(w - wL)t

£ (wL) dw

=
i

L

[+«
(y Bl)2 <Mtl]| J#| M> 2 ]
% 2.33

2(w = wL)

2 £ (W 2.34

=
"

, ,
% (y B))® <Mt1l] Jx| M>
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Therefore time dependant perturbation predicts that
if an oscillating magnetic field B1 is applied to a paramagnetic
sample perpendicular to the applied static field, transitiohs
will occur between states differing in M by I1. Also the
transition probability increases linearly with time and as the

square of the field strength B The frequency of B1 must be

l‘
approximately equal to the Larmor frequency Wy ,w must be within
the distribution f(w).

The oscillating perturbation){l was taken in the above

analysis to be in the general form

A more useful form of this Hamiltonian for determining

the transition probability of electrons belonging to ions in

crystals is

where g is a tensor.

If g and S are colinear we get,on expanding, the following

1 _ : .
H™ =88 (g, 5 +g S, + &, 8,) 2.37
The transition probability per unit time becomes

2,2 9

W o= l};—g— (By- (s le,Sylvg> + <byle Sy lvs> + <vilg S, [95>0)7 £lw)

2.38



The population of each of the
five levels is determined by the
Boltzmann distribution function.

Ni ‘=Ngi eXP(" W/T)

- . Z gl exp( ' kT

)

Nj is the population of the ith level..
Wi is the energy of the ith level.

gj is the degeneracy of the ith level which equalsumy
in thls case.

Fig.2.3. Population distribution between Zeeman levels.



--19 -

2.4, Thermal Equilibrium

From equation 2.34 it is seen that the transition
Probability for upward transitions, corresponding to absorption 5f
energy, and for downward tfansitions,correspbnding to emission of
energy, are the same. Consider a two level system situated in
a magnetic field BO such that the resonance condition hv = gBBO
is satisfied,rhv being the microwave quantum causing the
transition. If the populations of the two levels are equal there
will be no absorption of microwave energy as the abéorption rate
is equal to the emission rvate. However the distribution of the
‘atoms between levels 1 and 2 are given according to the Boltzmann
equation

N

<= = exp (~hv/KkT) 2.39

where Nl‘and N, are the populations of levels 1 and 2.

Therefore N, > N, so that there will be a net absorption of

1 2
energy, We can write the rate equation for the change of population

of the lower state in the presence of a microwave field as‘

"N Y, 2.0

Inspection of 2.34 shows that W,, = w21‘siﬁce

2

<Ml| J#| M>% = <M| Jt] M21>“
and therefore 1 _ . (1 .y ) 2.41
dt 2 1
where W=W,, =W

12 21
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We can replace N, and N, by the total population N and the

Population difference n

-

1]
2
|
=

n 1 = Noo

The equation 2.41 becomes %¥ = =2Wn ' | 2,42

The rate of chahge of population difference between the two levels
is proportionél'to the population difference. If there is initially
a population difference, it will eventually disappear due tobthe
‘transitions induced by the applied radiation. Therefore resonance
absorption would cease after a short whiie if there was not a

means for atoms to return to the lower level in a non radiative

way. Relaxation processes occur via interactions with lattice

Phonons providing such a mechanism.

2.5, Spin-Lattice Relaxation

In the absence of any microwave radiation the populations
of levels 1 and 2 are given by the Eoltzmann function. Now if
the resonance transition between the two levels is saturated
by the application of a large microwave field the populétions Nl’ N2
will tend to eqﬁalise. When the radiation is removed the populations
will revert back to theirroriginal level., Therefore, the relaxation
Probabilities for upward and doanard trangitions, by spin lattice

- effects, are not equal. It can be seen that
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El = 33; = exp Ezlz .
Ny w2 kT | 2.43

where Wyq and w,, are the downward and upward relaxation transition

Probabilities.

Taking into account the relaxation effect the rate equations for

the two levels are

an.

i . - ! :
JE = Ny (W) = Ny (W +wy))
av, a |
F G T E o 2.4y

Using the same substitutions as in equation 2.42 we obtain

%% = N(w21 - wlé) - n(2w + Wy * wlé) , 2.45
Before considering the general solution of equation 2.45, we
first use it to define the spin lattice relaxation time T.
Suppoée thé transition 1 +2 is satur%ted by a pulse of microwave
Power and we wish to know how n returns to its thermalbequiiibrium
value n, aftep the pulée.' If at t = o, n=o0and W = 0o it can

¥

be shown that the solﬁtion of 2.45 is
n = no[l - exp‘(‘ t/Tl)] - ) 2 us

where l/T1 = (w21 +\w12)
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This defines the spin lattice relaxation time for the two level
System under consideration. When there are more than two levels,
the effective velaxation time depends on a combination of all ‘
the w3 and it is no ' longer possible to define a unique time
Constant,

The steady state population differences between levels 1 and 2

can be found by putting %% = 0o in 2.45, this yields

w - W
21 12
n =N 2.47
[ W+ wy, t wlz}
it can be seen that
w + w
n _nW _ 21 12 2.48
Ny n(o) 2W + Woq o),
no. 1
ng 1L+ Z2W Tl 2.49

If the term 2W Ty is small then the population difference
between levels 1 and 2 will remain close to the thermal equilibrium
value n,e The expressibn 2.49 is the saturatibnvcondition, the
full significénce of which is appfeciated by‘expanding W according
to 2.38.

Taking the lineshape function to be Lorentzian

212

2 2 2
1+ T, (2m)° (v vo)

f(w) =
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The parameter T, is called the spin=-spin or transverse relaxation
time. In a paramagnetic system with identical spinsthere is a
Yesonance interaction between these spins (dipole~dipole) which
shortens the lifetime of the individual spin states through

mutual spin flips. T is often defined as the average lifetime

2
of a spin state. The line in such a case is said to be

'homogeneously broadened', the spins emit or absorb wave trains of
finite length whose mean duration in time is Ty and whose probabil-

ity distribution is of the form exp(-t/1,).

. For a two level system the transition prbbability is

<%| Bl gl SX! °%> = % Bl gl

and
A %ﬁ =y
then 1.2 2 2 T, 2,50
We=gy B PPV 7
1+ 1, (27) “(v=v )
o)
At the centre of the line v = vy we obtain
n "1
n_ - 1 w2 n 2
(o} 1+ 3y Bl T, T 2,51

Saturation is dependent on the intensity of the microwave

powef incident on the sample and therefore it is necessary to
keep the power level low to avoid saturating the transition.

The amount of power absorbed by a sample before saturation ensues

will depend on the relaxation times T, and T,.



2.6, Power Absorbed by Sample.

The rate of absorption of energy by a paramagnetic system

is
dE _ , '
"&:E = n W. h\’ . 2'52
This is at one specific frequency v but we have already
Seen that absorption occurs over a range of frequencies and

therefore we have to substitute a line shape function.

| 2,2
dE L = = 2
It = n. Whv f(w) = p-—r—l-z—-@— hv f(w) <lI12‘ Bl.g.Sl KP1>

2.53
Assuming that By is sufficiently low so that saturation
does not occur we can write the power absorbed by the sample at

the centre of the resonance line as

dE N ﬂ2V0282T2 - - 2
I T ‘ <y,| By.g.5| ;> 2.54
hv

Where we have substituted n % } N —F% from equation 2.39

and used a Lorentzian lineshape function. The above applies
o a two level system but it may be géneralised for the case

When the effective spin is S.

2

dﬁ 2Ny 242 T, | ! | | :
at <Y B .g.5| yn> 2.5
dt max 125 + l) kT

The power absorbed by a paramagnetic sample in an
Oscillating field El sin wt can be expressed in terms of a complex

Susceptibility | :
' x = xt - iyt 2.56
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An applied field By sin wt will induce a magnetisation in a para-
magnetic sample of magnitude M.

1 . 11
M = x~ H; sin wt - X H, cos wt , 2.57

where Bl = MM, Hl

The energy of a magnetic moment M in a field B is M.B per unit
vOolume so the mean power absorbed by a sample of magnetisation M
Per cycle is given by

2n/w
P = B (dM/dt). dt
o

P/

‘and the average rate of absorption of energy is 2n/w.which on

expanding is seen to be

2m
w
B B
dE _ w . 1 .1 1 .11 .
at > Bl sin wt[w e X~ cos wt‘+ wﬁﬁ X sin wf] dt
o] - o o]
2,58
11 2
dE 2w X By g
dt T 25

The complex part of the susceptibility represents the
Power absorption when a paramagnetic system is passed thfough
resonance whilst the real part corresponds to a change of phase,
We can equate 2.59 with 2.55 and relate the absorptive compoﬁent
of ¥ to the microscopic parameters

by NBZTZuu

- o] oy 2 2 ‘
X11 = ey Rt |Vnlb-g.S | v >l 2.60

where b is a unit vector along Bl'
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- 26 =

The rate of absorption of microwave energy is dependant on the
transition probability between levels m and n and the rate

lncreases with frequency v and with increasing values of Tye

2,7. Detection of E.P.R. Signals

From the ébove theory it can be seen that in order to
Produce e.p.r; essentially all that is reQuired is a static
magnefic field to causé the Zeeman splittings and a radio-
frequency magnetic field, perpendicular to the static field, to
induce transitions between the Zeeman levels. A meané of detécting
the absorption of the radiofrequency power wiil also be required
in order to observe the resonance. A paramagnetic system can be
tuned to resonance either by sweeping the magnetic field B
With the microwave frequency fixed, or by vérying the microwave
frequency and keeping the magﬁetic fieid constant. In practice'
the forﬁer technique is preferable as microwave components have
4 narrow band width thus making frequency variations complicated
whilst it is a relatively simple task to vary the field of an
electromagnet.’

A simple transmission spectrometer is shown in Fig. 2.4(a)
CQnsisting of a microwave source, waveguide, deteétor and magnet.
If a paramagnetic sample is placed on one wall of the waveguide and
is situated between the poles of the magnet, then as the magnetic
field is increased a signal will be detected at resonance; At
Pesonance the sample will absorb part of the microwave power

Which can be detected as a reduction in current from the output
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of a crystal detector. Such a simple transmission system would
Not be sensitive enough for normal requireménts.

A reflection spectrometer has twice the theoretical
maximum efficiency of a transmission spectrémeter as the power
delivered to the sample can be increased without increasing
the power arriving at the detector. Fig. 2.u4(b) shows a simple
reflection spectrometer incorporating a magic tee microwave
bridge, When power is incident at the magic tee along arm 1
with arms 2 and 3 matched, the power will be equally divided
between these two arms. Power will only arrive at the detector
in the fourth arm of the bridgé when there is a mis-match
between the resonant cavity (arm 2) and the matching arﬁ (3).
To ensure that maximum absorption of microwave energy occurs
the sample is placed in a resonant cavity with a circuit

3. 104. Microwave power is supplied

Magnification factor Q@ ~ 10
by a klystron to a magicltee bridge via an isolator and attenuator.
The isolator prevents any reflected waves interfering with the
fPequency stability of the klystron énd the attenuator controls
the microwave power level. |

The magic tee bridge is adjusted by balancing the real
- and reactive components of the wave in the second arm, containing
the.cavity, by means of an attenuator and phase shifter in the
third arm. A completely balanced bridge will detect both absorp-
tion and dispersion, whilst any off balance in amplitude causes

the bridge to be sensitive to absorption and similarly off balance

in phase only will make the bridge sensitive to dispersion only.
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- With crystal video detection the magnetic field is modulated at
50 Hz. The crystal detector output is fed to an oscilloscope,
the time‘baSe.of which is triggered at 50 Hz, so that éither an
absorptioh o£ disperéién signal can be direétly displayed on the
Oscilloscope screen.

A block diagram of a spectrometer using {00 Hz modulation
is shown in Fig. 2.5. In this system the sensitivity is much
improved by the use of phase sensitive detection. The modulation
amplitude used is less than the linewidth of the resonance so
the first derivative of the absorption is observed as shown in.
4Pig. 2.6, Absorption by the sémple at resonance causes a change
“in the Q of the resonant cavity and this causes a mis-match
between the second and third arms of the magic tee‘bridge. The
Crystal detects a signal at the modulation frequency(400 Hz,) 4
and this is amplified by a narrow band pre-amplifier, and'a
harrow band amplifier, before entering a phase sensitive detector.
(P.S.D.). The P,S.D. is controlled by a reference signal at
»the modulation frequency. The phaséldifference between the'outpuf:
and reference signals is adjusted to be zero.

The components of any signal (noise) ouf of phase with
the reference signal will be rejected. Finally the P.S.D.
Produces. a d.c. output which is fed to a pen recorder. A modula-
tion frequency éf 400 Hz was used in the spectrometer employed for
these studies, but the flicker noise of the crystal detector is
high at such low frequencies, and this represents the limit to

the sensitivity of this spectrometer. The noise of a crystal
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deteétor is inversely proportional to the frequency and usually
100 X Hz ° modulation frequency is adopted? This frequency is
chosen to compromise between crystal noise and amplifier gain,

A point contéct cryétal detector needs to be biassed since the
conversion loss and noise outputvfroﬁ such crystals are dependant
On incident microwave power. Again an optimum level is found
Where these two effects are balanced which is around 1 mW of bias
Power. Biassing of the crystal imposes a restriction on the
bridge system since at low powers there may be insufficient
Power available to bias the detector. This problem is overcome
by using a bucking arm, wherekpoweb is delivered separately to
the crystal for biassing purposes rather than by unbalancing

the bridge. A review of microwave circuits suitable for e,p.r.

Spectrometers has been given by Faulkners.
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CHAPTER 3

PARAMAGNETIC IONS IN CRYSTALS

3.1, Introduction

When atoms come together in the formation of a
¢rystalline lattice there arise 1argé forces between neighbouring
atoms. These forces are mainly electrical in origin and their
interaction must be added to the free ion Hamiltonian. The
inclusion of this extra term will thus generate a new set of
€nergy levels.

Although most free atoms have a permanent‘magnetic dipole
moment it is fbund in the solid state that most substances consist
of ions with closed shells of electrons and are therefore dia-
magnetic. However the 'transition elements' have a shell in the
Process of being filled. These elements have more than one
chemical valency, and most of their ions of different valency
are paramagnetic. In the lanthahide series the unfilled 4f shell
is sheltered by outer electrons and hence interaction between
the ufvelectrons with the surroundihg lattice is small. The
paramagnefism of such ions is similar to free ions whilst in fhe
iron group the unfilléd 3d shell is exposed to the lattice and
the interaction with the lattice considerably modifies the
Paramagnetic properties of these ions.

The effect of the diamagnetic environment upon an
ion in a lattice is calculated by including this interaction in
the free ion Hamiltonian. The Hamiltonian for this interaction

can be calculated by using Crystal Field Theory. This theory
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considers the paramagnetic ion to be surrounded by/point charges
which create a crystalline electric potential. Crystal field
theory does not allow for any overlap of wavefunctions between
the surrounding ligands and the'paramagnetic'ion but in many
cerystals there are covalent bonds between ions and in such cases
Crystal Field Theory is inadequafe.When covalency occurs the
Paramagnetic ion and its neighbours are treated as a unit and the
eigenvectors are calculated by a linear combination of atomic
Orbitais. A general theory called 'Ligand Field Theory' allows
for all interactions occurring between the ion and its neighbours
and this approach includes cystal field theory and molecular

orbital theory.

3.2, Crystalline Electric Field

The crystal field is an additional interaction which
must be added to the free ion Hamiltonian. The eigenvalues of
the general Hamiltonian for a free ion are evaluated by consider-
ing each term as a perturbation in order of diminishiﬁg interaction
energy, and the ligand interaction must be introduced at the
appropriate point relative to the sequence of interactions internal
to the paramagnetic ion.

