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ELECTRON PARALAGNETIC RESONANCE SPECTRO3COFY OF SOME
COMPLEXES OF MANGANESE(VI) AND RHENIUM(VI)

Summary

This thesis 1s subdivided into six main parts,

which are summarised separately below.

Part I

The principles of elaciron p=ramagnetic resonance
spectroscopy ere Jdiscussed in this introductory section,
with particular reference to transition metal camplexses

of the typs studied in this work.

Part 11

This section describes a study of rhenium oxychlorids,
ReOClu, and scme of its adducts ReOCluozcgﬁa, ReOCluQPCI-,
Re0C1) NCCH; and [(C6H5)A+As] [Re0C1;] -  The X-band e.p.r.
gpectra of ReOClu and its adducts have been recorded in
solution at 290K and in magnetically diluts glasses at 77K,
and these spectra are analysed in detsil. The spin
_Hemiltonian parameters 4y, 8y, #, B, Q', g,4 and g; have
been extracted froam these spectira.e These paramsters, and
data obtained from visible-u.v. specira have been used to
obtain quantitative descriptions of the bonding in these

compounds in terms of molecular orbital models. Fras



extended Huckel L.C.A.O. molecular orbital calculations,
carried out on the compound ReOClu, the metal ion spin-
orbit coupling constant and the parsmeter P are

1 and 0.033 cm.-1 respect-

estimated to be about 2400 cm
ively. Spin Hamiltonian parameters are listed for esch
substance and are equated to the atomic orbital
coefficients in some of the molecular orbitals involved
in bonding in these molecules, and a good agreement is
obteined between the velues obtained in this way and
those derived from the molecular orbital calculationse.
The unpaired electron lies in a molecular orbital which
involves the metal ion 5dxy orbital and it is strongly
delocalised (33%) on to the chlorine ligands. 41 is
greater than g and this is shown to be essentially due
to charge~transfer mixing by spin-orbit coupling at the
chlorine atoms. The chenges in the spin Hamiltonian
parameters when a sixth ligand is added tq ReOClu are

accounted fore

Part 111

In this section a detailed study hsas been hade of
electron paramagnetic relsxation phenomena in solutions
of ReOClu in chloroform. This has enabled the separate
contributions from spin-rotational interactions, fram
g-tensor anisotropy, from hyperfine coupling anisotropy,
and from unresolved chlorine hyperfine coupling, to the
observed e.p.r. linewidths to be evaluated. These
results have been used to estimate the size of the

chlorine isotropic hyperfine coupling constant and then



the extent of delocalisation of the unpaired electron
available in the complex on to the chlorine ligands. In
this way it has been shown that the extent of delocalisa-
tion of the unpairsd electron on to chlorine groupsbin
Re0Cl; is about 21%. This result is in ressonable
agreement with the deduction made from the analysis of

the spin Hamiltonian parameters obtained in Part II.

Part IV

This section describes a study of the six-coordinsted

trigonal-prismatic complexes, Re(Szczth)3 and Re(8206H30H32?

The 6.p.r. spectra of»these complexes have been recorded
in solution at 298K and in magnetically dilute glasses at
77K. These e.p.r. spectra are quite different from those
that have been obtained fram the other rhenium complexes
that have been studied in part II. Each trigonal pyra-
midal rheniun complex shows a single electron resonance
signal in both magnetically concentrated solid and in
solution at roam temperature. The spectra of magnetically
dilute glasses at 77K show small g-tensor anisotropy and
vanishingly small rhenium nuclear hyperfine coupling.

The small g-tensor anisotropy is very characteristic of
sulphur-containing organic radicals and the vanishing
small rhenium nuclear hyperfine coupling, almost certainly
a direct dipolar coupling, sets an upper limit of the
order of O.1% to the rhenium contribution to the molecular
orbital containing the unpaired electron in these complexes.

The @.p.r. spectras show that the unpaired electron in

these complexes is in a non-bonding molecular orbital



derived from the ligand T -orbitals.

E.P.R. properties, electronic absorption spectra,
voltammetric properties, the magnetic properties of
ions derived from Re(5202Ph2)3’ and the unusually
high electrical conductivities exhibited by the
solids, are all consistent with an electronic ground
state configuretion «ceccee (Bedl)z(ue')u(Za'z)1 for

these complexes.

Part V

This section describes a study of the octacysno-
rhenium complexese. E.pere specfra of magnetically
undiluted polycrystalline [Phu As] 5 [Re(CN)a] have
been recorded at roam temperature and at 77K. The
spectra are characteristic of an unpaired elsctron
moving in an axially symmetric orbital in which the
hyperfine coupling A is greater than B, and the
g-tensor components are almost identical. Five
different arrangements of the cyanide ligands around
the rhenium atom have been considered. They are:

a cube, a square antiprism, a dodecahedron, a
trigonal prism with ligands in the centres of the two
end faces and a trigonal prism with ligands centred
on two side faces. Only the dodecahedron structure
is consistent with the e.p.r. results for the pafa—
megnetic complex [Phuﬁs]z‘ﬁae(CN)aj « The small
size of the rhenium hyperfine coupling and the small



anisotropy in the g-tensor components of this complex
indicate that the rhenium d-orbitels must be very mixed

with the cyanide orbitals in the formation of the complex.

The infra-red spectra of the complexes, KBRG(CN)8’ and
[PhhAsjz [Re(CN)B] have been recorded in solid phase at
room temperature. The infra-red spectrum of K3Re(CN)8
contains two strong sharp bands and two weak bands in
C=N stretching region. Since the dodecahedron with
D2d symmetry has two strong infra-red active C=N
stretching modes and two weak modes, therefore, the
infra-red spectrum of KBRe(CN)s is consistent with
this structure. The infra-red spectrum of
EPhuAs]the(CN)a] is not well resolved and shows
superposition of several bands, so that it is not
possible to get information frdm this spectrum about

the actual structure of this complex.

Part VI

This section describes a study of the distorted
tetrahedral complex of dichlorodioxomanganese(VI),

HnOZClzo

The X-band e.p.r. spectra of magnetically dilute
solutions of Mn02012 in CClu have been recorded at
77K and at 298K, and are analysed in detail. The
spin-orbit coupling constant and the parameter P for
the manganese ion in this compound are estimated to be
248 em™! and 0.0172 cm~! respectively. At 77K,
Mn02012 rotates ebout its X-exis in Gclu solution.



Spin Hamiltonian parameters are listed for 298K, for 77K,
and for the rigid molecule, and are equated to the atomic
orbital coefficients in the molecular orbitals involved
in bonding 1n this molecule. The unpaired electron lies
in the metal ion 3dx2~32 orbital mixed with a small
amount (8%) of the 34 2 orbital, and it is strongly
(55%) delocalised on to the ligands. One of the
principal components of the g-tensor, &xx is larger

than the spin-only value, a situation unusual in dﬁ
complexes. This is shown to be due to relstivsly

large spin-orbit coupling at the chlorine astoms. It

is pointed out that principal wvalues of the g-tensor

may be used to distinguish distorted tetrahedral
complexes which are stretched along their z-axes fraom
the corresponding complexes compressed in this direction,
provided that spin-orbit interactions at the ligands

are relatively largee.
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Preface

This thesis is concerned with electron parsmagnetic
resonance phenomena in complexes of manganese(VI) and
rhenium(VI), and with the relationships that connect
these phenomena with the symmetry prOpérties and the
electron distributions within the complexes that were

investigated.

This thesis 1s concerned with several shapes of
complex and it is subdivided into six partse. Part I
is concerned with the principles of elsctron para-
megnetic resonance speciroscopy. Part II describes
studies of the rhenium(VI) ion in square pyramidal and
in axially distorted octehedral environmmnsnts, and it
shows how electron paramegnstic resonance messuremsents
of these can be combined with molecular orbital calcul-
ations to obtain detail quantitative information about
the electron distribution and about the nature of bonding
within these complexes. Part III is concerned with
measurements of linewidths of electron paramagnetic
resonance spectra of ReOClu in chloroform solution.
These measurements cover a range of temperature, and
they also have been used to obtain information about the
electronic distribution in this compound. Part IV and
Part V are concerned with studies of the rhenium(VI) ion
in six-coordinate trigonal-prismatic complexes and in
elght-coordinate dodecshedral camplexes respectively,
and they show that the electron paramagnetic resonance

measurements can be used to deduce the natures of the



6lectronic ground statee in these complexes. Part VI
describes a similar study of the manganese(VI) ion in

the distorted tetrehedral moleculs, Mnozclz.

The work described in this thesis is original,
and was carried out in partial fulfilment of the
requirements for the degree of Ph.D. in the University

of Glasgowe.

October, 1974 A H.H, Al-Mowali.



PART 1

INTRODUCTION

1.1 Magnetic properties of slectrons and nuclei

Electrons, protons and neutrons undergo various
kinds of closed-loop like motion: they possess
angular momentum and an associated magnstic moment.
The angular momentum, G, associated with any of these

particles may be written in the form

2 .
g =G‘XGX+G’yG‘y+G’ZGZ S e s cCeae 101

where G, Gy and G, are its components along three
mutually perpendicular axes X, ¥ and z.- The proper-
ties of angular momentun operators in quantum mechanics
show that the square of the total angular momsntum is
given by

2
g =G’(G‘+1)ﬁ2 *sssae 1-2

where G, the total angular momentum guantum number, may
be an integer or half-integer and h = (Planck's
constant) x (2 ©)~'.  The component of the total
angular momentum in the z-axis direction is similarly

shown to be
G’ =mG_h cecanae 1.3

wheremG=G, (G-1)’ ® 9 Q%9 00O 8O0 ’-G.
The angular momentum of an isolated slectron arises as

a result of its intrinsic spin, defined by the quantum
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number s, and its orbital motion defined by the guantum
number 1l. The spin guantum numbers of the electron,
proton and neutron all have values of one half. Since
nuclei are compounded out of protons and neutrons it
follows that the total angular momentum of & nucleus is
mede up of contributions fram individusal nucleons, and
the actual value of a nuclear spin guantum number, I,
can be 0, %, 1, 3/5, «..e... depending on the way in
which the spin and orbital esagular momenta of the

nucleons involved are coupled togsther.

When a charged particle has an angular momentum,
it will posssess a permansnt magnetic dipole moment.
Both the orbital and spin angular momentum cecntribute
to the magnetic moment of the electron. The magnitude
of the magnetic moment is proportional to the magnitude
of the angular momentum, M = Y G, the constant of
proportionality, Y ¢ being known as the magnetogyric

ratio, and is defined by

g.©
Ye - —z_g—c— t e o ss s 1.‘-‘-

where e and m are the charge and the mass of the
electron respectively, c¢ is the velocity of 1light, and
g 1s the electronic g factor which squals 1 and 2.00232
for the electron orbital and spin angular momenta
respectively. For a single electron in an isolated
atom where the spin and orbital angular momenta are

coupled together, the total asngular momentum is

e = [3(3+1)]°h e 1.5



where j = 1 + s, and the g factor is
J(j+1)+s(s+1)=-1(1+1)
gj = 1 + 23'(3'_',1) sdeve 1-6

In chemically interesting situations atoms are not isolated.

Then the electron's orbital is perturbed by the asymmetric
electric field caused by the presence of neighbouring
atans. Such fields uncouple the spin and orbital angular
momenta, and if ths electric fields are large then the
orbital contribution to the electronic angular moment is
almost completely removed, and the g-factor ié very

nearly the spin-only value, 2.00232. In cases where

the ground state spin eigenfunction has only a second
order contribution from orbital paramegnetism, the

electronic magnetic moment may be written as

M= ~ggrp [:s(s+1):l * ok (?_mc)-1 cenee 127

where the orbital contribution is taken in to the

effective g factor and the magnetic moment is assumed
to arise from the spin of the electron only. Eorr is

a tensor guantity.

The magnetic moment of the nucleus may similarly

be related to its angular momentum

/“N=YNGN . .--...1.8
where the nuclear magnetoé}ic ratio, \’N, is defined by
YN= gNe ® e wan 1.9
2ic

where 0 and M are raspectively ths charge and mass of
the proton and ¢ is the velocity of light. gy’ the

nuclear g-factor, is a constant for sach nucleus. The



orbital and spin engular momenta of the nucleus are not

considered separately and their resultant is described

by the particular value of By for the nucleus in

question. 1.8 may be written in the form

/*N - gye
2NMe

h I ee v 1.10

where 12 = I(I+1)

1.2 The Zeeman interaction

When an applied magnetic field, H, interacts with
a magnetic dipols moment [/ the energy of the dipole is

altered by an amount

‘S/C= ‘./—'—k . g seesne 1011
when the megnstic field is assumed to lie along ths

z-gxis direction, and A is the magnetic dipole moment

of an unpaired electron then 1.11 becomes

H

]

- (Pe)z H-

i

(e:e)z s, H B,

where Be, the electronic Bohr magnseton, is a constant
equal to et (2me)”!, and S, is the spin operator
defining the z-axis component of the electron's angular
momentum. In an applied magnetic field, the value of
Sz can be either <% or +%, which correspond to alignment
of the elsctronic magnetic moment roughly parallel and
antiperallel respectively, to the dirsction of the

applied field.



5.

The eigenvaluss of equation 1.12 are just multiples of

the eigenvalues of Sz’ and are given by

E = gg Bl mg

] ee o 1013
=112 ge BeH

with the lower state corresponding to the mg = -3 eigen~

value of Sz.

Similarly, the interaction of a nuclear magnetic
moment with a steady magnetic field applied in ths z-sxis

direction is given by
H = —#N' H

= -YNh;.' g

-YNhIZH ensaee 1'1)-!-

where Iz is the nuclear spin operator along the z-sxis
direction. The interaction energy E is given by the
eligenvalues of this Hamiltonian

E = -YthIH ceees 115

I, (1-1) Sesercee [ -IO

where mI

1.3 The resonance condition in electron parsmagnetic
resonance :

In order to study the transitions between electronic

Zeeman ensrgy levels an interaction which can effect

transitions between them is needed. The interaction most



commonly used for this purpose consists of that which
arises when a small alternating magnetic field is
applied at right angles to the static field. The
Hamiltonian which represents this interaction is given

by
F(E) = gg By | Sxx(t) + SyHy(t)] ceeee 1.16

where H,(t), Hy(t) are the x and y components of the
alternating field, pHy cos Wt, where Wis the angular
frequency of this field. I%t turns out that Sz can only

connect states with zsms = 0 whereas Sx and Sy can

connect only states with £>ms = " 4. Hence why in
ordar to csuse trensitions between the energy levels,
the alternating field is spplied in the Xy plane. IT
this condition is obeyed then transitions betwseen
adjacent energy levels only are allowed. Transitions,
in accordance with the selection rule Am = 1, will
be induced only when the energy of the apblied alter-
nating field is equal to the energy separation between

adjacent levels, i.e. when

AE = huw
= hy cevee 1a17
= g BeH
and o0 w = gy BH(K )™ ' ceees 1418

For an applied field of 3 x 103 gauss it turns out that

the resonance frequency of an electron (geﬁ: 2.0023) is

about 9000 MHz, corresponding to a wave length of



about 3 cm, 1l.6. electron paramsgnetic resonance
transitions in fields of the order of 3000 gauss fall

in the microwave region of the spectrum.

1.4 The hyperfine interaction

If an unpaired electron is in the vicinity of a
nucleus which has a magnetic moment, the magnetic dipolses
of the electron and the nucleus may couple togsther.

In a steady magnetic field, the perturbation of the
electronic Zeeman energy levels caused by the hyper-
fine coupling may be looked on as arising from ths
presence of an extra magnetic field due to the nucleus,
and whose magnitude depends on the magnetic dipole
moment of the nuclsus. The esingle transition which
would be observed in the absence of hyperfine coupling
is then split into (2I+1) approximately equally spaced
transitions which obsey the selection rulés om . = 1,
LsmI = O. The electron-nuclear hyperfine interaction
is, in general, represented by a contribution, £(IS’

to the spin Hamiltonian of the form

MIS= -I.. A. § evsesss 1019

where A is a symmetric tensor, the hyperfine coupling
tensor. The hyperfine tensor A, can always be reduced
to a diagonal form by choosing as axes the principal
axes x, y and z, and the hyperfihe coupling is then

written
&(IS = A SxIx + Anyny + AzzSzIz essete20
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Very often the principal axes system of this hyperfine
tensor coincides with that of the g-tensor, and if this
condition is fulfilled then the analysis of an electron
paramagnetic resonance spectrum is considerably simpli-
fieds The interaction between the unpaired slectron
and the nucleus arises in three guite distinct ways.

These are briefly outlined below

(a) An isotropic interaction, the Fermi contact
interaction, arises when the unpaired electron resides
in an atomic orbital which has a finite spin density at
the nucleus concerned, i.e. when the electron is in an
orbital of s-type or with s-character, or when thers is
significant polarisation of the paired s slectron about
the nucleus by the unpaired electron. This interaction
may be represented by

8
&(c = T’T— g8y Bo By S(ry)) I8  .....1.21

where § (rp) is the Dirac delta function which, integrated
over the electionic wavefunction, gives the square of the

value of the wavefunction at the nucleus.

gS(rn) Yir) ar = Vi(rp) -

rn is a nuclear coordinagte.

(b) An anisotropic dipolar coupling arises from the
dipolar coupling between the magnetic moments of the

electron and the nucleus. This interaction is essentially
the classical interaction of two dipoles / _ and /2

separated by a distance r. In a strong magnetic field,



9.

the electron and nuclear spin vectors, I and S are
fully decoupled. The Hamiltonian representing the
energy of dipoler interaction may be written as

_ 8¢ BoBy By ES _ 3(1.

25

.S{ dipolar

The anisotropy arises from the orientation dependence of

the vector r. 1.23 can usefully be rewritten in the form

2
= 1-3 cos(6)\
120 gipolar = 8 Pe &y By 3 ’)a 1.5
esesse 102)-‘-

where O is the angle between the vector connecting the
dipoles and ths magnetic field dirsection. in sn atom
or molecule r and B8 are not constant because of the
rbital motion of the'electron, and so the orientation
dependent term includes a spatial average over the
whols orbital occupied by the unpaired electron. When
the unpaired electron distribution is spherically
symmetric or when the orientation dependent term has a
sphericelly symmetric time average, as is the case for
example in solution due to the Brownian motion, then

the dipols contribution to the hyperfine coupling is zero.

(c) The third contribution to hyperfine coupling
concerns the dipolar intersction of the orbital magnstic
moment of the electron with the nuclesr magnetic moment.

This is fairly small in many transition metal complexes.



10.

A nucleus with spin quantum number I grester than
% can also possess an electric-guadrupols moment, which
interacts with the electric field gradients produced at
the nucleus by the surrounding electrons or other charges.
This interaction results in shifts in the energy levels
and it may make normslly forbidden transitions with
Lmy = * 2 bscome weakly allowed with both electron and
nuclear spins changing simultaneously. The gquadrupole
interaction does not cause eny change in the position
of the resonance lines when the steady magnetic fisld
lies rarallel to the symmetry azxis of the crystal, but
it does cause such changes when the magnetic field is
not parallel to the z-axXis, and in addition the resulting
nuclear hyperfine lines are then unequally spaced. The
spin Hamiltonian representing this interaction can be
wiritten

%Q = I.P. I. | ceess 1.25

where P is the guadrupole coupling tensore.

1«5 The spin Hamiltonian

For the complexes whose electron paramagnetic
resonance spectra will be discussed in this work, one
unpaired electron interacts with one nucleus and the
orbital contribution to the magnetic moment of the
electron is small. It is therefore possible to
represent the behaviour of the energy levels by the

following Hamiltonian which has only spin opsrators

“:—' geliogc§ + _S_QAQ.I +_I_oPoI e s eaae 1026
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The advantage of the spin Hamiltonian, which was first
introduced by Abregam and Pryce, is that a complete des-
cription of the experimental data can be presented by
giving the magnitudes of the coefficients of the terms
in equation 1.26, together with the direction of the
appropriate principal axes relstive to the crystal

axes when anisotropy is present.

The direct interaction of the nuclear spin with the
magnetic field is normally one or two orders of magnit-
ude less than that between the nuclear and electronic

spins, so that it has been ignored in eguation 1.26.

If it is possible to choose a system where the x, ¥
and z axes are principal axes, which simultaneously
diagonalise the g, A and P tensors, then the spin

Hamiltonian can be written in the form

2 wi
iIi) seee 1627

= z? ( ﬁegiiﬁisi + A3S, I, + Py

where the summation is over the principal axes coor-

dinates. In solutions where the rotation of the system
averages out the anisotropic contribution to the various

tensors, the spin Hamiltonian becomes

'S'{= o ﬁeﬂ‘

It

+ ASQI 1‘28

o — [ EEREXY

1

Since the quadrupole tensor is traceless, there is no
contribution from this in equation 1.28, and the eigen-

values of the resultant Hamiltcnian 1.28 are given by



Exns’ml = gOBemsH+AomIms s--'.1030
provided nuclear hyperfine interactions are samall compsred
with the intersction between the electron and the applied

magnetic field.

1.6 ZElectron paremagnetic resonance in bulk matter

In practice observations of electron paramagnetic
resonance are made on bulk matter i.e. on ligquids, solids
and gases containing a large number of spins, and not on
isolated spins. We must therefore considef what happens
to the spins in e macroscopic sample when they are sub-
jected to both stesdy and oscillating magnetic fislds.

For simplicity consider & sample in which gll paramagnetic
molecules are identical and have spin quantum numbers s = &
in the solid or liguid state. The material in which ths
unpaired electrons are embedded is usually called the
"lattice" whether it be solid or liquid or gas. iWhen this
sample is subjected to a steady magnetic field H, along the
z-axis direction, the spins will tend initially to distri-
bute themselves over the two possible ensergy states,
separated in energy by ge)BGH. Hyperfine interactions are
neglected in order to simplify the analysis. Application of
an oscillating magnetic field in a direction perpendicular
to the steady field, causes transitions between the two
energy levels to taske place. The oscillating field is
equally likely to produce transitions up from the lower 1—%)
level to the upper {1 + %> level which results in absorp-
tion of radiation energy, or down from the | + %) level to

the 1 - %> level by stimulated smission, which results in
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emission of energy, and ws can only detect absorption

of energy from the radistion field if the population of

the lower level exceeds that of the upper level.

At thermmal equilibrium the distribution of the
spins between the two allowed energy levels is given by

the Boltzmann formula.

AE/ g. B H/x
n; kT e”e T

—_— = 8 = @ sesee 1931'

Ty

where n; and n, are the numbers of spins in the lower
and upper levels, respectively, k is the Boltzmann
constant and T is the absolute temperature. If o&n

is the population difference between the lower and

upper states and gy BoH/kT is small.

o N eeee 1.
u KT 2 KT 32

where N is the total number of unpaired spins in the two

levels.

The net absorption of microwave energy is due to this
small excess ( &~ n) in the lower level and corresponds

to the transfer of somse bf the 6xcess population in the
lower level to the upper level. Therefore, if the
unpaired spins were isolsted from their surroundings,

the two levels would rapidly became egually populated
and the absorption of microwave ensrgy would cease.

The fact that magnetic resonance can be observed while
radiation is applied at low powser levels msans that there
must be other mecharisms by which energy absorbed and

stored in the upper state can be dissipated in such a



manner as to permit the spins to return to the ground

state. Such mschanisms are called rslexation processes.

The decrease in ths population difference with absorp-
tion of microwave energy may be dﬁscribed by imagining‘
the spin temperature, Tg, steadily rising as the
microwave energy is aqbsorbed, while the temperature cf
the lattice remains unaltered. Interactions between
the spin system and the lattice will tend to bring the
two systems into thermal eguilibrium but the resultant
tempersture will be clicse to that of the lattice since
the heat capacity of the spin system is negligible
compared with thaet of the lattics. Therefore the spin~
lattice intersctions rsduce the spin temperaiure much
below Tg = c© , i.6. they increase ths population of
the lower level. When spin-lattice interaction is
present the upward transition probabilities are no
longer equal to the downward transition probabilities.
If the upwardvand downward transition probegbilities ere

denoted w, and w, respectively, with wy + w,, the rate

2
of change of poprulation of the lower state is given by

the equation

dn
l = w —nw ses e 1053
re n,%2 11

when thermal equilibrium has been established,

dnl
at

= 0

and if the equilibrium populations are n; and'no, then
. u

1L{-n



15.

