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ABSTTACT

Polymerie six~coordinate complexes of high~-spin FeII have been
propared with some substituted pyridine ligauds, and also with the
diazines, pyrazine, pyrimidine and pyridazine, and some of their
derivatives., Techniques sucn as electronic, I.R. and M8ssbauer
spectroscopy and magnetic susceptibility measurement have been used
to gain information on the nature of the structural distortions and

of *he metal-ligand bonding.

Limitations in the theoretical traatment of the electronic and
magnetic properties of the metal ion in such a low symmetry environment
as is present in these complexes, and the relative insensitivity of
some of the techniques to sniall variations in the bonding and distortion
parameters, prevents detailed interpretation of the data. However,
the identity and position of substituents on the heterccyclic rings
appears to have a significunt influence orn ine local symmetry, aad

thus the electronic properties, of the metal ion.

‘A proposed mid-1.R. criterion for distinguishing betwecn tewniinal
and bridging modes of coordinatinrn of pyrazine has been shown to be
irapplicable in the complexes of this ligand studied here, and the
validity of previous structural assignments based on tuLis criterion

is questioned,

In =>veral of the linear polymeric complexes cuntaining chloride
bridges, the presence of extended intrachain ferromagratic interactions
between the metal ions has been found, the mechanizm involving a
sdperchange pathway via n.9o° Ta-Cl~Fe linkages. It has also been
found that the deloculised T=-grstem of the pyrimidine ring provides
a superexchange puathway for antiferromagnetic coupling of the spins
of the metal ions between which it bridges. A similar capability
for transmittinn exchange interactions between metal icns has not,

however, been detected nere for bridging pyrazine ¢r pyridemine rings.



The usefulness of MBssbauer spectroscopy for detection of
relatively weak magnetic ordering of the intermolecular type in

coordination compounds has been demonstrated.

Complexes of CuII have been prepared with the nucleoside
analogues, b-hydroxypurine and 6-mercaptopurine, and with the
related heterocyclic base, L~azabenzimidazole. It has been shown,
by e.p.r. spectroscopy, that 6-hydroxypurine and 4-azabenzimidazole
are capable of bridging discrete pairs of CuII ions and of promoting
antiferromagnetic coupling between them. This behaviour parallecls
that found in the analogous dimeric adenine complexes, and is
similar to that in the well-known binuclear compound, cupric acetate

monohydrate.

In tne Appendix, the construction of a Faraday Balance for magnetic
susceptibility measurement in the range l.6 to 200 K, and the prouLlems

which were encountered in its operation, are described.
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Ligand Abbreviations

The following abbreviations have been used in the text:

DYy pyridine
Q~pic 2-methylpyridine
B-pic 3-methylpyridine

. Y-pic | L~methylpyridine
quin quinoline
iso-quin iso~quinoline
L-CN-py {—cyanopyridine
Z-CN=-py 3-cyanopyridine
LCl-py f{i~chloropyridine
3~Cl-py Z=chloropyridine
345-C1, -py 3,5-dichloropyridine
Z=Br-py 3=bromopyridine
S~1-py Z-iodopyridine
Pz pyrazine
Mepz - methylpyrazine
pd pyridazine
pm ’ pyrimidine
S~Mepm S5~methylpyrimidine
L=Mepm - 4-methylpyrimidine
2=NH, pm Z2-aminopyrimidine
ad | adenine anion
add adenine‘(ﬁ-aminopurine)
hxH 6-nydroxypurine (hypoxanthine)
azbH L-azabenzimidazole

mpH 6~mercaptopurine



CHAPTER 1 THE MAGNETIC PROPERTIES OF SOLIDS

Tne magnetic properties of solids have long been of interest

to physicists, mathematicians and chemists owing both to the technical

1-3

and to the relationships between

4-9

impertance of magnetic materials,

magnetic properties and the nature of chemical bonding.