Consider firsf the Hamiltonian represénting all the
interactions within a free ion including iﬁteraction with a
magnetic field. In order of diminishing interaction energy the
Hamiltonian can be written :-
){=zi%i-zi%‘g?—+zi>k%2—-+zini~.§-+ZiB(1i+2Si)§

i ik 11
3.1
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The first three terms account for the coulomb inter-
action of the electrons with the nucleus and mutual repulsion
between electrons. In the Hartree Foch, or other approximatioh
methods, an electron is considered to move in the coulomb field
of the nucleus plus a potential due to an averaged electronic
field with central symmetry due to the other electrons in the
ion, Tﬁis results in the electronic levels being grouped into
configuratidns. The mutual electrostatic repulsion of the
electrons, not represented by a central field, including
excﬁange effects, give rise to LS coupling which splits each
configuration into a series of terms of different LS. The
Separation between different terms is of the order loucm-l.
This is called Russell-Saunders or LS coupling in which L = Zi 1
and S = Xi éi;are the qﬁantum numbers‘defining a given term.
The ground term is found by Hund's rule. This states that the
term with '

(a) maximum S,
(b) within the group of Smax‘the level with the

largest value of L, |
lies lowest. An example of the application of Hund's rules is
given in Fig. 2.1. for the configuration 3p 'u4p' where the term
3D(S = 1, L = 2) is the ground state.

The fourth term in 3 1 is the spin orbit coupllng
- 1nteractlon whlch in the case of LS coupllng may be wrltten

X L.S5. This splits a given term into a multiplet of levels of

different values of J, the total angular momentum.L and S no
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longer commute with the Hamiltonian whereas J =L + S does
commute with }(. When operators commute there are simultaneous
eigenstates, so if the angular momentum operators iahd § commute
with the Hamiltonian operator ){ the eigenvalues of }{‘are also
eigenvalues of L and § and thérefore.such eigenvalues can be
designated by L and S. Thus when spin.orbit coupling is
included in the Hamiltonian the resultant levels are designated
by J., Finally the magnetic field interaction completely lifts
the degeneracy of the multiplet levels into a series of Zeeman
levels designated by MJ. The above analysis is only valid if
" LS coupling is applicable for the ion being considered; Some=~
times the spin-orbit interaction is larger than residual
electrostatic energy where the so called j-j coupling scheme
is applicablé. Often an intermediate situation between LS and
3=j coupling schemes is the case as discussed on page 269 ref. 1.
If we now introduce the crystalline electric field
interaction into the Hamiltonian 3.1. We must know at which stage
to introduce this perturbation whlch requires a knowledge of
the magnitude of this interaction relatlve to other téfms in fhe
Hamiltonian., If we adopt Crystal Field Theory where the ligands
are regarded as charged ions located on given lattice points,

giving rise to a crystalline potential Ve, then three cases arise :-

(1) Weak ligand field (Crystal potential Ve < spin orbit coupling)

This applies to rare earth (4f) and actinide (5f) groups
in which the unfilled shells are screened by outer filled shells.

The free ion calculation of levels is valid but the crystal
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potential Ve must be considered before the magnetic field
interaction i.e. at C in Fig. 2.1. The multiplet levels are
described by the total angular momentum J but the ligand field
lifts the (éJ + 1) fold degeneracy by 10 - 100 cm-l. Resonance
in the 4f and 5f groups are usually only observed at low temperatures
Where only the lowest level is populated. This is because the
lifetimes of the excited states are geneally so short due to
strong relaxation via the lattice phonons, that transitions between
them are too broad to be observable.
| If an ion has an‘odd number of unpaired electrons, J
is half integral. (2J + 1) is then an even number and the
crystal field will split the (2J + 1) levels into degenerate pairs
Characterised by My = 1, ig vees. *J. This is the result of
an importaﬁt theofem due to Kramers which stafes that for any ion
with an odd number of unpaired electrons the degeneracy cannot
be completely lifted by an electric field. The péirs of states
called Kramers' doublets involved are time conjugate, one being
obtained from the other by use of a time reversal operator whoée
square is ~1j they can be split by a magnetic perturbation which
isva time-odd operator, but not an electrostatié‘perturbation,
which is even under time reversal.

An ion with an even number of electrons may have the
degeneracy completely lifted leaving a singlet ground‘state.
The next level may then be separated by an energy tooblarge for
e.p.r. transitions to occur. 'Thé two cases of Kramers and non

Kramers ions are illustrated in Fig. 3.1.
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We can still use the quantum number J with corrections
for coupling to states of different J, if necessary. The Zeeman

interaction is then of the form

H - g; B (B.3) 3.2.

(2) Medium ligand field (spin orbit coupling < crystal potential
| Ve < electrostatic interaction)
In this situation, which arises mainly in 3d ions, we
can uée L and S. Within a given state L, S the diagonal Zeeman

interaction is
H =8B + 25 | 3.3.

The crystal field lifts the orbital degeneracy of the
ground term into (2L + 1) levels with splittings of the order
lOucm"l and therefore only fhe lowest level is populated at
normal temperatures. If the resultant ground level is an
Orbital.singlet (ML = 0) then-the only contribution to the
Paramagnetism is from spin and the orbital motion is said to be
quenched. This occurs in 3d ions and originally quenching of

the orbital motion was postulated in order to explain magnetic

susceptibility results,

(3) Strong ligand field (electrostatic interaction s crysfal

potential Ve)
In this case the ligand field interaction is of greater
magnitude than the electrostatic interaction. The ecrystal |

potential Ve is applied as a perturbation upon the configuration
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and is considered before the coulomb and exchange interactions.,
L and § will no longer commute with the Hamiltonian and therefore
single electron operators must be used.

The Zeeman interaction becomes

}{ = 8 B, Zi (ii g gi) | 3.4
Where the sum is over all electrons in unfilled shells.

The stréng field case arises usually in strongly
covalent systems. The ions of platinum (4d) and palladium (5di
groups form covalent bonds with neighbouring ions resultingkin a
strong ligand field. Also certain ions of the 34 group form
covalent bonds with adjacent ions as will be seenkin fhe éase of
ferric myoglobin. Conversion to the low spin form ( § = 1) of
the ferric state occurs in the iron in myoglobin when complexing

with certain ligands due to a strong crystal electric field.

3.3, Crystal Field Theory

This approach ignores the finite extent of charges on
the ions, the overlap of the magnetic ions wave fgnctions with
those of the neighbouring ions, and.the complex effecf of scréening.
The electric field potential is calculated on the basis of a
simple point-charge ionic model of the crystal lattice.

The electrostatic potential V(r, 6, ¢) due to the
surrounding point charges (negatively“charged.ligand'ions) at;a point
(r, 9, ¢) near the origin of the magnetic ion in questioq is

V(r, 8, ¢) = ), —3&

] [Rj = Eﬂ

3.5.
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where q is the charge at the jth neighbouring ion, a distance

Rj from the origin. If the magnetic ion has charge q; at

(Pia ei’ ¢i), then the perturbing crystalline potential will be

44 Qj
[Rj - I‘i] 3.60

It is only necessary to sum Zi over’electrons in
unfi;led’shells, as the crystal field merelyvraises the énergy
of orbitals in closed shells, but it does not affect their
Splittings. |
| Cénsider a paramagnetic ion_in an octahedral environment,

- Then the potential V(xyz) at a point P(xyz), as shown in Fig. 3.2.,

due to charges q at the corners of an octahedron is
Vixyz) = Vx + Vy + Vz '

Where

1 : 1
Vx = q + 3.7
[(r2 + a’- 2ax)% (r’ + al + 2ax)%]

This can be shown to be equal to?

Vixyz) = 8q , éé% [(x“ + yu + zu) - 3/5 ru] - 214 [. o« o e s ]
a ba _

The perturbing Hamiltonian operator will be

where the sum is over the magnetic electrons.
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If the crystal field potential is expressed in
Spherical harmonics the splittings of the orbital levels, of a
given term, can be determined by evaluating the expectation
value of the Hamiltonian between the free’;on wavefunctions.
Raigsing of the orbifal degeneracy of the ground term by means of
a crystal electric field is illustrated in Appendix 1, where
the energy levels are calculated for a 3d1 ion in a ligand field
With'octéhedral symmetry. In general, we require evaluation of
matrix elements for multi-electron states, and these cah be |
calculated by writing these compound states as determinental
Products of single electron wavefunctions, as described by
Bleaney and Stevens3. A much simpler method has been’devised
by Stevensl+ based on operator equivalents. In this method the
individual electrons are considered as coupled together to givé
a total angular momentum represented by the quantum number L.
The crystal field is then taken to interact with this coupled
System so as to raise the (2L + 1) fold orbital degeneracy.
Operators are formed from each term in the crystal field
potential by replacing coordinates x, y, Z by the operators

2

Lx, Ly, Lz and r° by L(L + 1). The operator equivalents of

various crystal field potentials have been listed by Stevensu

and Lows.

3.4, Symmetry Considerations in 3d ions

Group theory has been successfully applied to the study
of crystal field effects. From a knowledge of the symmetry of

an ion's environment, group theory gives a detailed qualitative
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account of the way in which the orbital degeneracy of a magnetic
ion is lifted by a crystal field. It is necessary only to
assume a knowledge of the angular propefties of the electron
wavefunctions which are to be considered. A Consider the case
of iron group ions (3d electrons), and a crystal field of
medium strength, so that the electronic wavefunctions may be
described~in terms of L and S.

| The wavefunctions for d orbitals are, assuming a

central field approximation, the one electron orbitals.

i sin? © exp (2i4) . m= +2
- sin 0 cos @ exp (i¢)‘ m = +1
L (3 cos2 0~ 1) m=20

4+ sin 6 cos 6 exp (=1i¢) m = -1
1 sin%6 exp (-2i¢) m = -2

It is convenient to use linear combinations of these
functions to obtain five real fﬁnctions. ‘The electron densities
for the five orbitals are shown in Fig. 3.3. In the free ion
these orbitals have the saﬁe energy;'but if a 34 ion ié introduced
into a lattice there will be electrostatic repulsion between the
negatively,charged ligands and the 3d orbitals. The interaction
between the ligands and orbitals is not the same for each orbital
and it will also depend on the symmetry of the lattice; .Consider
the case of an ion with a single 3d .electron in an octahedral
crystal field, An examination of Fig; 3.3. shows fhat orbitals

dxy, dyz, dzx, have the same energy in an octahedral field,



triplet 3p

xt-y
singlet
Crystal
field triplet 3F
‘ triplet
)y dzx dyz
i tag
dxy
Free atom  Octahedra!  Tetragonal
field field »
@ | C ()
Fig34 @ Splittings of 3d orbital levels : (b Energy levels of 3d2 configuration
in an octahedral and tetragonal in an octahedral crystal field.

crystal field.
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whilst the energy of the d 2 and d 2 _ g2 orbitals are raised

by electrostatic repulsion. The first three functions are

called the dg or t2g, and the second pair are the d&}or ey
functions. ,The t,e nomeﬁclature derives from group theory.
Fig, 3.4(a) shows qﬁalitatively thevsplittings of the 3d orbital
levéls in tetrahedral and rhombic crystal fields. ‘
Knowing the splittings of the orbitals it is now
Possible to determine qualitatively how the orbifal degeneracy
of the ions is lifted, i.e. how the terms are split. This is
done by considering the way in which the orbitals are filled.
Consider an ion with a configuration 3d2 in a crystalline
electric field of octahedral symmetry. The orbital ievels are
split as shown in Fig. 3.4(a) into.tzg and eg levels. The two
5

electrons can be placed in the five levels in “C, = 10 different

2

ways. The lowest total energy corresponds to both electrons

being in the t2g triplet, there being 3C2 = 3 ways of distributing

them, so this lowest level will be tripley degenerate. The
maximum total energy occurs when both electrons are in the
e, levels and this is a singlet state as there is only one way

g

of doing this. Also one electron can be in a t2g level and

the other in an e_ level, and this can be achieved in 6 ways.

g
These arrangements have not all got the same energy if the -
repulsive interaction between the orbitals is considered. This
is obvious from consideration of the spatial distribution of the

3d orbitals in Fig. 3.3. The net result for the d2 configuration

is three triplet levels and one singlet level, as shown in
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Fig. 3.4(b). The upper triplet state will occur when the
crystal field interaction is greater than the exchange effect

between the electrons, and thus is the strong ligand field case.

3.5. Covalent Bonding

Although the crystal field theory can be made to account
quite well for paramagnetic resonance results, there are many
reasons for believing this theory to be insufficient. In haem
Proteins, for example, the electron configuration is 3d5; which
means from Hund's rules the ground state is ‘Sg; + Therefore
the ground state has spin # , but if a cyanide or azide ion is
complexed with the iron ion, the ground state has an’effecfive
spin of 3. This means a strong ligand field interaction which
is not expected from an ionic model. Several ions of the 3d,
4d and 5d groups suffer 'strong field' interaction because the
unpaired electrons are the outer electrons which suggests
covalent bonding with a neighbouring ion or ions.

- When including the effects of covalency a different
. approach to the calculation of orbifal energy levels is adopted
calied Molecular Orbital Theory. The magnetic ion and its
neighbours are considered as a molecule and the electrons of the
metal and ligand ions are taken to belong to the molecule as a
whole. The unpaired electrons of the metal and surrounding
atoms are considered not to be involved in the bonding and are
correctly described by the Hartree-Foch functions of the

corresponding atoms. The valence orbitals of the metal and
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ligands are considered to be linear combinations of the atomic
Hartree-Foch orbitals of these atoms. The way in which these
atomic orbitals are combined is determined mainly by symmetry

considerations.

3.6, The Spin Hamiltonian

" Resonance spectra of paramagnetic iéns in crystals
are usually very complex, and analysis would be extremely
difficult unlesé some mathematical expression could be found to
describe the spectra. This is the purpose of the Spin Hamiltonian,
devised by Abragam and PryceG, which describes the paramagntic
State of an ion by a series of terms, the coefficients of which
are determined from the resonance spectra. Having obtained
these coefficients experimentally, one can then attempt a
theoretical.interpretation of electronic field interactions with
the ion, spin-orbit coupling; etc., by studying the resultant spin
Hamiltonian. The form of the Spin Hamiltonian can often be
guessed from consideration of crystal symmetry.

A paramagnetic ion in a crystal caﬁ exist in many
electronic energy levels, each beiné an eigenvalue of‘the
Hamiltonian, which represents the total energy of the ion. As
a result of the crystal field the ground state of a paramagnetic
ion consisfé of a group of electronic levels, with a separation
of a few wavenumbers, which are well separated from the,next‘group
of levels (see Fig. 3.4). It is these ground levels‘which are
involved in e.p.r., and they are ascribed an effective spin S

where (2S + 1) is the number of levels in the group. In most
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cases S is the true spin value of the ion. The base states are
taken to be |M> where M takes the values S, S - 1, « « « .. =S,
Then the energies of the various ground state levels may be
obtained as-the eigenvalues En of the spin Hamiltonian){fs,

which operates only on the spin states |M>.
)’( S ||pn>

where | yn>

En|yn>

3.11

"
o~
[
fu
3
=
v

The effect of the orbital angular momentum is equivalent
to an anisotropic coupling between fhe electron spih and the
external magnetic field., »

The general form of the spin Hamiltonian contains a
large number of terms, representing the Zeeman interaction of
electrons with an external magnetic field, splittings due to
indirect effects of the crystal field (fine structure), hyper-
fine structure due toc the presence of nuclear magnetic dipole
and electric quadrupole moments in the central or surrounding
ions, and the Zeeman interaction 6fithe nuclear moment with the

external field.

(a) Electronic Zeeman Interaction.