0
n w1
—%—- — S— LB 1.3“
nl w2

By the use of equation 1.31, it now follows that

v

__1 = OXDp ( - AE/kT) cessee 1035
W2

If &n and N are expressed in terms of n, and n,, then
doan _ _ -
el an (w2+w1)+N(w2 _w,l) ceee 1.36

Rearrangement yields

An - on
dan = - ( °) ceene 1437
at T4
Where A e K (WZ - W nd T. = 1
N, W2 + Wy ) = 17 wy + Wy

£>n° is the population difference at thermal equilibrium
and T1 is called the spin-relasxation time, or longitudinal

relaxation time, and it has dimensions of time.

The complete behaviour of the spin system in a

normal electron paramegnetic resonance experiment can
be described by including the effect of induced trans-
itions which erise in the presence of a microwave field.
If we denote the absorption and stimulated emission
probabilities by P, then the rate of change of the

population difference due to thcse processes is

d &4n = -~ 5p An ceees 1.38
at

and the rate of absorption of ensrgy from the microwave
field is
dE = sn P AE " ceer. 1.39
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The total rate of change of the populaztion difference is
the sum of the rates due to the combined effsects of the

radiation and spin-lattice relexation,

1

d on - _op - - -
L 88 = 2P An - (&n ang) T, eeess 140
- At thermal equilibrium d an _ g
at ’
. A1
e VAN = ————
n 1 + 2PT1
4k y=1 |
and gt = OBy AEP(1+2PT,) R I

Equation 1.4 indicates that provided 2PTy &< 1, the
electron parsmagnetic absorption signal is not ligble

to become satursted.

As a result of reliaxation, the spin states have a
finite lifetime and the shape of the resonance absor-
ption line cannot be represented by a § function.

If the lifetime is controlled by spin-lattice rslaxation
the linewidth is of the order of T1-1 but in practice
this is rerely so since there exist other relaxation
process which bercaden the lines by varying the relative
energies of the spin levels, rather than their lifetimes.
Such process are characterised by a relsxation time T2,
called the spin-spin relaxation time or transverse
relaxation time. T4 and T, are closely related since
any interaction which can decrease the lifetimes Of spin

states may also modulate the energy levelse.



t -
The total linewidth (T, )‘1generally consists of two
contributions; the first arises from spin-lattice
relaxation and equals (2T1)-1, and the second results

from spin-spin relsxation and is equal to (2T2)-1.

1.7 The Bloch ecuations snd lineshapes in magnetic
resonance srectroscopy

In order to complete our macroscopic description
.of spins and to discuss the lineshapes of electron
paramagnetic resonance it is necessary to describe
the dynamic behaviour of a collection of spins in a
magnetic field. Consider first the bulk maguetic
moment vector M which is the resultant sum of the
magnetic moment vectors of the individual electrons at
a certain temperature. 7If all megnetic fields are
suddenly switched off then, spin-lattice relexation
causes the populastion difference to decay exponentially

to equilibrium, and the rats of change is

at T,

Since the z—componeht of bulk msgnetic moment, MZ, is
proportional to the excess population of spins in the
lower level, the rate of decay of Mz to zero is there-

fore governed by ithe spin-lattice relaxation equation

i .
Z —3 - EE * S auwse 1!“3
at EH
Mx and My, the x and y components of i, obey the same

decay equation as Mz since there is no physical

17,

= - &n cSe e 10)-!-2



distinction between the x, y and z axes directions in

the absence of the applied field.

If a steady magnetic fiseld is now applied along

the z-~axis direction, M tends to approach a steady

4

value Mo’ while ki, and My still decay exponentially
. to zero with different characteristic time, TZ' If
the effects of precession are ignored then the rates

of decay are given by

aM, M, - M

= - 2 o]

at T

iy My

———= - S—— e s ens 1.
dat T2 M
o A

at T2

However, in ths presence of an applied field, H_, along
the z-axis direction is exerted a torgque on the bulk
magnetization, causing it to precess about H, with an

angular frequency W, according to the equation

= Y (¥ x Hp) coses 1045

ShE

The angular freguency b)o,‘is called the Larmor freguency,
and the resultant precessional motion is known as the
Larmor precession. The direction of precession depends
on the sign of the magnetogyric ratio, and since Y is
negative for the elsctron, the electronic spins there-

fore precess anticlockwise sbout the magnetic fisld

<
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direction Ho'

If the relaxation effects 1.4 are added to eguation 1.45,

then the equations of motion for the three components

become

% = o~ woMy - —

at T,

dMX M

@ - U T

‘L2 «ece o0 1.1‘6

sz _ MZ - Mo

at T

These equations are called Bloch equations. They

descripe a damped precession of the spins, in which
the rotating transverse component of M decaysto zero
with characteristic time T2, and the longitudinal
component Mz ﬁelaxes toward its equilibrium value M,

with a characteristic decay time T1.

So far, we have only considered electrcn spins in
the fixed field H, along the z-axis dirsction. If a
circularly polarised magnetic field Hy rotating in the
xy plane in the ssme direction as the Lsrmor precession,
with a uniform angular velocity w, which need not be
equal to the resonance frequencytvo, is now'applied to

this system, then the Bloch equations become
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am
X = i - M - M
- Ye(MzH-‘lSln wt - Hj y) My
I
aM M
?1'%1 = Y (HEM - MHcoswt) -y ... 1.47
. ']]2
aM_ _ Ye(MyH.Icos wt - MH, sin wt) - My=Mo
dt T1

where the rotating component of Hy in the Xy planse is

H1 =1 H1 coswt + J H1 sinwt

i and j are unit vectors along the x and y axes respectively.

To solve equations f.u7 it is convenient to transform the
frame of reference from fixed axes, x, ¥ and z to a set of
axes limggined to rotate with the Hi.field, at an angular
velocity & about the z-asxis. 1In ;;e rotating framse,

both H, and Hy are fixed. We may then resolve the
components of'y on the xy plane into components u and v,
which are along and perpendicular to the direction of H1,
respectively, and they are often called in-phase and 6;t~

of-phase camponents of M. The relations between u and
v are '
u =M coswt + M, sinwt.
* e 80 1 L] )-‘-8

v = Mx sin Wt - My cos wt

If we substitute equations 1.48 in the Bloch equations,

we obtain a new set for the three components u, v and

Mz referred to rotating axes



(W. ~w) v - -2
o T,

daM M - M
Z = - YeH,lv - z 0

dt T1

' wo - W is a measure of how far we ars off the peak of
resonance.

The last equation is particularly significant, since it
shows that the changes of M, which reflect the changes
in the ensergy of the spin system, are ascociated only
with v, the out-of-phase componsnt, and not with u.
This means that the absorption signals will be assoc-

ilated with the measurement of v. The component u

will be associated with dispersion-mode sighals.

If the microwave field, & , has been gpplied for
a sufficiently long time, than a steady state is
reached and in that case the solutions of the Bloch
equations are obtained by setting all the time-deri-

vatives equal to zero. Then we obtain

2
M Yol T2(wo"w)
u = y <2
0 vy m 2 -
1 +¥6H$ Ly To+T5 (Wy—W)
YeH1T2
v=»M > ;2 2 2
) 1 + Ye Hy™ T, To+T4 (wo-w)
ts e a 1.50
2 2
1 + T (0 -W)
M =M 2

A 0 1+ Tg(l«‘o-w)d., X: H12r1T2‘



From these equations we can obtain the transverse
components of the magnetizstion in the static laboratory
coordinate system ,
'l‘z(wo-w)zH1 coswWt + 2H, sinwt

z 032
1 + TS (W =W) 2.2
2 +Y8H1 T1T2

s oo 1051
T2( L °-w)2H1 sinst ~ 2H; cos W t

- 1
Mx =2 Mo }(eTz
o

1 + ‘1‘2 ("~’0-"‘))2 +Y§H12 T,T,
The results of these equations show that the magnetization
has a constant component in the diresction of the applied
static megnetic field, and a rotating component in the Xy
plane. Although we have only solved the eguations in a
rotating field §1, in experimsutal electron paramagnetic
resonance spsctroscopy the perturbing field is an
oscillating linearly polarized field. The solution of
these equations in an oscillating fisld is almost the

same since a linsearly polarized field of strength

231 cos Wt in the x-direction can be regarded as the

sun of two counter-rotating fields of magnitude H1 with
Cartesian components (H1 cos wt, - Hy sinwt, 0) and

(B, cosit, H sinwt, O0). Only the field which rotates
in an anticlockwise sense can induce transitions, the

effect of the other field rotating in the opposite

direction will be negligibly small.

The effect of the linear field can be conveniently
/]
described in terms of susceptibilities ¥ and X
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often referred to as Bloch susceptibilities. Thus the
fielad 2H1 cos wt produces an in-phase magnstizstion,
Mi = 2 ){jﬁ1 cos Wt, and an out-of-phase magnetization
M =2 X” Hysin wt. Since My and M, contain both
in-phase and out-of-phase camponents, we define a

- complex susceptibility by

X=X - 1X"' ceeee 1.52

“x is then teken to bs the resl component of magnetization

1wt
x )

My =Rg( X 2He
n :
o’ Mx = X‘ZHJiCOS wt + X 2H1 sin Wt cosse 1-53

Comparing eguations 1.53 with 1.51 we get, for the complex

susceptibilities
. 2 -
d TS5 (W -W)
: 2\ wom¥)%+ 6H12 172
n T : -
= 2
X had -15 XOwo e s e 1.55

T2 —)2. v2n2
T+ Ty (wy=w)% YSHITY T,

Note that )coHo = M,

It is obvious that in-phase and out-of-phase magnetiza-

V4
tion components u and v relate to X' and X respectively

u

2 x' H,

v 2 :X‘IH



Let us now turn to a considseration of the power
absorbed by the sample from the _@1 field. Vhen the
frequency of H, passes through the resonance, X’
changes sign so that M is 90° out of phese with the
microwave field at the high frequencies while X shows
very large increase near resonance, and this causes a
strong absorption of energy. For an x-polarized

microwave field the mean rate of energy absorption

per unit volume of sample, A, is given by

A= B Qi

 T®
) 202 2 [005 W-To( W ~W)” gsinwt coswt
MEW =
1Y H Ty T+ T5(9p= %)
esese 1.56
It can be readily shown that
cos” Wt =% and sinot coswt = o0
2
W
. Ye H1M° T,
T Tl 22 | 1.57
W = W esecece .
14T,(W, =) Sey BT T,

Comparing equation 1.57 with equation 1.55 we see that

the power absorbed is readily expressed in term of the

out-of-phase Bloch susceptibility

A=2wH12'x," | teee. 1.58

It H1 is deliberately made sufficiently small so
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that \,'5 H12I‘1 T2 < 1, then the normalised asbsorption

1

line is Lorentzian in shape, i.e. of the form

T 1 g
= 2
gw) = Ed 14»'1‘22 (w-uw,)2 eees 1.59

The term \J§H12T1 T, becomes imbortant when Hy or T, is
large, and the lineshape is then no longer Lorentzian.
This e¢ffect is called saturation and it relstively
weelkens the centre of the absorption line, and causes
apparent broadening. By a suitable modification of
the experimsental conditions, we can observa either
the absorption mode which is relsted to X , or the
dispersion mode which is related to %' « The

absorption and dispersion shapes\ predicted from the

Bloch equations are shown in Figure 1.1.

-6 B =4 =3 -2 -1 I 2 35

Figure 1.1 Dispersion and asbsorption lineshapss
derived fram the Bloch equatione



1.8 Sources of linebroadéning

In addition to the natural linewidths described
above, various additional effects may also contribute
to the widths of electron parsmagnetic resonance
gspectral lines. The relative importance of these
sources depends on the particular system under

discussione.

In magnetically concentrated crystals, where the
neighbouring electron spins are close enough, the
unpaired electron can jump rapidly from one moleculs
to another. If the rate of Jjumping is largs, the
effect is simiiar to what we would expect if the
electron were free to move throughout the crystal.
This has the effect of averaging out any hyperfine
interactions and gives rise to a narrow line. When
.the rate of jumping is not sufficient enough to

" average out hyperfine interactions, then jumping may
produce a very broad line. For this reason slectrcn

paramagne tic resonance studies are usually carried

out on magnetically dilute systems, e.g. in solutions,

or using crystals of a diamegnetic host, into which
the paramagnetic species are doped. In solutions
the important contributions to the absorption line-
widths of transition metal complexes are outlined

belowe.

26.
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(a) Anisotropic interactions, which arise when the

tumbling rate of a paramagnetic complex in solution
is not rapid enough to completely average out the g
end A tensors, cause fluctuating magnstic fields

which produce linsbroadening.

(b) When a complex rotates in solution, the motion of
its electron and its nuclei produce magnetic fields
which can interect with the magnetic moment of the
unpaired electron. Since the magnitudes and
directions of these fields are time-depeﬁdent this

also causes broadening of the resonance spectra.

(c) Unresolved hyperfine interactions may exist in
the complex which are not large enough to cause
splitting of the component lines; but which are

large enough to cause broadening of the linewidths.

These are the important sources in systems with one
unpaired electron. Other sources may be doninant in
other species, in which case each system must be

individually considered.

1.9 Electron paramagnetic resonance studies and
electronic structure

The electronic structures of the complexes to be
discussed in this thesis are described in terms of the
molecular orbital method in its LCAO (linear combinations
of atomic orbitals) form. The electronic states of the

molecule are described in terms of products of one-eclectron



28.

wavefunctions which are formed from a linear combinastion
of the atomic orbitals of the individual atoms which make
up the complex, i.e. the molecular orbitals Yj are of

the form

¥y~ Z;‘ci;j (ﬁi

tSsee 1'60

where (ﬁi are gppropriate atomic orbitalse.

The molecular orbitals of many transition metal complexess
such as the complexes studied here, are formed from

nd, (n+1)s and (n+1)p orbitals of a central metal ion
and s and p orbitals of ligands. In the formation cf
molec}ul'ar orbitals by teking linear combinations of the
combining atomic orbitals, the symmetry propertiss of

the system must be taken into account.

Consider the simplest possible situation, where a

metal and a ligand orbital combins. This combination
produces two molecular orbital ¥ ™ and Y at energies
above and below those of the component atamic orbitals

respectively.
Y= apy + ® $p,

\,,x=ax¢u R ¢L

where q)M is a metal ion orbitel and ¢L is a ligand

% e 1.61

orbital. The molscular orbital energy levels are shown

diggrammatically in Figure 1.2.
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Metal ion orbital Molescular orbitals ligand orbital

Figure 1e2

The coefficients in the wgvefunctions must obey the

normalization and orthogonality requirements

a2 + 2abS + b2 = 1

a¥2_ 2a®b*s «+ bxz =1 eees 1.62

aa® - bb™ + S(a*p - ab®) =0

where the overlap integral S = f¢ﬁ ¢5 av

V’x is the antibonding orbital which is often mainly

metal ion orbital in character, and often contains no

electrons in the ground state of the molecule, while
Y is the bonding orbital, which is often mainly

ligand orbital in character, and is usually occupied in
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the ground state. An unpaired electron in an anti-
bonding orbitael will effectively spend a portion of
its time near the ligand atom if there is appreciable

mixing of the two basis orbitals.

Electron paramagnetic studies of transition metal
ions yield very detailed informastion about the
distribution of electrons in transition metal complexes.
This information can be derived in two wayse.

First, it is possible to estimate the degres of
delocalisation of an unpaired electron away from a
metal nucleus from the size of the metal hyperfine
coupling, since the magnitude of the hyperiine coupling
depends on the distance of the electron fran the nucleus.
This may lead to some information about the distribution
of the unpaired electron in the molecular orbital it
nccupies in the ground state of the complex. In cases
where the hyperfine coupling with the ligand magnetic
nucleus is not lasrge enough to cause splitting, because
the separation between the lines is 1less thah the
component linewidths, the sizs of the ligand hyperfine
coupling can be estimated by analysis of the linewidths
of the electron paramagnetic resonance spectra at
different temperatures. Second, it is also possible

to derive information about the electron distribution
from the size of the orbital contribution to the
effective paramagnetic moment, as reflected in the
deviation of the principal values of the g-tensor

fram the spin-only value.
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The unpaired d-electrons in an isolated transition
metal-ion possess orbital angular momentum in addition
to the spin momentum. When the transition metal ion is
in a complex, the electric field caused by the surround-
ing ligands tends to force the unpaired electron to
occupy an orbital which has no orbital angular momentum
associated with it. Orbital angular momentum may,
however, be reinstated by spin-orbit coupling. The
spin-orbit coupling originates in the intersction
between the spin of the electron and ths magnetic
field generated by the motion of the slectron in the
electric field of the nucleus. The magnitude of the
spin-orbit coupling increases with increasing atomic
number of the nucleus involved, and decreases rapidly
~ with the distance of the eslectron from the nucleus.
This coupling causes considerable mixing of the
characters of some excited states into the orbital
containing the unpaired electron, and it lsads to a
reintroduction of a certain amount of orbital magnetic
moment. These excited states are produced either by
promoting the unpailred electron into the empty anti-
bonding orbitals or by promoting an electron.from
the filled bonding orbitels into the orbital containing

the unpaired electron.

The degree of thes orbital contribution to paramagnetism
depends on the degree of localisation of the electron
on the metal ion in the ground and excited states.

Thus if the degree of the electron localisation in the



ground state 1s known, from the hyperfine coupling for
instance, it is possible to use the spin~orbit coupling
effect to study the electron distribution in the excited-
states, in this case in the empty antibonding and filled

bonding molecular orbitals.

If the coefficients of the antibonding molecular orbital
are known, it is possible to obtain the coefficients of
the bonding molecular orbital by using the Mulliken
gross-population analysis. Consider first our two-~
molecular orbitals exampls. In this analysis we split
up the term 2ab3 equally between the metal and ligand
etoms ané defins the one-electron populations on ths
metal and ligand atoms in the bunding and antibonding

orbitals as follows

32,

PM = a2 + gbS PL = b~ + abS
! X . . asae 1.63
PE = &2 _ a¥¥s P[ = b 2_a¥p¥s
From equations 1.63 we can show that
* £
PM + PL = 1 PM +-PL = 1
*® % y
PM + PM = 1 PL + PL = 1 ) 1.61‘,.

Thus, knowing the orbital population in the antibonding
molecular orbitals, the population in the bonding

orbitals can be deduced through the use of sesquation 1.6L4.
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1.10 Experimental aspects

The apperatus used for the observation of elsctron
paramagnetic resonance spectra is by now well established
and is discussed in numerous texts. All the electron
paramagnetic resonance spectra discussed in this work
were recorded on a Decca X-3 spectrometer, operating
in the X-band region at a freguency of 9270 MHz.,
combined with a Newport instruments 11-in magnet system.
The resonance fields were calibrated by standard 1H
nem.r. techniques, and the calibration system itself
was checked with a reference of a finely powdered
sample of diphenyl picrylhydrazyl, whoss g-factor is
known accurately (2.00366).

The measurement of e.p.r. spectra of the samples at
room temperature were carried out in spectrosoil
quartz tubes, while at 77K, spectra were obtained by
placing the samples in a long-tailed dewér, the
spectrosil quartz tail of which was inserted into thé
sample cavity, and then pouring liguid nitrogen on top
of it. The measurement of the spectra over a range
of temperatures was carried out by means of a flow
system. For cooling, a stream of gaseous nitrogen

was passed through a coil immersed in a bath of liquid
nitrogen and then passed over the sample in the cavity;
for heating, the éaseous nitrogen was passed over an

electrically heated coil before reaching the sample.

Temperature was measured with a copper-constantan
thermocouple together with a digital voltmeter and the

temperature of the sample could be held within ¥ 1K for
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a period of at least one hour.

More detailed investigation of electron para-

magnetic phenomena of complexes of the d' ions

manganese (VI) and rhenium (VI) will now be described.

Rhenium (VI) in a square pyramidal environmment found
in ReOClu, and the axially cistorted octahedral
environment found in the adducts of ReOClu, is

first considered.
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PART I1I

AN ELBCTRON PARAMAGNETIC RESONANCHE STUDY OF THE ELECTRONIC
STRUCTURE OF RHENIUNM OXYCHLORIDE, ReOCl, , AND SCME OF ITS
ADDUCTS

2.1 Introduction

Detailed investigations of selectronic spectra, of
electron paramagnetic resonancs spectra, and of the
relationships connecting these brahches of spectroscopy
with bonding, have been made for d1 complexes derived
from the oxy-ions of vandium, niobium, chromium,

152 e relstively simple

molybdenum and tungsten
magnetic and optical properties which arise from the
single unpaired electron and the approximately cuv

symmetry have made these systems of particular interest.

The electronic structure of these complexes have been
described in terms of a molecular orbital model and it
seems to be most appropriate for the description of the
bonding. A semiempirical LCAO-MO method has been used

3 on the complex VO(H20)§+ and

)2

by Ballhausen and Gray
Gray and Hare L on (MOCl5 ", where M = Cr or Mo, from
.which they are able to predict the relative energies of
the molecular orbitals in the complexes and they

obtained a reasonsble fit for the opti&al spectra. In
these calculations, they found thsat the unpaired electron

was in a non-bonding molecular orbital localiged

completely on the central metal ion.



On the basis of electiron paramagnetic resonance studies
of bromo oxo-gnion complexes of molbydenum and tungsten,
Kon and Sharpless ° ghowed that the bromine hyperfine
coupling observed in the e.p.r. spectrum can be exﬁlained
in terms of in-plane T bonding between the four halogens
in the XY plane and the transition metal ion. Further
evidence that mstal-hslogen interactioné cannot be

neglected has been provided by Harner and Tyree 6.

Much less information is available for the corres-
ponding compounds of the sexivalent states of the group
VIIa elements.s In this context, in the case of
rhenium (VI), electron paramagnetic resonance absorption
has only been observed in magnetically concentrated

7

o
’ RGOE_, and in

rheanium oxychloride and some of its adducts 8’9, but

samples containing the rhenate ion

detailed analyses of these last observations have not
been reported. It was therefore decided to study the
electron paramagnetic resonance spectra obtainsd from
glasses wihich contain rhenium oxychloride and its
adducts in order to obtain information about the spin-
Hamiltonian parametsrs, and thence use these parameters
to obtain detailed quantitative information about the
electronic distribution and bonding within these

compounds.

2.2 Experimental

Rhenium oxychloride and its adducts ReOCluOZCuﬁB,

Re0C1, 0PCLl;, ReOC1)NCCH; and L(ceﬂs)uAs] [Reocnﬂ were

I



preparsd by the following mathods.

I. ReOClu, was preparsd 10 by reacting rhenium metal

powder with purified sulphuryl chloride inside an
evacuated sealed tube held at 340°C for three days.
After allowing the reaction mixture to cool to room
témperature excess 802012 was distilled off under

vacuum at 273K and the volatile dark red-brown ReOClu
was separated from unreacted rhenium metal by subliming

it in vacuum at 290K.

II. ReOCluOQCuﬂS, was prepared by distillation of
purifised dioxane on to the re-sublimed product of
ReCClu in a vacuum line at room temperature. The

solution producedis dark purple-red in colour.

III. ReOCLCPGls, was prepared ' by mixing re-sublimed

360014 with purified POClz in sealed glass apparatus
fitted with break-seals and attached to & vacuum line.
After allowing the resction mixture to cool to ice-
temperature excess P0013 was distilled off. The red

product of ReOClu_OPCl3 was purified by sublimation.

IV. ReOCL,NCCH;, was prepared '= by distillation of en
excess of anhydrous scetonitrile on to re-sublimed |
ReOClk in a vacuumn line at room temperature. An
orange-brown solution and solid formed. After allow-
ing the reaction mixture to stand for an hour, the
excess of acetonitrile was distilled off and the
remaining solid was pumped for one hour at room tempere-

ture.



V. [§66H5)MA%] [%eOClé] was prepared 12 on the vacuum
line by mixing a purified solution of ReOClu in chloro-
form with a solution of tetraphenylarsonium chloride

in the same solvent. The product precipitated out on
standing at room tempsrature as small red-brown crystals.
These were filtered off, washed several times with
chloroform, and then pumped in vacuo to remove excess

chlorofomn.