A division may be made in the treatment 6f magnetic phenomena,
depending upon whether the paramaghetic species are effzctively
isolated from one anotner (magnetically dilute systems), or whether
interactions can occur between them {magnetically concentrated systems).
In the former case, the magnetic properties of the isclated systems
may be related to the electron configuration and tc the nature of tie
ligand environment, In the latter case, magnetic exchange inter-
=ctions, wnich can be repreosented as an effertive courling of the
spins of the individual paramagnetic species, give'rise to ferro- and
antiferromagnetic ordering effects, which depend on the structural
relationships between the species. These interactions may =rise
simply because the distance between the spezies is small {(hlstorically
termed 'direct exchange'!), or becuuse intervening anions or ligand
molecules are capable of transmitting the magnetic coupling effects

(termed 'super excnange').

A long established experimental technique for investigation of
the magnet.ic properties in both dilute and concentrated systems is
the measurement of magnetic susceptibility and efiective moment, and
their temperature dependence, and various instrumental methods have
been designed for this purpose \see Appendix). In dilute systems,
the susceptibility and moment may provide information on the effeéts
on the electronic states of the paramagnetic ion, of the symmetry of
the ligand field, spin-orbit coupling and the degree of cnvalency
between metal and ligands. Such information may complement or
supplemerit that obtained from other techniques such as electronic,
€sDer'a and MBssbauer spectroscony. In concontrated systems, the
major interest is in the nature and mechanism of the exchange processes,
and susceptibility measurements provide a means of detecting, and

determining the sign and magnitudé of, the spin-spin coupting. Other



powerful techniques such as neutron diffra.ction,10 ferro=~ and anti-
ferromagnetic resonancell and measuvement of specific heat anomnli.es12
have been developed by physicists for detailed investigation of
magnetic structure, and e.p.r. and Missbauer spectroscopy have also
proved increasingly important for detection and investigation of

magnetic exchange effects,

In this work, magnetic susceptibility measurements have been used,
in conjunction with electronic, e.p.r. and M#8ssbauer spectroscopy to
investigate the structural properties of a series of distorted octa=-
hedral peclymeric complexes of FeII, and to obtain information on the
magnetic exchange inte:actions present in these compounds, and in some
polynuclear complexes of CuII. The construction and operation of a
Faraday baluance, for susceptibility measurement in the temperature
range 300 - 1.6 K, is descrived in the Appendix. Iinfortunately,
owing to operational difficulties with this apgparatus, the amcunt of
magnetic data obtained is rather limited, but some interesting festures

of these systems have been determined.

A brief, general account of the theoretical treatment of the
magnetic properties of transition metais ion= in both dilute and cancen=-
trated systems is given below, to indicate the natu e of the informatiun
afforded, with reference to that obtained from uther techniques, and
vhe interpretation of experimental results, Relevant inecry for the

FeII and CuII systems is presented in Chapters 3 and 6,

Magnetically Dilute Systems

The general theory of paramagnetism has been developed on a

13

quantum mechanical basis by Van Vleck. The application of a

magnetic field to a set of electronic states, §,, lifts the spin
3

degeneracy of euch state (first order Zeeman efiect) snd can mix

some of the character of excited atates into the ground state (second

order Zeeman efiect). For each state, the firct and second order
Zeeman coefficierits cun be obtained by application of the magnetic

1
moment operator, 5156

h=(L+25)M 1.1

(L, § are the total orbital and spin angular momentum operators,
B is tihe Bohr mugneton and H is the applied field) to the wavefunctions,

&r The totul suceptibility, XA‘ for one grum-ion of the system is
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then obtained by performing a Boltzmann summation over the Zeeman

levels of all the thermally populated states.

For a transition metal ion in a complex, the appropriate states,
¢i, are those resulting from the perturbation of the free ion ground

term by the combined effects of the ligand field potential and spin-

orbit coupling,lh‘l? which may be obtained by operation with the
Hamiltonian:
K=V + V. + W5 : 1.2

(Wb, VNC are the cubic and non~cubic crystal fizld potential operators,
A is the spin-orbit cornling constant) on the basis set of wavefunctions,

'ML’ Ms>, appropriate to the ground term, (specified by L, S).