This may be written as

8 E.g.s = B (gxx Bx Sx + gyy By Sy + gzz Bz Sz + gxy Bx Sy +
gyx By Sx + gyz By Sz + gzy Bz Sy + gzx Bz Sx +
gxz Bx Sz). ; . 3.12.
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If (xyz) axes are the principal axes this reduces to

}{ = B(gx Bx Sx + gy By Sy + gz Bz Sz)

This is the general case where the symmetry is rhombic
and therefore three g values are necessary to define the system,

This Hamiltonian may be solved by expanding it as
. - Y B .18 + S + S 3.13.
}{ B (g < gy m y gz n z)

where the magnetic field is in a general direction having
direction cosines 1, m, n, with respect to the magnetic axes
(principal) xyz. We can solve this Hamiltonian by expanding

Sx = 3 (S+ + S-) and Sy = -} i(S+ - S-) and using the properties

s, |M> =M |M>
S+ |[M> = (S (S +1) =M (M + 1) >% IM + 1>

1 .
S= IM> = (S (S + 1) =M (M~ 1% M- 1> 371

The secular determinant is then

1 B - Tt 1 . -1 =z
g B n E .38, BBy }ig, BB
: -1 -
3 g, B Bl + %:.gye B 1 gzg Bn £t
Expanding we get E = ¢t 1 B B (gx? l2 + g'yzm2 +=gz2 nZ)%

We can define an effective g value g(lmn) by putting

E+ - E~ = g (lmn) B8 B

2 2 2 2 HZ)%

then g(1lmn) = (gx'2 1° + gy, m + g, 3.15
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(b) Fine Structure.

When S > 1 the general state Zeeman levels may be
%plit even in zero field if the site of the ion is no longer
cubic. This reéults in the resonance line splitting into
25 components as illustrated in Fig. 3.5. If the zero field
Splittingris very large (>> hv) then not all the transitions will
be seen. This situation occurs ih the high spin form of Fe3+
in ferric myoglobin where the splitting is so large that only
one transition between the lowest Kramers doublet is séen.

Consider for illustration purposes an ion with two‘
unpaired 3p electrons in a ligand field of medium strength.
Exchange and dipole~dipole effects cause the ground étate term
to be 3P. The crystalline electric field can be treated as a
Perturbation upon the 3p term. It will raise the orbital
degeneracy leaving an ML = 0 ground state with an'ML = %] |
level raisgd in energy by A. The. Zeeman and spin drbit interactions
being,smaller than the crystal field interaction act as perturb-
ations upon the orbital ground state ML = 0, The two interactions
may be treated simultaneously sinée the spin-orbit interaction
only affects the level by secondyorder perturbation and this

effect is of comparable magnitude to the first order Zeeman

perturbation. The appropriate Hamiltonian is then
Ho=88.( + 285 +1rL.5 o 3.16
First order perturbation produces a change

)-(1=23B12<35.j,)sj | 3.17
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where Sij is the Kronecker delta

and second order perturbation yields
HM = lis ../\_ij (82 Bi Bj + 28X Bi Sj + A% Si §9) 3.18

where _/\.ij = Tn=o <o| Lil n> <n| Lij} o>
| ’ A

the first term in pef.3.18 affects all levels equally and therefore
can be ignored. The total Hamiltonian for the spin-orbit and 1

Zeeman perturbation is
}{,S = Jij B8 Bi (2 Sij + ZAJ\ij) Sj + A2 Si.ﬁLij Sj) 3.19

by putting g = 2 Sij + mf\ij and D = A% si _Aij Sj

the spin Hamiltonian can be written as

3.20

)—(s = 8 B.g.5 + 5.D.5
where g and D are both tensors

It can be shown that for a field of axial symmetry the
splittings of the spin levels may be formally represented by the
operator D(Sz2 - % S (S + 1))so for the above case of two 3p
electrone, where the ground etate is 3p (S = 1) the levels
characterised by MS z 1 are separated from the level MS =0
by D(l2 - 0) = D, The zero field splitting is therefore D for
this case, which is equal to AZ Si_A_ij Sj and hence is‘
bProportional to (a) the’square of the spin orbit coupling constant

and (b) inversely proportiehél to the separation.of the orbital
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levels A, which is dependant on the crystalline electric field.
If the crystalline electric field has a symmetry
lower than axial then an additional term B(Sx2 - Syz) has to be

included in the Hamiltonian.

(e) Nuclear interactions.

Allowing for quadrupole and nuclear dipole interactions

the spin Hamiltonian can be shown to take the form :~-

= e B Q- . n 2 _ 14 -
}(S = B(gz Bz S, + 8 By Sy + g By Sy) + D (SZ 3 S(S + 1))

ICT + 1))

w4

2 2 | 1.2
+ E(8:° - S » , S, L
E(8,5 =85 +AT S +A S I +A S I +QU;

1l 2 2 . B T :

where the terms with coefficients A account for nuclear dipole
interactions, the Q terms are the quadrupole interactions and
the final term is the quantisation of the nuclear moment in the
applied extefnal field.

3.7. 3d°ions

| Consider now the case of an ion with configuration 3d5.
This is of particular importance in this study as this is the

configuration of Fed*

» the paramagnetic ion in’ferric haem-proteins.
When the ion is situatéd in a ligand field of'medium or weak
strength, the ground state is an orbital singlet @Sg ) and
therefore the crystal field has no degeneracy to lift. The spin
Sextet.should have no splitting other than that due to the

Zeeman interaction and therefore one would expect a single

resonance line at g = 2.0023., However this is not the case and



- 48 -
fine structure is observed. The reasons for this are discussed
in detail in section 4.2.

The fine structure for such an ion can be represented
by a series of spin operators qu. Such operators are related
to the symmetry of the crystal field and the crystal field
interaction can be expanded in spin operation form

= q q
}{ ligand ~ Zk = 2,4 zq - -x B Ok

In the case of predominantly cubic symmetry with a small axial
distortion about the tetragonal or trigonal axis, the appropriate

forms of the spin Hamiltonian are

Tetragonal }{= B (B.g.S5) + Bu(Ouo + 5 Ouu) + By, 0 °+8°0

Trigonal H= g (B.g.5) + % Bu(040+ 20 /2 043) +8,°0,°8,°0

Which can be expressed in the more usual form as

m

= 2T & 2 2 2.1 4
}( = B(B.g.S) + DY(SZ - S(S +1)/3) + E(Sx - Sy )+€ [?E + Sn

o1 2 : 1 Y
+ 5.0 + T 8(5+ 1)(35% + 35 - 1)] * 155 F[Bs S, 30 S(S + 1)
5,2 + 25 s,z2 - 6S(S + 1) + 35%(S + 1)2]

3,23

Terms of the fourth degree are included when S 22 and
these terms with coefficients a and F represent the effect of the
cubic and axial components of the crystal field respectively.

The coordinate system £,n,Z refers to the principal axes of the

crystal electric field. If the principal axes of the g tensor
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and fine structure (x,y,z) are coincident with the axes £,n,tg

then the Hamiltonian can be written

){ = B(E.g.5) + D(Sz2 - S(S + 1)/3) + E(sxz - Sy2) + T%ﬁ

2 2 2

[35 SZ”-30 S(s + 1) S, -6 S(S +1) +38S

2 a Y 4 A | | 3,24
(s + 1) ] * 53 [é+ + S_ ]

+ 25 SZ

The relations between the parameters in the two types

of Hamiltonian 3.22 and 3.24 are

o]

A F = 180 B,°.

D = 3B 4

a = 120 Bu,

When determining the eigenvalues of the spin Hamiltonian
two convenient directions of quantisation are normélly used: one
is the principal axis system of the g tensor, and the other is
CIoéely related to the magnetic field direction. Both formulations
are based on the standard properties of angular momentum as giveh
in equation 3.14., The spin matrices up to the second power are
given in table 3.1. The matrix elements of the spin Hamiltonian
(egqn 3.24) in the g - tensor axislgystem can readily‘be written
since all the elements follow directly from table 1, except those'v

involving the magnetic field. The Hamiltonian for these terms is
){ = B g, SZ‘B cos‘e + ngx Sx B sin 6 cos ¢ + Bgyy Sy B sin 6 sin ¢

where 6 and ¢ are the qpnventional polar angles-between the g
tensor and the magnetic field direction. The secular matrix

for a Hamiltonian including the first three terms only is given



SECULAR  MATRIX [ A — & &l
Ay = Jgé,){ Qﬁkd'c where @, are. the 'base
states |+§".> etc. and H is the Hamiltonian

PSz+ QS+ RSy + D[si-3]vE[si-5}]

wmmmesios | mememenen | e § i § . comaree

D D R D T I DY B O
|+2) |spoop-&0 | Bl-iR] Joe o o o
*3) | LyR) | ¥e-%-6 | Bl-iR) 3FE | o o
*3y| JOE | 2[a+iRl | tP-8D-&| 32@Q-iR) 3f2E o .
“%y o 3/2e | 3[@+iR) |-sP-8D-6&| f[-iR] | fOE
-3 o 0 35e | JBlo+iR]|-2p-20-6| LR-iR]
“3 > o o) ‘o | foe | fE@+irR) |-5P+I2D-E,
TP=5Bcbs.e’,- Q=8 B sin o V'cosq;, R = ﬁBsine sin ¢

TABLE 3.2
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in table 3.2. If the corresponding values for each parameter

are substituted in this matrix then it can be diagonalised
numerically on a computer by the Jaéobi8 or other methods. The
resultant diaggnal.elements are the eigenvalues of;the spin
Hamiltonian, and the diagonalising matrix contains the coefficients
of the eigenvectors,.ain, as defined in equation 3.11. Fig.3.7
shows the eigenvalues as a function of magnetic field B for the
case of acid met myoglobin.

The magnetic properties of a paramagnetic sample can
be described by a spin Hamiltonian and the various parameters
(g, Dy E, etc.) in this Hamiltonian can be determined from the
€.p.r. spectra. The value in e.p.r. as a research tool lies
in interpretation of the magnetic properties, in the form of a
Sbin Hamiltonian, in some useful way towards an understanding
of thé,physical and chemicél properties of the sample under
investigation. In the study of haem-proteins important inform-
ation can be derived from the e,p.r. spectra concerning the
functioning of such molecules aé enzymes. The magnetic
Properties of haem-proteins, and the interpretation drawn from

them so far, is discussed in the following chapter.
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CHAPTER 4.

MAGNETIC PROPERTIES OF HAEM-PROTEINS

4.1. Haem-Proteins

fron occﬁrs in numerous biologiéal systems and
Particularly in proteins. Iron;proteins fall into two main
groups, which are, haem proteins, and iron-sulphur proteins,
(ferrodoxin, ~rubredoxin). Haem-proteins are biochemical
Systems whose active centre is the iron—porpﬁyrin“complex;
shown in Fig. 2.1. As already mentioned, the iron atom is.
complexed octahedrally with five nitrogen atoms plus an cxygen or
Water molecule or another ion' at the sixth coordination point.
From X-ray data the iron atom is found to protrude out of the
Plane, formed by the four nitrogens} by 0.5 - 0.6 g.; Essentially

haem-proteins may be divided into four groups which are :-

(a) Oxygeh Carriefs
o This gfoup includes haemogloﬁin and myoglobin; the
Proteins reéponsible for transport.of'oxygen in fhe blood, and
Storagé of oxygen in the tissueé respectively. It‘is not»known
how O2 is attached to the iron ion,vnor is‘the charge Qh“the
oxygen molecule known when it is attached. Itvis obviously
important‘to determine these factors. An impbrtant ciue
to this problem is the observation of an ébsorptionzpeak at
‘lOOO nm (I.R.) which ohly occurs when 02 is attached..ylnfthe

blood haemoglobin (Hb) is in the ferrous form (Fe2+

2+

) but the

Spih state of Fe chénges from high spin (S = 2)'when deoxygen-



- 53 =

ated to low spin (S = 0) on oxygenation. It is'ﬁbssible to
convert the iron ion to the ferric state (Fe3+) by attaching
water or otl.er molecules at the sixth coordination point.
Again high spin (S = ¢ ) or low spin (S = }) states are
possible, énd often the two exist in thermal equilibrium with
each other. This situation of fhe/iron ion existing at the
cross=-over point betweenAtwo sbin statés would seem to be an
imporfant factor for the function of the molecule as aﬁ enzyme,
| Haemoglobin cbnsists of four units, two « chaihs

and two B chains, which are intertwined to form the quarternary
structure of the molecule{‘ Each chain is similar in structure
to a myoglobin molecule and contains one haem cenfre. It is
found’thét when one héem accepts an oxygen molecule then the
affinity for oxygen of the remaining thfee haems greatly
increases, and they similarly attach an oxygen molecule. This
Phenomena, called cooperative ligand binding, is thought to be
due to some form of haem=-haem interaction.

One mechanism, proposed by R.J.W. Williams? involvés a
series of‘conformatiSnal changes induced in the chains by a
change bf spin state of the iron in the first haem site. These
conformational effects cause a change in the eﬁvironment of the
iron atom in the next chain such that the energy of the high spin
state is reduced and therefore oxygen affinity is increased.

In 1965 Bucci and Fronticellf discovered a‘way of
separating the fdurvchains in a haemoglobin molecule; and since

: i : : 5-8
then much research has been concentrated on the optical and
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magnetic properties of the separated chains. Another active
afea of research is investigations of abnormal haemoglob:?.ns]:z—22
In these molecules the unique amino acid sequence is destroyed.
This usually causes two of the chains to be in the ferric state

which renders them available for 1nvest1gat10n by e.p.r.

(b) Oxygenases, Peroxidases, Catalases.

In this group the haem is the same as in Hb and Mb
with the iron atom complexed in a six coordination system, and the
fifth being imidazole (expept in catalase). Catalase‘is involved
in the decomposition of hydrogen peroxide, whilst peroxidase,
in conjunction with hydrogen peroxide, oxidises certain organic

compounds.

(e¢) Oxidases.

The most important enzymes here are the cytochromes
33, 25 0. 1In each case tﬁe protein is connected to an electron
transfer chain. The haem is thought to be open sided as for the
above cases. One of these proteins P-450, in the ferric form,
has an interesting e.p.r. spectra showing that the Fe iron has

a strong rhombic distortion.

(d) Electron-transfer proteins

The crystal structure of one of these proteins, cytochrome
C, is known. The haem lies in a crevice and is bound to two

proteins through the iron-methionine and histidine.
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4.2, High and Low Spin States

The met, ferric form of haem~§roteins has a configuration
(3d)5. If the crystal field surrounding the ion is of medium
strength then RussellQSaunders coupling applies, and the groundl
term is °S§ Tﬁerefore there is no,orgital degeneracy so
Crystal field and spin orbit interactions leave the ground state
Wwith spin § . This is the high spin state of the ferric ion.
'If,'hoWever, the crystal field perturbation is sufficiently large
as to destroy Russell-Saunders coupling, the GSa ~ term will no
longer be the ground state. Fig. 4.1. Shows how the energy levels
of a typical ds.ion are shifted with iﬁcreasing magnitude of a
;igand field?3 It is seen that wheh A = w the spin state changes
to 1 as the 2T2 level crosses the 6Allevel. This change of spin
VState can be understood by considering the d orbitals shown in
Fig, 3.3. The energy of these orbitals when they are situated in
4 crystal field of octahedral symﬁetry are split into two groups,
as illustrated in Fig. 3.4. When the crystal field is of 'medium'
Strength all five orbitals are occupied and the 6Al(tzg'3 Eéz)
level lies lowest. If, however, éhe crystal field strength
‘ increaées, the splitting (8) between the energy of the orbitals

t and eg will increase until the 'strong' crystal field limit

2g
is reached where 8§ is greater than the exchange energy between

electrons. The five electrons will then pair up in the tég levels

leaving a single unpaired electron and hence S = 1. The

2 -5
T 28

. The high spin form of the ferric iron in haem~proteins

(t ) level is now the ground state.

2

occurs when the sixth ligand is ionically bound to the iron ion
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whilst in low spin derivatives the binding of the sixth ligand is
more covalent. In myoglobin the following ligands are found to

Produce high spin derivatives

F, H,0, HCQz-; CH3C02', NOQ- namely fluoride, acid met, formate,
| ‘ ’ acetate, nitroxide
oCcN~ cyanate,

whilst the following ligands produce low spin derivatives

CN-, N3 , OH , NO . namely c¢yanide, azide, hydfoxide,v

nitrosyl.