Because of the sensitivity of these compounds to moisture,
all the solvents and reagents were purified, dried and
degassed beforehand, and the compounds themselves were
stored and handled in a rnitrogen-filled dry becx. The
purity of ReOClu and its adducts was checked by infra

red msasurcements in Nujolmull and in solution and the
observed I.R., freguencies for these compounds were in
good agreement with previous observations 11,12,13,1h_
The e.p.r. spectra of thoroughly out-gassed 10_3M

solutions of each compound were examined at 290K and

in glasses at 77K in a Decca X-3 s.p.r. spectrometer.

Visible u.v. absorption spectra of solutions of each
compound were recordsed on Unicam SP700C and 800

spectrophotamsters, using matched 1-cm guartz cells.

2.3 Analysis of the e.p.r. spectra

The 6.p.r. spectra of ReOClh and its adducts in
solutions show six lines due to the interaction of one

unpaired electron with an applied magnstic field and

with one rhenium nucleus; nuclear spin-quantun numbers,



I, for Re185 (natural abundance 37.07%) and Re187 (natural

abundance 62.93%) are both 5/2. The magnetic dipole
moments of these isotopes differ by only 1% so that we
have not been able to resolve any rhenium isotopic fine
structure. A typical solution spectrun, in this case
for ReOClu in CClI+ at 290K, is shown in Figure 2.2. The
separation between successive lines in the spectrum are
not egual, dus to the effect of the second-order term in
the equations describing the positions of the resonance
fields, and the heights of the lines in the spectrum

are not egual, although the sres under each peak ié the
same. Rotation of the complex in the solution averagss
out the anisotropic.contributions to the spectrum bettsr
for soms lines than for others, hence the variation in

linewidth.

As shown in Appendix A, expressions for the observed
resonance fields can be obtained by solving a spin
" Hamiltonian of the form 12

'g’{: gOBe-I:I'.'S‘ + AQ._S'E cseee 2o1
where g, and Ao are the isotropic g-factor and hyperfine
coupling constant. The expression for the allowed

trensitions of the form o&mp =0, Am = ¥ 1 obtained

by solving this Hamiltonian can be written

-~ - 2 | -
H= hvo(go ﬁe) 1 - hc(go ﬁe) 1A°mI"hC (ZgOBSvO) 1

XE[(IH)-mZI] cenee 2.2

15

A

HU.






where the hyperfine coupling A, is in em™'.  Thus by
using equation 2.2, the value of 8o and Ao can be
obtained from the observed values of the resonance
fields in the spectra. g, and A  values for 380014
and its adducts are listed in Table 2.1.

The e.p.r. spectra obtained from magnetically
dilute glasses of ReOClu and its adducts are very
well resolved as shown in Figure 2.3 for ReOGlu in
dioxane. It is possible to distinguish peaks in the
spectra corresponding to the case where the applied
magnetic field lies along each or the principal axXes
of the compounds. For the compounds of this type,
which have Cuv symmetry, the principal sxes are those

shown in Figure 2.1 below.

N
L4




Table 2.1

Isotropic spin-Hemiltonian parsmeters for rhenium

compounds in solution at 290K. The A  values are in

. -1 ..
units of em . Limits of error are gy ~

A, * 0.0005 cm .

Compound Solvent
ReOClu Cclu
ReOCluQZCMHB dioxane
ReOClu_NCCH3 nitromethane
ReOCluOPCl3 POCl3

B°6H5 ) uAs:l [ReOClS] dioxane

+

0.005,

A, g,
-0.0422 1.793
-0.0415 1.800
-0.0409 1.808
-0.0397 1.814

1.820

L5.



Llpe

These spectra at 77K are all characteristic of one
unpaired electron moving in an anxially symmetric
orbital so that as shown in Appendix A the spin

Hamiltonian has the form 15

U= gy ﬁeHZSZ-I»ng (H Sy +H, Sy )+AS I,+B(s Ix+Sny) +

t 2
Q IZ— ':15' I(I+1 )] "see e 2-3

whefe g41 and g4 denote the electron g values parallsl
and perpendicular to the symmetry axis (z-axis) of the
molecule,respectively; A and B are the nuclear hyper-
fine coupling parallel and ﬁerpendicular to the symmetry
axis, respsctively; Hx,y,z ers the conponents of the

s 4o t
megnetic field vector; and § 1is related to nuclear

quadrupole coupling constant g3 by the equation

{ 3eQQ
= LBI(I+1)

As shown in Appendix B, the general expression for the
+

allowed transitions of the form AmI =0, Am, = - 1,
where the applied magnetic field lies at an angle 8 to
the symmetry axis is givsn by 16
242 2
BE A 8 2ge
- 1o _ - 1 11+ K
H=H - Knp - = g ] [1(1+1) - mf ]
1 [a2e?-p2e2)? Lgﬂ en® .2, 20 u2
= [ R

122 2 2 242
+ 20%% cos® 0 sin’p ABgH & ] ny [41(1+1)-8nT 1]

12 L 2.4
Q g sin™@ BE
- 1 [ 1] m. [2I(I+1) - 2m ~1 ]
oK&<e Kge L= 1

s c g 2.I-I>



)
The equation 2.4 has two important cases. At © =0

(parallel orientation), g = g11» K = A, and only the
first three terms contribute to the lines position.
Hence the quadrupole terms do not contribute in this
case. In the perpsndicular orientation case ( 8 = 90°),
g = g, K =B, and the second-order hyperfine inter-
action becomes more important'and the guedrupole
interaction contributes to the line position. Thus
the wvalues of Ei4s 81> A,B gnd Q! can be obtained from
egquation 2.4 by analysing the e.p.r. spectra at these
two orientations. The estimation of these parameters
was accomplished with the help of a computer programme,
vhereby it was possible to simulate the spectrum. The
program involved sn iterative procedure, whereby the
computer was supplied with a set of reconant fields

Hy = Hx’ and HZ for each oy value as estimsted from.the
spectrum. The computer then plotted a set of Kneubiihl
curves of the type described in Appendix C, added them
together, broadened them, and plotted the first deriva-
tive of the spectrum. The lineshape was assumed to be
Gaussian 17, eand the computer was also supplied with

a broadening parsmster £ . The values of the
resonant fields supplied, and the value of B , were
then varied until the best fit between the observed

and calculated spectra was obtained. The observed and
calculated spectra of ReOCl)+ in CClu and in dioxane

are shown in Figure 2.3. The wvalues of the resonant
fields corresponding to the best fit were then used

with equation 2.4 to calculate the valuss of Z11s &9
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A,B and Q' for each compound. These parsmeters are
listed in Table 2.2, where A , B and Q' are expressed
in cm ', |

The forms of the contributions to the polycrystalline
spectrum originating from complexes in which my = 3/2
puzzled as until it was realised that for these species
the relative magnitudes of the spin-Hamiltonian para-
meters are such that the resonant field values do not
vary smoothly as the orientations of these molecules in
the applied msgnetic field are sltsred. As in the case
already reported for come copper (II) complexes 18’19,
discontinuities therefcrs appear in the Kneublihl functicn
S(H) for m; = 3/5, in addition to those that are observed
when the magnetic field lies aiong the principal sxes

directions. For ReOClu in dioxane, S(H) for ny = 3/é

is shown in Figure 2.4.

From these analyses g44 turns out to be éreater than g4,

a situation which is unusual in 4! species subjected to

a tetragonal ligand field and this as will be explazined

later is shown to be essentially due to charge-transfsr 5,20,21
mixing by spin-orbit coupling at the chlorine atoms. The
analysses show that A and B must have the same sign since
the isotropic coupling, A,, cbtained from the solution
spectra serves as a useful check to the relative sign

to these parameters which are eguated by the approximate

relationship

A A A+2B LI S Y 2.5
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The theoretical treatment which will be discusssd lster
shows that the signs of A and B in these compounds are
negative. Since forbidden transitions have not been
observed the sign of Q' cannot be obtained from these

spectra.

2.4 U.v-visible spectra of rhenium oxychloride and

its adducts

In describing the eiectronic structure of rhenium
compounds by using electron paramagnetic resonance
techniques, the energy differences between the ground
stete and the various excited states must be known, as
will be discussed later. The bend mexima observed
in u.v.~-visible spectra can often be eguatsed to these

energy differencese.

The various bands observed in the u.v-visible spsctra
of rheniun compounds in solution can be summarised ss

follovis.

a) Re0Cl) in CCl), shows weak absorption at 12800 cm™ !

which, from its position and intensity is almost certainly
a d-d transition, involving the tfansfer of the unpsired
electron to an empty antibonding orbital. This band is
shifted to lower energy in the case of the six coordinated

adductse.

-1
b) ReOClu in CClu shows a weak transition again at 17500cm .
This is almost certainly a d-d transition, involving the

transfer of the unpasired electron to another empty



antibonding orbital. In the case of the six coordinated

adducts this band is shifted slightly to lower energy.

c) ReOCL, in CClu shows a strong sbsorption band at
23800 cm |. This is assignable to the first charge-
transfer band, involving excitation of an electron from
a filled orbital to the orbital containing the unpaired
electron. This band is not sensitive to addition of

an extra ligand to the sixth coordination position of

d) Other bands which appear in the u.v.-region. (29C00-
3200£)cm-1 for these compounds may be assigned to other

charge transfers.

From the above it was shown that the addition of an extra
ligand to the sixth coordination position of ReOClu has |
a considerable effect on the first band in the spectra
and little effect on the second. The third band which
is éssigned to be charge-transfer no considerable effects

have been noticed.

The freguency of the band msxima in the u.v.-visible
spectra of the compounds are shown in Table 2.3 and
example of the spectrum of ReOClu in CClu is given in

Figure 2.5.

2.5 Extended Huckel molecular orbital calculations of

rhenium oxychloride and its adducts.

In order to use the spin-Hamiltonian parameters to
obtain detailed information sbout the electronic

distributions in these compounds, estimates of the values



52e

000¢'L

w06z 38 Moo ut Mrooen Jo wnagoeds etarsta-acp

0006 | 000 | 0006 | 000te

G*Z ean3t g

000¢e

00062

43 000k}




53

00062 00952 000L1 “0002}
006G 1€ 009¢2 00zL1 ‘oohzt
0021l¢ ‘000G2 009¢2 002LL ‘00421
0002¢ 00l¢e oohLy ‘o009zt
0002¢ 008¢2 0064 ‘coget
JI6JISUBIY 6JIBYD SUQTQTSUBIY,

spusq IeY30 epTJIOTUYQ —>UOT TBI6N . P-v

euexote [Sto0ew][sv(5%)]

f1o0a Stodo'toosy

oUBYY AWOJIL TU mﬂOOZdﬁooom
oUBXOTD 81020 000y
:HOO :HOOom
QUeATOS Uﬁdoﬂ&co

*,5300pp8,, S4T JO eUOS PUB SPTJIOTYIAXO UMTUSYI
Jo sajoeds uoridacsqgs *A*n- eTJISTA oYg UT AvLEOV BUTXBW pusg

¢*2 eTasy



of the spin-orbit coupling constant § , and the
paremeter P = 2.0023 g BejgN <ber"3,\K:> for the
rhenium ion with the appropriate charge were needed.
To do this an extended Huckel molecular orbital

calculation was carried out on ReOClu.

The general method used for the calculation can be

summarised as follows.

a) The metel icn and ligand orbitals are assigned to
the various irreducible representations of the point

gfoup of the molscule, which is assumed to be Cuv.

b) The overlap integrals between the central metal

ion and the ligand orbitals are calculated. Hence thse
group ovsrlap integrals between the mstal ion orbitals
and ligand orbitals of the various symme try types are

calculated.

¢) The coulomb integrals for the various atomic
orbitals are approximated as valence-state ionisation
energies. The valence-state ionisation energy is a
function of the cherge and the configuration of the

atom in the molecule in question.

d) The resonancs integrals between the two orbitals
on different atoms are assumed to be functions of the
coulomb integrals of the two orbitals as well as of the

overlap integrals between them.

e) The molecular orbitals of the compound are assumed
to bs a linear combination of the central metal ion
atomic orbitals and the ligand group orbitals of the

Same symmetry.



f) From the known values of coulomb intergrals Hjj,

resonance integrals Hij

the secular determinant can be solved and the eigen-

and the overlap integrals Sij’

values and eigenfunctions obtained.

g) The electrons available to the compound are fed
into the molecular orbitals according to the Aufbau
principle. A population analysis is carried out, and
the charge and configuration of the metal ion are

obtained.

h) The computed metal ion charge and orbital populations
are then used to estimate new Hii values and the cycls
of cealculations are then repcated until the input and

output charges are identical.

The dimensions used in our molecular orbital
calculations were obtained from Edwards'! X~ray

anslysis 22

of ReOClu. This shows that the moleculs
is & square pyramid with GL‘_v symme try, the four
chlorine atoms forming the base of the pyramid and
the rhenium gstom is raised 0.59 & sbove the plans
containing the four chlorine atoms. The Re-0 bond
length is 1.63 A°, the Re-Cl bond length is 2.26 A
and the 0-Re-Cl bond angle is 105°. By using the
coordinate system shown in Figure 2.6, molecular
orbitals in this compound may be described in terms of
basis orbitals derived from

i) the 5d, 6s and 6p orbitals of the rhenium ion,
ii) the chloride ion 3s and 3p orbitals and,

iii) the oxide ion 2s and 2p orbitalse.
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In the Cuv group, these twenty-nine basis orbitals can

themselves be grouped as shown in Table 2.l.

Slater-type atomic orbitals of the kind described by

23,2k were used to estimate the overlap

Cusachs et al.
integrals between basig orbitals. These are single
exponents of the form Nr' le~ §r’ in which the value

of the principal guantum number n, and the orbital
exponent § , are chosen to give the best agreement
with the overlsp properties of Clementi's multi-exponent

wave functions 22?20,  The best value of S and n for

the various astoms are given below.

Rhenium 68 n=6 R = 2.5
" 6p n=6 § = 2.2
" ~ 5d n=5 § = 2.92

Chlorine 3s n=>3 £ =22
" 3 n= £ =1.82

Oxygen 28 n=2 5 = 2.2
" 2p n=2 S = 1.95

The group overlap integrals obtained using these values
are listed in Table 2.5. The ionisation energies for
the rhenium ion atamic orbitals were obtained using

27,28 while the corres-—

the method of Cotton and Harris
ponding energies for chlorine 3s and 3p orbitals and

for oxygen 2s and 2p orbitals were taken from reference 29.

The resonance intosgrals were calculated using the

Wolfsberg-Helmholtz 30 approximation

I‘Iij = 0-95 [_Hj-i + Hjj] Sij ees 0o 2.6
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3.6 Results and discussion of molecular orbitsl calculations

As indicated above, the cycle of molecular orbital

calculations were repeated until the input and output
charges coincided. The most important results of the
molecular orbital calculations of ReOClu are listed

belows

(1) The final estimated electronic configuration and
charge at the rhenium atom turned out to be

1Y R— 5qt 880 g 071k 04939y ana + 0.476 »
respectively. The cverall charges in the molecule

in units of protonic charge are distributed as follows

Atom Re 0] Cl

The final eigenvalues and eigenfunctions are listed in
Table 2.6 and the resultant ensrgy level diagram is

shown in Figure 2.7.

(2) The unpaired electron is in the antibonding
molecular orbital B, numbered 21 in Figure 2.7 and
starred in Table 2.6. This orbital is compounded out
of the 5dxy orbital of rhenium and dklorine 3p, and 3py
orbitals, and it is about 35% delocalised on to the
chlorine atoms. This agrees with the gualitative
deduction made earliser from the g-tensor values about
the ligand orbital contributions to the molecular

orbital containing the unpaired electrone.
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(3) 1If the electron-electron repulsions are ignored,
the band mexima in the visible-u.v. absorption spectra
listed in Table 2.3 can be eguated to the separation
of the ensrgy levels in the molecular orbital diagram.

These bands should be assigned in the following way.

Band maxima (cmf1) Transition M.C. levels
involved
12800 \Y*(E) e—‘i’?Bz)r 22, 21
17500 ‘1’*(51)%—#’?32) 2l, 21
23800 Y*(Bz)e—‘i’(Bﬁ 21, 7

These assigmments are consistent with e.p.r. data and

with the positions and intensitiss of the bands.

(4) The molecular orbital calculation suggests that
there is a high degree of covalency in the metal-ligand
bonds. The metal orbital coefficients of the anti-

bonding molecular orbitals 21, 24 and 22 estimated from

this cslculation are

B2 B,

(-
- X

0.807 0.869 0.786

where Bz’ B, and e , are the coefficients of

rhenium qu, @xz_yz and dy, orbitals respectively.

These coefficients will be estimasted indepsndently

from e.p.r. data later.



(5) Xnowing the ionic charge of the central metal ion,
the value of the spin-orbit coupling constant 3 for
rhenium in ReOCiu can be estimated from Figure 2.8 which
obtains when the free—ioﬁ values of the spin-orbit
coupling constant1 for rhenium are plotted against
ionic charge. ©Since spin~-orbit coupling constants for
the third transition series are only approximately known,
and since we do not have enough information to enable us
to estimate the effects of change in configuration on

these values, we have used the value of § = 2400 cm71,

obtained directly from Figure 2.8, for ReO*476 jp
rhenium oxychloride. The spin-orbit coupling ccnstant
for chlorine in ReOClu was assumed to be identical

-4
with the vzlue Tor the free atomzo ( 301 = 587 em ).

The P value of 0.033 cm | was obtained by interpolating
between the values of 0,032 cm™' for Re® (. 5d5 632)
and 0.050 cm ! for Re ° (=—=— 5d1), which were derived
rom the value of Z;?-3‘> given by Mckillan and

Halpern 1’31.

2.7 Equations relating the spin-Hamiltonian parameters

to the molecular orbitsl coefficients in rhenium

oxychloride

As can be seen from the energy level diagram of the
molecular orbitals the unpaired electron is locsted in
a B, antibonding molecular orbital. If the spin-orbit

coupling is ignored then this orbital has the form

68&.
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(1)

YX(B2) = BZGXy + Bz 3D(B2) esene 2ef

but when spin-orbit interactions are considered then
mixing of excited states into the ground state of the
molecule must be taken into account. These excited
states sre produced either by promoting the unpaired
electron into an empty antibonding orbital of B1 or of
E symmetry which is immediately above W*(B,) in
Figura 2.7, or by promoting an electron from the
filled bonding orbitals of By or of E symmetry into
\VK(BZ): only mixing of the molecular orbitals
numbered 7, 22, 23 and 24 need be considered in this
context. The molecular orbital calculations show -
that in these componnds ligand s orbitals contribute
little to the magnetically important molecular orbitals

s0 that these may be written in the forms

+ 31(1)3gf[B1] + B1(11)3pz 3,1

Y(B,) = B1dx2_y2
Y(B.,) = e ,d:, + ex;” 3p,.z [B] + exz(”)dex [E] +
°xz(1“) 2py [E] «eee. 2.8

Y(Ey,) = ey,dy, + oy ,(1) 3pyz[E] + eyz(.”)Bp‘y [E]

+ °yz(111) 2py [E]

If the matrix elements of true Zeeman and hyperfine
Hamiltonian are equated to the corresponding matrix
elements of the spin Hemiltonian as dsescribed in

Appendix A, equations relating the spin-Hamiltonian



parameters to the molecular orbital coefficients for

the compounds are obtained. Thus mixing of the orbitals
(2.7) and (2.8) under the influence of spin-orbit
coupling at the rhenium and chlorine atoms, along with
Zeeman interaction and hyperfine interactions, then
leads to the relationships (2.9) - (2.13) for the
principal components of the g- and hyperfine coupling

tensors 21’32.

2 gRe

|AEZB1 )]

g11 = 2.0023 % [231 Bo-B, (1 )ﬁ2(1) VGI]

X [?3152 - 51(1)32(1) ] '....; 2.9

where orbitals 7 and 24 contribute to the sum, and the
positive sign refers to orbital 7 and the negative sign

to orbital 24.

Vbl\ = '(§Cl/§Re)

' 2
g = 2.0023 - 2‘§Re [Bzexz + 32(1)61:2(1)} ’
|6E(E) |

....’. 2.10

where the second term is due to mixing of orbital 22.

844 1s greater than g4 in ReOGlu and therefore in
equation (2.9) we have allowed for mixing of states

obtaincd by exciting bonding electrons but we have not

considcred similer effects in equation (2.10).

71
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2 3 B 262
Re™2 "4

‘.¢C2011

where orbitals 7 and 24 contribute to the sum, the
positive sign referring to orbital 7, and the negative
sign to orbital 24. Orbital 22 contributes to the
last term in (2.11).

_p [ K+ 2 p2 _ M $ P02z J
a S - Ry BTN

ceee 2412

<A> = =PK - (2.0023 - <g> ) P © eeee 2413

K is the isotropic contribution to the hyperfine constant
dus to polarisation of the inner eleciron spin density

by the unpaired d-electrone.

2.8 Molecular orbital coefficients and bonding in
rhenium oxychloride and its adducts.

The spin Hamiltonian parameters snd the assigmments

of the band mexima in the u.ve-visible spectra of the
compounds now ensble the values of the isotropic contact
term K, and the molecular orbital coefficients BZ’ B1

and e ., t0 be estimated by using equations (2.9) = (2413).
Parameters obtained in this way for ReOCla and its

sdducts ars liéted in Table 2.7.

Since the molecular orbital that contasins the unpairsd
electron, has zero electron spin density at the rhenium

nucleus and does not mix with the mstal 6s orbital in



Table 2. Z

K vglues and molecular orbital coefficisnts for ReOClu

and some of its “adducts".

Molecular orbital

ReOClu
R6001u020uﬂ8
ReOCluNCCH3 :

ReOCluOPClj

[ (cgHs)yas] [Reo01]

W 3y,
Ak

1.064

1.063

1.0L1

1.012

1.004

LS S S S

2L
3, |
0.780
0.782
0. 781
0. 781

0.780

22

or |
0.920
0.913
0.907
0.906

0.903



Cyy symmetry, there is no direct way of putting unpaired

electron density on the nucleus. The non zero values

of the isotropic contact term K, must then arise from

the spin polarization mechanism 33. The values of,B2

in Table 2.7 indicate the degree of dslocalisation of

the unpeired electron in these compounds on to the ligands
and show that in each case the unpaired electron is about
33% delocalised on to the chlorine atoms. Ye have not
been sble to resolve chlorine hyperfine coupling in

thege spectra but linewidth measurements which we have
carried out are consistent with about 21% delocalisation
in this orbital. The valus of 0.82 for B, in.ReOClu

is in excellent ggreemsnt with the value obtained from

the molecular orbital calculations.

The B1 and ey, values in Tabls 2.7, which reflect the
bonding of the metal ion ng_yz and dxz or dyz
orbitals respectively with the ligand orbitals defined

by equation 2.8 are in good agreement with values
obtained from the molecular orbital calculation. These
values show again an apprecisble degree of covalency in
the metal-ligand bonds. Thus there is a good correlation
between the coefficients obtéined from elsctron para-
magnetic resonance and those from molecular orbital

calculationse.

Addition of an extra ligand to the sixth coordination

position of ReOCl, has no measuresble seffect on sigma

L

bonding to the metal ion 54 o orbital, and it has
. X2m

2
y -
littls effect on the transition energies |AE (B1)| .



15+

Hence coordinating a sixth ligand does not altér 214
On the other hand, in the case of in-plane Tl -ponding
to the metal-ion 5qu orbital, and of out-of-~plane
T-bonding to the metal ion 5dy, and 5dyz orbitals,
the sixth ligand does cause very small additional
drifts of electrons away from the central metal ion,
and also incresses the magnitudes of the transition
energies |OE(E)] « The additional ligand thereforse
noticeably increases the magnitude of g4 and reduces
fﬁe magnitudes of the magnetic hyperfine tensor
components. This ligand should rresumably have the
greatest infiuence on sigma bonding to the metal ion
5d22 orbital, but this involves moleculzar orbitals of
A1 symmetry which are inaccessible to us since they
do not affect the paramagnetic properties of these

compounds.