For a iigand field of cubic symmetry, the magnetic properties are
isotropic (i.e. X, = xy = xz), but for non-cubic symmetry the properties
are anisotropic, and the principal molecular susceptivilities must be
calculated separately by application of the magnetic mnment opera%or
in the appropriate directions, The average susceptibility is then

given by

o=y, + % * xx)/B-

For a randomly orieﬁted powdered solid, the average susceptibility
ard moment =re obtained from experimental measurement, whereas if single
crystals are available, the three orthogonal principal crystal sus-
ceptibilities may pe measured, and, with a knowledge of the crystal

structure,; may be related to the principal molecular suscentibilities.

Compurison between experimental data and theoretical expressions
derived as above should provide some information on the nature and
relative energles of the metal orbital states containing the magnetic
electrons, and ctherefore give some indication of the streugth and
symmetry of the ligand environmeut. The magnitude of the orbital
splitting of the free-ion ground term by V

Cc
large to ensure cnat ligand field excited terms will be effzctively

is usually sufficiently

unpopulated at normal temperatures, and the magnetic properties should
be determined by the ligund field ground te:m only. Extensive
discussion of the magnetic behuviour associated with the various

n S . . .
ground terms for d transition metal ions in complexes has been

presentcd.4_8'13-32 (and refs. therein)
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Particular interest has been shown in the magnetic properties
of metal ions with cuhic ligand fieid T ground terms.5'6'17’18'2;-32
The retention of orbital angular momentum for these terms can cause
depar%ure of the experimental magnetic moment from the widely applicable
spin-only formula, Moo = (%S(S + 1))%, and the susceptibility from the
Curie Law, XA = %‘. 5,b,18 The value and temperature dependence
of the observed susceptibility and moment depend on the relative
magnitudes of the removal of the ground term degeneracy by non-cubic
ligand fields and/or spin-orbit coupling, compared with the thermal
enerygy, kT. If the splittings and thermal energy are comparable, the
susceptibility will follow the Curie-Weiss Law, X, = Ega, although no
physical significance can be attributed to the value of the Weiss
‘constant, 8.

Much work has been carried out to develop theoretical models which
will reproduce the magnitude and temperature dependence of the magnetic
Firoperties of T terms. Calculations based on the use of the operators
1,1 and 1.2, which enable the properties to be expresscd in terms of

15,16,33 and the spir-orbit

the crystal field splitting parameters
coupling constant, have generally been found to be inadequate. Refine~
ments have veen introduced to ailow fo:o additional effents such as

interactior. witn excited terms under the ncn-cubic field operator and/or

14'16’23 893h135

spin orbit cnupling, and the effects of covalency.
These refinements allow the magnetic properties to be expressed in termz

of a number of variable parameters, related to specific properties of

the metal~ligund interaction. However, such approacnes are, of necessity,
limited, since constraints must be blaced on the number of parameters

which are to be evaluated from the experimental data. The parameterisation
adopted to account for the consequences of covalency is outlined below,

since aspects of the approach are also important in the interpretation

of the results of other technigues.

If there is a significant covalent contribution to the metal-liguand
bonding, the appropriate wavefunctions, Qi’ are no longsr combinations of
the pure free-ion one electron wavefunctions, but in fact correspond to
molecular orbitals, produced by mixing of meial orbitals with ligand

8413-17,306

orbital combinations of the correct symmetry. A rigorous
description of the molecular orbital functions umenable to theoretical

treatment of magnetic and electronic properties is a matter of some
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. difficulty, but the main consequences of covalent overlap are quite

8!34'38

well cstablished.

Covalent bonding effectively expands the radial portion of the

38), both through

fres-ion d-wavefunctions (the nephelauxetic erfect
reduction of the effective nuclear chargé, Z, by the presence of ligand
electron density (central field covalency), and by delocalisation onto

.

the ligands by molecular orbital formation (symmetry restricted covalency).

The orbital splittings by the ligand field now comprise the ionic
contribution due to the crystal field electrostatic poEential {expressed
in terms of the crystal field splitting parametersls'lb:BB) and the
covalent contribution fne to the differences in antibonding energy
shifts for the various O- and T-inolecular orbitals formed between the
ligand and wetal d-orbitals.8 This latter contribution has been shown
to be of the same order of magnitude or greater than the former, even in

transition metal salts which are considered to be predominantly icnic 2a

39

cnaracter, Calculation of the nature of ine orbital splittings may
still be carried out within the framework of the crystal fieid model,
using the relevant operators VC' VNC' but the ligand field splittings

are treated as variable parameters of the svstem.