In order for a ligand to force a change of spin state
it must eitheb considerably reduce internal electpon-électron
Pepﬁlsion, or produce a large crystalline electfic'field.z4 The
common ligands can be arranged in an ofder of{inéreasing 1igand-
field Strength. ‘This order is nearly independent of the particular
metal ion studied so the magnitude of a crystal field is character-
istic of‘the complexing ligands. This order is given by the
Spectrochémical Séfieszghich>is found>empirically to be

CN~

273 2

I, Br, F,CH OH H,0, NHg, No,”,
Thé members on fhe extreme left are ﬁ donogs to the‘tzg'orbita;s,‘
while thé mémbers on the right are either w acééptors,'or strong
donors, or bdth. This series must be considered together with

the Nephelauxetic seriesfuwhiéh grades 1igénds according to their
effept upén the spin pairing of the metal ion,; in defermination of
the ability of a ligand to change the spin state of a metal ién.

The six ligands surrounding the iron atom in myoglobin produce an
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electric field of strength A (see Fig. U4.1l.) ‘It is possible that
A is such that the energy levels 6Al and 2T2 are within kT of |
one another at temperature T. The two spin states of the ferric’
ion would then exist in thermal equilibrium with each other.

This sitdation aétually arises for mostuderivatives of myoglobin.
Originally such a theory was ?ostulatedggo explain the early
susceptibility results for myoglobin and now it has been prcved by

observation of changes in e.p.r., optical absorption and magnetic

susceptibility with variation of temperature.

4,3. E.P.R. Spectra of High and Low Spin Derivatives.

E.P.R. of haem proteins was first observed by Bennett,
Gibson and Ingram§7in 1957. They found that in a single crystal
there is‘only one resonance line and this has a very large g-value
anisotropy. The g-value varied from 2.0 when the magnetic field
was parallel to the haem ﬁormal (g"5 to épproximately 6.0 when
the magnetic field is in the haem plane (g,). From measurements of
this aniéotropy they determined the orientation of the haem planes
relative to the crystal axes in type A Sperm Whale myog;zbin. They

later extended these measurements to other crystal types (1961).

The observed spectra was ascribed to an S = § system with a

large zero field splitting, so that only a transition between

the lowest Kramerbs doublet is excited. This situation was
: 29 v :
originally considered by Griffith (1956), and he estimated that

the zero field splitting between the lowest pair of Kramer's

1

doublets was around 10 cm for acid met myoglobin. The system
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Wwas considered to be axial in these calculations.‘

Gibson and Ingrmn%%ﬁS?) also investigated the low
Spin azide cerivative of myoglobin. They found there was a
large reduction in the axial symmetry inherent in the high spin
_derivatives; and found the g-values were épread around‘2.0.

The principal axes were found td be rotated away from the directions
of the principal axes of the acid met derivative. These results have
Subsequently been checked and compared with the detailed X-ray
information now available (Helcke , Ingram, Slade, 1968). The
Principal g-values were found to be 1.71, 2.19 and 2.82, and the

z axis was found to be rotated 9° away from the haem normal.

The initialAexperimental results of acid met myoglobin
suggested that the crystal field was axial, but very careful
measurements of the g-value in the haem plane have shown that there
is not complete axial symmetry (Helcke, Ingram, Slade, 1968)?

The g-value was found to vary in this plane between 5.98 and 5.86.
Similar investigations were undertaken by Kotani and Morimoto

on the acid met and fluoride derivatives of myoglobin. ‘They found
the rhombicity defined by A = E/D to be 0.0025 and 0.0038 for
these compounds respectively. Since the magnitude of splitting

is less than the linewidth, no splitting has been observed in the

first derivative e.p.r. signal at g = 6 of a paste spectrum.

In the fluoride derivative, though, a splitting of the resonance

) 33,34
line near g = 6 has been observed in single crystals. ’This has
been ascribed to superhyperfine structure from the 19F ligand.

Also such a splitting has been detected from the g, = 2 signal
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from paste spectra.

In other haem proteins larger rhombic distortions have
been reported. In horseradish peroxidasef5é§$alases%;nd their
fluoride derivatives A has been estimated to be >0.0l. A more
complex spéctrum is found for cytochrome 5450, where a signal
is observed at g = 4.3, in addifion’to the g = 6 signal. This
situation has been studied by various authors who have shown
that when D and E are large compared with gBB, a signal at g = 4.3
can arise if the rhombicity A is equal to 3. The.significance:
of this value of A was pointed out by Blumbergﬁ He noted that if
A = 0 pepresents axial symﬁetry, then an increase in Avrepresents
a departure towards rhombic symmetry. A = 4 represents maximum
Possible rhombic symmetry with equally spaced Kramers doublets
and values of A greater than a 4 represent a convergence towards
axial symmetry again, with A = 1 representing entirely axial symmetry.
An interesting consequence of this rhombic situation (A = %) is
that although the minimum effective g-values of the g =4.3 signal
lie along the x and y axes, the max;mum does not necessarily lie
along the z axis. |

Consider the general case of S = i with a small zero

field splitting, as shown in‘Fig. 3.5. The possible transitions

are five Ams = *1 as shown, four Ams = 2, three AmS = + 3, two AmS

= 4 and one Am_ = + 5. Under normal circumstances only Am, = + 1
transitions are observed, but D and E may cause sufficient mixing
of the base states when the magnetic field B is away from the z

axis - to cause ¢ther transitions to have a finite probability.

o}
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When D becomee large, of course, the separation'mey be too great
for a transition to be induced at the microwave frequency being
used, even though the transition probability is finite. A general -
solution for high spin d5 systems has been given graphically by

39

Dowsing and Gibson. They solved the spin Hamiltonian

}{:sﬁ.g.’s‘+n[322-§3(5+1)] + E (5x% - sy?)
| 4.1,
for a range of values of D and ) and plotted the allowed transitions,
when the magnetic field points along the principal axes of the
fine structure tensor, on a graph of D versus magnetic fieid B.
Two of the graphs are shown in Fig. 4.2, for the axial case
(A = 0), and the completely rhombic case (A = 0.333). From the
first graph it can be seen at Q-band frequencies if D ~ 5 ccm.'1
there are just two transitions at g = 6 and g = 2 for axial
symmetry. Whilst for the cempletely rhombic situation there is a
signal at g = 4.3, and another signal with g < 1. Aassa?%lQ?O).
has extended these calculations to include possible extra lines
that may occur when the field is orientated along directions other
then the fine structure axes.
For the low spin ds systems the only term in the spin
Hamiltonian is the Zeeman term, and therefore little use can
be made of the Hamiltonian in this form for analysis of low spin

1

derivative spectra. Griffithu has made a theoretical study of

such systems. He’supposed that the t2g orbitals dzx”dyz’ dxy
had energies - 3V, 31V, A, respectively in the crystal electric

field. He extended the Hamiltonian to include terms accounting
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for +the splitting of the t2g orbitals and spin-ofbit coupling.
Solving the Hamiltonian enables one to relate the measured
g-values to the terms V, A and spin-orbit coupling parameter A,
Blumberg has produced a graphical solution of this

low spin Hémiitonién which is shown in fié. 4L.3. By taking the
line corresponding to each measured g-value and superimposing
the three lines there is an intersection point. This inter-
Section gives the orbital level splittings V and A in terms

of the spin-orbit coupling parameter A,

4.4, Origin of Zero Field Splittings in 3d5 Systems.

The origin of zero field splittings in 3a° systems has
been sought theoretically for many years. Such ions have no
orbital degeneracy to be lifted by the crystal electric field.
Therefore the usual mechanism of spin orbit coupling admixing
with the ground orbital level certain higher orbital levels, that
have been lifted in energy by the érystal field poteﬁtial, is not
applicable in these cases. |

The first attempt to explain small Z.F.S. in 3ds systems
was made by Van Vleck and Penneylf3 They were considering spiittings
of the order 0.001 cm-lin nearly cubig systems, and their theory
was based on high (5th) order perturbations due to the cubic field

by
and spin-orbit coupling. Mejfer found that the discrepancy between
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the 7Z,F.S. values for ferric alum from specific heat and e.p.r.
Measurements, could be accounted for by introducing a trigonal
. L ) 45
fielq perturbation and simultaneous spin-orbit coupling. Pryce

adopted a different approach involving spin-spin coupling combined
with the action of a tetragonal field cohponent. The tetragonal
field produces a slight ellipsoidal deformation of the spherically
Symmetric electron density. Then the mutual energy of the spin

Magnetic moments will depend on their orientation relative to the
46 '
Symmetry axis. Watanabe made calculations involving the crystal

field (cubic with a small axial component), spin-orbit coupling

and spin-spin coupling, with the ground and excited spin quartets
47
of the 3d5 configuration. Powell et al repeated Watanabe's

Calculations with the inclusion of the spin doublets of the 3a°

configuration. However, none of these calculations produce a
vValue of the Z.F,S. parameter D of the order of several wave-

numbers, and therefore are unsuitable for the case of haem-proteins.
48 .
Griffith has considered this special case, and he ascribes

the large splittings to second order spin-orbit coupling between the

ground orbital = level °A, and the excited 'T, level, which is
grossly split by an axial crystal field. The GAlg(tzgs egz)
ground state has a non zero matrix element of spin-orbit coupling
. Y 4 ' |
w
ith the T1 2g

with quartet states being zero. Under this perturbation there is

(t eg) excited state, all other matrix elements

a4 second order correction to the energy of the ground state, but

Provided that T retains its threefold orbital degeneracy, the

1g .
Six spin states of 6Al are each shifted by the same amount. Thus
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in a cubic crystal field, this process will not give a zero field
splitting. If the symmetry of the crystal field is reduced the

uTl state will split into either two or three components. Griffith
assumed a large axial splitting, and so considered the qu component
state only, this lying at a lower energy than

1
49 . /
the 2E component, Kotani assumed that the 'T

of the split uT

1g state was split

into three components by a rhombic crystal field, and considered the
interaction of all three with the ground state. In bofh cases,

the second order correction to the energy of the ground state,

by the spin-orbit coupling perturbation,results in a splitting of

6Alg into three doublets. If the energies of the three components

of the uTl level, which is split by the rhombic crystal field,

are El’ Ez, and E, above the 6A ‘state, then the zero field

3 1
splitting parameter can be found to be
c2

D2 =

X N R S O
3 | E3 2By 2E, | 433,

Where A is the spin-orbit coupling constant
and ¢ is the percentage of the free ion uP level in the lowest
uTl component, as spin-orbit coupling will only admix this state
with 6S.

Similarly considering an axial field with thé uTl level

split into two components with energies E(qu) and E(uB).

Then 5 ) CZAZ
2 3

Ecte) - E(”A2>
- Y4

For positive values of D the wavefunction ( %}) 1lies

lowest, corresponding to the L’A2 level lying lower than the uE
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level, This occurs in haemoproteins in which théviron symmetry
is tetragonally elongated, while trigonally compressed situations
give negatixé D values, in the tetragonal geometry, a cfystal
field poinf'chéfge approach would ﬁredict that elongation would

2 2 2

brbital relative to thé‘dX -y and the d d

Stabilize the dZ X2, Y2

The SPin quartet state, corresponding

pair with respect to dxy'
. to the first excited state of the molecule, should then correlate
with (xz, yz)3 (xy)l (zz)l, arising from uTl (t2gu egl). This

level correlates with the'uE term arising from the octahedr*al'uT1
(qG), and the predicted Z.F.S. is with D negative. A reversed

ordering of the orbitals d d » leading to the configuration,

Xz, yz° dxy

(xyiz (xz, yz)2 (22)l is reqﬁired to explain the positive spin
of D in haemdproteins. Griffith suggested that m - bonding
involving donation from the filled ligand = orbital could cause
this reversal. | |

It can be seen that there have been numerous attempts
to explain splittings from 3d5 ions. Although Grifith's theory
Provides a suitable explanation for the large Z;F.S; in ferric
haem proteins, it is essential to“gain accurate values for the

Z.F.S. of various haem-protein derivatives to check'the validity '

of this theory.
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CHAPTER 5

RESULTS FROM SINGLE CRYSTALS OF MYOGLOBIN.

5.1, Introduction

This chapter contains details sf the preparation of single
crystals of myoglobin, togethef with sxperimental techniques used
for measurement of'angular variation of g-values in a crystal plane,
and analysis of such results. A method for measuring the large
zero field splitting of myoglobin derivatives is summarized, and
the experimental difficulties of such measurements are discussed.
The specification of a resonant cavity designed for angular variation
Studies is given. This cavity was also used for the intensity
vVariation measurements, as well as for studies of myoglobin solutions,
which -is discussed in Chapter 6. The principal g-values, and
directions of principalr axes of the fluoride derivative, are
determined by measurement of the angular variation of g-values in
three crystal planes,vand using perturbation theory, the parameter
A= % is determined. The axial splitting parameter D is determined
by measurement of the variation of;intensity of the g, = 6 signal
with temperature and hence E is evaluated.’

The formate derivative is found to exist in two forms,
- and the angular variation of these two types was measured in the
ab plane. A peculiar spectrum was observed in crystals of both

the cyanide and cyanate derivatives. These spectra are shown,

and some discussion is given concerning these results.
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5.2, Preparation of Single Crystals

Myoglobin will crystallise in several forms depending
on the species and the method used to prepare the crystals. The
different crystal types have been listed by Kendrew et all. 1Sperm
whale myoglobin was used in these studies, and the cfystal form
is ‘type A, which is monoclinic with space group P2,. Sperm
whale myoglobin is available commercially in a freeze dried form,
but unfortunately this has been found to be unsuitable when large
crystals are required. The protein was obtained from the
manufacturers prior to the freeze drying process in an ammonium
Sulphate cake. The ammoniumsulphate is used in the final stage
of fractionationz.

The following method used to prepare single crystals
is that of Kendrew and Parrishz. First the ammonium sulphate
was removed by dissolving the protein in water and dialysing
the solution against distilled, de-ionized water. Approximately
2 gms of myoglobin were prepared at a time, and dialysis of
this quantity took about ten days, during which time the solution
was kept at 4°¢ to prevent denaturation of the protein. When
all the salt had been removed the“myoglobin solutioﬁ.was diluted
until it contained about 5%, by weight, of the protein. About
2 ml of this solution was poured into a vial and to this was
added a saturated solution of ammonium sulphate. The ammonium
Ssulphate was previously recrystallised twice in order to remove
any impurities. The ammonium sulphate solution was added until

the myoglobin solution became turbid. This occurred when



unit cell

Fig51 TYPE A SPERM WHALE MYOGLOBIN
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approximately equal amounts of 5% myoglobin solﬁtion and saturated
ammonium sulphate solutién were mixed. This represented an |
ammonium sulphate concentration in the final solution of between .
2.6 and 3 M, A series of such vials were preparedkand buffefed
to differént pH values in the range 5.5 - 7,0, A mixed buffer
of sodium di-hydrogen orthdphdsphate/(Na H2 POu) and di-potassium'
hydrogen orthophosphate (K2 HPOu) dissolved in distilled and
de-ionized water was used. The best results were obtained at
PH 6.5, but it was necessary to use a range of pH values as -
apparent replication of one solution rarely produced the same
Peéults. The buffered solutions were then left undisturbed,
| with the temperature maintained at 20°C, for about:ten days.
Although Kendrew2 found that cryétallisation was complete within
twelve hours,'this was hot‘found to be the case for most solutions
Prepared, and in some solutions myoglobin continued crystallising
after three weeks.

The shape of type A crystals is shown in Fig. 5.1.
They grow with the (001) face well developed being elongated in
the [010] direction at lower pH values. As the pH of the
solution approaches 6.5 all faces become equally déveloped and .
hence the crystals are more compact. Large crystals were produced
by the above procedure with approximate dimensions 2.5 mm x 1.0 mm'
X 0.75 mm. Sperm whale myoglobin will also form orthorhombic
crystals, called type B, when cfystallised from a phosphate buffer
solution. It is easier to study type A crystals, since they have

two sbem@s per unit cell, compared with four in the orthorhombic
molecules :
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form, and hence the e.p.r. spectrum is more simple.