2.9 Summary of Part II

X-band e«.p.r. spectra of ReOClu and of the asdducts

ReOC]_l,OnC),H.Q g ReOCl).I\ICCH-I * RGOCll.OPCl7 and
Re0Cl, 0,C;Hq, ReOCl;,NCCH,, ReOCL,OPCl, and
=278 L 3 L 3

{
([KC6H5)MASJ [ReOCl5] have been recorded at 290K, and
in magnetically dilute glasses at 77K and these

spectra are analysed in detail. The spin-Hamiltonian
parameters A,, g,, A, B, q s 844 and gy have been
extracted from these spectra. These parameters, and
data obtained from visible-u.v. specira have been used
to obtain guantitative descriptionsof the bonding of
these conpounds in terms of molecular orbital modsels.
From extended Huckel L.C.,A.0. molecular orbital calcul-
ations, carried out on the compound ReOClu, the metal
ion spin-orbit coupling constantv and the parameter P
ere estimated to be sbout 2400 cm™' and 0.033 e
respectively. Spin Hamiltonian parameters are listed
for sach substance and are eguated to the atomic orbital
coefficients in some of the molecular orbitals involved
in bonding in these moleculses, and a good asgreement is
obtained between the values obtained in this way and
those cderived from the molecular orbital calculations.
The unpaired electron lies in a moleculasr orbital which
involves the metal ion dey orbital and it is strongly
delocalised (33%) on to the chlorine ligands. g4 is
greeter than g4 and this is shown to be essentially duse
to charge~transfer mixing by spin-orbit coupling at the
chlorine atoms. The changes in the spin Hemiltonian

peramsters when a sixth ligand is added tco ReOClu are

accounted fore

764



Information about the extent of dslocalissgtion
on to the ligands can also be obtained by detailed
analysis of the @.p.r. linewidths in solution, as

will be shown in the next section of this thesis.

7.
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PART III

SLECTRON PARAxAGNZTIC RESONANCEZ LINEWIDTH STUDIES OF
ReOCla IN SOLUTION

3.1 Introduction

In the study of the electronic structure of ReOClu
and its adducts, as described in detail in part II, the
unpaired elsctron in the complsexes was found in an
antibonding molecular orbital compounded out of the

J
orbitals, and it is about 33% delocalised on to the

5dXy orbital of rhenium, and chlorine jpx end 3p

chlorine atoms. This kind of informastion was obtained
essentially from the analysis of the spin-dipolar
interaction of the magnetic moment of the unpsasired
electron with the magnetic moment of?;henium nucleus.
It is possible to obtain similar information about

the delocalisation of the unpaired electron on to the
chlorine ligands from the size of the chlorine nuclear
hyperfine interaction in these complexes. we have

not been able to resolve chlorine hyperfine coupling
in ths e.p.r. spectra due to the intersction of the
unpaireé slectron with the chlorine ligand nuclei.
However it is still possible to estimate the size of
the isotropic hyperfine coupling from the contribution
which it mekes to the width of the lines in the e.p.r.
spectra of these complexes in solution. It was there-
fore decided to analyse in detail the e.p.r. linewidths

of ReOClu in chloroform as a function of temperature in

80.



&1.

order to separate the unresolved ligand hyperfine
structure contribution from the other various effects
which contribute to the linewidths. The estimated
value of the chlorine hyperfine coupling obtained in
this way is then used to estimste independently the
extent of delocalisation of the unpaired slectron on
to the chlorine ligand orbitals. This result is then
comparad with the values obtained from the analysis

of the spin Hamiltonian described in Part I1I.

3.2 Mechanisms of elsctron spin relaxation in solutiong

of transition metal complexes

As mentioned in Part I, there are several
varieties of magnetic interactions which influence the
linewidths of paramagnetic ions in solution. The
standard procedure for exsmining the behaviour of such
a system is to write down the appropriate Hamiltonian
for the system to be discussed and solve for the time-

independent ard time-dependent components.

= ﬂo + SL(+) ceese 3e1

Sl'o is time-~independent and determines the sharp line
spectrum. ${ (t) is time-dependent with zero field

average. The effect of §$AL (t) is to cause the eigen-
functions, and hence the pfoperties, of the system to
be a function of time, i.e. it is the time-dependent

terms in the Hamiltonian which cause relaxation.



82.

The magnetic terms in the Hamiltonian for one unpaired
electron moving in an axially symmetric orbital and
interacting with one nucleus such as in ReOClh can be

written in the form 1

= er BellaSr + gy PHSy + 8g Bl gSqrArS I tA ST %A S 1

L S A Y 3:2

where p, g, r are a set of orthogonal unit vectors
fixed in the complex, ©r being the unit vector parallel

to the symmetry axis. In a tetragonal complex,

gr=g11i gp=gg=g1

n
>

and Apr = A = A, q =B

In solution the complex undergoes rotational motion
and the Brownian motions tend to averagse out the aniso-
tropic contributions to the g and hyperfine tensors.

In most cases the rotational motion of the complex is
not fast enough to average out completely the aniseo-
tropic contributions to g and hyperfine tensors, and
the fluctuating magnetic field which this produces

causes broadening of the e.p.r. linewidths.

If the solutions of the paramagnetic ions are made
sufficiently dilute, then the contributions of magnetic
dipolar interactions, exchange interactions and
intramoleculsr vibrations to the linewidths are so

smell as to be negligible.
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A relaxation mseschanism in liqguids in the presence of
anisotropic Zeeman and hyperfine interactions was first
proposed by iicConnell 1. He essumed that the ion and
its ligand group, can be considered as a unit even

in solution, the group of molecules tumnbling as a whole.
Thus the spin Hamiltonian 3.2 can be used as the
appropriate Hamiltonian for the tumbling microcrystal.
It is necessary to transform the Hamiltonian 3.2 to

the new coordinate system x,y,z, fixed in the
laboratory which is defined by the direction z of the
magnetic field H, and the angles 6 and ¢ . The
transformed Hsmiltonian may be ccnesidered as compounded

from two terms, ${ , and $€ (t).

o= g BHES, + AjS. 1 cees 3.3
where g, = 3 (g4 *+ 284), and A, = 3 (4 +2B)
1 2
and 3 (t) = [Ag BHy + bIzJ [cos e(t)-—%] SZ-;»—;-[AgBeHO-beZ]

x [s1n8(t) cos 6(t)] [8,071 P (t)4s o? ? ()]
- 30 [oos®0 (t) - 4] [5,I_ + 5.1, ]
+ b [sing (t)] [I+s+e‘2i¢’(t)+ I8 e*219(%)]

+ zb [sin B(t) cosB (1;)] [I+e"iq)(t)+ I_e+ig)( t)J s,

where b = A-B, and § and @ are the polar and azimuthal
angles of the micrc-crystalline symmetry axis (r) relative

to the laboratory x,y,z axes. Because of the Brownian

motion, the angles O and @ are functions of time so



that all terms in ${ (t) are all averaged to zero over

a sphere and the centre of gravity of each of the
hyperfine multiplet rescnanceSis obtained from the

eigenvalues of ﬁ(o.

Electron spin-lattice relaxation, with characteristic
time Ty, arises from the second, third and fourth
terms in 3.4 containing the elsctron spin raising

and lowering operators, obtained by
ese o 3'5

Nuclear relaxation arises from the third, fourth and
fifth terms. Another contribution to the broadening
of electron resonance cones from the first and the
last term in equation 3.4, but the characteristiz
tims for this procsess is tsken as T2. McConnell L
used the Hamiltonian 3.4 to calculate relaxation times
T1 and T, but the completse solution of tﬁis Hemiltonian
was not attempted. Instead he assumes that

68 Bl > bl so that the last three terms in
equation 3.4 may be neglected. This implies neglect
of nuclear spin-lattics relaxation, so that the time-
dependence of matrix elements of Iz in the first two
terms is also neglected. With thése conaitions

McConnell showed that

Olle

-11-,1 > (8W%A5)( ag BeHot bIZ)2 n~? Tc(“hﬂz\)oz z'c)-1

cese 346



2
(7)) >(52T/us)( o Bal+0I,)% 072 tan™! (2 T /1)
XX 307

where ) , is the frequency at which the resonance is
observed and T, is the correlation time for the angular
functions [:cos2 0 (t) - %] anda [sin6(t) cos O(t) |
of the microcrystal orientation. The most interesting
aspect of these results is the dependence of the line-
widths for the individual hypsriine lines on the

magnetic quantum number my (i.e. IZ).

McGarvey ° aiscusses the linewidths of several
paramagnetic ions in solution in terms of the micro-
crystalline modsl. He considers two contributions to
the linewidths of paramsgnetic ions in solution. The
first of these is that due to the tumbling of the
microcrystal in solution, i.e. the mechanism discussed
by McConnell. The second arises from relaxation
processes involving spin-orbit coupling with excited
states: when the symmetry of the crystalline fisld
about the ion in the microcrystal is such as to permit
a low-lying excited state to interact, this can result
in an efficient relaxation process which may be

dominante.

3 have criticised

S.A., Al'tshuler and K.A. Valiev
the McConnell-McGarvey theory of the linewidths in @.p.re.
spectra of transition metal ion complexes on the grounds

that this theory is based on experiments carried out at



g single frequency only, and at a single temperature,

and they state that B.M. Kozyrev bs5 has carried out
éeries of experiments on different transition metal
ions in solution at different temperature and over a
wide range of freqguency. The experimental results of
Kozyrev show that the dependence of longitudinal
relaxation times on temperature and on the spplied
magnetic field direction is completely at variance
with McConnell's theory. Alftshuler and Valiev
believe that T1 is defined by the vibrations within

the conplex rather than by rotaticns of the complex.

The results of Al'tshuler and Valiev, however,

are not substantiated by Kivelson and co-workers 6—10.

6 .

Kivelson = nas developed in great detail the theory of
linewidths of frse radicals in diamagnetically diluted
crystals and in dilute liquid solutions, considering
the case in which the orbital magnstism has been
essentially quenched. DNuclear guadrupole moments,
zero field splitting, anisotropic Zeeman terms, and
intramolecular electron-nuclear dipolar interactions,

as well as motional and exchange effects are considered

in this theory.

11
Rogers and Pake have studied the €«p.r.
Q

spectruu of the vaqﬁyl ion in solution at two frequencies

and at different temperatures, and their results appear

to support McConnell's mechanism.
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Atkins, Wilson and Kivelson have discussed
the relations between linewidths and temperature,
viscosity and magnetic field for the Vanadyl and cupric
acetylacetonates. They find that in addition to fhe
effects of motional modulation of anisotropic g and
hyperfine tensors alresdy. discussed, there is a
residual linewidth which is independent of my and only
very weakly dependent on Ho' This residual contri-
bution is a linear function of T/¥ , where *7 is

the viscosity. This residual lirewidth is ascribed to
a spin-rotational interaction. VWhen a complex rotates
in solution, the electrons do not follow 7,12 precisely
the motion of the nuclei and this imbalance of rotating
charge generates a magnetic moment which can interact
with both the nuclear and selectronic spins in the
molecule. The magnitude of the interaction, which is
enisotropic and therefore tensorial, is measured by

the spin-rotational coupling tensor C(t). This

interaction can be written as

Y(t) = J(t). c(t). s ceves 3.8

where J(t) is the rotational angular momentum operator
for the molecule. The interaction will comprise a
relaxation mechanism if the interaction is modulated
and in solution there are two ways in which this can
happenf First, the rotational angular moament can be
modulated as the molecule brushes asgainst its néighbours

in solution, and second, the spin-rotational coupling

[



can be modulated as the molscule changes its orientation
through more violent encounters, but in fact the
modulation of rotational angular momentum by molecular

collisions in solution is the more important relaxing

mechanigme.

The density matrix spproach 13-19 seems to be the

best approach for treating the theoretical aspect of
electron spin relaxation. In this approach, the
eigenfunctions of the Hamiltonian §{ of equation 3.1
are expanded as a linear combination of the eigenr

functions of &f. of the form

o’
\{f-_— Zci (bi cses 3-9
. 1

The time-dependence of the eigenfunctions Y is thus

containsed in the coefficients c; The expectation

l'

value of any operator O is given by

Lo> =) C*;_cj <¢i|°‘¢j> ceee 3410

1,3

If an operator §° is defined such that

S-;’J = | <¢i | ?M}j> = c*jci | cons 3.“!1

then

ceee 3412

{o0> = ;<¢jl?'¢i><¢i,0‘¢j>=trr?0

88,
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The elements of the operstor § constitute what is known
as the density matrix. By differentiating this eqguation,

the time-dependence of the operator O can be obtained

< 0> ap
"5717;— =R CALN IV SN RE
i,J
Thus the problem of obtaining an expression for the time-
dependence of any property of the system reduces to
deriving an equation describing the time-dependence of
the elements of the density matrix, i.s. of.the product

Cs Cye Redfield 16,19 derived such an expression for

J -i

the time-dependence of ¢ as function of $€ (t) by

ij
using time-dependent perturbation theory. Using the
Redfield expression it is possible to derive an

,egpression for the transverse relaxationﬂtime T2. The

T, value can then be related to the peak-to-peak line- -

width AH for the first derivative of a Lorentzian line

by the relation

2
AH - e ————— eeee 3.114-
T2 V3

6

Kivelson used these theoretical grounds to derive a .

polynomial relstion for the total linewidth of the
hyperfine lines in e.p.r. spectra. If the width of
the hyperfine line corresponding to the nuclear guantum
number, m., is defined as AH, then the linewidth in

the complexes studied here can be written in the form 7,20, 21

OH = o + 0('+ 0(”+ /3m1+¥m21 +8m31 eees 3415
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I
where the parameters e(l, ﬁ , ¥ and § are given by

«= (T,/360)(T (3 By /m)T {8(u aN? [4+3<1+%2'fc2>'1]
+ 9I(I+1)b? [3+7(1+ woz'ci )'1]}

B=(7T,/15)(T V3g Be/h)-1bH0 M[u+3(1+ w02,t02 )‘1]
eree 316

Y = (T /u0)(T B B/ [5 - (1eu 7 7] vt

§ = (TS10)(T V3g Bo/n)™' (b°<as> /A wy)

where AY and b are now re-defined by

A¥= (g1q - gy) Pg/h amd b = 2(a-B)/3h

In the above expressions the hyperfine coupling constants
are in units cf ergs, and the linewidths in gauss. 0(”
arises fron ths modulation of the anisotropic hyperfine
tensor and the anisotropic g-factor; ¥ and & terms
arise froua the moculation of the anisotropic hypsrfine
tensor; P arises from cross term daependent on
modulation both the anisotropic hyperfine tensor

and the anisotropic g-factor; the ' term is the‘
contribution from the spin-rotational interaction; and
X is the contribution from the unresolved hyperfine
coupling, plus any other small contributions which have

not been considered above.

The parameter To is the tumbling or reorientation

correlaticn vime, and it is a measure of the rate at



which the complex rotates in solution and it is given

approximately by 22223

coes 3017

|I?

uw?af

.
¢ 3KT

where 3? is the coefficient of viscosity of the

solvent and a. is the molecular radius of the

o}
equivalent rotating sphere.

33 Experimental

Re()Cl)_L was prepared by the method described in
Part II and the linewidths of ReOClu in thoroughiy out-
gassed chloroform were measured as function of tempera-
ture. Observations were made over a broad tsmperaturs
-range, from:230 to 285K, The temperature was measured
with a copper-constantan thermocouple linksd to a
digital voltmeter and was varied using the gas flow
system described in the introductory chapter. The
temperature gradient during recording of the spectrum
did not exceed 1°. Ths chloroform solvent, was
repeatedly fractioﬁated and purified with P205 and -
the dissolved oxygen was removed by degassing,
employing successive freezing snrnd thawing of the

solution.

The viscosity coefficients 1? of the chloroform as a

function of temperature were taken from the Internationsl

Critical Tables dh. The values for low temperatures

were obtained by extrapolation, using the formula

91,



given with the tables.

In order to keep intermolecular interactions from

affecting the linewidths of the e.p.r. spectrum, the
solution concentrations were reduced until the line-~
widths ceased to depend on the concentration. ‘This

was achieved to 10"31«1.

The e«.ps.r. spectra of ReOClu.in liqguid chloroform at

two temperatures are shown in Figure 3.1.

3.4 Results and discussion

In order to estimate the value cf the isofropic
hyperfine coupling of the chlorine ligsands, 1t is
necessary to calculate all the other cpnty}pgt;ons
to thejlinewidths of the e.p.r. spectra. &To do this
the linewidths of the e.p.r. spectra are fitted using
a least squares procedure to the polynomial formula
3.15 and the parameters +<x'+«x", B, Y and § are

obtained. The values of these parameters at different

temperatures are listed in Table 3.1.

According to»the theory discussed in 3.2, the parameter
¥ should be proportional to 7/T, so it is necessary
to check that before using Y in further calculations.
This paremeter is plotted as a function of "¢/T in
Figure 3.2, and it cen be seen from the graph that ¥
provided a good straight line, passing close to the |
origin, in a good agreement with the theory. From

this figure the least squares fit of ¥ is given by
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Table 3.1

Parameters obtained from the least-sguares £it

of the e.p.r. linewidths of the camplex RsOClu

in ¢hloroform solution as function of m; ;

all values are in units of gauss.

Temperature (K) of + o+ o’ B Y S
295 196 -8.2 2.8 =0.14
290 193.6 -8.8  3.05 -0.16
28l 203 —9.2  3.35 =0.19
274 ‘ 203.4 9.5 3.6 =0.23
257 .. 21846 ~9.3  L.16 ~-0.24
2140 | 233 29.6 1487 -0.26
230 - 226 -10 5.1 ~0.30



14 (gauss)

I ‘ 1 o L, x1072
1 2 ? (2/m
(peise/K)

Figure 3.2 ¥ (gauss) vs 7 /T (poise/K) for Re0CL,

Al



¥ = 0.49 + 125000 7 /T

By using the spin Hamiltonian parameters obtained in
Part II together with the values of ¥ at each
temperature, the rotational correlastion timses, ’Z‘c ’

can be calculated from equations 3.16. The valuss

of T

. then used to calculate " again from

equations 3.16. Thus the values of the residual
linewidth o + «' , could then be calculated since the
valuses of «£ + oc' + <" were already kxnown. The values
of T, and « + «' obtained in this way together
with the effective molecular radius, ays obtained

from equation 3.17 are listed in Table 3.3.

Since the values of & are proportional to 7/T, the
contribution of the chlorine nuclear hyperfine structure,
K , to the linewidth can be obtained by fitting the
values of X + ' to an equation of ths form

{
X + K < + KI/7%

where K is constant, and the resulting least squares
fit, which is shown grephically in Figure 3.3 1is given

by

X + o = 18 + 0.0015 T/%

As shown in Figure 3.3, the contribution to the linewidths
from unresolved chlorine nuclear hyperfins structure is

18 geuss.



Table 3.2

Values of the viscosity (7), 7 /T and T/7
for chloroform at various temperstures. Values
of 7 are in units of poise, and were obtained
by interpolation of the valuss given in the

24

international critical tables .

Temperature 7 /T T/ 7
295 5.60 x10>  1.90x107° 52678
290 5.69 x107>  1.96x107° 50966
284 6.23 x107° 2.20x10™2 45586
274 © 6.96 X100 2.51x10° 39368
257 8.04x10 =3 3.13x107° 31965
240 8.62 X107  3.60x107° 27842
230 | 8.99 x10™>  3.90x1072 25584



Table 3.3

/
Values of residual linewidths (X + « ), in

gauss, correlation times (Tc) in seconds,
and the molecular radius (ao) in angstroms

for the complex ReOCl, at various tempera-

i
tures.
Temperature T Te 8

295 100 4.202x10"11 445
290 89 4 577x10711 )y 00
28l 88  s.027x10-11  4.20
27k ' 80 5.402x10~ 11 410
257, 76 6.2 x10-11 ). 01
240 66 7.308x10711 o

230 51 7.65 x1071 3,99

98.
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Each of the lines in the e.p.r. spectra of the oxy-
chloride consists of an unresolved 1:2:3:4:5:6:7:6:5:4:3:2:1
multiplet, and so to estimate the size of the chlorine
hyperfine coupling which would give rise to a particﬁlar
contribution to the linewidths, a computer programme has
been used which plotted out the single line arising from
the superposition of the thirteen peaks of this type.
The spacing between the constituent peaks was simply
varied until the width of the single composite line was
larger than that of the constituent lines by 18 gauss.
In this way the chlorine nuclsar hyperfine coupling

was estimated to be 15 gauss. Now this #alue could be
used to estimate the extent of delocalisation of the |
unpaired electron availaeble in the complex on to

chlorine ligands.

By sefting the value of the chlorine isotropic coupling
constant roughly equal to the largest principal value of
the chlorine spin-dipolar interaction -%:Plgg (1), where
52(1) is the coefficient qf the chlorine P-orbital in
the molecular orbital containing the unpaired electron,
and %P is the largest principal value of the spin-
dipolar interaction for one electron in a chlorine
P-orbital, which is estimated to be 90 gauss=> 27, the
value of 5;!(1) was estimated to be 0.167, corresponding
to a delocalisation of the unpaired electron in the
complex of about 21%. Thus the linewidth analysis of
ReOClu confirms that the unpaired electron is in a

metal ion orbitsl and delocalised by about 21% on to the

chlorine atoms, in reasonable agreement with the conclu-
sions reached from the analysis of the spin Hemiltonian

parametors discussed in Part II.
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3.5 Summary of Part III

In this section a detailed study has been made
of electron paramagnetic relaxation phenomena in
solutions of ReOClu in chloroform. This has enabled
the separate contributions from spin-rotational
interactions, from g-tensor anisotropy, from hyperfine
coupling anisotropy, and from unresolved chlorinse
hyperfine coupling, to the observed e.p.r. linewidths
to be evaluated. These results have been used to
estimate the size of the chlorine isotropic hyperfine
coupling constant and then the extent of delocalisa- ’
tion of the unpaired electron available in the complex
on to the chlorine ligands. In this way it has been
shown that the extent of delocalisation of the
unpaired elsctron on to chlorine groups in ReOClu is
about 21%. This result is in reasonable agreement
with the deductions made from ihe analysis of the

spin-Hamiltonian parameters obtained in Part I1I.

The magnetic properties and the electronic ground
state of the rhenium (VI) ion in trigonal-prismatic
complexes will be considered in the next section of

this thesise.
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PART IV

THE ELECTRONIC GROUND STATES OF THE TRIGONAL-PRISMATIC
RHENIUM COMPLEXES, TRIS(CIS-1,2-DIPHENYLETHENE-
1,2-DITHIOLATO) RHENIUM, Re(CZS2Ph )3, AND TRIS(TOL-

2
UENE-3 ,4-DITHIOLATO) RHENIUM, Re(S,.C.H;CHs);.

4.1 Introduction

The electronic structures of six-coordinated
complexes of bidentate, unsaturated sulphur donor
ligands in which the central metal ions sre V, OCr,
Mo, W and Re have been the subject of several
investigations 1. The structure of Re(SZCZth)3 2,3
and M0(3202H2)3 N have been solved by single crystal
X-ray diffraction analyses, and it has been found
that the central metal ions are surrounded by an
almost perfect trigonal prism of six sulphur atoﬁs.
The coordination geometry of the rhenium and moly-
bdenum complexes are D3h and the over-all molecular
symmetry belongs very nearly the point group c}h'

5 strongly

Spectroscopic and powder X-ray measurements
indicate that this geometry is also encountered in
the M(S,CoPhy)s, M(SyCcH3CH;)s and M(8,0gH) )3

systems with M = Re, W or Mo.

6,7 carried out an extended

Schrauzer and Mayweg
Huckel L.C.A.O. molecular orbital calculation on the

tris(dithioglyoxalates), M(3262H2)3, with M = Cr, Mo

104,



or W, from which they were &ble to predict the relative
energies of the molecular orbitals in the complexes.
They found that there is extensive delocalisation of

electrons in the ground states of these complexes.

8,9 carried out similar calculations

Gray, et al.
on Re(S202Ph2)3 but reached a different conclusion
about the relative ordering of the most important
levels. The energy level scheme obtained in this
calculation predicts that the unpaired electron is

in a molecular orbital which is essentially metal ion

in charazter.

Conductivity measurements 7 were made on

M(s with M = V, Cr, Mo, W or Re and R =

2CoRy) 3
H, CH3 or Ph by Rosa and Schrauzer. Their results

show that the rhenium complexes are the best conductors
of all, and they indicate that the unpaired electron
must be in a molecular orbital which is delocalised

over the whole molecular complex.