The rcduction of the contribution of the d zlectrons to the total orbital
angular momentum, by delocalisation onto‘tne ligands, is incorporated by
introduction of the orbital reduction factor, K, into erpressions
containing £. K =1 for no delocalisatioi, and decreases as the
degree of covalency increases. The significanice of this parameter

8434435

has been reviewed.

The spin-orbit coupling constant, A, is a function of ;/rj, where r
is the effective distance of the d electron from the nucleus, and is
therefore expected to be reduced from the free-ion value, Ay, as the
degree of covalency increases. The Racah parameters of interelectirouic
repulsion are aiso roughly dependent on l/r, and are generally smaller
for transition mecial ions in complexes than in the free-ion.

In the treatment of magnetic properties,8'35 the spin cibit coupling

operator in l.2 thus becomes Klﬁgg, and the magnetic moment operator (l.l)
becomas (Ki + 25)fH. K and A may both be treated as variable purameters,
and thc values of K und'x; are not necessarily expected to be numerically

related. This method of allowing for the effects of covalency is
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8,35

limited, since both K and A may be anisotropic.

Theoretical expressions for the temperature dependence of the
magnetic properties of T ground terms, calculated by use of the modified
forms of 1.1 and 1.2, will therefore contain the ligand field splitting
parameters, K and A. For axial distortions, one ligand field parameter,
A, is required and the calculation is relatively straightforward. For
rhombic distortions, the calculation becomes computationally far more
difficult, and two parameters, A,6, are required. The effect of
mixi:rg with excited ligand field terms on the ovbital angular momentum
of the ground term may be treated by introduction of an additional
parameter,as but it has been shown that, where such interactions zre
expected to be significant, calculation of the magnetic properties within

31432

the full free-ion ground term is a more valid approach.

The amount and significance of information obtained from evaluation
of these parameters, by fitting the experimental data to the theoraticyl
model, depends obviously on the limitations of the theury, and alsoc on
the accuracy and temperature-range of the experimental measurement.
Calculations of this type, with varying degrees of refinemecit, nave
shown that the variation of the average susreptibility and moment with
these parameters is often not large compared with tie experimental eiror,
and, with the multiplicity of parameters available, unambiguous ovaluation
of a single set for a given system is not always possibie. This is
especially the case for meuasurements carried out in the 300 - 80 K range,
most commonly used by chemists. The sensitivity of the average magnecic
properties to the variation of the param:ters is generally much greater
below the latter temperature, and measurements down to 1iquid helium
temperature are desirahle.ho The principal values of susceptibility
and moment are also far more sensitive to the parameters than the average

29,41,42

values, and manonetic anicotropy measurements on single crystals

can provide more information on distorted systems.

Some success hus been achieved in fitting average Adauta to the three
parameter model, V, K, A {(where Vv =-%) for axially distortes systemb,2
but, in the absence of reasonable constraints on the values of the pPara-
meters, the goodness of fit does not necessarily justify the correctness

or adaquacy of the model. In many cases, the values of K und A obtnined
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&35

cannot easily be rationalise on the basis of chemical knowledge of
the nsture of the ligands, Also, inclusion of an additional rhombic
distortion parasmeter may simply increase the ambiguity of the fitting,
without providing any meaningful information concerning the structural

geometry.

It is worthwnile to consider briefly how the ligand field splittings
and covalency effects manifest themselves in the electronic spectra,
€+pPer. and MYssbaver properties of the system, and to what extent the

results of the various techniques may be related.

37443, 4k

The electronic spectrum may provide information on the
separation between ground and excited states in cubic fields, and also

on the orbital splittings of excited terms in non-cubic fields. In

the latter case, the excited state splittings may be related to those

of the ground state by the crystal field splitting parameters and the
Racah parameters of interelectronic repulsion.' However, in the preserce
oI covalency, attempts to correlate the obsairved ligand field splittings
in terms of the crystal field parameters may be inv&lidated, since the
nature and magnitude of the covalent contribution in ground and excited

states may anot bhe comparabie.