The crystals grown in this manner are in the acid-met
form since & water molecule becomes attached to the sixth co=
ordination point of iron during the extraction of the protein
from the sperm wﬁale skéletal muscle. it is possiblg to convert
these crystals to other derivétives’by adding to the mother
liquid (ammonium sulphate solution), the sodium, or potassium
Salt;'of the required ion to a concentration of several milli-
Molar. By this means the myoglobin derivatives cyanate, formate,
dcetate, nitrite and fluoride, were prepared in single crystal
form.

When sodium cyanide was added to the mother solution
the myoglobin molecules were changed to the cyanide form. This
could easily be detected by noting a change in colour of the
Crystals to a deep red. However, it was found that the crystals
showed a tendency to crack when converted to the cyanide derivative.
This was initially thought to be due to an increase in pH of the
Ssolution when sodium cyanide was added. This was found not to
be so, so it now seems likely tﬁét the explanation is linked with
a large conformational charge occurring within the molecule when
the cyanide ion complexes with the haem group. ‘An alternative
method for preparing Mb CN crystals was therefore tried using an
ion exchange resin. The ammonium sulphate was removed initially
by dialysis, as before, then the myoglobin solutioﬁ was diluted
and allowed to pass through a column of anion~exchange resin

(Amberlite IRA - 400 (cl) ). This resin had been flushed through
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with a. Na OH solution, followed by a Na CN solution, and
finally washed with distilled water. This left CN ioné
attached to the resin which were easily removed by the myoglobin
a@s it travelled down the column. |

"A cyanide ion was then complexed to the haem sites in
€ach molecule, and crystallisation was achieved as before. Usingv
this technique small crystals of the cyanide derivative were
Produced, but they were not large enough for e.p.r. studies.
Another technique tried was to mount a crystal in position and
then place a drop of dilute sodium cyanide solution on the crystal.
Again the myoglobin changed to the cyanide derivative, but the
Crystals tended to crack. A technique called cross-linking’Sas

_ been successfully used for strengthening weak protein crystals,

and perhaps this could be applied to this problem.

5.3. Experimental Techniques.

Experiments were performed at Q-band microwave frequencies
(33,5 G Hz) at both liquid helium and liquid nitrogen temperatures,
Studies at 4.2°K were made with the acid of the stainless steel
Cryostat, shown in Fig. 5.2., whilst at 77°K a simple glass dewar
Was used. Thé e.p.r. spectrometer was a simple reflection typé
Using 400 Hz modulation frequency and was esséntially'the same
as shown in Fig. 1.6. A resonant cavity, shown in Fig. 5.3., was
designed to operate in the Hbll mode at 34.5 GHz, whén unloaded
at room temperature. This frequency was chosen so that the resonant

frequency of the loaded cavity between 4.2°K and room temperature



Figure 5.3. O-Band Microwave Resonant Cavity.
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would be centred around the maximum power outpuf of the klystron.
The cavity was made from high purity brass, with dimensions

D=1 =1,1% cms. With the length and diameter of a cylindrical .
.cavity equal the maximum Q is obtained, and for this cavity

aqQ factor of 8000 was found 1n1t1ally, ‘although thls figure fell
with age. In an unloaded cyllndrlcal cavity the HOll mode is
degenerate with the Elll mode, and hence power would be lost to
the undesirable E mode unless it could somehow be quenched.

111
In the E mode currents flow around the inside wall of the.

111
cavity and across the base, thus, by introducing a circular groove
around the base of the cylinder, these currents are reduced.
Hence the Q of this mode will be reduced allowing power to build

up in the H mode at the expense of the Elll mode.

011
Myoglobin crystals were mounted in the centre of the

resonant cavity on a small peg, made of a low dielectric, lcw loss

material (Stycast). The peg fitted into a hole_in the base of

the cavity, as showﬁ in Fig. 5.3. nysta}s were aligned with the
aid of a stereoscopic micrbscope, and were affixed to the mount
by means of a smear of silicon grease. For angular variation of

g value: measurements in the a bjplane, a crystal was mountéd with
the a b plane, flat on the surface of peg 1. A 90° wedge was

used for measurements in the b ¢ * plane and c*a plane. An'ab
(001) face of the crystal was mounted flat on the face of the
Wedge with the b axis horizontal for b c* plane studies, and
vertical for measurements in the c*a plane.

Alignment could be achieved to an accuracy of about +2°

although for studies in the a b plane any large misalignment
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could be detected from assymetry of the g—value/variations for
the two sites in the crystal. Similarly in the c*a plane, the
angular variation of g values is identical for the two sites
in a unit cell, so the spectra overlap, and any misalignmenf causes
the spectra of the two sites to separate.

A very small amount of dpph was introduced beside
the crystal,uand g-values were measured by comparing the magnetic
field values of the resonance of dpph (g = 2.0035) and myoglobin,
The magnetic field value was measured by two meané;k‘ |

(i) Hall probe (Hp2C3 50 mv/mA T)

(ii) Proton resonance.
The former method was used in experiments performed at H.ZOK,
Since the liquid helium cryostat necessitated a magnet pole
ga§ greater fhan 4.45 cm. To achieve the necessary magnetic
field strength the magnet pole faces had to be small (6.5 cm
diaméter),_and this prevented the insertion of a proton resonance
Probe between fhe féces. in a position where the field inhomogen-
eities were’small enough to be able to detect the proton resonance
signal. The diameter of thé glaés dewar used foryliquid nitrogen
was 3 cms;kand hence larger pole}tips (11.8 cms diémeter) were
uséd alloWing space for a proton resonance prbbe. The proton
resonanCe unitvihcorporated the transistor limiter oscillator
circuit devised by Robinson. Fine adjustment of the frequency
was achieved by altering the potential across a vaficap (sGs
Fairchild BBY - 15), which was placed parallel with the LC tank

circuit. The frequency of the r.f. circuit was displayed directly
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by feeding the signal from én arial to a counter (Hewlett Packard
5246 L), A field profile was plotted across the pole faces to
allow for any field inhomogeneities, so that corrections could

be made for the magnetic field at the crystal, compared with the

Magnetic field at the measuring point.

S.4, Angular Variation Studies in Three Planes.,

The magnetic axes of high spin myoglobin derivatives
bear no immediate relationship to the crystal axes, and thergfore
to determine the principal g-values, and directions of the
Principal axes, it is necessary to measure the angular variation
in three mutually perpendicular planes. Now it is known that
high spin myoglobin derivatives can be described by a spin

Hamiltonian of the form

2

=== . nea 2 2.
){ = B S.g.B + D(Sz -3 s(s+ 1)) + E(Sx - Sy )

In order to determine the parameters g, D, E it would
be necessary to perform a transformation from the prihcipal axes
to the axis system of the crystal. Since ttis transformation is
not known it would be extremely difficult to determine the true
spin Hamiltdnian and directions of the principal axes from
angular variation measurements. However,Awe‘can simﬁlify the
task by assuming D is very large, so tﬁat we may describe the
spectra from the lowest Kramers doublets by a spih.Hamiltonian

containing the Zeeman term only.

H =855 | 5.1



- T4 -

. . . . hy
then if we define an effective g value as g off © BB
it can be shown that (see p.uyy )

12, gyz a2 . gzz 2 ey

2 2
Beff ~ &y

When we are not working in the principal axis system

of the spin S equation 5.2 is no longer valid, and we must

expand 5.2 in the form7

2

Eofr ° Z G,s 1; 1, A 5,3
where Gij is a symmetric tensor whose value depends on the choice
of reference axes and 1 lj are the direction cosines of the
magnetic field with respect to the reference axes. In component

form this can be written as

2 2 2 2
geff - Gaa 1a + be 1b + Gcc 1c +_Gab 1a lb v 2 Gbc lb 1c

+ 2 G 1.1 S.4,

Where 1,5 lb’ 1, are the direction cosines of the applied magnetic
field with respect to the crystallographic axes a b ¢ and Gaa etc,
are elements of the symmetric tensor G = g.g. ‘

For the monoclinic crystal of myoglobin thé orthogonal
axes chosen were a [100], b [010] and ¢, where c? is mutually
Perpendicular to a and b. The angular variation.of g- values was
determined in three planes, and for each plane equation 5.4. can

be simplified so that geff is a function of one angle 6 only.
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For the a b plane we have

g2 = G cos2 0+ G,

sin2 8+ 2 G cos 9 sin 6
aa bb a

b 5.5,

the tensor components were determined by performing a least squares
fit upoﬂ the measured angular variation of geff(e). This calcula- |
tion is given in Appendix 2. Measurement of the g-value variation

in three planes determined the six independent coefficients Gij
relative to the axes a b c*. The principal g-values and principal

axes are formed by diagonalising the matrix G. The three roots

Al Az Ay of the secular equation

det (A -A1I) =0
5060

are the squares of the principal g-values; the direction cosines

of the principal axes satisfy

) Gy 1. = A 1. i=1,2,3
. i k k “ki > o
=1 3 5.7.

where the 1 =1, 2, 3) are the direction cosines corresponding

xj ¢
to the root Ak,
The crystal axes directions were determined from the cross-
over point of the resonance lines from the two sites in the crystal,
Since the crystal structure is P21thére is a screw diad axis
parallel to the b axis. Therefore if one haem plane is rotated
through 180° and translated through a distance b/z it will be
coincident with the other haem plane in that unit cell. So the
e.p.r. spectra will be symmetrical about the b axis, and will be

e

1y . . w ) .
ldentical in the c¢ a plane. Hence the g-values of the two sites



Rotation in degrees from a axis.

9=598 : ’
o . O Experimental paints for
IS' centre

an centre

—Least squares fit upon
expernimental points

b axis [OIO]

a axis EOO}

O-TZ ’ 0!4 0'6 ' 0-r8 lfO 1'~2 -Magnetic field-Teslas
2.0 40 6.0 8.0 - 100 12.0-Magnetic field-KG

FIG 54 Angular Variation of the Fé~ Spectrum of Myoglobin Fluoride in the ab plane at Q-band.



Rotation in degrees from b axis.

3607

2701

1801

st
O Experimentcal points for 17 centre
e . . L. pnd

— Least squares fit upon experimental
. points

| — b axis [010]

032
32

036
3.6

04 0.44 0-48 -Magnetic fietd - Teslas
4.0 44 4.8 - Magnetic field -KG

FIG 55 Angular Variation of the Fes.Spectrum of Myoglobin Fluoride in the
- bc* plane at G- band.



* Rotation in degrees from c¥axis

3607

270
» Experimental points . *
— 'Lecst squares fit upon
expermental points
180
< axis [001]
S0

] o - e a wis [100] -

¥

axis
T T T - T T
02 04 0.6 0-8  10-Magnetic tield-Tesla’
2.0 40 60 8.0 i} 10-0 Magnetic field- KG

FIG 56 Angular Variation of the Fe3 Spectrum of Myoglobin Fluoride ih the

*a plane at. Q-band.



- 76 -

%
are coincident along the a and c

axes, and therefore they must

be the same along the b axis. Therefore in the a b plane the

Plot of angalar variation of g-values for the two sites will

cross when the magnetic field is along the a and b axes,vand

hence 6‘= 0 and.SOO are determined. Also in the b c* plane the
lines'cross along the b and c* axes, but for the c* plane where

the angular variation of g values is the same for the two sites,
the zero anglé was determined from the corresponding g-values along

ot

the a and ¢ axis as determined from the other two planes.

5.5. Experimental Results for Fluoride Derivative.

The angular variation of g-values in three planes for
the fluoride derivative are given in Figs. 5.4 = 5.6. The
components of the tensor G, defermined by a least squares fit to
the experimental data, are given in table 5.1. Also in table 5.1
are the corresponding principal g-values and direction cosines
of the principal axes with respect to the crystal axes a, b, c*.

- It can be seen that the two e.p.r. lines are nearly goincident

ta
o

in the - b ¢ plane, and .because of their broad linewidths, the
two linés merge into one, so that there is an error of about %20
Zauss incurred in determination of the crossover point of the
first derivative of the resonance line. Thévsituation is further
complicated by the linewidth of the two resonance lines varying
with orientation. 1In the a b plane the main error will arise
from any misorientation of the crystal, but the large linewidths
found also prevent accurate measurement of g values., The

variation of linewidth with orientation is shown in Fig. 5.8.



TABLE 5.1.

G-VALUES AND DIRECTIONS OF PRINCIPAL AXES FOR THE TWO MOLECULES

——

PER UNIT CELL IN THE FLUORIDE DERIVATIVE OF SPERM-WHALE MYOGLOBIN,

e —a—

(a) G tensor components from measurements in 3 crystal planes

for first site.

9.28 G = G = 5.25

Gyx = xz = ®zx
Gyy = Gyy = 10.50 Gyy = Gyy = -1.41
Gyy = 31.13 G,, = 33.53

APrincipal g-values

0,005

g. = 5.85, gy é 5.98, g, ° 2.00,

X

Directions of Principal Axes

a - b c*
PX 92° 120° 30°
PY 66° 38° 62°
P2 24° 111° 100°

(b) G tensor components from measurements in 3 crystal planes

for second site

GXX = 9,28 GXZ = GZX = 5.25 ¢
GXY = GYx =-10.64 GYZ = GZY = 1.55
GYY = 31.13 GZZ = 33.53

Principal g-values

g, = 5.85, g, =5.98, g = 2.00, ¥ 0.00s

Directions of Principal Axes

a b c*
PX 90° 63° 26°
PY 114° 35° 114°

o]

P7 24° 68 100°
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which is similar to that found in the case of acid met myoglobin.
This has been discussed by Helke, Ingram and Slade% who showed
that the linewidth AH is proportional to the rate of change of
g€ with 6, due to scatter in the orientations of the haem groups
within a crystal.

| In the xy plane the angular variation of effective

g-values can be described by

4E
Boff 38, (1 - 7 cos 2 ¢) 5.8,

Where ¢ is the angle in this plane, measured from gx,
E is the rhombic éomponent of the electric field and D is the
tetragonal component, g6 is the true g-value in the Hamiltonian
and is - 2.00. Therefore in the Xy plane the effective g-values

will vary between the values

~ _ . LE
g, = 38y (1 -5
" and ,
- 4E
gy = 3g0 (l + ———D ) 5-9.

From the measurements of g, and gy for the fluoride
derivative we can obtain the value of A = % with the aid of

équations 5.9.
(gx =-g,) 1

A = Wg—xTﬁ_) =‘ 0.0027 cm

y

5.10.

Therefore the rhombic component in this derivative is
very small as is obvious from the small differehce between 8y

and gy.
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which is similar to that found in the case of acid met myoglobin,
This has been discussed by Helke, Ingram and Sladei who showed
that the linewidth AH is proportional to the rate of change of
g with 6, due to scatter in the orientations of the haem groups
within a crystal.

In the xy plane the angular variafion of effective
g-values can be described by

4E
Boff 3go (1 - F— cos 2 ¢) ~5.8.

Where ¢ is the angle in this plane, measured from gx,
E is the rhombic component of the electric field and D is the
tetragonal compbnent, g4 is the true g-value in the Hamiltonian
and is ~ 2.00. Therefore in the xy plane the effective g-values

will vary between the values

LE

gx = 3gc'>. (1 ~ ']-)-)
and
- LE :
g, = 38, (1 + 5 ) 5.9,
From the measurements of Ey and gy for the fluoride
derivative we can obtain the value of A = % with the aid of
equations 5.9. .
, (gx --g,) ‘ -1-
A= ETE;‘i“é;) = 0.0027 cm 5.10.