Several dithiolate complexes of vandium, chromium,
molybdenum, tungsten and rhenium have been investigated
polarographically 559 and it has been found that only,
the rhenium complexes Re(SZCQPPQ)j and Re(SZG6H30H3)3
exhibit oxidation waves corresponding to the formation

of monocations.

The magnetib data obtained from the tris{dithiolato)

complexes are relatively sparse. MNcCleverty and

10

coworkers have been unable to reconcile magnetic

10

A



moment measurements for the complexes [M(8202R2)3]2-

with M = V, Cr, Mo or W and R = CN or OF3 in the
temperature range 90 K £ T < 300 K with the molecular
orbital scheme constructed by Schrauzer and Mayweg on

the one hand and by Gray et al., on the other.

Initial e.p.r. studies of the tris(dithiolato) complexes

11,12

were carried out by Davison et al., on various

complexes of vandium and molybdsnum and it was concluded

that the values of g and of hyperfine interactions
obtained from these complexes could not be accommodated
by placing the unpaired electron in a molecular orbital
which had a large amount of mstal ion character:
Davison, et al. were forced to conclude that the
unpaired electron was localised inI;olecular orbital
which is principally ligand in chafacter. The
interpretation of e.p.r. spectra of vandium tris(mal-
eonitriledithiolens), V (mnt);&' has given rise to

some controversy. Atherton and Winscom 13 state that
the spectrum is consistent with a al configuration in

a distorted D3h crystal field and that the unpaired
electron lies in a molecular orbital waich is derived
principally from vandium 3dzz and dez orbitals,

while Whei-Lu Kwick and Stiefel '% state that the
spectrum is consistent with the assumption that the
unpaired electron is in a non-degenerate molecular
orbital compounded substantially from dez orbital

in p3 symmetry and it is strongly delocaiised on to

the sulphur ligand orbitals.

106
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The e.p.r. spectra of rhenium tris(dithiolato)
complexes in solutior at roam temperasture and in
magnetically concentrated samples have been reported 9.
In an attempt to more definitely identify the nature
of the ground states in these species, it was decided
to study their e.p.r. spectra in magnetically dilute

solutions at room temperature and at 77 XK.

4.2 Experimental

Tris(dithiolato) complexes of rhenium were prepared

by the following methods 9.

1: Re(Szczth)3 was prepared by mixing benzoin with

Phs10 in xylene solution, and the reaction mixture
was refluxed for 3 hours and then coocled and filtered.
Rhenium pentachlorids, ReCls, in ethanol was added to
the xylene solution and the resulting mixture was
heated for Y hours. The volume of the green solution
was reduced b& evaporating it in vacuum. The solution
was then allowed to stand overnight after addition of
hexane solution. The resulting mixture was filtered
and the filtrate was concentrated to give black-green
erystals. These crystals were collected, washed with

pentane and dried under vacuum for 14 hours.

2: Re(8206H30H3)3.was prepared by addition of ReClg
in CCla to a solution of toluene-3,4-dithiol in the
same solvent. The green mixture was then refluxed for

3 hours and the solution was cooled, filtered and
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reduced to small volumse. After addition of hexans
solution the mixture was allowed to stand overnight and
the resulting precipitate was filtered and redissolved
in CH2012. The CH2012 solution was filtered, and the
complex was precipitated by addition of pentane. The
resultant green precipitate was washed with pentane

end dried undsr vacuum for L4 hours.

These two complexes are soluble and stable in nonpolar
organi¢ solvents such as CClu, cﬁc;3, CH2012 and
benzene, giving intensely green solutions. The
purity of these complexes was checked by infra red
measurements in Nujol mull and in solutions and the
observed IR freguencies are in good agreement with

published data 9.

The e.p.r. spectra were recorded using 1024 solutions

for the measurements at room tempersture and 1OTHM

for the measurements at 77 K;V

The electronic spectra of these camplexes were recorded

on Unican SP700 and 800 spectrophotomsters.

43 Analysis of the e.p.r. spectra

The e.p.r. spectra of the complexes Re(szczPh,z)3
and Re(32C6H3CH3)3 each show a single line in chleoroform
solution at room temperature and in magnetically
concentrated samples. The extracted g values of 2.0151
for Re(S,CoPh,); and 2.0138 for Re(S;CgH;CHy)3 are

close to the spin-only value. Very hard dilution of
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these complexes in different thoroughly outzassed
solvents was trised in order to resolve the hyperfine
splitting if there is any, but all the spectra show
only one line. The lack of hyperfine splitting in
the spectra indicates that the electron is in an
orbital which has no rhenium metal crbital character
as will be explained fully later. The obssrved
spectra of these camplexes in chloroform ét room
temperature are shown in Figure 4.1. The ©+Pe«re
spectra obtained from magnetically dilute glassss

at 77 K of these complexes in different solvents

are characteristic of one unpaired seslectron moving
in an orbital which has rhombic symmetry, so that
the spectra can be interpreted in terms of a spin-

15

Hamiltonian of the form
4= By H.g.S + S. A I

Where, once again, g and A are the anisotropic g and
hyperfine tensors, and it is assumed that the two
tensors can be simultansously diagonalised. The glassy
spectra of the camplexes were analysed in ﬁenms of a
superposition of six Kneubuhl curves of the type
described in detail in Appendix C and the principal
components of the g tensor end the hyperfine tensor,

A, can be.obtained from it with the help of computer
programme, whereby it was possible to simulate the
spectrum by the methods described for ReOClLlL and its

adducts. The observed and calculated spectra of
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Re(SZCZPhZ)3 and Re(SZC6H30H3)3 in chloroform togethsr
with ReOClu at 77 K are shown in Figure L.2 and the
spin-Hamiltonian parameters obtained from these spectra
at room temperature and at 77 K are listed in Table 4.1.
The spectra of the tris(dithiclato)-rhenium complexes
in solutions at room temperature and at 77 K are guite
different from the spectra of ReOClu. The principal
components of the g-tensor in ReOClu differ very
marksdly from the spin-only value of 2.00232 while in
the tris(dithiolato)rhenium complexes the g-tensor
components are close to this value. In addition, the
hyperfine interactions in ReOClu are very large whilg

in tris(dithiolato) complexes they are very small.

All these results indicate that the unpaired electron
in the camplex must be localised in an orbital which
has no metal orbital character and in fact all the
observed spectra of tris(dithiolato)—rhénium complexes
are very characteristic of sulphur-containing organic

radicals 16’17.

Lel4 The elsctronic spectra of Re(szczth)3 and Re(8206H30H3)3

The frequencies of the band maxima 2 observed in

the spectra of these complexes in CHC;S are given in
Table 4.2. An example of the spectrum for Re(SZCQPhZ)3
in CHCl3 below 30,000 cm._1 is shown in Figurs L.3.

The bands observed in the caunplexes spectra in CHCl3

solution below 30,000 — can be summarised in the
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following wey:

1. A weak absorption band is observed at 8230 e ! in

the spectra of RS(SQCZPh2)3, and as shown later this
band may be assignable to a transition in which an
electron is transferred from a filled bbnding orbital
to the orbital containing the unpaired slectron. This
band is shifted to lower energy in the spsctrum of
Re(8,C¢H3CH3) 3.

2. A strong absorption band is observed at 14200 cmf1,

which mgy be duse to the transfer of the unpaired
electron in the complex into empty antibonding molecular
orbitals. This band is shifted slightly to a higher

energy in the spectrum of R6(8206H30H3)3.

3. Another stirong absorption band is observed at

25100 cm™! which again may be due to the transfer of the
unpaired electron into empty antibonding molecular
‘orbitals. The intensity of this band is less than the
second band observed at 14200 cm '. In Re(8206H30H3)3

this band is observed at slightly higher energy.

The simiiarity of theAelectronic spectra of
Re(SpC,Ph, )3 and Re(S,CgH3CHz)s in solutions indicates
that the electronic structures are very similar for
these two complexes. In sddition, the solid state
spectra 9 of these camplexes do not differ signif-
icantly frﬁm the solution spectra. This indicates that
the electronic structures of these complexes ars very

similar in the solid state and in solution,
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Table 4.2

Band maxima (cmf1) in the electronic spectra of

Re(8,C,Phy);  and Re(S,CqH3CHz)3 in chlorof orm.

Complex Band maxima

Re(SzczPh2)3 8,230

’ 14,200
23,400
14,380

L LE . 24,950
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4«5 Molecular orbitals in tris(dithiolato)-rhenium complexes

2’3, shows that in tris

Crystallographic analysis
(cis-1,2-diphenylethene-1,2-dithiolato)-rhenium,
Re(8,C,Phy )5, the central rhenium atom is surrounded by
an almost perfect trigonal prism of six sulphur atoms.
The average Re-S distance is 2.325 &£, and the average
S-Re-S angle is 81.4°. A perspective drawing of the
coordination geometry is shown in Figure L.4. The
coordination géometry of the complex is D}h and the
over-zll molecular symmstry belorgs very nearly to
the point group C3h‘ The phenyl rings are twisted
out of the planes of the chelate rings and do not
appear to conjugate with the rest of the structure.
Molecular orbitals for this complex can be constructed
from & basis obtained from the 5d, 6s and 6p rhenium

orbitals and twenty-four ligand orbitals. Thess

ligand orbitals fall into the following categories.

1) 8ix o« -orbitals sare derived from the sulphur sp2
hybrids which point in towards the central rhenium
atonse.

2) Six Aqrp-orbitals are derived from the sulphur sp2
hybrids oriented at 120° to the o -orbitals.

3) Twelve Trv orbitals are derived from the three sets
of four ligand T -orbitals which lie at right angles
to thé planes of esch of the three chelste rings.
These are delocalised over the S5-C-C-S frameworks and
are designated in order of increasing snergy as

1M, 2Ty 3T, end 4Ty, respectively. The 3T,

orbital derived from the dithiolate residue involving,
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Coordination system for

Figure L.lL.

trigonal-prismatic rhenium complexese
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for exsmple, 8; and S, is designated 33'(,;(1,2), end is
shown schematically in Figure 4.5. The ligand 3T v
and the 54 orbitals of rhenium have cocmparable energiese.
In the D3h group these thirty-three basis orbitals fall into
9

the symmetry classes as shown below

Repres- Metal-ion Ligand orbitals
entation orbitals

. 1 4
A.; 53,25 68 43(6’1 +6, +65 +15“L+ +65 +o’6)

é(wh M, +Ts HT 4T 4R

A - 1 for (1,2)+2m (3, 4)+2m, (5,6)]
3 .
| B L (1, 2) 447, (3, )44, (5,6)]
Al - J.l[zru 2)41%,(3,4) + 17,(5,6) ]
\,; [3w,(1,2)+3% (3,4)+ 3%, (5,6)]
C ' . ,
A 6p, \% (o’1 +6% 405 =0 =6, —0g)
1 -
7 (Tny *Th3 +Thg =T, —Sny, -3ng)
E' 5dyy354 - -, -
dyy35d o _y2 5_3 (20) -5 05 + 20, ~¢}, - )
6Dy 3 6py‘ .}2 (65 =0 +&), =)
1 (emw,.4 -TC T + 2R i )
25 hi n3 h5 hiy "hé



[17,(3,0) - 1x, (5,6)]

-

2 [mv (1,2)] - 1M _(3,4) - 1“,,(5,6)}

Sl &

{
[374(3,4) - 37.(5,6)]
i

2 3, (1,2)] = 30,(3,4)-37, (5,6)]

M-

E" 5dyy 5y,

(2@1 -e'3 -55 - 26, *da +¢r6)

N

3

- (SR B

o5 (2 -Mpz ~Fs = 2M 5 +T, +T0)

3 (Mpz =Wy, M5 +Te)

17, . |
& [2T4(3,8) - 27, (5,6)]

%{2 [jS(v (1,2)] - 27 (3,4)-2T,(5,6)]

o [M-“,(s,u) - itr, (5,6)]

Ale [wm,01,2)] - (3,104, (5,6)f

Standard Hickel calculations lead to the energy levels
and molecular orbitals availabie to the complex, and the
electronic configuration for its ground state can be
obtained by feeding forty-three electrons into these
levels. Two groups of workers have, separately, carried

out such calculations and have reached rather different
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conclusions regarding the location of the unpsired

electron in the rhenium tris(dithiolates).

Schrauzer and Mayweg have derived 6 the energy
level diagram shown in Figure 4.6 and they conclude
that the electronic configuration for the ground states
of the neutral complexes M(8202R2)3’ M = Cr, Mo or W is
(3a:)2(ael)u. In these, the ue' molecular orbitall
is formed from a linear combination of the lowest
antibonding (E‘) ligand T -orbital (41%), the sulphur
sp2 (17%), and the metal 'd and p orbitals of (E‘)
symmetry (25% and 174 respectively). The next lowest
unoccupied molecular orbitals are the 58' and zaé
orbitals. The 564 orbitals are, "camposed similarly
as hei, but over a relatively broad range of metal

input Coulomb terms always have somewhat greater metal

f
2

: : t
orbital, and the relative energies of the 5e' and. 2a2

character than ue{". 2a,. is & pure ligand W -molecular
orbitals deﬁend critically on the input parameters
employed in the Huckel calculation. .Paramagnetic
resonance measurements on the monoanions M(SZCZRz); ;s

M = Cr, Mo or W indicate significant metal character

and are consistent with the ground state configuration
cesenans (3a:)2 (ue‘)” (531)1, and, furthermors,

they definitely rule out the configuration eeecceccecess
! t :
(381)2 (ue')u (2a2)1 in these ions.

' 8
Stiefel, Eisenberg, Rosenberg and Gray ’9,

independently and almost simultaneously, carried out

similar calculations on Re(S2CZPh2)3. Their ordering
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of the molscular orbitals diffsrs from that of Schréuzer
and Mayweg and they conclude that the ground state
electrenic configuration is eeeeee (he')u (2aé)2 (3a‘)1:
part of their energy level diagram is shown in Figure L.7.
Their (3a;) orbital is largely metal ion 5d o in
character. Their (ue‘) orbital contains considerable

5d and 3TTV character, and it is thoroughly delocalised
over 54, SGxg_yg and 3TW, basis orbitals. (2a;) is

a non-bonding linear combination of the ligand 3ﬂ'v

orbitalse.

The electron paramagnetic resonance spectra of
Re(szczPh2)3 and Re(SZC6H30H3)3 are not consistent
with either of the ground state configurations
...Q.QQ...Q(3a;)2 (L‘,e')u. (561)1 or M EEEEREEREEEEE

L 1,2 i1 :
(Le') (2a2) (3a’) proposed by these two groups
of workers, but are consistent with configuration
1,2 1.1 ‘
ceesesnenes (3a1) (L;e'))4 (2a2) rejected by the

first group.

4.6 Results and discussion

The ground states of the tris(dithiolato)-rhenium
complexes as predicted by Schrauzer and layweg and by
Gray, et al., are not consistent with the electron
paramagnetic resonance spectra or with the semiconductor
prOpertiéé of these complexes. The ground state
"configurations must be eeseeee (3aj)2 (Lm“))4 (2a;)1.

The results obtained from e.p.r. spectra and the
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semiconductor 7 and Voltammetric Properties 9 which
confirm this configuration can be summarized as

follows:

1. The analysis of the electron paramagnetic resonance
spectra of ReOClu shows that the unpaired electron is
in a molecular orbital which is a linear combination

of the 5d,, orbital of rhenium (67%) and a group
orbital (33%) derived from chloride ion 3px and 3py
orbitals. Strong spin-orbit coupling in ReOClu causes
the principal components of the g-tensor to differ
very markedly from 2.00232 and hyperfine interactions
in this compound are very large. If the unpairsd
electron in the tris(dithiolato)-rhenium camplexes

is located in the molecular orbitals predicted by eithsr
of the above mentioned two groups of workers, then

the e.p.r. spectra of these complexes would show very
large hyperfine coupling and cOnsiderablé anisotropy

in the g-tensor as was found in ReOGlu and its adducts.

The electron paramagnetic resonance spectra of the
tris(dithiolato)-rhenium complexes are guite different
fran the spectra of ReOClj. The small g-tensor
anisotropy is very characteristic of sulphur-containing
organic radicals 16’17. The vanishingly small rhenium
hyperfine coupling, almost certainly a direct dipolar
coupling, sets an upper limit of the order of 0.1% to
~the rhenium contribution to the molecular orbital
containing the unpaired electron in these dithiolates.
Thus the e.p.r. spectra show that the unpaired electron
in the tris(dithiclato)-rhenium complexes is in the

non-bonding (zaé) molecular orbital derived from the
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ligand 3va orbitals.

7 of tris(dithiolato)

2. Conductivity measurements
complexes of V, Mo, W and Re show that the rhenium
complexes are much better conductors than the,
essentially iso-structural, vandium, molbydenum and
tungsten compoundse. The specific resistances of the
so0lid complexes Re(82C2R2)3 fall in the range 103<ﬂf<f108
ohm cm., whereas the corresponding properties of the
molbydenum and tungsten analogues fall in the range
1012< < 1015 ohm cm« The lower specific resistance
of rheniumn complexes definitely rule out the ground
state configurations of Schrauzer and Mayweg and of

Gray, et al. for these complexes, and become natural
consequences of the proposed ground state in which

the unpaired electron is in the nocn-bonding (2a£)

molecular orbital.

The Voltsmmetric propertises of the rhenium tris(dithiolates)

are not inconsistent with the proposed ground state
2 i\l
)< (L4e')

this configuration the most loosely bound electron is

configuration ceeesececes (3a; (Zaé )1. In

placed right out on the outside of these camplexes,

i.e. in that region where it can most readily exchaﬁge
and teke part in redox reactions with neighbouring
molecules.

The specific resistances of the solid complexés of V, Mo,
W and Re together with thepﬁkmugraphic date are listed in

Tables 4.3 and 4.4 respectively.



Table 4.3

Resistivities of tris(dithiolato) complexes of

tungsten, molybdenun and rhenium.

Complex | R
WS606R6 Ph

PhGH3
MOS6C6R6 | H

CH3

C

Hs

Ph

Table L.L4

¢ ohms cm

L x 1013
3 x 10“*
1.4 x 1012
3 x 10“‘
107

L x 105

6 x 107

128.

Polsrographic data for tris(dithiolato) complexes of

tungsten, molybdenum and rhenium.

E 1, (V)
Complex n=1->n=0 N=0=-»n=-=% n==1-—->n=-2 ==2 —»n==3
Re( SZCZPhZ)r; +0.163  -0.340 -1.812 -2.591
Ro(8,CHsCHz)y  +0.387  -0.065  -1.577 -2.375
W(8,0Ph, )% -0.542 -1.135
W(S,C H3CHz)% 0. 247 -1.075
Mo(S,CoPhy) s ~0.489  -1.095 -2.92
Mo(8,CH3CH3) -0.219  -0.8% ~2.62
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The two sets of moleculer orbital calculations
and these deductions from e.p.r. spectroscopy can be
made self-consistent (i) by slightly altering
Schrauzer and Meyweg's input parameters, and thereby
lowsring the energy of their (ZaE) orbitel below their
(5ei) levels, and (ii) by raising the energy of Gray
and cowcrkers 3va orbitals. This produces the
energy level diagram shown in Figure L.8 gand leads
to a ground state electronic configuration sceececaeecs

(38})2 (461)u (2a'2)1 for Re(8202R2)3 conplexes.

The band maxima of the electronic spectra listed in
Table Y4.2 can now be assigned by using the resulting

molecular orbital levels as follows.

Band maxima (cm71) Transition
8,230 he! — 2a;
. T 1
- 23,400 ' 2a"2 — e

The lérge intensities of the observed bands are
consicstent with transitions between levels which have
sulphur orbital components and are expected to be

strongly allowed for electric-dipole radiation.
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4.7 Summary of Part IV

In this study the electron paramsgnetic resonance
spectra of the six-coordinated prismatic complexes,
Re(SZC2Ph2)3 and Re(Szc6H3CH3)3, have been recorded
in solution at 298 K and in magnetically dilute glasses
at 77 K. These 6.p.r. spectra are guite different
from those that have been obtained from the other
rhenium complexes that have bsen studied in Part II.
Each trigonal pyramidal rhenium complex shows a single
electron resonance signal in both magnstically
concentrated solid and in solution at room temperature.
The spectra of magnetically dilute glasses at 77 K of
the tris(dithiolato)-rhenium camplexeé show small
g~-tensor anisotropy and vaniéhingly small rhenium
nuclear hyperfine coupling. The smgll g-tensor aniso-
tropy is very characteristic of sulphur-containing
organic radicals and the vanishing small rhenium nuclear
hyperfine coupling, almost certainly a direct dipolar
coupling, sets an upper limit of the crder of 0.1% to the
rhenium contribution to the molecular orbital containing
_the unpaired electron in these complexes. Thé €.p.r.
spectra show that the unpaired electron in these

complexes is in a non-bonding molecular orbital derived

from the ligand TU -orbitals.

E.P.R., properties, electronic absorption spectra,
Voltammetric properties, the magnetic properties of
ions derived from Re(SZC232)3, and the unusually high

electrical conductivities exhibited by the solids, are



all consistent with an electronic ground state
configuration cecesecsiennass (39.'1)2 (}_;e" )14 (2a‘2)1

for these complexes.

The electron paramagnetic resonance spectra
and the optical spectra of rhenium (VI) in the
square antiprism and in the dodecghedron will be
illustrated with reference to the octecyano-rhenium

complexes in the following section of this thesis.
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PART V

ELECTRON PARAMAGNETIC RESONANCE AND OPTICAL SPECTRA
OF THZ OCTACYANGCRHENIUN CONPLEXES

5.1 Introduction

Although the structure of the octacyano complexes
of molybdenum, tungsten and rhenium is a topic which

has received a great deal of attention 1,2

, 1t is still _
not certein whether these compounds are dodecahedra or |
are square antiprisms. Energetically, there appears

to be little difference betwsen thesse two structurses 3.
The factors which should control the geometry of =a
complex, of which the most important are the metal-ligand
bond energies and the mutual répulsions of the ligands,
differ very little for the square antiprism and the
dodecahedron 1’2’3. The closed-shell ligand-ligand
repulsions are generally smaller for the antiprism by
about 1Kcal/mole, but this effect could be offset in
highly polar complexes by the coulombic repulsions

which, if account is taken of the shielding effect of

L

the metal atom, may favour the dodecahedron .

On the basis of X-ray diffraction analysis of
octacyanomolybdate MO(CN)éP; Hoard and Nordsieck -
found the structure of KuMo(CN)8.2H2O to be dodecahedral.

Weissmand and Cohn 6 found, however, that in

solution the isotropic coupling interaction with cl3

in KuMo(CN)a was nearly the same for all eight CN liganda,
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thus supporting the sguare antiprism structure where

. all the CN groups are eguivalent.

Stammreich and Sala [ found that the Raman spectrum
of an aqueous solution of the potassium salt of the
octacyanomolybdenum complex contains three lines in the
C=N stretching region. This obser#ation, coupled with
Hildago and Matthieu's report 8 of two bands in the
infra-red spectrum of the sclid, led them to propose
that the anion had a square antiprismatic structure in

both so0lid and solution.

McGarvey 9 carried out electron paramagnetic
resonance studies on KuMO(CN)B and on KL".“'J(CN)8 in
magnetically dilute glasses and in polycrystalline
samples. He found that the e.p.r. spectra of these
ions in solution are consistent with the sqguare
antiprism structure, but in the crystalline state,
the e.p.r. spectra however, are consistent with the
dodecahedron structure. Thus dodecahedron symmetry
has been forced upon the ion in the host lattice, but
the crystal field is relaxed in solution and the

square antiprism structure becomes more stable.

Support for the assigmment of solid Mo(CN)g- being
dodecahedral (Dzd) and its aqQueous solution being
square antiprismatic (Dud) have since come from the
infra-red and Raman studies of this compound which

have been carried out by Parish end his coworkers 10’11.
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10
The same authors conclude that the corresponding tungsten

compound has similar structure.

12 .
Hayes carried out similar e.p.r. studies on the
same complexes in magnetically dilute glasses and he

concludes, that the electron paramagnetic resonance
data favour a square antiprism structure for the fres

Mo(CN)g— and W(CN)g' ionse

The bonding in the octacyano complexes is des-
cribed from a valence-bond approsch in term of dusp3

hybrids. The crystal-field and ligand-field descriptions
show that one of the d-orbitals is strongly stabilised,

13-20

dxz y2 for a dodecahedron and d22 for a sguare antiprism .

Neither of these orbitals has the corrsct symmetry for
¢’ ~bonding.

No e.p.r. studies at all have been carried out on
the octescyanorhenium complexes and only meagre I.R. data
is available 21. It was thefefore decided to study in
detail the €.p.r., I.R. and u.v. spectra of these
complexes and to see whether these species favour the

dodecahedron or square antiprism structure in the solid

state.

5.2 Experimental

The pentavalent octacyano rhenium complex,

KzRe(CN)g, and the hexavalent, [PhuAs]sze(CN)a] , were

prepared by the following methods 21, 22,
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I) Potgssium octacyanorhenate (V), K3Re(CN)8, was
prepared by dissolving potassium hexsiodorhenate (IV),
K2ReI6, in dry methanol and the mixture was run into
a refluxing solution of KCN ir dry methanol. The
colour changed immediately from deep red to light
yellow-brown. The solution was refluxed for 10 minutes
more, and the brown solid which separated was then
filtered off, suspended in more dry methanol ahd
refluxed for 10 minutes. The brown product was
filtered off, washed several times with hot methanol,
and dried. The domplex is insoluble in all organic
solvents but it is very soluble in water to give a

brown solution.

II) Tetraphenylarsonium octacyanorhenate (VI),
[PhuAsjz[Iie(CN)s] , was made by oxidation of the
octacyanorhenate, K3Re(CN)8, in solution. K5Ra(CN)8
was dissolved in oxygenated cbld water, and the
solution ecidified with concentrated HCl. Immediate
addition of saturated tetrsphenylarsonium chloride
solution gave a purple precipitate of [PhuAs]Z[?e(CN)s],
which was centrifuged, washed thoroughly with water

and acetone and dried. The behaviour of the octacyano-
rhenate (VI) ion in solution is most unusual 21. When
agqueous K3R<a(czxr)8 in air is scidified, the purpls
solution formed is at first paramagnetic as expected,
but it becomes diamagnetic without further colour ghénge and
the change in susceptibility is exponential with a

half life of 5 f2ggconds. The paramagnetic complex
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EPhuASJZ[Re(CN)g] is insoluble in all organic solvents
but it is very slightly soluble in wster to give a

purple solution.

Infra-red spectra of these complexes were obtained

on KBr discs with a Perkin-Elmer 257 spectrophotometer.
Visible-u.v. absorption spectra of agueous solutions

of each compound were recorded on Unicam SP700C and

800 spectrophotomneters, using matched 1-cm guartz cellse.
The e.p.r. spectra of the paramagnetic species

'[PhuAS]z [Pe(CN)g] were recorded on polycrystalline
samples at 290K and at 77K.

5.3 Analysis of the e.p.r. spectra of ['_Phu._As]2 ERe(CN)S]

The hyperfine structure in the electron para-
magnetic resonance spectra of [Ph As], [Re(CN)g] was
well resolved in undiluted polycrystalline samples.
This unusual observation seems to be dus to the
reduction of the dipole-dipole interaction of neighbour-
ing unpaired electrons. The electronic dipole-dipole
interaction between neighbouring rhenium atoms in this
large molecule is so reduced, even in the concentrated
crystals, that the separate hyperfine components of
the spectra can be clearly resolved without resorting
to dilution with an isomorphous diamasgnetic compound.
Due to solubility difficulties encountered with this
complex the spectré were only recorded in undiluted

polycrystalline samples and the observed spectra



obtained at room temperature is shown in Figure 5.1.
The spectra at room temperature and at 77 K are

similar and are characteristic of one unpaired electron
moving in an axially symmetric orbital. Thus as shown
in the Appendix A, the spin Hamiltonian for this system

has the form 23

1
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2
30 = g1 4BgH S 42y B (H, Sy +H Sy ) +AS, I +B(S, T +5,I.)+q" [I5-31(I+1)]

ceensee 5.1

The quadrupole interaction in this complex is very small
s0 1t can be ignored. The spin-Hamiltonian parameters
derived from the spectra are given in Table 5.1. All
the spectra are characteristic in which A > B, with
little anisotropy in the g tensor components. The valus
of A was obtained by measuring the separation of the

two sharp lines of the low and high field side of the

spectrum.

5.4 Visible-u.v. spectra of EPhuAs]z[Re(CN)S] and

KjRe(CN) 8

The band-maxima observed in the spectra of
[?huﬁsjzlhe(CN)é]and K3Re(CN)8 in aqueous solution can

be summarized as follows:

a) EPhuAQ]ZERe(CN)B] shows a weak absorption band at

1

18,870 cm~' which; from its position and intensity, is

almost certainly a d-d transition, involving the transfer



140,

009¢

Y062 38 _”wazovom”_ m_“m4:zm”_ Jo otdues euyTT818LI0AT0d JO unajoeds I deg  *}°G eandvg

o/H

oohe : 002¢ - 000¢

| e




141.

of the unpaired electron to an empty antibonding orbital.

This band is shifted to higher energy in the case of

the diamsgnetic complex, KBRe(CN)g, which involves a
transfer of one of the paired electrons to an empty

antibonding orbital.

b) [PhuAs]2[?e(CN)8]shows a strong absorption band

at 33,330 cm71. This is assignable to a transition
in which an elsctron is transferred from a filled
bonding orbital to the orbitel containing the unpaired
electron. This band is shifted to lower energy in
K;Re (o) g |

¢} Other strong absorption bands at 39,200 and 36,360 cm.—1

have been observed for [PhuAs]z[?e(CN)S] and K3Re(CN)8
respectively, which may be assigned to charge transfer

bands.

The u.v.-visible spectra of [fhuAs]z[?e(CN)é] and
K3Re(CN)8 in agueous solution are shown in Figures 5.2
and 5.3 respectively and the freguencies of the Wand

maxima of the two complexes are listed in Table 5.2.

5¢5 Infra-red spectra of K3Re(CN)8 and [PhuAs]z{Re(CN){i]

The infra-red spectra of KBRe(CN)B and [Ph“As]z[?e(CN)8]
iﬁ the solid phase (KBr disc) have been measured in the
- range 1900~-2200 cm71, since this region of the spectrum
covérs the C=N stretching frequencies and is very

important for structural determination of the complexes.
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The infra-red spectra of KjRe(CN)8 in Nujolmulls have
been reported by Wilkinson and his coworkers 21., They
observed three bands for the cyanidse strefching fre-
quencies at 2140, 2100 and 205C cm ', but no definite
conclusions emerge from their work. e have, therefore;
re-examined the infra-red spectra of KjRe(CN)B in

KBr discs in the range 1900-2200 cm71. These spectra

show two strong sharp bands at 2130 and 2050 cm™

together with two other weak bands at 2095 and 2080 em 1.
As will be discussed later the infra-red spectra of
K3Re(CN)3 are consistent with the dodecahedron
structure. The infra-red spectrum for the C=N
stretching region is shown in Figure 5.4. The C=N
stretching bands of [?huAs]zlﬁe(CN)s] in a KBr disec

are not well resolved and the spectrum shows a super-

position of several peaks centred at 2070 cmf1,

Many attempts were made to resolve this spectrum,
including varying the concentration of the sample in

the disc, all without success. This spectrum is

shown in Figure 5.5. C=N stretching freguencies

in these two complexes are shown in Table 5.3.
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1

Figure 5.4. Infra-red spectrum of KjRe(Cl\I)8
in the C=N stretching fregquencies region at
290K,
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Figure 5.5 Infra-red spectrum of [Ph)As];[Re(CN)g]
in the C=N stretching frequencies region at 29CK.
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Table :éo 1

Spin Hamiltonian parameters for a polycrystalline

‘sample of [PhLLAs] 5[Re(CNg)] at 290 K. The hyperfine

coupling tensor components are in units of cm"1

Limits of error are gy4 and g ¥o. 0003, A and B
£ 0,00002 om

£11 g1 A B

————— eeeetm | o 0 s

[Pnyas] o [Re(OM)g]l  1.9925 2.0005 0.00893 0.00765

Table 5.2

Band maxima (cm"1) in the visible-u.v. absorption

spectra of agueous solutions of [PhLLAS]Z[Re(CN)B]‘
and K3Re(CN)8 at 290 K.

Compound Absorption band
[PhuAs]z[Re(CN)ES] 18,870; 33,330; 39,200
K3Re(CN)4 23,800; 32,780; 36,360

Table :203

Infra-red absorption frequencies (cm"1) in the C=N
stretching region of solid ssmples of[PhuAs]z[_'Re(CN)s]
and KjRe(CN)S at 290 K. ‘

Compound Cyanide stretching freguency
' 2070
[PhuAs] 5 [Re(CN) 8] 7

1«:317«3(01\1)8 2130; 2095; 2080; 2050



5.6 Theory

The eight cyanide ligands around the central rhenium
atan could possibly be arranged 9 in one or other of

five different ways as follows:

1« A cube which belongs to 0, symmetry with degenerate

| d22 and dxz_yz orbitals as the highest occupied

orbitals.

2. A square antiprism which belongs to Dad symme try
with dZ2 as the highest occupied orbital.

3« A dodecahedron of Dzd symmetry in which the qu

orbital is the highest occupied orbital.

4. A trigonal prism with ligends in the centres of

the two end faces, belonging to D3d with

degenerate qu and qxz orbitals as ths highest

-y2
occupied orbitals.

5. A trigonal prism with ligands centred cn two side

faces, belonging to C

symmetry, with dx2— 2

ov
orbital as the highest occupied orbital.

J

The energy level spacings for each above symmetry have
been calculated 2 from crystal field theory and are

shown in Figure 5.6.

The dodecshedron and square antiprism structures are
both obtained by distortion of a cube® as shown in
Figurs 5.7. By rotating a pair of opposite faces in
the cube until they are mutually at u5°, the sguare

antiprism structure is obtained and the final symmetry



1o

i
N y—
°y
by |
by S
% v .
bg wi
°q v T _
ty
3
g Cq %z
A P ‘
%y ‘a P2q Mg Y

‘m038 TEYOW TBIJUSD B 3NOQe £863I8YD JueisBAfnde ydte Jo
sjueweSuBaae oTqT8s0d 6ATJ UT STBITQIO0-p J0J Jutrl3trds PreTI~-T8394a)

9°¢" eandtd




1504

Figure 5.7. Distortion of the cube to form (a)
the dodecshedron (b) the square antiprism.
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is Dud' In the resultant structure ali ligands around
the central metal ion are in equivalent positionse.

To obtain a dodecahedron from the cube, the latter is
divided into its positive and negative tetrahedra,

one of which is elongated and the other flattened

along the same axis. Thus the ligands in this case
form two non-equivalent sets and the final symmetry

is Dpg. ihen the antiprism is viewed along ons of

the minor two-fold axes, the corresponding angles are
very close to the angles of the dodecahedron, but the
two polyhedra differ fundamentally in the twisting
about. the major exis. When the polyhedra are distorted
the differences between them becomes less marked.
Energetically, there is very little difference between
the dodsecahedron and ths squere antiprism structures.
The valence bond approach was used to obtain gualitative
results about the bonding in eight-coordinated complexes 13-20
The orbital not involved in ¢ -bonding in both the square
antiprism and in the dodecahedron is of the propsr

symmetry to form T -bonds with ligands. In the sguare

antiprism this orbital is a dzz orbital directed slong

the 8-axis and is therefore equally suitable for W -
bonding to any or all of the ligand atoms as shown in
Figure 5.8. In the dodecahedron structure, however, it
is the dkz—yZ orbital which has the proper symmetry to
form T -bonds with the ligands and since this orbital
lies in the XY plane, it can form a ¥ -bond only to

ligands atoms of type B as shown in Figure 5.9.
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dzg orbital

Figure 5.8 View of the sguare antiprism and the dzg
metal atom orbital available for
W -bonding with the ligand atomse.

Zz
PN
1
]

~

dxz_yz orbital

Figure 5.9 View of the dodecahedrion ard the dxz_' o
metal atom orbital availsble for y

- ft-bonding with the ligand atoms.
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In axial symmetry the sz and dyz orbitals are
degenerate so that the elsctron paramagnetic resonance
spectrum of the octacyano complex shows that the
unpaired elsctron must be in the dxg_yz, or in the
dxy or in the dzz orbitals. Assuming the electron to
be in a pure d-stomic orbital and by using second-
order perturbation theory 9, we can readily see that
if the dxz_yg orbital is the highest occupied orbital,
then the parameters of the spin Hamiltonian are given

by the following equations

8 S

E(dyy)-E(d,2_2)
3(axz,dyz)—h(qx2_y2)
tes o 5.2
A=P [— K - 57-‘ + (gy4 - 2.0023) +% (g1 - 2.0023)]

2 11
B=P|-K+%< 4+ — - 2.0023)
[ 7 ™ (81 ]
where § is the spin-orbit coupling constant, P =
-3 . . .

2.0023 gy BN p{r >av’ and K is the isotropic
contribution to the hyperfine constant due to polari-
sation of the inner electron spin density by the

unpaired d-electron. The same equations are also

obtained when the dxy orbital is the highest occupied

orbital except that x2-y2 and xy are interchanged.
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On the other hand, if the orbital d22 is the highest
occupied orbital, the upove parameters are given by

the following equations

2,0023 - 65§
E(dxz’dyz)'E(dZZ)

L

ceeee 5.3

I
]
Ly ]
i
!
=
+
~LE

_1
7 (g, - 2.0023) ]

v e

n

*d
™~

C

H

1
VI [V

—% (g4~ 2.0023)]

5.7 Results and discussion

The infra-red spectrum of the diamagnetic camplex,
KBRe(CN)B, and the electron paramagnetlc resonance
spsctrum of the paramagnetic complex, [Ph As] [Re(cN)S]
are characteristic of dodecahedral structures. The

results obtained can be summarized as follows.

I. It is possible to distinguish between the antiprism
and dodecahedron structures from the number and intensity
of the peaks observed in the I.R. spectra for C=N
stretching. The activities and symmetries of the C=N
stretching modes expected for various possible
configurations 1 ere shown in Table 5.4« This table
shows that the Dua and D,y configurations have two and

four infrs-red sctive C=N stretching modes respectively.
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Table 5.4

Correlation of C=N stretching modes for various symmetries.

?_3 D2d Oh Dq&

A'Y ——— Ay inact:———~-——-A1 ginact——-————A1 inact

At

-—————————Bz‘i B2 i
///////,// 1u \\\\\\\\\
Ei | EH i ‘ ,
" . ‘

A1l

Ajinact Aoyinact

A'l

Ati Ezinact

By 1 o
A'i } nginact
£ 1 -

A"i

a4

E3inact

i = infra-red active, inact = inactive




Thus the Dud symmetry requires two bands in the infrs-
red spectra of the C=N stretching region while D2d
symmetry requires four bands. Further distortion of

the dodecahedron may occur as g result of crystal
packing and the symmetry in this case is iowered to CS
such that the two E modes in the D2d symunetry will split

to give two bands of comparable, but probably not

identical intensity.

It has already been noted that the infra-red spectrum
of KBRe(CN)B in the solid state contains two strong
sharp bands and two weak bands in the C=N stretching

freguency region. This observation immediately excludes

O

D2d symmetry. 3By regarding the dodecahedron as a

distorted cube, the T

Dud and CS symmetries and it is consistent with

1u modes Will always be strongly

infra-red active, while the intensity of the ng group
will be strongly dependent on the distortiocn. mﬁggée,
the bands observed st 2130 and 2050 cm™ ' may be assigned
to T1u modes and the weak bands observed at 2095 and
2080 cm | assigned to Tyg modes. Thus the I.R. spectrum
of KBRe(CN)S in the solid state is consistent with the

dodecahedron structurs.

The I.R. spectrum of the paramagnetic complex

EPhuAs]zﬂRe(CN)é]in the solid state is not well resolved

and shows a superposition of several bands so that it is

impossible to use these spectra to determine the structure

of this complexe

1560




2. The e.p.r. spectra of [PhuAs]2[36(CN)8] in poly-
crystalline samples are characteristic of an axially
symmetric system in which A is greater than B and
with little difference in g-tensor components.

As can be seen from egquations 5.2 and 5.3, if the
unpaired electron available for the complex is located
in the dzg orbital, belonging to the highest occupied
orbital of the square antiprism structure, then the
hyperfine coupling A must be less than B and g4 must
be less than 844+ On the other hand, if the unpaired
electron is located in the dx2—y2 orbital belonging
to the dodecahedron structure, then the hyperfine
coupling A must be greater than B and g4 must be
greater than g1 Thus the e.p.r. spectrum of
EPhuAs]ZCRe(CN)S]can only be explained by assuming
that in the polycrystalline solid, the structure of

this complex is a dodscghedron.

The small size of rhenium hyperfine coupling and the
small énisotropy in the g and hyperfine tensor
components of this camplex indicates that the rhenium
d-orbitals must be very mixed with the cyanide orbitals

in the formation of the complexe
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5.8 Summary of Part V

The electron paramagnetic resonance spectra of
magnetically undiluted polycrystalline [PhuAs]2[Re(CN)8]
has been recorded at room temperature and at 77 K.

The spectra are characteristic of an unpaired electron
moving in an axially symmetric orbital in which the
Vhyperfine coupling A is greatsr than B, and the g-
tensor components are almost identical. Fivs
different arrangements of the cyanide ligands around
the rhenium atom have been considered. They are:
a’cube, a square antiprism, a dodscshedron, a
trigonal prism with ligands in the centres of the‘two
end faces and a trigonal prism with ligands centred
on two side faces. Only the dodecahedron structure
is consistent with the e.p.r. results for the
paramagnetic complex [?huAs]z[Re(GN)a]. . The small
size of the rhenium hyperfine coupling and the small
anisotropy in the g-tensor components of this

complex indicate that the rhenium d—ofbitals must be.
very mixed with the cyanide orbitals in the formation

of the complexX.

The infra-red spectra of the complexes, KBRG(CN)B’ and
EPhuAs]ZERe(CN)a] have been recorded in solid phase at
room temperaturse. The infra-red spectrum of K3Re(CN)8
contains two strong sharp bands and two weak bands in

C=N stretching region. Since the dodecghedron with

D, symmetry has two strong infra-red active C=N



stretching modes and twoweak modes, thereforse, the
infra-red spectrum of K3Re(CN)8 is consistent with
this structurs. The infra-red spectrum of
[PhuAS]z[Re(CN)S] is nov well resolved and shows
superposition of several bands, so that it is

not possible to get information from this spectrum

about the actual structure of this complex.

So far we have discussed the e.p.r. spectra

and the electronic structures of the rhenium ion

in different enviromments; in the square pyramid,

in the axially distorted octshedron; in the

trigonal-prism and in the dodecahedron.

" Manganese (VI) in a distorted tetrahedron will now

be discussed in the last part of this thesis.
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PART VI

AN ELECTRON PARAMAGNETIC RESONANCE STUDY OF DICHLO-
RODIOXOMANGANESE (VI), MnOZCI

2

6.1 Introduction

Electron paramagnetic resonance spectroscopy has
been used to study some complexes containing vanadium

910, chromium (v) 1,

(Iv) 1-8, niobium {(IV)
molybdenum (V) 2 ang tungsten (V) '2 in tetrahedral
or pseudotetraghedral environments. The only

previously reported study of Mn (VI) in a tetrahedral

. 13,14 . ‘ 15
L in K2Cr04 and in BaSOu R

system concerns MnO

Provided weak iuteractions are ignored, the ground
state of a d1 ion in a pure tétrahedral ligand field
has two-fold orbital degeneracy. ©Small deviations from
pure tetrahedral symmetry remove this degeneracy and
result in excited states which are very close to the
ground state. Low-lying excited states in their turn
cause spin-lattice relaxation times in nearly tetrahedral
d1 complexes to be very short, so that often electron
paramagnatic resonance phenomena can only be detected

in these species at low temperatures, e.g., at 4 K.

At these low temperatures relatively small deviations
from tetrahedral symmetry can bring about large changes
in the wéy in which the unpaired electron is distributeq
in these molecules, and can very markedly effect their
electron paramagnetic resonance properties. At 4 K for

EP-L .
example, in the tetrahedrsl NnO L ion doped into KzCrO&,
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the unpsired slectron lies 13,14 essentially in the

34 orbital of the Mn'l ion, wherees in Mn0>~ doped

x2—-y2 4
into Basou the unpaired electron lies 15 in an orbital

derived from the 3d22 orbital of the central metal ion.
In both cases considerable delocalisation on to the

ligands also takes place.

Sexivalent manganese appears to be confined to the
manganate ion and to the oxychloride, Mn02012. The
magnetic properties of ths latter compound have not
been reported and so we have carried out a detailed
analysis of its 6.p.r. spectra in order to obtain
information sbout the effects of the extra axiasl ligand
field component on the electron distribution, and on

the paramagnetic properties of this molecule.

6.2 Experimental

Dichlorodioxomanganese(VI), un0,Cl, was prepared
by reducing permanganyl chlorids, MnOBCl, with sulphur
16

dioxide by Briggd s method. The permanganyl chloride
was prepared by slowly adding powdered potassium
permangsnate to a mixture of chlorosulphonic acid (20 ml)
and 97% sulphuric scid (10 ml) kept at —60°C. SO, gas

(3 muol.) was then added to this mixture at —60°C and
reduction was effected by allowing the temperature of
the mixture to rise to 0°C and then guickly cooling it

to -60°C. The ln0,Cl, was purified by distillation at

-30% on a vacuum line which incorporated two traps,

the first held at -30°C and the second, containing



purified carbon tetrachloride, held =zt —6800. Mn207

and HSOBCI collect in the first trap and the MnO,Cl

2°72

is distilled into the -68°C'trap. Solutions of Mn02012
in CClu obtained in this way were then thoroughly
out-gassed and sealed off on the vacuum line and their

spectra recorded immediately.

The 6.p.r. spectrum of MnO2Cl2 was recorded at 77 K in
3

about 10 ~M CClh solution. This spectrum could still
be observed at 298 K for a short éeriod. Visible -u.v
spectra were recorded, in CClu solution, on Unicam

SP 700C and SP 800 spsctrophotometers. The observed

absorption maxima, y) ., and approximate estimates

max
of extinction cosfficients, E;. s are

N -1 E A i

Y nax (o27) 3
16,200 ' ~- 100
21,500 ' ~.1100
32,000 1200

The first of these is assigned to weak d-d transitions
and to more intense cherge-transfer transitions. The
second and third are assigned to charge-transfer

transitions.

6.3 Analysis of the 6.p.r. spectra

Mn02012 gave a broad six~lines spectrum in CClu at

298 K due to the interactions of one unpaired electron

with an applied magnetic field and with one manganese
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nucleus; the nuclear spin-quantum number, I, for 55Mn
(natural ebundance = 100%) is 5/o. This spectrum
could be interpreted using the usual isotropic spin

Hemiltonian 17,

u = go Be§.§ < Ao §.I esese 6-1

The values of g, and A, obtained fram the CCl4 solution

spectrum of Mn02012 are listed in Table 6.1.

The e.p.r. spectrum obtained from magnetically dilute
glasses of MnO,Cl, in CCl,, at 77 K is shown in Figure 6e1e
As shown in Appendix A, expressions for the observed
resonant fields can be obtained using a Hamiltonian

of the form 17

. 2
88 = Bg E. g.8 + S.AI+Q [I_-3I(T+1)]
L X W N 3 6‘2
It is assumed that MnO,Cl, has C,y symmetry, and that
55

the principal axes of the g-tensor, the Mn hyperfine
interaction tensor, A, and the 55Mn nuclesr gquadrupole
coupling tensor, Q', all coincide. Since the analysis
showed that only the canponent:&éz of this last
interaction is significant, the spin-Hamiltonian used

was of the form 17

U= Be [gxxﬂxsx + gyijSy + gzszSz] +‘AXXSXIX * Anyny +

>l) 2 4

AzzS;I, + Q' [15 - 41 (141)]
ceesaae 6‘3

where, x,y, and z are the principal sxes of the g, A and Q'

tensors.
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16

The e.p.r. spectrum wes analysed by fitting it to

18

curves of the type described in Appendix C.