Therefore the rhombic component in this derivative is
very small as is obvious from the small difference between By

and gy.
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In table 5.2. the coordinates of the atoms in the haem
group, as obtained by X-ray studies, are given. The direction of
the normal o the haem plane, formed by the four nitrogen atoms

Ny N,» Ny, N, .is also listed. The z.axis of the g-tensor is
found to be almost along the direction of the haem normal, the
angle between the two being 5°. Therefore the x and y axes of
the g-tensor virtually lie in the haem plane. TFigure 5.9. shows
the directions of g, and gy.with respect to the four nitrogen
atoms. Also the directions of the principal axes are shown
Pelativé to the orthogonal crystal axes a, b, c*, A comparison
can be made between the direﬁfions of g, and gy for the fluoride
and acid:met derivatives andais found, as shown in figure 5.9,
that a rotation of*lgq occurs between the axes of one derivative

and the other.

5.6. Formate Derivativé.

E.P.R. stﬁdies of single crystals of the formate
derivative (axial ligand HCOZ) were undertaken in the ab and be*
Planes at 4.2°. The speqtrumbwés found to consist of four lines,
the angular variation of these 1ines in the ab plane is shown in
figure 5.10. These results suggest the presence of two high spin
forms of myoglobin present in the same crystal. Unfortunately
angular variation measurements in the ab plane were iimited to
Orientations of approximately 90° about g = 6, because at
lower g-values broadening of the absorption line ensued and this

broadening combined with the low signal intensity made g=-value
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TABLE 5.2

CO~ORDINATES OF ATOMS (R) IN HAEM GROUP OF SPERM-WHALE MYOGLOBIN
FROM X-RAY DATA "

a b - e
Ny 14.08 26,77  6.18
N 14,92 26.65 sy
N, 15.96 29.30 3.62
N, 15.09 29.43 6.33
Fe 14,77 28,13 4,81

HYSTIDINE

N 10.96 29.63 4,83
Cy 12.10 29,32 5,42
N, 12.90 28,75 . 4,48
c 12.22 28,72 3.30
C 11.00 29,27 3.50
Oyy 16.74 26. 84 4.86

The direction of the normal to the haem plane is

o = 27.82°
B = 111.95°
y = 73.78°
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measurements impossible. At all orientations overlapping occurred
between the two pairs of lines causing difficulty in one analysis
of the spec:ra. Orientation of the magnetic field in the be¥®
Plane produced a broad line, which was.the envelope of the four
resonance lines. Small variation in position and height of this
broad line prevented any analysis being made in this plane.

The method of aﬁalysis used for the fluoride derivative,
involving measurements in three planes, could not be applied in
this case. Therefore the data obtained from measurements of the
g-value variation in the ab plane was used to determine the
Principal g-values and orientations of principal axes.

Now at any orientation of the magnetic field the effective

g-value is given by

2 .2 2 2 . 2 2
1" +g, m" +g,n 5.11

2
g off - Bx

Wwhere 1 m n are the direction cosines of the magnetic field with

respect to the principal magnetic axes. Putting this into polar

coordinates we have

2

2 2 sin2 $) + gz2 cos” n

L2 2 2
& off = sin n(gx cos” ¢ + g

y )
: 5.12
Where n, ¢ are the polar angles of B with respect to the pfinéipal
axes. Assuming the magnefic z axis lies along the direction of
the haem normal we can calculate for any orientatién (0) in the

ab plane the corresponding value of n., Assuming that for the formate

derivative g, = 2 we can calculate the g-value (gh) in the xy
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blane, which in this case we have assumed to be the haem plane.

Then in the haem plane

2 . gx2 cos2 o+ g 2 sin? ¢ v 5.13

Unfortunately we do not know the directions of gx and gy in the
Plane, but we can take as a reference point the projection of the

Crystal a axis onto the haem plane and then 5.13 can be expressed

as

gh2 = gX2 cos2 (¢ + ) + gy2 sin2 (¢ + €) 5.14

This can be expanded into the form

2 _ 2 2 . 2 2
g, = (g, cos” g ¢+ g, sin €) cos” ¢
+ (gx2 sin’ ¢ + gy2 0032 €) sin? ¢
2 _ 2y s .
+ 2(g,” - g, ) sin € cos € sin ¢ cos ¢ 5.15

X y

This is of the same form as equation 5.5. and hence the same
least squares procedure was used to fit the values of gh2 to an
€quation

2 .2 .
gh = Gl cos” ¢ + 62 sin® ¢ + G3 sin ¢ cos ¢ 5.15
By equating coefficients it is found that

tan 2 € = T -7¢C

tan2 e = G 2 _ 5.16



MYOGLOBIN FORMATE RESULTS

Line 1.

Gl = 30.915’ 9y = 5.52
G2 = 34,752 ) g, = 5.94
Gy = =-1.236 € = 18°
Line 2,

¢, = 36.413 T g, = 5.87
G, = 35.300 9y = 6.06
Gy = -1.238 € = 66°

TABLE 5.3.
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_ Hence gy and gy and € can be determined where € is the
angle between g, and the projection of the a axis onto the haem
Plane, |

The results for the two sets of lines are given in
table 5.3, and the directions of the principal axes are shown
with respect to the four nitrogen atoms in the haem plane in
figure 5.9, It is interesting to note that there is a rotation

of 48° petween the axes in the two derivatives.

5.7° Cyanide and Cyanate Derivatives

The e.p.r. spectrum of myoglobin cyanide (axial ligand
CN”) as shown in figure 5.11. This strange signal was not a
first derivative of the absorption as it should have been. The
Signal moved with orientation of the magnetic field, but such
signals were not necessarily reproducible with different crystals.
It was thought that these signals were the result of some
Saturation phenomena, and therefore the temperature of the myoglobin
Crystal was raised in order to §horten Ty the spih4lattice
relaxation time, However, the signal disappeared at a temperature
in the range 10-20°K. Difficulties in g-valge measurements of
the myoglobin cyanide have been encountered by othef workers,

10 resorted to a pulse technique in order to obtain

Peisach
approximate g-values from a paste.

| The spectra of the cyanate derivative (axial ligand
OCN™) shown in figure 5.12, is similar to that of myoglobin

Ccyanide, but in addition there is a signal varying about g = 6.
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This suggests that, as found in the formate crystals, there are
two ferric centres present. One of these is a low spin state,
and the othzr a high spin state. The angular variation of the
high spin form around g = 6 is also shown in figuré 5.12. These
measurements were made at H.2°K. This compound has been found to

ll. ‘He found that he could correlate

be anomalous by Scheler
optical absorption measurements with magnetic susceptibility

results for all derivatives of myoglobin other than cyanate.

5.8. Temperature Variation Studies.

Accurate measurement of the zero field splitting in
high spin haem-proteins‘is difficult, since only one transition
is observed using normal microwave frequencies. This transition
is between the lowest Kramer's doublets and the effective g-values
for this‘fransition.are relatively insensitive to variations in
the zero field splitting (for values of D in excess of 2 cm-l).
In Chapter 6 estimations are made for the zero fieldvsplitting
bparameter D. in certain myoglobin derivgtives, from éiéhange in
effective g-values with change of microwave frequency. 'Third—
order perturbation theory predicts a reduction in effective g,
with increasing microwave frequency in a manner dependant on D}Z
Another technique applied by Feherl3 ihvolved a high resolution
Fourier transform spectrdmeter. He determined the Z.F.S. for
chlorahemin (2D = 13.9 cm 1) by detecting‘a sub-millimeter

absorption line corresponding to a direct transition between the

ground and first excited Kramer's doublets.
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In these studies the zero field splitting of the acid-
met and fluoride derivatives were estimated from the temperature
dependance of the intensity of the g = 6 signal. A single
Crystal was rotated in the ab plane until the maximum g-value
Position was found. The energy levels for this situation will be
approximately as shown in figure A2. Now the intensity of the
transition between the lowest doublet will vary with temperature
in a manner dependant on the splittings between the Kramers
doublets. The variation ofvthe intensity of this signal was compared
with that of a carbon standard which is a simple two level system,
and from these measurements the zero field splitting parameter D
can be calculated. The calculations are given in Appendix 3.
A myoglobin crystal was mounted on a hollow support
with the ab plane horizontal. The centre of the support was
filled with a powdered carbon standard in french chalk. This was
chosen in preference to d.p.p.h.as it obeys Curie's law, whereas
d.p.p.h.has been found in some instances, depending on.the
Preparation, to be antiferromagnetic.lu’ 15, 16.
Around the cavity was wrapped a 5Q heater coil, which
in turn was enveloped by a corrugated teflon sheath, shown in
figure 5.3. The temperature of the sample was controlled by a
Euratherm thyristor temperature controller (DHS/PID/SCR), with a
gallium doped germamium thermometer (T.I. type RT-106) acting
a@s the sensing element. The temperature controller incorporated
three term control (proportional, derivative and integral),-

and by adjustment of the time constants of the derivative and
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and integral damping it was possible to maintain the temperature
of the cavity within #+ 0.2° C. A germanium thermometer was
fixed to the top of the cavity with one lead, that was in good
thermal contact with the germanium element, attached to the
cavity by a sout copper wire. The copper wire was araldited to'
the top of the cavity to ensure good thermal contact, and the
vthermometer and lead were encapsulated in expanded polystyrene.
Using the circuit shown in figure 5.13, the‘variation
in resistance of the thermometer between 4°K and %0°K produced
an e.,m.f. variation across the input of the temperature controller
of 10 mV, thus utilising the full range of the controller. The
Sensitivity was therefore far greater than could be achieved
using a thermocouple, since the most sensitive couple at these
temperafuresl7 (gold-chromel) only has an average thermoelectric

output of about 15uV °K T

The magnét was rotated until the maximum g-value
-Position was found. Assuming the system to be axial, the magnetic
field was then in the g, plane. Three successive sweeps were made
of the g, = 6 signal of myoglobin, and also of thé.carbon signal
at.g = 2. The temperature was raised from 4.2°K up to 30°K in

2° intervals, and the myoglobin and carbon signals were recorded

at each temperature.

5.9, Zero Field Splitting Measurements

To determine zero field splittings from temperature

variation studies of myoglobin it was necessary to calculate the
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intensity of the signals from the first derivative of the

18, 19 yve

absorption tracings. Several approximation methods
been devised for determining the intensity of an absorptibh from
~ the first derivative signal for both Gaussian and Lorentzian
lineshapes.‘ The intensity is usually taken as being proportionél
to hwz'or to D2/h where h is the peak to peak heighf, 2w is
the peak to peak width, and D’is the total area under the first
derivative envelope. The validity of these approximations
is discdssed by McLintoch énd Orm?o |

In'thesé studies a double integration was performed on
each first derivative éignal. The coordinates of the line
envelope were put on to paper tape using a DMac machine, a;d
integration was perfofmedknumerically on a computer, The results
for the“acid—met derivative are shown in figure 5,15. it is
Seen that the results are scattered, even though the average of
three readings at each temperature was taken. The results were
too scaftered to obtain a least squares fit to them, but, as shown,
by‘measuring the mean dev iation, and mean square deviation,

of the‘experimental points from various computed lines, using

different values of D, a significant result was obtained. For

the acid-met derivative the best fit obtained was for D = 5 cm-l,
whilst in the fluoride derivative the best fit was for D = 4 cm 1!
21

These values are lower than those obtained by Kotani et al,
these being 9.6 + 0.5 for acid-met, and 6.5 + 0.5 for fluoride
derivatives. Kotani used the variation of magnetic susceptibility

with temperature to determine this parameter. The discrepancy

P
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between these two sets of results will be discussed in Chapter 7.

In éection 5.5. it was found that from single crystal

Measurements on the fluoride derivative the ratio A = E/D = 0,0027.

Therefore uéing-the estimated value of-the tetragonal component

D (4.cm-1)kthe rhombic distortion E-is found to be 0.011 cm-l.

"'l 21,220

This compares with the value 0.025 cm™* determined by Kotani.
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CHAPTER 6.

RESULTS FROM MYOGLOBIN SOLUTIONS.

6.2, Introdustion

It is often assumed thét/X-ray data obtained from a
Single crystal is directly applicable to a solution. A
COmparisoﬁ of the optical spectra of single crystals and solutions
Of sperm-whale myoglobin has been made by Day et al.l. They
found a slight differenée between the two specfra which was
initially ascfibed>to a small cbnformational change in the
molecule between the two states causing the spih equilibrium
Position to move towards high spin in the crystal. An alternative
explanation23 not involving any change in the haem environment '
has been proposed, but the doubt still remains. It is therefore
impbrtant to ascertain whether e.p.r. results from solutions
correspond with those from single crystals. It is extremely
difficult to produce single crystal . forms of certain derivatives,
and in such cases one is forced‘to study them in solution form.
Since preparation of solutions’is simple it is worthwhile making
Preliminary studies on solutions anyway, especially as one can
compute g-values and linewidth from the solution spectrum.

Several myoglobin derivatives were investigated and the
g-values have been determined at 35 GHz (Q-band); and at 70 GHz
(4 mm), From the two measurements the zero field splitting for

each derivative has been calculated.
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The optical absorption spectra of haem-proteins, in
the visible region, consists of five distinct bands. Two
Oof these are characteristic of high spin Fe3+, and two are
Prominert in low spin Fe3+. Each myoglobin derivative has a
Characteristic absorption spectrum, and therefore optical spectra
Offer information concerning the spin state of the iron, and indicate
Which derivative is predominant in a given solution. Optical
Spectra may be observed at room temperature and above, Wherg
it is virtually impossible to see e.p.r. in haem-proteins.
Therefore valuable information on the spin state equilibrium at
these higher temperaturés can be determined. The optical absorption
Spectra for several myoglobin derivatives were measured in the
Wavelength region 340-700 mu. From these results a measure of
the spin state was obtained and this was compared with the results

obtained from e.p.r. measurements.

6.2, E.P.R. of Solutions at Q-band.

Solutions of myoglobin were prepared by adding a
Saturated solution of a salt (e;g. Na HCO,) to freeze dried
myoglobin until the protein concentration was 20 m M. The solution
was buffered to a slightly alkaline pH value around 8. Alternatively
sufficient myoglobin was added to form a paste. The solution was
Put into a hollow peg by means of a hyperdermic syringe. A small
amount of d.p.p.h,was placed on the side of the peg and, as before,
the microwave frequency was determined from the magnetic field

Strength at which resonance in d.p.p.,h, occurred. The microwave
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cavity (see Fig. 5.3.) was placed into a sealed stainless steel
tube which was immersed in a glass dewar containing liduid

nNitrogen. lMagnetic field strength was measured with a proton

“

resonance unit.’

Investigations were made to discover whether or not
the concentration of the solution affected the e.p.r. spectra, '
but no significant change was detected. It is obviously preferable
to have the solution as dense as possible to increase the number
of paramagnetic ions within the same volume. Using a thick paste
it was not possible to determine the pH and hence some experimental
control was lost. The effect of variation of pH on the é.p.r.
Sspectra was also investigated. It was found that a chaﬁgé in the
shape of the acetate derivative (axial ligand CH4 CO, ) spectrum
occurred with change of the solution pH between 6.0 and 10.0.
Although no quantitative analysisvwas undertaken a possible
explanation for this effeqt is that competition occurred between
the acetate and acid-met fdrms, this haQing a pH deéendance.

The intensity of the acid met signal diminished as thé pH was
increased, due to conversion from high spin form (acid-met) to
low spin form (hydroxide), with increasing pH;

The e.p.f.‘spectra of a solution_is the envelope of
transitions arising from ions whose magnetic axes have completély
random orientations. In the case of high spin myoglobin the
spectnunconsists of a broad line around’geff = 6, and a weak
line at g = 2. _AnalySis of such spectra is outlined in Appendix

4, where it is seen that allowance must be made for the éhange in
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transition probability with orientation. This is because the
transition prbbability depends on the precise rélationship of
the oscillatory magnetic field B, to the principal axes of the
g-tensor. The spectra of each derivative was analysed by super-
imposing a synthesised spectrum on to the experimentally derived
Spectrum, and then by re-adjusting the parameters (linewidth,
g-values) in the synthesis programme until a good fit was obtained.
The spectra and computed g-values are given in figures 6.3 - 6.57.
The best compufedkfit to the fluoridé spectrum was

using g, = 5.85, g, = 6,0%, and a Lorentzian linewidth AB = 7

y
Milli Teslas (70 gauss). This compared with the single crystal
results of g, = 5.85, gy = 5.98. Thus the effective g-value,
gy, for the solution -has marginaly ih:éreased from the value
determined for the single crystal. This difference could be
accounted for by aprirncreése in the parameters D and E between
Single crystal and paste forms. | |

For the formate derivative (axial ligand HCOZ-) fhe
best fit requirés a rather more anisotropic g-value than usual,
which could be explained by a lérge rhombic distortion of the
érystalline electric field, as has been used to explain similar
Spectra elsewhere.zu However subsequent measurements on single
crystals revealed that two high spin forms exist for this
derivative. Therefore the spectrum shown in figupe(s.s. is the

Superposition of two overlapping spectra and unfortunately it was

not possible to synthesise this result.