1 /: e '
st)=em)F 5T T g7, () exp [armP(eP) ] an
mI=—S/zH= -0 1 ’

®esaee 6.L|-

where SmI(H) is a Kneubuhl function and B is an
appropriate Gaussian broadening factor. Reasonable
sets of values of Hx’Hy and Hz fp: each value of m,
can be taken directly from the experimental spectrum
and iterative computational procedures then used to
obtain the best match of the derivative of the calcu-
lated function S(H') to the observed spectrum. When
the resonant field values H, Hy and H, obtained when
the magnetic field lies along the principal x,y and

z directions are known, then the principal g- and A-
tensor.components, and the 55Mn nmaclear guadrupole
coupling parameter, Q', can be obtained from the
following relationships 17,13 which are derived from

genersl equation B29 of Appendix B.

-1 -1
B, = hy, (g, Bg) - he(g,, Bg) — Ay Mp -

. ] |
he (bgy, B V)™ [a2g + A5 ][1(1+) = m*1] ool 6.5

- -9 . - P
= b V(g By) ! “holexePe) Axxir-ne®(hgyByV,) T (Asy +

e
|

a2 ) [1(1+1) - n2]
- hc(zgxxﬁeAxx)"1a'2[21(I+1 )-2m‘:°‘[ -1 ] my

e e e s 6.6



where V, is the frequency of the micrcwave radiation
used in recording the e.p.r. spectrum, and A-tensor
components are in units of cm . Hy is obtained from
6.6 by interchanging subscripts x and y. The spin-
Hamiltonian parameters obtained in this way are listed
in Table 6.1 : analysis shows that the signs of Ayrs
Ayy and Azz must all be identical. A spectrum computed

from 6.4 using these spin~Hamiltonian parameters is
shown in Figure 6.1. Although we have not included them
in the computed spectrum, weak formally forbidden

transitions, Ams = 1, AmI =1 1 and amg = * 1,

Aﬂ&:= b 2, can be seen on the observed spectrum‘on
Figure 6.1. Their positions and relative intensities
are consistent with the parameters listed in Table 6.1.
The large broadening parameter B , and the broad 30
gauss peak-peak lines observed in derivative spectra
obtained from this compound at 295 K, both indicate
that the unpszired electron interacts markedly with

the chlorine nuclei, but we have not been able to

resolve these spectra furthsr.

One of the principsl camponents of the g-tensor is
larger than the spin-only value, a situation unusual
in d1 complexes. This, as will be explained later,
is shown to be due to relatively large spin-orbit

coupling at the chlorine atomse.
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6.4 Extended Huckel molecular orbital calculation

of Mn02012

As was described in Part II, in order to use the
spin-Hamiltonian parameters to obtain detailed informa-
tion sbout the electronic distribution in the compound,
estimates 6f the values of the spin-orbit coupling
constent, § , and the parameter P = 2.0023 gy B A (Y[r™|V)
for the manganese ion with the sgppropriate cherge and
configuration were needed. Since no estimates of the
charge and configuration of the manganese ion was
available, for compound of this type, an extended
Huckel molecular orbital calculation was therefors

carried out on the Mn02012.

The general procedure used in this calculation is
similar to that for ReOClu described in detail in
Part II.

. 20
The molecular geometry was assumed to be as in Cr0,Cl, .

The Mn~0 distances was taken to be 1.57A° and the Mn-Cl
distances to be 2.124°., The angles 0-Mn-O, O-Mn~Cl and
Cl-Mn-Cl were taken to be 105°, 109° and 113° pespectively.

Using the coordinate system in Figure 6.2, molecular
orbitals in this compound can be described in terms

of basis orbitals derived from
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i) the 3d, Us and Lp orbitals of the manganess ion,
ii) chloride ion 3s and 3p orbitals,

iii) oxide ion 2s and 2p orbitals.

In the sz group these 25 basis orbitals can themselves

be grouped as follows:

Class Ay : A2
Manganese ion ULsj;hp_;3d,0;3d 3 '
orbitals A S & %xy

3\

Chloride ion 3Px(A1)viz(3PxA-3 ) 3py(A2)?J%(3pyA—3p )

o
orbitals 1 %3 I
3p, (4, )3‘5(3PZA+3PZB)
3S(A1)3§(38A+3SB)
, _
Oxide ion 2p_(4, )=1(2p_ -2p_ ) 2p.(A,)=~(2p. -2p_ )
orbitals T TRy TR yU2IN Y, R
1
2p (4,) ==(2p_ +2p_ )
z' ™M 102 Zy Zp
25(A1)=J-2= (2sA.+2sB)
By 22
Manganese ion  3d,,;lp, deé;hpy
orbitals
1 1
Chloride ion 3p. (By )==(3p, +3p, ) 3Py(Bg)ﬁ§(3P +3p, )
orbitals X T Ya 9B
1
3p (B )==(3p_ -3p_ )
2" "12 2y " 23
35(31)=J§(38A - 38B>
1
Oxide ion 2p,.(B4) =.1(2p +2p. ) 2p, (B,) = =(2p, +2p_ )
orbitals XV TZ VTR, T x J YTV, YR

1
2p,(B1) —@(ZPZA-2PZB)

1
2s5(8)) =gz(2s; = 28g)



Slater-type atomic orbitals of the kind described by

1, 21,22

Cusachs st g were used to estimate overlap

integrals Sij between basis orbitals i and j. These
are single exponents of the form N rn—1 e"ér, where
n is the principel gquantum number and «5 is the

orbital exponent. The chosen value 21,23,24 of S

. for various atoms are given below

Manganese Ls n=1L4 S =136
Lp n=14  §=0.80

34 n=3 §=2.22

Chlorine 38 n=23 $=2.20
3p " n=3 $=1.82
Oxygen 2s n=2 §=2.20.
2p n=2 S=1.95

The group overlap integrals obtained using these values
are listed in Table 6.2. Thé coulomb integrals, H,j
were set equal to the valence state ionisation potentials
of the appropriate basic atomic orbitals, ionisation
potentials for Cl  and 0%~ orbitals being derived from
data given in reference 25, and ionisation potentials

for central metal-ion basis orbitals, corrected to take

charge and configuration effects into account 25, being

obtained by the methods described in reference 25.

The resonance integrals, Hij’ were evaluated using the

Wolfsberg-Helmholtz epproximation 26

Hij - 0085 (Hii + HJJ)SiJ L I Y 6.7

172.
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and the secular equations disgonalised using standard
techniques. The computed atom charges and orbital

populations were then used to estimate new Hii
and the cycle of calculations then repeated until the

values

input and output charge associated with each atom

colincided.

The most important results of the molecular orbital

calculations of Mn02012 are listed below

1« The final estimated electronic configuration and
charge at the manganese ion turned out to be

Mn (eeee.. 3022821 04357 10336y 1d 4+ 0.486
‘respectively. The overall charge distribution in

units of the proton charge is

t

Atom Mn 0 Cl
Charge +0.486 -0.708 +0.465

The final eigenvalues and eigenfunctions are listed
in Table 6.3 and the resultant energy level diagram

is shown in Figure 6.3.

2. The unpaired electron is in the antibonding

molecular orbital A4, numbered 17, in Figure 6.3 and

starred in Table 6.3. This orbital is compounded out

of the d 2, d o, o orbitals of manganese, 3p, orbital
Z Xc-y

of chlorine and 2p, orbital of oxygen, and it is about

55% delocalised on to the chlorine atoms.
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‘Figure 6.3. Molecular orbital energy-level
diagram for Mn02012: A, metal-ion orbitals;
B, molecular orbitals; and C, ligand orbitals.
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5« Knowing the ionic charge and the configuration of
the mangsnese ion, the values of P and the spin-orbit
coupling constant 3 s for manganese in Mn02012 can
now be estimated. The plot of the free ion values of
the spin-orbit coupling constants 27, for manganesse
ions, against the charges on the ions, shown in Figure
6.4 shows that for manganese ion with a charge of 0.486
and a configuration 3d6'518, € =212 cm . For
manganese (0) in a 3d [ configuration § = 190 cﬁfj;
for manganese (0) in a 3d5u52 configuration, § =

295 a7, Promoting of an electron from a 3d to a
s orbital therefore increases 3 by 52 c:m.1 and

hence promoting C.7 of an elsctron from un*0s 480

(3d6.518) o Mn+O.L',86 (3&5'821 MSO.357 hp0'336)

) -1 -
increases 3 by 36 cm o 248 cm 1, Figure 6.5

shows a plot of § against P for various ions 27,28
of mangénese, from which it can be seen that the value
of P corresponding to § = 248 em™! is 0.0172 em™ 1.

Thus the values of § and P for manganese ion in

Mn02012'are

-1
248 cm

o
n

P =  0.0172 cm!

6.5 Equations relating the spin-Hamiltonian parsmeters

to the molecular orbital coefflcients in Mnozcl2

As can be seen fram the molecular orbital energy
level diagram the unpaired electron is in the antibonding

Ay molecular orbital. The general form of the A, orbital
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consists of a linesr combination of ths ten basis

orbitals which belong to this representation, but
in fact our molecular orbital calculations show that
in this particular compound only contributions from
the metal ion dxz—yZ and d,o> orbitals and from the
chloride ion 3p, and the oxide ion 2p, orbitals are
important. If the spin-orbit coupling is ignored
then this molecular orbital has the form

(1)

Y(a) = oy (aa + b3 o)4d, (Ay)
1 1 x2_y2 Z2 + 1 3pz 1 +

* (11) \ |
% 4 20, (A1) ceee. 6.8

It can be shown that spin-orbit coupling at the central
metal ion and at the chloride ions causes considerable
mixing of two kinds of excited state into the ground
state of this molecule: these excited states are
produced either by promoting the unpaired electron
into the empty antibonding orbitals of By, B, or A,
symmetry which lie immedistely above Y;?A1) in
Figure 6.3, or by promoting an slectron into this
\Y?Aq) orbital from the filled bonding orbitals of
By, B, or A, symmetry lying immediately below W;(A1).
Furthermore, only mixing of the molecular orbitals

listed in Table 6.3 as 11? 12,13,16,18,19 and 20

need be considered in this context. Wave functions
for these orbitals may be written in the following

form

182.
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Y(E1 ) = ﬁ'l dxz ¥ B1 (Iv)upx * E'1 (II)jpz(B‘I )+ﬁ1 (III)BPX(BW )

+ 51 (IV)ZPZ(B1 ) + 51 (V)2PX(B1 )
Y (B2) = Bolyy +Bo(1) Lpy + 62(11)31331(32) + 32(III)2py(BV‘2)

Y(A,) =Yy, + X(I)pr (4,) +y (1) 2py(4,)

oncc; 609

If the matrix elements of the spin-orbit coupling at
the manganese and chloride ions; plus the true Zeeman
and hyperfine interactions are now eqﬁated fo the
corresponding matrix elements of the vspin—Hamiltonian |
| as described in Appendix A then the following relation-
ships for the principal componsnts of the g- and A-

tensors may be deduced fram standard perturbation theory 29.

2.0023 * 2§Mn : (a+b V3) 0(* B, +
2 sty ISIEN) [ T

o1) (1)
VA

Bxx =

Vg lla bB)C’(B (I) (II)]

eeee 6,10

Where molecular orbitals 12 and 19 contribute to the sum

and the positive sign refers to orbital 12, and the

negative sign to orbital 19: VCl = (§01 /SMn)
2% ‘ *
8yy = 2.0023 = Mn (a=b V3) &, B -
vy Z TAECE; ) [ a 1 B
*(I) (111)
0 D JamnBd o gy )

1 1
T " & e 6‘11
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Where molecular orbitals 11, 13 and 20 contribute to

the sum, the positive sign referring to orbitals 11

and 13, and the negative sign to orbital 20.

| 2, %2 Pma(As) _ Ppa(a
g = 2.0023 «~ 8a ( & [_@___g_ - mdl4p)
Z2z ( 1 ) gMn 'AE(AZ), BE A2 ‘

®s 0os e 6.12

" where the first term in the bracket is contributed by
orbital 18, and the second by orbital 16. Pmd(A,) is

the metal-ion d orbital population in \f’(Az), and
SM §cl are the spin-orbit coupling constants of

manganess and chloride ions. The hyperfine tensor

components are given by

R

2.0023)
1 (3a+bV3) 1D
+ e m—)-(Z-OOQB - gyy) - % a (2.0023~ gZZ)]
ceseas 613
2 V3
Agy = P [K + & (P-0%)(o) % 242 (a0)(4])4(gy 2. 0023)
o 138228 (5 50035 ) 4 1 2(2.0023-¢g,,) ]
U(a + b3) XX
es s 6.1’4
2 2., 1 b V3
4,, =P [-x - & (a”-b )(“1) - Ty %%:?373;(4 0023'gyy)
1 (3a~ b@ _ -
- T .(_a__:b__% (2.0023 - g,.) + (g,, 2.0023)]
' ceees 6215
<A> = "PK - [2.0023 - <g>] P se s 6.16
1
Where <g> = 1 (gxx + gyy + gzz) and <A = (Axx vy A )

ceees 6417
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- PK is the isotropic contribution to the hyperfine

coupling arising from the Fermi contact interaction.

6.6 Molecular orbital coefficients and bonding in Mn02012

It follows immediately from equation 6.12 that the
value of 8,5 for at conplexes of this type must always
be less than 2.0023 and this, combined with the unexpect-
edly large g-tensor component of 2.031 obtained in
analysing the 77 K spectrum, forces us to assign the
magnitudes of the principal tensor components to thé

principal directions shown in Table 6.1.

The isotropic hyperfine coupling constant Ao observed
in the 298 K e.p.r. spectrum of Mn02012 shows that the
manganese ion orbitals contribute appreciably to the
molecular orbital Yf(A1) which contains the unpaired
electron. Equations 6.13 - 6.15 show that the principal
values of the manganese hypérfine interaction tensor

in the rigid molecule can never be identical, and
therefore the value of A,,, Ayy, and A, obtained by
analysing the 77 K e«p.r. spectrum, and listed in
Tables 6.1, must be those appropriate to the molecule
undergoing rotation about its X-axis. The magnitudes

of the 55Mn isotropic hyperfine coupling constant, A,
and of the hyperfine tensor components A,, and (AyyfAzz)
in Mn0201é are proportional to the hyperfine tensor
components for Mnoj}' doped into Ba80415; Hence the

principal values of the manganese hyperfine interaction
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tensor for rigid Mn02012 are those listed in the second
row of Table 6.1 and the frequency of the motion which
averages the spin-Hamiltonian parameters gyy and Eop9

6

Ayy and A, , at 77 K must be greater than 250 x 10~ Hz.

Values of K and of the coefficients of ng_yg, dz2 metal
orbitals a and b respectively, and <x: which indicate

the degree of delocalisation of the unpaired electron in
this compound, involved in the molecular orbital ‘f?A1)

estimated from equation 6.13 = 6.17 are

K la| bl o«
0.527 0. %6 0.28 0.67

The relative signs of the coefficients a and b cannot be

determined directly from the paramagnetic resonance data
but Huckel calculations show that a and b are both
negative. In Mn02012 the unpaired electron lises
essentially in the metal-ion jdx2-y2 orbital, mixed

with a small amount (8%) of the 3d 2 orbital, and it
is strongly (55%) delocalised on to the ligands. Since

‘we have not been able to resolve chlorine hyperfine
splitting in the e.p.r. spectrum we cannot evaluate the
coefficients 06(1) and u:(11) in 6.8 from our magnetic
- resonance data. The magnetic resonance data show that
kthe molecular orbital model described in 6.4 over-
estimates the 3d22 contribution to \V?A1) and under-

estimates the 3dx2_y2 contribution.
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Charge-transfer transitions make important contributions

to the g-tensor components in this compound and result

in too many varisbles in equations 6.10 - 6.12 to enable

them to be used to obtain unique solutions for the
coefficients in the molecular orbitzls 6.9. However,

use of the magnetic resonance estimates of a,b, and

and the Huckel-calculation estimstes of the other
coefficients involved in 610 - 6.12 results in estimates

of the principal g-tensor components of 8yx = 2.01, gyy= 2.01,
and g,, = 1.98 for the rigid molecule. The values of 8xx

gyy are unusually large for a d1 complex as a result of
charge-transfer mixing caused by the relatively large
spin-orbit interactions at the chlorine atoms. The
g—tensor components can only be rationalised by labelling
the principal axes directions as in Table 6.1 and by
placing the unpaired electron in a molecular orbital
derived from the manganese 3dX2_y2 orbital. Ths moleculer
orbital calculations show that if the unpaired electron

is in a moleculer orbital derived from the manganese

3d22 orbital then the principal values of the g-tensor

in this compound can never be greater than the spin-only
value. Similar reasoning may provide a quick method of
identifying the metal-ion orbital involved in other
tetrahedral d1 complexes when there are relatively large
spin-orbit interactions at the ligands, and hence may
provide a method of distinguishing those complexes where
the tetrshedron is distorted by extension along the z-axis,

from cthers in which it is compressed in this direction.
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Thus the molecular orbital and magnetic resonance results
correspond in that the unpaired electron lies in an
orbital of A4 symmetry and is strongly dslocalised on
to the ligands. They also essentially agree on the
total contribution of the metal ion to this orbital
but the molecular orbital calculation overestimates
the contribution of the 3d22 basis orbital and under-
estimates the contribution of the 3dx2_y2 basis
orbital. It therefore appears that there are
significant differences in the structures Cr02012 and
Mn02012, the ligands in the latter being closer to

the molecular z-axise
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6«7 Summary of Part VI

X-Band e.p.r. spectra of magnetically dilute

solutions of Mn02012 in CClu have been recorded at

77 K and 298 K and are analysed in detail. The
spin-orbit coupling constant,shuland the parameter P
for the mangansese ion in this compound are estimated

to be 248 and 0.0172 cm™ respectively. At 77 K,
Mn02012 rotates about its x-axis in CClh-solution.
Spin-Hamiltonian parameters are listed for 298 K,

for 77 K, and for the rigid moieccule, and are eguated
to the atamic orbital coefficients in the moleculer
orbitals involved in bonding in this molsculs. The
unpaired elsctron lies in the metal ion 3dx2_y2 orbital
mixed with & small amount (8%) of the 3d_o orbital, and
it is strongly (55%) delocelised on to the ligands.

One of the principal components of the g-tensor, Exxs
is larger than the spin-only value, a situation unusual
in d1 complexes. This is shown to be due to relatively
lsrge spin-orbit coupling at the chlorine atoms. It

is pointed out that principal values of the g-tensor
may be used to distinguish distorted tetrahedral
complexes which are stretched along their z-axis from

the corresponding complexes compressed in this direction,

provided that spin~orbit interactions at the ligands

are relstively large.
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APPEINDIX A

THE SPIN HAMILTONIAN

The spin-Hamiltonian is an artificial concept,

since the true Hamiltonian should contain orbital
angular momentum operators as well as spin operators.
The advantage of the spin-Hamilitonian, which was
first introduced by Abragam and Pryce1, is that a
complete description of the experimental data can

be presented. For the systems discussed in this
work, the form of the spin-Hamiltonian can be devel-

oped as follows:

5 2
(a) The Zeeman Interaction 255

Kramers' theorem b states that a purely electro-

static field acting on a system with an odd number
of electrons, can never reduce the generacy below two.
Therefore the ground state of a molescule with one

unpaired electron is a spin doublet.

Let the ground state wavefunction in the absencs
of spin-orbit coupling ¢« and P,B be real wave-
fdnctions with no orbital msgnetic moment. Spin-orbit
coupling causes considerable mixing of the characters
of excited states (ﬁnd and d)nﬁ in the ground state
wavefunctions, and it leads to a reintroduction of a
certain amount of orbital paramagnetism. The spin-

orbit coupling Hamiltonian has the form

Y o =818 = 5(1,8, + LSy + LySy)  «vees

192.

Al



where § is the spin-orbit coupling constant. The new ground

states wavefunctions, which are still degenerate, may be

determined by first-order perturbation theory.

Lo =lpge> - 257 0n 1200 gy sg Gulte 11004,

n E o n 0

1 => =198+ %sz@nh‘z | ¢’°> l6,8> - sz@n'L’? 'iLy'¢°>]¢n°<>

0 En - Eb

® e o as Az

A magnetic field will, however, resolve this degeneracy,

and the true form of the Zeeman Hamiltonian is

_3—(2 = Beg‘ (ge§. + -]-:".)

e SX+LX)

ﬁeHz(geSz + LZ)+‘B (geS +L )+B}1(g

where g, is the g value for the free electron and is egual
to 2.060232.

This Hamiltonian has the following matrix elements:

G 19> = By [+ 8655+ L, ] #VH, +(+1EeSy+Ly| HHy+(+ |goS +
Ly | +) ]

&8 1= 8, [ |268,4T, )H +(+|goSy*y| > Hy +(o g Sy +

Hx]

1 |45 = B [(-|geS,+lg| 98, +<-1ggSyeLyl + Hy+<-legdye +
Ly |+ 8]

<;l&;|~> = ﬁe[<'|gesz+Lz|'> Hy *<;lgesy+L¥‘_> Hy +<—‘gesx

HX] '

+

oo Al
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By evaluation and comparison of these matrix elements
and by using the Hermitean property of angular momentum

operators, the following substitutions can be made

<'|'Igesj + Lj l+> = - <- lgeSJ + Lj, "> = %gjz

*
G | 268 + Ly *j> = %?(gjx+ igsy)

<" 'gesj + Ly I"'>
essss AD

These substitutions are made from knowing that diagonal
matrix slements represent the expectation value of the
real variable and so must be real, while the off-

‘diggonal matrix elements may be imsginary.

The matrix elements of the Hamiltonian thus become

N

<86, |+ = BzzPell, + 2 8y, BoHy + Z 8xy Pelly

- 1 %
(2,4 1gzy) ﬁeHZ-x-.o_(gyx lgyy)ﬁbﬁy+%(gxx‘igxy)ﬁéﬁx

AP

Nf=

(ggx*iggy) B e_Hz"%( Eyx*igyy) Boly+2(Byy+igyy)Beliy

]+

<18, 14> =

<- lf«(’zl->=-'12‘ 87z Bely - z 8yz Belly -~ 7 Bxz Bollx 26

The matrix elements are exactly the same as those which
would be obtained by defining a fictitious spin operator S

which would act on the states |+» and | =>  in the same
way as the true spin operator acts on the « and f states,
and by using a Hamiltonian of the form ‘
€= B, H. g 8 | BEPR y

where g is a second rank tensors
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Expressions for the Zeeman ensrgy of the system thus

can be obtained by considering first the starting states
to be pure spin states and by using a Hamiltonian

containing only spin operators, hence the spin Hamiltonian.

In general it is possible to obtain expressions for the
g-tensor by comparing the elements of the spin-Hamiltonian

with those‘of‘the true Hamiltonian.

8ij = 86‘513 - 2 S Zn<¢o ILi' (Erbfﬁn ,le ¢o>

See e As

‘where Bij = 83 from the Hermitean properties of the

angular momentum operators, i.e. the g-tensor is symmetric.

(b) The Hyperfine Interaction 2

The magnstic hyperfine interadtions,as noted earlier,

erise in three guite distinct ways.

1. The Fermi contact interaction which is given by the

Hamiltonian

81 e
= Semm— B g r IQS e« 0eow A9
contact 5 Be &N Bo Fy(r) 1.8

2. The spin-dipolar interaction between the magnetic

moments of the electron and the nucleus which is
represented by the Hamiltonian |
B = - g8y Bo By [*8.I-3 (8Nl
ees A10
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This Hamiltonian can be expanded to give
-3 2 /
174 r-p' [3212(3 cos 9 -1 )+Sx1x(3 sin® @ coszsb -1) +

SI |
SnyU sin26 sin295 -1) +3 Sny sin® g
x sinfﬁcos;éf 3128, cosf sinf cos¢ +
3 Snysiﬁze sinp cosd + 3 Sélxsine cosf coe ¢
+3 syIz 8in® cosf sind + 3 SzIysinO cos® sing ]
P' = 2.0023 g B B ceses A4

_where € and Sb are polar coordinate for the electron

‘referred tu the nucleus at [0, o, o ] .