Pastes were prepared by adding concentrated solutions,
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buffered to pH 8.0, of the sodium salts chloride, bromide and
Iodide to freeze dried myoglobin: No signal was observed in the
case of the 'Iodide' paste, whereas the spectra shown in figurels.s.
Wwere observed from the other pastes. .The best fit to these spectra
Were found to be with g-values Vefy close to those found for the
acid-met derivative. In section 6.6. the optical absorption
measurements made on solutions of these salts indicate that the
ions have not complexed with the iron. The ions may have become
attached to the molecule somewhere in the vicinity of the héem
without complexing with it. - |

finally a solution of the cyanate derivative was investigated
at 4,2°K. A high spin signal was observed as shown in figure 6.4,
The best fit is with g, = 5.78, g, = 5.92, and a Lorentzian
linewidth AH = 6.5 milli teslas. These values differ from the
acid-met results and therefore this signal appears to result from
a cyanafe derivative rather than from molecules which have not
converted to the cyanate form but remain in the acid-met form.
Thisvendorses the interpretation of the single crystai results on

this derivative that two forms of this derivative exist, one high

spin, and the other low spin.

6.3. E.P.R. of Pastes at u mm.
» A complete description of the 4 mm spectrometer used in
2,3

these studies has been given elsewhere and therefore only a

brief outline will be given here. The spectrometer incorporated
a magic tee bridge and power was carried from this bridge to

~the sample cavity via an oversized waveguide. At either end of
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the oversized waveguide a taper reduced the guide dimensions to
those of the 4 mm waveguide. A cylindrical sample cavity, shown
in figure 6.5., which operated'in the Hoio mode was.used. |

Myoglobin samﬁles were prepared in the same way,
described in section 6.2., except that sufficient myoglobin was
added until a stiff paste was obtained. This paste was extruded
from a fine capillary‘tube and a short length was attached to one
end of the'microwave cavity by silicon grease.

The cavity was then placed inside a superconducting
magnet solenoid; .This magnet, manufactured by Oxford Instruments,
has also been described in reference 2 and therefore details will
nhot be gi?en here. The fieid in the superconducting solenoid was
determined by accurate measurement of the current through the
Solenoid. This current was found by measuring the p.d. developed~
across a standard resistor_(O:OlQ) connected in series with the
solenoid., The standard resistor was immersed in an oil bath to
maintain a constant teﬁperature, and the b.d. across the resistor
. was measured using a potentiometer. As the field was swept
either up or down the potentiometer was set to a certain voltage,
and.when this voltage was balanced‘by the p.d. developed across
the standard resistor. ‘the recorder tracing was marked by an
event marker. A series of marks at different intervals of current
were put on to the chart for each experimental run. |

For each derivative studied the magnetic field was
swebt both up aﬁd down several times, with recordings of the

Spectra taken each time, to allow for any inertia in the process
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of marking the field. The magnet had already been calibrated
and was found to produce 0,2641 Teslas/amp. at the centre of the
Soiénoid. This value was adopted in these studies, since any
error in the calibration would only have a small effect upon thé
results. This is because the g-valués were determined by a
direct comparison between the solenoid current values at resonance,..
and at the resonance of dgpoﬁ.h. (gfd;p.p.h;'ﬁ92°°°35)

Analysis of the results is the same as given above for
the Q-band spectra. Three‘derivatives were inVestigated at 4 mm,

these being acid-met, fluoride, formate,and their spectra are

shown in figures 6.3.

It is interesting to note that to obtain a reasonableA
fit to the experimeﬁtal spectra an intrinsic linewidth double that
found af Q-band, needed to be used in the synthesis programme.
This frequehcy dependance of the linewidth confirms the results
Obtained from single crystals at 4 mg in which the minimum
linewidth was found to have this dependance. A poor fit to the
fluoride derivative spectrum was achieved, and the computed mean
g-value had increased from the value found at Q-band frequency,
which, as will be seen in section 6.4., coﬁtradicts_theory.
Analysis of the spectrum of the formate derivative was not

achieved for the same reasons as given in the previous section.
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6. 4, Estimations of Zero Field Splittings

A paramagnetic ion with spin S = 3 situated in an

axial érystal field can be described by a spin Hamiltonian.
2 35 , . 4
= D(Sz -~ 12) + g, Bz Sz + g, (Bx Sx + By S8y) 6.1.
The eigenvalues of this Hamiltonian may be evalu&ted,

as outlined in section 3.7., numerically, using a computer,
Or perturbation theory may be applied. If we consider the term
involving D first (assuming‘this to be larger than the Zeeman
terms), then this will}lift the 2S5 + 1 degeneracy of the ground
State into three doubly degenerate levels. These ievels will be
- characterised by m_ o= * zs Mg = % 5, m, = & 3, and the splittings
will be‘2D and 4D, as shown in figure A.2. Applying the Zeeman
interactionwas a perturbation, up to third order, it is only

nNecessary to consider the Sz = + 1, and SZ = + 3 levels since

there are no matrix elements between SZ = + 3 and SZ = + 3. Third

order perturbation calculationss yield;

for 8 = O, En eff = gy A ) ‘ 6-2-

. | g, B B 2

and for © = 90°, g, eff = 3g, [1 -2 py? ]
’ 6.3.

| where g, eff and g, eff are the effective g-values defined
by hv = g r¢ B B

- Therefore by measuring g, eff at two microwave frequencies, and
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hence at two different resonance magnetic fields, B1 and BZ’

g, and |2D| can be found. %7 Using equation 6.2. and 6.3.
we find
_ 8L eff 1 (o =38)
g+ * T3 @ T-=-98) 6.4,
(a B22 - Blz)'i
120] = g, B|2 —
6.5.
B 2
g, eff (1) _1
where o = g, eff (2) and § = B2

Using these equations g, and 2D are calculated for the
acid-met and two formate derivatives. The results are listed
in Table 6.1. Analysis of the acid-met paste spectrum shows that
there is a rhombic component in the Hamiltonian giving rise to two
g values, gy and gy (5.866 and 5.988 at Q-band) instead of just
gy+ If a rhombic term E(Sx% - Syz) is included in the Hamiltonian
it is found that the eigenvalues are . now dependant opn the angle ¢,
giving two transitions characterised by gy and gy. For small
values of A = E (£0.01) it is found that g, and g

D ™ y
linearly with A at the same rate. Thus the mean of these two

diverge

readings is the value of g, that would exist in an axial system
with the corresponding value of D. Therefore for the acid-

met derivative the values for g, af Q-band and umm were téken to
be 5.927 + 0.005 and 5.895 # 0.005, these being the average
values of gy and gy at the two microwave frequencies. Using

these figures we arrive at a value of 6.65 # 1.5 em™t for the
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zero'field splitting parameter D. The large error in 2D is
caused by its dependance on the small difference between g1y
and g,;,. Tharefore this result is nearer to the results obtained
by temperature variation studies than the susceptibility measure=-
ments of Kotani, and the two measurements of D made in these
studies indicate that D is considerably less than 9.6.

| As already mentioned, the formate spectra were not
anélysed so the effective axial g-value g, was taken to Be the
turning point at the peak of the signal. This was found to be
approximately true in the other derivatives. The estimated
values of D for the two formate derivatives, 6.7 cm ~ and 6.2 em™ L,
are very close to the value found for the acid-met derivative.

In the fluoride derivative it was found, contrary to

the theory, that the mean g-value g, increased with increasing
microwave freQuency from 5.938 at Q-band (35 GHz) to 6.002 at
4 mm (70 GHz). The lineshape was scanned several times at both
frequencies, and the same results were obtained eacﬁ time. This
strange result and difficulty of producing a good fit to the

lineshape suggest some other mechanism is altering the lineshape.

6.5. Optical Absorption Spectra of Haem-proteins,

The spectra of ferrous haems and haem=-proteins are now

reasonably understoodsull

s but the ferric compounds are more
complicated due to extra ligand to metal charge transfer bands,
and also due to the existence of an equilibrium between the high

spin and low spin forms, each with distinct spectra. The
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spectra of ferric haem-proteins in the visible region consists
of five distinct bands, as shown for the case of acid-met
myoglobin in figure 6.9. The bands are :

(i) The intense Soret band (24,000 cm-l) appears in all
haem-protein derivatives, as well as in metal free porphyrins.
It is nearly independant of the axial ligand, but it shifts in
frequency according to the spin state of the iron. This band
is due to a porphyrin m - 7 ¥ transition accurring in a region
remote from thelmetal ion. It was found that the Soret band
peak shifted from 23,700 em L in the cyanide derivative to
24,600 cm T in the fluoride derivative. This shift is thought12
to be due to mixing of this band with the charge transfer band .
(E band) in the high spin fofm.

As all derivatives, except the cyanidels’ 14

, are
mixtures of the two spin states, the observed Soret bénd must be
the envelope of the Soret bands of the high and low spin forms
superimposed. Therefore the spin equilibrium situation of any
temperature T may be determined by analysing the Soret band.
This is demonstrated in figure 6.8, where the increase in the

low spin form (hydroxide) is observed as the pH of the aqueous

solution is increased.

1 1

(ii) The D and E bands at 16,000 cm ~ and 20,000 cm~
are found to be characteristic of high spin derivatives, and are
thought to be due to a mixture of m - 7 % and ligand to metal
charge transfer bands. |

(iii) The o and B bands at 17,000 cm T and 18,500 cm™ %

respectively were present in all ferrimyoglobin derivatives .
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studied, but they were more intense in the derivatives known to
be low spin. The transition responsible for this band is the

3% 6 the

result of chkarge excitgtion from the tég orb%tals of Fe
T system of the ligand.

Spectroscopic studies of other metalloporphyrins have
shown that the B band is relatively unaffected in wavelength or
intensity by substitution of any of the ligands at the metal ion,
whereas the intensity of the a band is strongly dependant on the
identity of the sixth ligand}5 Therefore, one would expect a
linear relationship between the intensity of the B band and‘the
correspnnding magnetic suscéptibility for a Series of derivatives
of a given haem-protein. D.W. Smith and R.J,.P. Williamst®
plotted the intensity of the B band against the magnetic suscept-
ibility for a range of derivatives of horse myoglobin and found
they all fell in a sfraight line except for the cyanate derivative.

It’can be seen that optical absorption is a simple
technique that can provide valuable information concerning the
balance between high and low spin states. Measurements can be
made at room temperaturé where’it is virtually impossible to
observe e;p.r. in haem-pfqteins. It is important to remember
that oxygenatéd myoglobin or haemoglobin is in the ferroué state,
and is diamagnetic so that no information can be obtained using
e.p.r., whereas optical absorption is applicable.

- .16-20

Several papers have recently been published on

optical and e.p.r. spectra of isolated chains of haemoglobin.

21,

R. Banerjee et al 22 discovered that the o« and B absorption
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bands of the isolated B helix are more intense than in ferri-
haemoglobin. This indicates a shift towards low spin which was
confirmed by e,p,r, studies. This optical absorption serves
well as a complimentary technique to e.p.r. for investigations

of haem=-proteins.

6.6, Optical Absorption Measurements.

A 1mM stock sQlution of myoglobin was prepared by
adding 0.425 gms of freeze dried Mb to a 25 mls aqueous solution,
A sample of the required derivative was prepared by adding 9 mls
of a solution, saturated with the appropriate sodium or potassium
salt, to 1 ml. of the stock myoglobin solution. The sample was
poured: = into a one centimetre square cross-section quartz cell,
and a reference cell was filled with the saturated salt solution.
The spectra were determined at room temperatﬁre in the region
340 mu to 700 muy using a Hitachi Perkin Elmer spectrophotometer
(Type EPR 3),

Optical absorption in myoglobin obeys Beer's law
whether it is in solution or in crysfélline form23. Beer's law
states that the decrease in intensity of radiation incident on an
absorbing solution, with distance 1, is proportional not only to

the intensity I, but also to the concentration of the solution cj

that is

i

d _ ¢
ai. - EIC 6.80

where €'is the absorption coefficient.
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Then if the incident intensity is Io, integration of equation 6.6,
gives

I, = Io exp (-€el) = 1o 107ECl 6.7,

where € is the extinction coefficient. The spectra were measured

in,absorbahce and the corresponding expression for the absorbancy

A is.
Io/I

A = log( +

) = gel

Siﬁce 1=1cm and c = 0.1 mM the extingtion coefficient

can be read-direcfly from the charts in uﬁits:of mM cm"1 x 10.

'For accurate values of extinction coefficient‘the
absorbance cpectra should be analysed intq several Gaussian
componentslu and the extinction coefficient determined for each
component. The absorbance valﬁe at the peaks in the spectrum
were cohsidered in this study and therefore the results must be
considered as being approximate.

The results for the derivatives studied are shown in
figures 6.9 - 6.13. It can be seen that from the intensity of
the B band, the predicted low spin derivatives at room temperature
are hydroxide, azide, cyanide, cyanate and acetate pH.10,3.

The first three agree with susceptibility and e.p.r. measurements
made at lower temperatures, whilst the final two do not. The
cyanate derivative has an optical spectra almost identical to
that of the cyanide form, yet‘it definitel& has a strong high

spin component at 77%K to produce the e,p.r. signal at g = 6.
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This derivative is anomalous in its magnetic properties and needs
investigating further. At the higher pH value the acetate spectra
appears simi.ar to that of the hydroxide derivative, This
situation wpuld confirm the interpretation made earlier concerning
the pH dependance of the e.p.r. spectra. The formate spectra
alsc shows a slight increase in the intensity of the o and 8
‘bands with incréasing pH which is also possibly due to attachment
of hydroxyl ions in place of the formate ions.

| In the two solutions containing sodium chloride and
sodium bromide the spectra are essentially that of fhe acid-met
derivative, and hence from the optical spectra it seems that
theée haloger ions do not complex with the haem group, but they
ray attach themselves to the mnglobin molecule close to the
haem group., This would explain the change in g-values detected,
aﬁd this would not necessérily change the spin state‘equilibrium,
and hence the optical spectra. From figure 6,13 it eppears that
introducing myoglobin into a solution-of sodium iodide causes the
molecule to denature in some way. Nofer.r. signal was observed -
from a paste of myoglébin in a sodium iodide solutién, which

suggests a change of spin state or denaturation.
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CHAPTER 7.