3« The orbital-dipolar intersction between the magnetic

moment of the nucleus and the electron's orbital moment

which is given by the Hamiltonian

-3
= 2 r L. I R XX A12
£eLI gN 36 ﬁN - = :
All these interactions can be combined to give, for the
total hyperfine energy, the form
£0 = AxIx + Any + AzIz
veves A13

where
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- 8
A =T 3 pr [3‘ % (r) rjsx + (3 coezqﬁ sing -1) S, +
3 sin°@ sin¢ cos¢ Sy + 3 8in@ cosf cos Sz‘*Lx]

8t
A = r'3pr [3“ S(r)r33y’ + (3 00826 sin2¢) -1) 8y +
3 sin’@ sin¢ cosp S; + 3 sin€ cos@ sinp S_+L
. A

eees A1l

T
= rop! [g— %(r) rBSz + (3 cos?e -1) S, + 3 cos6 sin@

-
N
1

cosPS_ + 3 sinbcosd sin¢sy+Lz]

Since the Hamiltonian now contains nuclear spin operators,
the besic functions are now of the form [+, mI> and I-,mI) .

The matrix elements thus have the form
Copmp($Ei#,ml > =Comy [A T, [+,m) )+ Gomy [A T 14,mp )+ Gomp AT [4my )
<+,m1|54|'-,mi > =<+,mI|Axle-,m:'[>.+<+,mI |Anyl-,m:'[>+<+,m1.lAzin-, ms )
< =ymp|§€) 4yl 5 =Cmymy |A Ty [+mp) # momp [A Ty [ 4ymp) +=smp [AL | +,m)
(mpmpl$tl=mt Y =¢oymp | ALy [=5mp) +<=omp (AT | =>mpy+ < omg |4, | -pnl )

eseo e A15

By using similar substitutions to those in equation A5
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<+,mI[AJIJ.}+,m:'[) = —<-,mI [Ajljl-,m:'[)z % Ajz<mI|Ijim'I>

;o-o- A16

*
<"’mI]AJ§;j!+’mi> = {+, mIIAjIj —-,my ) = %(A "'1A3y)<m1|1 ‘mI>

The matrix elements of the Hamiltonian now becomes

<+‘,m1|“|+,m:’[) = % A< mIlIXIm:'[)+ % Ayz<m1 llyllni)i-%AZZ{mIIIzl mi)

Geomp [$1-,mE Y = B(Agymt Agy X 1T Imp)+ 2(Ap- 1 Ayy Xy [Tlmg )
+ 3 (8 - 1 4,)<m (I, (mld
-ompl$le,mly = H(Agptd Ay Kinp [T lmi) + £ (Ay + 1 A50)

.<mI|Iy|mi>+ HA o+ i AZmeIlIZ}m:'[>
<"3m1‘g'e‘-smi>=‘2 <m II ln )" Zz Ayz<mIII !m:[) ZAZZ mI|IZ'mI

sssee A17

We can obtain as before exactly the same matrix elements by

using the fictitious spin operator S, and a spin-Hamiltonian

of the form

where A is a .second rank tensore
3
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(c) The Quadrupole Interaction 5,6

The Hamiltonian representing the energy of gquadrupole

interaction may be written as

3 2
e 61(21-1) D iy Lz Ty -6y 1]

3] cee. A1G

where 6 Q is the nuclear guadrupols moment and the Vij

are the components of the field gradient tensor,

v o< XV oy _

— T m——— tce
XX 22 xy >x27y ° etc

-This can be sxpressed more compactly as a tensor coupling

of the nuclear spin with itself,
o= I.P. I | ~ cees A20

where P is_the guadrupole coupling tensor, whose components

are of the form |

= °Q Vi
2I(21-1)

‘Pij .s e A21

The field gradient obeys Laplace's equation, so the field

gradient tensor is traceless,
> Vi =0
i -
and it follows that the guadrupole coupling tensor is

t ele
rac ss z: Pii = 0

i.e. P is a symmetric tensore
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Ifffa is written in its diagonal form, and the following

substitutions are made

V,z = @ Vix=-2a (1 -"7)
eeee A22
7: VX—X-Vyy vyy=-—;—Q(1 +7)
q
where "? is the asymmetry paremeter, the Hsmiltonian
becomes |
99 =" _8%q [3 12 -1 (I+1)+"?(12—12)] cee. A23
Q LI(2I-1) Z X y

In systems with sxial symmetry, ( is egqual to zero, and

the Hamiltonian may be written as

o= ' [12 - 31 (1e1)] cee. A2L
y | T 3e3g
wvhere Q' = LI(21-1)

The total spin-Hamiltonian can thus be most generally

written as

A0 = By HegeS +8. A I +I.P 1 ceee A25

In solutions where the rotation of the system is able to
average out the anisotropic contribution to the various

tensors, equation A25 can be written as

$€ = go BeH-S + A S. 1 | cee. A26



APPENDIX B

EIGENVALUES OF THE SPIN HAMILTONIAN

The eigenvalues of the general spin Hamiltonian
derived in Appendix A can be derived by considering
first the Zeeman interaction alone and then considering
the hyperfine and guadrupole terms as successive
perturbation. Two kinds of system will be considered
here, (1) an axially symmetric system and (2) systems

with lower than axial symmetry.

1. An axially symmetric system 2,3,k

For the axially symmetric case, Ax = Ay = B and
A, = A, and g, = gq4 and gy = 8y = &q° The general

~ spin Hamiltonian becomes

$0= 811BeH S, + 8B (HSy+HyS )+a 8,1, + B(S;I+5,T.) +

Q' [12 - & 1(z+1)] e Bt

Here we have assumed that the principal exes of the g, A
and Q' tensors coincide. If the applied magnetic field
is at an angle O to the z-axis a general orientation of
the.magnetic field can always lie in the x-z plane, so

we can write

H, =H cos@ , Hx=Hsin6 andHy=O'

Thus the Hamiltonian Bi without the gquadrupole term can
be written
M = gq1 PgCosO ES, + g1Besin® HSy + AL S, + B(Ixsx*'lysy)

LI W ] B2

201 .
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The basic wavefunctions are of the form [-12-, m1> and

I?MI> . The energy matrix can be diagonalised in the

following sterps. We first carry out the transformations

8, = S; sin® + 8, cos«
_ at
Sy Sy
Sy = 8, cos ¥ - S sin«
and . _ eeess. B3
Ix = Ié sinp+ I; cosfB
_ Tt
Iy = Iy
I =1 cosB - I, sing

where the new axes of guantisation for the electron and

- nuclear spins inclined at angle ® and B to z axis. With

these transformations the Hamiltonian becomes
- BeH (gqqcos 6 cos + glsinesind) Sé+ﬂéH(glsinecosM -
gqq €os@sins ) 8L + (A éosd(cosﬁ+
B sind sinj ) S; I"z + (B sindcos B =
cos o sin B) S; I, + (B cos«sin B -
A t:*.:L;u:(cc)s;B)S;C I, + (A sindsin B +

B cos « cos ﬁ)S;:I'x + B I:;, S;;

L I I Bu

' The large off-diagonal matrix elements of the electron
Zeeman term and the fourth term on the right hand side

of Bl will be zero if we choose o« and B such that
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gy sinPcoso - g4y cosOsin «

= 0
vaee B5
and
B sindcosp -Acosx sin B = O
This condition gives
cos siné@
cosw = 11 ¢80 Lo« L SmE
g ' g ,
T ® Q@ B6
cos i
cos fB = A————g11 0 sin B = —-———Bg1 sinb
gk gk
where
2 ) 2 2 . 2
| g" =gy, cos 6 + g, sin @
 and ' eee. B7
2.2 2 2
K = A g4 c0329 + Bzgi sinze

Substituting in B4 leads to the Hamiltonian

K 2_,2y 81181
= ' 11t - ;
= gBH S; + K8 I + (B -A ).gK sin @ cos S ‘I; +

A___B t1t 17t

k) SxIx + BSly cie. B8
To calculate the eigenvalues of this Hamiltonian first-
order perturbation theory can be used for the second
term in the Hamiltonian and second-order perturbation

theory for the third, fourth and the fifth terms.

The eigenvalues of the states |+ 3, mI> and [—%,ml) are
thus csalculated to be



2.2 2, 2.2

4 9 A B BT (AT+K

E ( ‘+%m> ) =% gBRH+}Kkm - ——— m_ + —i—————-zl*'
I G I~ ughHK I~ B8gh HK

2 _2.2 <2
_ 2 (A°-B%) 211 &1 .2 2 2
X[1(141) - m 11+ Leh ¥ [ T | sin“8 cos”p m

.OOQEQ
and
2 2, 2 _2
¢ 1 7y _ A B BT(A"+K")
2 2,2 .2
2 -
x[I(1+1) - my ] - {a”-p%) [g” giJ sin29 cos® @ m2

Lgp.H 22K i
«e+eB10

So that the energy of the transitions with smy = 0 are given
- by

2,2 2
B (& K ) (1 (I+1)-—m§]

AE = H p
E = gPell + Kn; + hebol K2

(A2-Bz)2 g4 4.2 sinze cosze 2
( 11 1) m
2K2 2 g ﬁe H I

LK 3N ] B11

The (2 1+1) lines in the spectra are separated by K to the
first order. The second-order terms lead to unequal
spacing of the hyperfine lines and to displacement of the

centrs of the spectra from g Bg He.

The guadrupole term in’ the general spin Hamiltonian
can now be treated by applying second-order perturbation
theory to the eigenfunctions of the Zeeman plus hyperfine
interaction Hamiltonian. Substituting for I, from B3

the quadrupole term becomes

204.
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8¢ = Q! 1'2 coszﬁ- I(I+1) ~ sinfcos \I I'+.L It )~n»I'2 sin
z ﬁ
eees B2

'.['his. can be written in the usuzl form
_( g 12 4 2 A
80= () [1°- 41(2e1)][3 cos% 1] =" [1;3%+1,1 pingcosp +

Q.I 2 2 2
@ (17 - 13 e ceer B3

Substituting for cos ;’S'and sin p from B6 we finally obtain

the Hamiltonian
U= (% 2
= (73) (%6, /6°K%) cos®0 ~1] [12 - § 1 (141)]
- Q'(ABgﬁgi/gsz) sing cos@[I}I} + ILI}]

Q' 22 ,2.2y . 2 2 2
+(37) (2% /gK") sin 9[1;»-1; ]
...‘B1h~

The eigenvalues of this Hamiltonian for our basis state

| mg,m; > can be written

E = (9—'2-) [(3A /&K )c‘os ] -1}[ my -3 1 (1+41)]

. Q' 22, . 2 2 2

= & (48 542, /e") (sinc0s"6 g [L1(T41)-Bu 1]
8

Qt2

8Kug

(Bzg:f/gzKZ)2 (sinue Jmy [2i(I+1) - Zm% - 1]

--.'o B15
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The spectrum shows no effects fran the first term because
the energy of states connected byblan& = O transitions
are shifted equally. The second and third terms of B15
mix respectively states |mg, my p 1> and |mg, mIi2>
with |mg, me) and botham, = ¥4 and smp = = 2
transitions become weakly allowed so that the energy of
the states are shifted unequally. The analysis of
guadrupole splitting is helped by the appearénce of
forbidden transitions making no difficulty of sorting

out the effect of the gquadrupole coupling from those of
second—C?der hyperfins interactions. The freguency
increments arising from guadrupole effects forAtransitions

with AmI = 0 are given by
2 R
ﬂ 2Q" 222, 2 2 2
OB = - -;—- (ABgHgi/g K“) (sin“@cos e)mI[L;I(IH) - 8mI -1]

2
s & (B2g:21 /6x°)? (sinue)mI [21(1+1) -2m§-1]
2K .

e & a e B16

Combining B16 with B11 the result gives AE for the

<]
guadrupole effects and second-order hyperfine interactions

allowed am_ = = 1, amy = O transitions, including
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bF = gfg H + Kmy + ug‘;JEZ)' [I (I+1) -—mi]

(811 gi) $in°8 cos® g2
g pH

2
Q' .2
- x5 (AB g’l‘lgi/g K )(s1n 6 cos e)mI [LLI(I+1 )—8m§—1]

+ A sz ) (B gi K2)2 (sin“a)ml[ﬁ(:ﬂ)-zm%-ﬂ

ooo-.B17

or, in terms of the usual experimsntal arrangement, the

resonant fields are given by

, 22 22 2
H=H -Km; - R [ 11 ][ (1+41) - n% |

r 2 2 2 2
1 A -B - 2
l_ &1 g1 ] Lg“gi] sin29 cos29 m%

2

2
2 2 2 . 2 2 -
+ 23" & cos"6 sin'e [AB% &1 ]mI [b1(141)-8m% 1]
, gr

Kg2

2 2.4 2 4 |
- g giszne[B 1]mI [21(1+1)—2[1121—1]

g
2Kg* Kg?

e s ae s B18

where all coupling constants are expressed in gauss.

2. A system with symmetry lower than axisl Tk

In this case the magnetic field is in any arbitrary
direction. We use the same procedure as before. The

general spin-Hamiltonian now can be written
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= ax BollySx + gyhelySy + gaPe HyS, + A8y + AT.8,

2
+ AZIZSZ + PxIx + P_I

Z
2 2
iy + PZIZ

S e sen B19

Again we have assumed that the principsl axes of the g, A

and P tensors coincide.

The direction of the applied field H will be given by
the direction cosines 1, m and n with respect to the
principal tensors axes, X, Yy and zZ, i.6., H, = 14, Hy ='mH;
and HZ = nH. The problem can be examined by considering

first the Zeeman interaction alons.

A= gPBe HS = gy B IS;H + gy BmSyH + g, BgnS H
‘ ceees B20

The energy matrix can be diagonalised with respect to the

Zeeman term by carrying out the transformation

- at . at ' t
Sx =8, Sx + a4o Sy + 83 SZ

4]
f

= S', + S! +a !
y a21 x a22 y 23 SZ esesse 521

_ 1 ' '
Sy = 831 Sx"'aBZSy +azz 87,

If the direction cosines of z' with respect to the x, ¥
. _— -1
end z axes are defined to be gxxl g s Byym 8 and

1

g,,0 & = the Zeeman term becomes

t
g(:: g ﬁ% H SZ

If the electron spin functions are quantised with respect

to the z' axis, these functions can becoms eigenfunctions
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of the Zeeman part of the Hamiltonian, with energies

of ¥1g pgH. iihere g is given by the direction cosines

_ 2 2 2 2 2 2
g=gnl +gy m + g,, 0 cee. B22
The transformed hyperfine term in the Hamiltonian now

becomes

= s ~ ! (ay |
= Splag ATy + apidyyly + a3y, T,)485(a oA Tyvapohy oL

: :
ajzAzzIz) + SZ(a13AXXIx + asznyy * a33AzzIz)
eees B23

We shall now return and consider the hyperfine term using
non-degenerateberturbation theory. Similarly the energy
matrix can be'diagonalised by carrying out a second

transformation for the nuclear spin of the form -
= te 1 |
I = b11 IX + b121y' + b13 I;'

t 1t 11t

+ byz I''
23 g ees B2Y

I = ' ! te
Ta = Px It P32ty + b33 1)
If we define the coefficients in B24 so that z'' has
direction cosines with respect to the x, y and z axes of
-1 -1 -1 _
a13 Axx A. s a23 Ayy A and az3 Azz A ', the term in

S; in the transformed Hamiltonian has the form Asélé'.



210,

If the nuclear spin functions are gquantised with respect
to the z'' axis, the term ASéI;' has only diagonal

matrix elements, and to first order the hyperfine terms

reduce to AmsmI. Where A is given by direction cosines

2 .22 2 2 .2 2 2 .2, =2
A = (g, 17 Afy + gy M Ay, +g,, 0 AL 8

«ses B25
- The quadrupole term in the Hamiltonian can be treatsed

by the same technique as before by using second-order

~ perturbation theory.

With all these transformations we can derive
- expressions for the energy of the state ims, mI> and

for the allowed transitions of the form Am, = -1,

AmI=0

AE = g BoH + Amp + -@%;H—i[A1 (mzl.—I(I+1)] + 2 A2m§}
+ —2'1& { [P1(181(I+1 )-3141:1?-5] + Py [2I(I+1 )_Zmi_ﬂ

- P [20 1 (1+1) - 36 m2I_—6]] seee B26

where



211.

22 2 2 2 2

fohe = (Apdyy)” ey gyl m + (Aiy T Az ByyBu" T
A1A2g4 = (AixAzyygizhz M AiyAizgixlz M AixAizggymz)
- g? (AixAiy + AixA2§z+ AsyAiz )
P1Augu = kAixPxxgixlz f Ainyygzyymz * Aizézzgiznz)
+ PizpzmAiygsymz) g
P3A282 = (Pix Azxngmlz + ’PiyxAiygjymz + PﬁzAQZZ gzzz n° )

Cevee. B27

In the case where the applied field lies along the direction
of principal axes equatioh B26 reduces to
2 2
.+
(AJJ A%py)

OE
Lgij Bel

' ’ 2
=855 Bell + A3; Wy + [1(z41) - m7]
2
(P =P )
+ mI '—'K'i{“——‘a—‘g— [ZI(I+1 )—211’1% -—1] mI svssee 328
CAs s . .
1l

and the resonance fields are giveg by
2
(a .. a - ) 2
J LK -
g7 [1(1+1) - m% ]

By =Hy -8 01 - LH,
2 .
28; 1
il

where the various parameters are in gausse.



APPENDIX C

LINE SHAPZS FOR ELZCTRON PARANAGNETIC RESONANCE

SPECTRA OF MAGNETICALLY DILUTE GLASS#S OR POLY-.

CRYSTALLINE SAMPLES

.In glasses or in magnetically dilute polycrystalline

samples, there are a large number of crystallites
randomly oriented with respect.to the applied magnetic
field. Thus the observedve.p.r. spectrum is the |
"summation of all possible spectra, each one weighted
by the probability of obtaining that particular
orientation. As a fesult of the anisctropy in the

g and hyperfine tensor, magnetic resonance absorption
therefore occurs over a wide range of magnetic fieldse.
The analytical expressions describing the forms of the
spectra obtained in these cases have .been deduced by

Knemoi‘ml.1

Kneubﬁhl assumes that the probability of any 6.p.re
transition occurring is independent of the orientation
of the crystallite in the magnetic field. This
approximation is not valid in general 2 but it is
satisfactory for rhenium and manganese complexes. With
this assumption the probability that an electron
absorbs microwave radistion at a given field H is
proportioﬁal to the probasbility of finding this species
in a suitable orientation with respect to the magnetic

field such that it undergoes a transition when this

212.
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value of H is reached. The problem then reduces to

an estimation of the probability that a crystallite lies

in each orientation.

Different types of characteristic spectr; are obtained
from different kinds of system. Consider first the

6.p.r. spectra of polycrystalline samples of ions with
S = % and no hyperfine interaction present. Two kinds
of system will be discussed: (i) an axially symm'etric.

system and (ii) systems with symmetry lower than axial.

1. An sxially symmetric system

The probability that the axis of symmetry lies in
the angular range 6 to @ + A6 with respect to the
‘applied field H is d (cos 8 ). Let the normalised line
shape function which describes ths intensity of the
absorption as a function of H be S(H). Then, for

resonance, it can be shown that

=

2 2 2 .2.q°%
hy = BegeffH = B H [gﬁ cos 6 + g, sn.ne]

. . 4 1
: 2 2 1z [ 2 -2 2172
[ Y e 0 e = - \) s H -
i.e cos (g11 gi) (h V) (B H) gi:l
s e s e 01
A crystasllite whose axis of symmetry lies in the angular
range O to @ +.d6 contributes to the e.p.r. absorption

spectrum within H and H + aH. Hence if S(H) and the

probability are both normalised,
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The line shape function s(H) and its derivatives are plotted

below, in Figure C1

I\

S(H)
- H
N
as(n)
a(H)
> H
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S0 far it has been assumed that

i) the probability that a transition takes place is

independent of the orientation of a crystallite

in the field, and

1i) the absorption lineshape function for each
crystallite is a delta function i.e. infinitely

sharp absorption.

In fact it can be shown 3 that the probebility
that a given transition will take place is proportional
to

2 2.
-2
g [g g%+ 1]
1

Absorption lineshape function are not delta
functions, but may be Lorentzian or Gaussian in naturse.
It is a reasonably good approximation to take the line-
shape function for polycrystalline samplés to be

Gaussian. This has the form

Y(H - Hy) = (2Tt’)-E B_1exp [-(H—Ho)2/252J

cee. Ch

where tﬁe width of the line is controlled by the broadening
paremeter B . The effect of this is to broaden the
lines in the absorption spectrum so that a resonance
centred at H contributes to the absorption at H', an
amount given by

S(H)aHY(H'-H)

Hence the total absorption intensity at H' is the sum
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of all these contributions, i.e.

S(H') = §5H1 S(H) ¥ (H'-H)aH

HeHyy
,B=Hy
= Y s(E)Y(E'-u) aH
- HeHy
iy g By ) |
=(27) ° & S S(H)exp[—(H'-—H)z(z g%) 1]dH eeeee 05
B=ly | | |
The derivative of this function can easily be shown to be
H . |
%-?:l = (2 Ir)-%,s—s gi (B-H')s(®)exp[-(H'-H)(24) an
Hyj cesee C6

The lineshape function S(H') and its derivative are shown
in Figure C2.

”H

S(H)

A 4
I
-

Figure C2.
Thus it is possible from such spectra to obtain values of

the absorption fields Hy4 and Hy, and hencs to obtain

values of g11 and 84°
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Effects of hyperfine interaction

If the electron now interacts with a nucleus of
'spin quantum number (say) I = %, the resonance spectrum
is & superposition of two curves of the type shown in
Figure C2. ihen Ajq=f A the broadened absorption curve,

and its derivative are shown in Figurse C3.

s(®')

Y H'
N
dSSH'Z
a(y*)
> H'

Figure C3

In more complicated systems it has been shown, that

certain combinations of g-factors and hyperfine coupling

constants cause singularities to appear in the function
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S(H') and hence cause extra peaks, "polycrystalline

peaks" to appear in the derivative spectrum h,5.

2« A _system with symmetry lowsr than axial

For a system with less than axial symmetry the

analysis has a similar form although now two orientation
angles are reguired.to specify the field direction with
respect to the X, y and z axes of the g-tensor. This
leads to a considerable inérease in the complexity of

the expressions obtained for the lineshape.

As a result, 'there is a range of combinations of the
- two orientation angles which lead to resonance at a
particular field, and conseguently the amplitude of
absorption depends on the probability of the mo;ecula
having any oné of a combination of orientation angles

which lead to resonance at a particular field. —

The lineshape function has the form below for

Hs5< Hop (Hy4

1« In the interval H,>HJH

11 22
S(H) = 25112H22 Hj? z ¢ K
TCH (1 ~55, ) (K515 )° cees O7

2. In the interval Hoo 2 H 2 Hzs

s(a) = 2 H11Hp2 Hs5 k(1)

T ]
TH2(12 52 V2 w2 _n2\Z ce.. C8
(Hyp=H35) (8 -H7)
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Where K(1) is the standard elliptic integral

/2
ax

(1—lzsingx)§

X(1)

]

x 2.2 .3 )
—5 [1 + (%) l + (2.}4‘) 1 + -o.o]
S een 09
and :
2 2 .,.3 2
(HY,- H29)(12{ "H323)
(- ) (Hp-H55)

2 1
(l') = ']? =
«eas C10

Thus the function S(H) has discontinuities at H=H,
and at H33 for absorption betwsen H11 and H33. ‘The
function becomes infinite at H=H,,, where 1 and 1' both
equal one, and the elliptic integrals expand to infinity.
Again the function S(H) gives the form of the unbroadened
lineshape. The broadened lineshape function, S(H'),

and its derivative are shown in Figure Cl.
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H'

LR —

Figure ClL

By measurements of H11, Hyo and H33 frcm the.spectrum,

the g-tensor components can be Obtained.

Efféct of hyperfine interaction

As before, if the electron interacts with a nucleus
of spin quantum number I, (2I+1) patterns of the above
type will be obtained from which it may be possible to
obtain the principal components of the hyperfine tensor

if they are resolved.

N
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