DISCUSSION AND SUGGESTIONS FOR FUTURE WORK

7.1. Fluoride Derivative (F )

Angular variation measurements in three planes of single
crystals 6f the fluoride derivative yielded priﬁcipal g-values
8y = 5.85, gy = 5,98, g, = 2.00, »The computed fitvto the paste
spectrum of this derivative determined effective g-values,
g, = 5.85Iand gy,= 6'93, which are in close agreement with the
‘'single crystal' g-values. The dncrease in the value of gy
from single crystal to paste form could be accounted for by an
dAcrease in the rhombic and tetragonal components of the crystal
electric field, as respresented in the spin Hamiltonian by D
and E. Such a change could be effectedAby a conformational
change in fhe myoglobin molecule between the two fofms. Haem-
proteins afe highly susceptible to conformational changes when
the extfemities of the molecule are disturbed. In haemoglobin
it is found, as was discussed in Chaﬁter 4, that separation of
the fqur chains resulted in a change in the haemvenvironment.
Such conformationallchanges have now been confirmed by Perutzl
as the mechanism responsible for co-operative ligand binding.
No sign of splitting of the resonance line around
g = 6 was observed in studies on single crystals of myoglobin

fluoride. Splittings have been observed by other workers2

using X-band microwave frequencies which have been ascribed to
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hyperfine structure due to interaction of the 3d wave-functions
with the nuclear moment of the fluorine ion. However the
width of the resonance line was found to berfrequency dependant.
The linewidth, therefore, had.increased in proportion to the
ratio of the microwave frequencies, whilét the splitting which
is independant of frequency had remained the same. Therefore
the 56 gauss splitting had been lost in the broadened lineshape.
It is perhaps significant that a poor fit was obtainea'
to the paste spectra of the fluoride derivative at both 35 GHz
;and 70 GHz. This may well be the result of nuclear interaction
with the fluorine ion which had not been taken into account in
the lineshape analysis. If this nuclear interaction is included
in the analysis of the paste spectra it may well uncover the
reason for the results in which the méan g~value increased with

frequency.

7.2. Formate Derivative (HCOZ-)

A peculiar e.p.r. spectrum was produced by a paste of
myoglobin formate (axial ligand HCOé-) as shown in figure 6.2.
This signal could be due either to the presence of two high spin
derivatives exisfing together in thermal equilibrium, or to a

large rhombic distortion causing 8, and g _ to hecome resolved.

. Yy
However, subsequent measurements made on single crystals of
this derivative showed the former explanation to be the correct
one. Investigations on single crystals revealed two distinct

palrs of resonance lines, thus proving the existence of two
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high spin derivatives within the same crystal., Two possible
explanations remain concerning the presence of these two high
spin derivatives. Either the haem in myoglobin has approximately
equal affinitiés for a formate ion or a wat;r molecule,.or,
alternatively, the formate ion is able to complex with the haem
grouﬁlin\two distinct ways. Measurements on single crystals
oflthé acid-met derivative at Q-band have determined g=-values

g. = 5.98, gy = 5,92, These results do not coincide with the

X
g-values of either of the 'formate' lines (gx = 5.52, gy = 5,94,
8y T 5.87, gy = 6.,06), and therefore it is cbncluded that the
formate ion produces two separate derivatives,

The orientation of the formate ion in the haem pocket
needs to be determined by X-ray diffraction. "Such X-ray
iﬁfobmation would enable one to elucidate thé reasons for the
rbtatidn of principal axes between the two derivatives, and

also to determine a molecular ofbital model for the haem=-formate

complex.

7.3. Cyanate Derivative (OCN™)

The paste form of this derivative produced at_4.2°K
a ‘high spin derivativg spectrum plus a broad lihe similar to
that found in the cyanide derivative. The g;values‘associated
with the high spin signal were found to be gy = x5.78,'gy = 5,92,
which are far from coincident with the acid-met g-values.
Hence this signal is not an acid-met component due to incomplete

conversion of myoglobin to the cyanate form. It is possible
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that again two derivatives are existing together in equilibrium

with one being a high spin form and the other low spin at i, 2K,
| The optical absorption spectrum is almost identical

to that of the cyanide derivative at room temperature. Therefore

at room temperature the low spin form is dominant, and it is

possible that between 4.2°K and room temperature the high spin

form is thermally excited into the low spin state, but this is

purely speculative since optical measurements could not 5e made

at loWer.temperatures. It would be interesting to follow

‘the absorption spectrum as the temperature is reduced to see if

such a process does occur. Such an effect could account for

the anomalous behaviour of this derivative mentioned in section

5.7.

7.4, Linewidths

Analysis of the paste spectra showed that the intrinsic
linewidth of the signal at Q-band frequency was between 6 and 7
milli Teslas (60 and 70 gauss). This linewidth is due to various
mechanisms. There is homogeneous broadening caused by4dipolar
interaction between the electronic spins of neighbouring iron
atoms, A maximum value of 1% milli Teslas (14 gauss) has been
calculateé for this effect in single crystals where the neighbourin
iron atoms are between 20 & and 35 R apart. This separation
brecludes any significant contribution from exchange interaction.

Also the linewidth is found to be concentration independent,

which means the above mechanisms are not the dominant ones.
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Inhomogeneous broadening of the intrinsic linewidth may result
due to unresolved hyperfine structure caused by interaction
between the 3d electrons and the neighbouring nitrogen nuclei,
but Endor studies have failed to confirm this.

Measurements at 70 GHz microwave frequency show that
the intrinsic linewidth has increased linearly with frequency.
Suéh an effect is uncommon since most broadening mechanisms
are frequency independant. This effect implies that fhere is
a scatter in the g-values from different paramagnetic centres

"within a crystal or solution.

7.5. Zero Field Splitting

Zero field splitting values have been determined by
two methods. Firstly, by measuring the variation of g~values
with microwave frequency, and, secondly, from measurements of
the signal intensity vériation with temperature. For the acid-
met derivative a value of 6.65 + 1.5 em™t was determined by the
firét method, whilst a value of 5 et was determined by the
second teéhnique. Obviously these ﬁethods are not sufficiently
sensitive, but they nevertheless are much lower than values
determined by other workers32u Susceptibility measurements by
Kotani produced values of 9.6 + 0.5 for acid-met and 6.5 + 0.5 .
for fluoride derivatives. Mossbauer measurements by Langs
produced similér figures of 10.0 cm_l and 6.3 cm-l for the acid-

met and fluoride derivatives respectively. It appears that a

comparison of samples used by different workers is needed.
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. . 57
In Mossbauer studies the porphyrin group is removed and Fe

enriched porphyrin is substituted. It is found that crystalliz-
ation of the brotein'after this process will not occur, and there-

fore it is possible that the haem environment has been disturbed.

7;6. Suggestions for Future Work.
| It is clear that an alternative technique is desirable

for the accurate determination of the large zero field splittings
found in the differeﬁt myoglobin derivatives. Consideration
.should be given to fhe possibility of observing a transition
between the miﬁdle Kramer's doublet. Such a transition will be
extremely weak. It will also be broad since the effective g-value,
for this transition, varieé bétWeen 0 and 10, the linewidth being
Proportional to the rate of change of g-value. However, it may
be possible to find an orientation at which the linewidth and
transition probability are such as to enable the observation
of this signél, |

It may be necessary tc have the oscillatory magnetic
field parallel to the static magnetic field inkorder to select
Am = 2 transition compoﬁents. |

If such a transition was observed and its intensity
was measured Qith increasing teﬁperature'a sharp hump would occur
in the variation in the same way that the Schattky anomaly arises
in specific heats. A dramatic increase in intensity would occur
at a temperature around lSoKldependant on the value of D.

ihe method of analysis of the paste spectra was tedious

and inefficient. A least squares fitting procedure needs to be
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developed for fitting a computed absorption line to the empirical
one.

Such a computation has been undertaken by’other workerss,
although their calculations of the variation of transition
probability with orientation are incorrect7. With improved
computation it should be possible to determine the g-values of
the two formate derivatives from the'paste'spectra. Such an
analysis would also determine the ratio of the two derivatives
in a.given solution or crystal.

As single crystals of proteins are difficult to grow,
and are destroyed on warming up after an experimental run, it is
desirable to undertake as many measurements in any one experiment
as possible. Therefore, for-future studies a goniometer
arrangement needs to be constructed so'thaf angular variation
measurements can be made in three planes using one'myoglobin
crystal only. |

As already mentioned, it would be interesting to follow
the optical absorption spectra of variocus derivatives down to
low temperatures in the hope of observing a change in the épin
state of iron. It should be possible to donstruct a glass dewar

for this purpose.
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APPENDIX 1

3+

Splitting of Orbital Levels in 'I'i by a

Crystal Electric Field

3+ ion situated in a crystal

Assume we have a Ti
electric field with octahedral symmetry. The crystal field
potential due to this crystal field was found to be (equation .
3.8) :

Vix, vy, 20 =83+ 3 ot e gt a2 - 20t e L
Ha 3.8

In order to determine the splitting of the orbital
ground state of the 3d1 ion we need to calculate the matrix elements
of the Hamiltonian = e|v]. The wavefunctions for the degenerate
states within the 2D ground level are/the’one-electron orbitals
given in equation 3.10. Only matrix elements between wavefunctions'
with the same LZ quantum number will be finite.

The first term in the potential operator merely raises
the energy of each orbital level éQually and therefore may be
ignored. However consider the second term in which, for the sake

of simplicity, x4 yu has been ignored. To calculate the diagonal

matrix elements all that is required is to write the operator as
4 5 2 .
Ar’ |3 cos® 8 - 1|, and evaluate the integrals

<20[v]20 > =4[] £ () 12 o} p? dr
(s}



ZD~

L L S
232712 )

ar

5 A<

]

o

Free

, \ - 231312

L&Ay

2 o=u2>

ion Splitting  in

ground state ~ crystdl field

FIG Al

SPLITTING OF ORBITAL GROUMD
STATE OF AN 3d ION



Io I3 (3 cos? 8 - 1% (§ cos’s - 1) sineas

2w
1
77 99

‘0

| -
putting < r*'+ > = | £ () |2 ru. r? dr
| Jo

and leaving as an undetermined coefficient we obtain

: . 10 4
<20 v}|20>= -5 A <p >

similarly it can be shown that

c2fifvi2aiis = -8Bacrts>
<22 lv]2%f2> = - %% A<o* >

where A = 21q

y
a

The splitting of these orbital levels are shown in

Figure A.1l.
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APPENDIX 2.

Least Squares Fit Upon g=-tensor Components.

In the ab plane the effective g-value 1is equated to the
G tensor components by equation 5.5.
= G 0052 9 + G sin2 8 + 2 G, cos 0 sin 8 (1)
g aa bb ab

For each data point g (6) we can obtain a set of residuals

r, = G cos2 g + G sin2 6 + 2Gab sin 6 cos 6 -g2 (2)

i aa bb
We require that Zri2 be a minimum
2 _ 2 y 2 .. 4 2 .. 2 . 2 Yy
Ir,” =2 (G,  cos 6 + Gpp sin 6 + 4G_,," sin” 6 cos” 6 + g
+ 2G G | cos2 9 sin2 0 + 4G G‘ sin3 8 cos 6
aa “bb ab “bb
3 .. 2 2 .2 2
+ uGaa Gab cos” O sin © 2Gaa gv cos” O - 2be sin” 0 g
- 4G_, sin 6 cos 6 gz)
ab

;Zriz has a minimum value when all its partial derivatives with

respect to Gaa’ G are simultaneously zero.

' Sop2 Cap |
Taking these three partial derivatives we arrive at three simultaneous

equations :
AGaa + Bbe + 2CGab -D=20
BGaa + Ebe + ZFGab -H=0
CGaa + Fbe + 2BGab - XK =0 - (3)



where A =% cos' 8 E = £ sin” @
B =% cos? 6 sin2 8 F = .1 sin3 8 cos ©
C =z cos3 ® sin 6 H = L g2 sin2 ¢
D =1 g? cos? K g2

g° sin 6 cos 6

A direct solution of the simultaneous equations (4) can
be found for the tensor components Gaa’ be, Gab' A similar
analysis can be made of the angular variation of g-values in the
bec* and c*a crystal planes, and hence all nine compénents of the
tensor Gij can be determined., A check oh the values of the
diagonal components is provided from analysis of the three planes
since each diagonal element value is determined from measurements
in two planes,

A computer programme for performing this least squares

fit upon the g-values was provided by P. Weightman.
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APPENDIX 3.

Intensity Variation of g = 6 sigpél’With temperature.

From equation 2.52 the rate of absorption of microwave
ehepgy'isbseen to be

dE . o ;
a—_E = n hv W (1L
where W is the transition probability as given by equation 2.3u,

The population distribution between the Zeeman levels of myoglobin,

shown in figure A2, is according to the Boltzmann function

N exp (-Ei/kT)
I3 exp (-E3/KT) S ‘ (2)

where ng is the population of the ith level and N is the total

number of systems present

The intensity of the absorption due to a transition between the

lowest Kramers doublets is M |

P,, = I (n1 - nz) hv2l W21 , (3)
MB '

Therefore the power absorbed, due to this g = 6 transition, at

resonance will be, from equations (2) and (3)

PMB = NMB (1 - exp (~hv/kT)) hv21 w21

A )




where A = 1 + exp (=hv/kT) + 2 exp (=(2D + % hv)/kT)

+ 2 exp (~(6D + 3 hv)/kT)

Carbon is an S = } system and hence the power absorbed at resonance

due to a transition between the two Zeeman levels is
dE Nc (1 - exp (=hv/kT))

P = —— = hV21 W ’ (5)
, e 1 + exp (~hv/kT)

Therefore if myoglobin and carbon signals are compared using the

same microwave frequency the ratios of the intensities will be

P N W

B . B (1 + exp (-hw/kT)) “mp
Pe Ne A Ve (6)
If we put NMB wMB .
C C
Then PMB _  a (1 + exp(~hv/kT)) - ,
c A (7)

This expression is plotted as a function of temperature
for a range of values of the zero field splitting parameter

D in figure 5.14, These results are calculated for a = 1.



APPENDIX 4

Synthesis of Paste Spectra

Assume that the zero field splitting is sufficiently large

s0 the system may be described by a simple Hamiltonian

= 8 B.g.§ . (1)
which can be written as

- g (8, ¢) BBS, o
where g(8, ¢) = (gz2 cos2 8 + gx? sin2 G cos2 ¢ + gy2 gin2 G sin2 ¢)%

(3)
where 6 and ¢ are the polar angles of the magnetic field with respect

to the magnetic axes and Ey» 8,> 8, are the effective g-values of

y
the transition.

The enérgy of a transition is given by .
hv = g(6, ¢) B B ' (4)

For a paste the molecules will be randomly orientated and the
fraction of the molecules with their magnetic axes in the angular

range

ot > ¢ + 8¢
and ol + 9! + A6

is proportional to A¢ sin 6 A9 which becomes d¢ sin 6846 in the

limit as A6, A =+ o.
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At a magnetic field ! a transition occurs when
'Bl = —llf-_—
B g8 (6,¢) , (5)

The intensity of the absorption at field Bl is given by the sum
over all angles of

hv

Fah = 53 -
6 ¢ Bz (0 ¢)

A¢ sin 6 AB ~(8)

However the energy levels have a finite width so that transitions
occur over. a range of field strengths around Bl. We assume that the
lineshape function is Lorentzian so the intensity of the intrinsic

absorption line will be described by

ym
Y(B) = 5
1+ | (B- B/} AB%I - (7)

where B0 is the field at the centre of the resonance line and
Y and AB% are as shown in figure A3} - As the spectrometer
detects the first derivative of the absorption it is neccesary

to differentiate (7) with respect to B.

16 y- [(B-B_)/} 4B

3 B-B
|3 + (B-B /% 8B )

|
\ PP |
yigy = 2| 2 (8)

where BO is a fn of 6 and ¢.

Bleaneyl and Kneubuehl and Natterer2 have indicated that

the lineshape function should include a term for the variation of



transition probability P(6,¢) with respect to the orientation of
the static and oscillatory magnetic fields. The expression
P(8, ¢) has been explicitly given for the case of complete

assymmetry by Pilbrow3 as .

P(6, ¢) = g ° gy2 sin? 0 + gy2 g,” (sin

2 ¢ +‘cos2 ] cos2 $)

+ gzz gx2 (cos? ¢ + cos? 6 sin? $)

(9)
The intensity of the absorption due to a single transition
in one paramagnetic ion is

F () =P(o, oY (& (10)

Hence for a collection of ions, with random orientations, the

intensity due to a single transition at a field B is given by

™ m/2 .
F (B) = I [ P(O, ¢) YL(B) d¢ sin ® @6 - (11)
(¢] o]

This function cannot be integrated analytically but may be
evaluated numerically. A computer programme for the synthesis
of paste spectra was written by B.J. Munday for use on the Keele

University I.C.L. 4130 computer.
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