45-48

E«pere. speztroscopy allows direct detzrmination of the sSpectro-
scopic g-values for the ground electronic level, which may provide
information on the effects of ligand field distortions and spin-crbit
coupling on the ortital angular momentum of this level. For systems
with =pin greater than %, the ligand field dis*tortiorns may also be
manifested in the zero-field splitting parameters, D and E. The g-values
and nuclear hyperfine interaction parameter, A, sre also sensitive tc the

effects of covalency.

The MYssbauer quadrupole splittingi*g.ﬁ2 alsc depends an the thermal
population of the states produced under the combined etffects of the ligand
field and spin-cibit coupling, and is sensitive to covalency (see Chuapter 3).
Some attempts have been madel7’53'54 to correlate mngnetic properties and
quadrupole splittings for high spin iron(II) complexcs with axial symmetry,
but the treatment requires many unproximations. The Mbssbauer isomer
shift is also sensitive to electron configuration and covalency, but

generally in a more qualitative sense.
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In general, quantitative agreement between ligand field distortion
and cnvalency parameters, evaluated from magnetic and these other
techniques, is not good. This reflects both the limitations of the
theoretical approaches to the various properties, and also that the
properties of the different electronic states investigated by these
techniques, may vury widely in their relative sensitivity to specific
effects of the ligand enviromment. However, qualitative or semi-
quantitative information derived from a combination of these técnniques
may still provide considerable insight into the structural and bonding

propcrties of transition metal complexes.

Magnetically Concentrated Systems

The phenomenon of magnetic cxchange has been extensively studied
by physicists and mathematicians, who have been primuarily concerned
with intermolecular effects which involve the entire lattice in cooperative
interactions, Such effects are found in many metals, alloys and
transition metal oxide, sulphide and halide as;rst:erns.]'-l'L More recently,

55-65

interest has been shown by chemists in the intramolecular exchange
interactions wnich frequently occur in small discrete polynuclear
clusters of paramagnetic transition mecal ions, These clusters are
generally isolated from other clusters in the lattice by the presence

of relatively large diamagnetic ligands.

Two broad areas of work on magnetically-ordered systems may be’
distinguished: fiistly, the development oI a quantitative theory to
describe the properties of the systems, and, sccondly, the investigation

of the origin and mechanism of the exchange processes.

Theoretical Approach to Exchange Interactions

. 13,61,66~
The concept of exchange hac been discussed at great length,h’g' 3163400772

and the theoretical approach which has generally been successful for
representation of the interaction is the Heisenberg~Diruac-Van Vleck

modgl.

Under the fuil Hamiltonian for electrostatic interaction between
two electrons (spins s,, s,) on atoms (1,2), two non-degenerate states
are produced, corresponding to two=electron urbital wavefunctions which

are symmetric, wsym' and antisymmetric, ¥ s with respect to electron
el

nti
interciange. The total two-electron wavefunctions are required, by the
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Pauli principle, to be antisymmetrie with respect to electron exchange,
and stm must therefore be combined with an antisymmetric spin function
(%, 8 antiparallel), and wanti with a symmetric spin function (s;, s,
parallel). Therefore, as a result of the quantum mechanical exchange
effect, the energies of the singlet and triplet total spin states are
differentiated, and it can be shown that this is equivalent to an
apparent spin coupling between the two atoms, represented by the

66,67

Heisenberg Hamiltonian:

Ko = 2342 845, _ : 1.3

where J,, is called the exchange coupling constant and g,,gzare the
spin operators for the electrons. If J,, > 0, the ground state is
that with spins parallel (i.e. ferromagnetic exchange), wnile for

Jy2 < O, ihe ground state is that with spins antiparallel (i.e, anti-

ferromagnetic exchange).

An alternative formulation of the exchai.ye Hamil:tonian which is

o4 . . . . .
frequently used, defines J,;, as twice the nagnitude and opposite in

sign to that given in 1,3,

"The exrhange Hamiltonian may be peneralised for interactions

between n paramagnetic ions:

n
:!Ce = =2 £ J..S5..5. 1.4
X j>i=1 1 ¥ )

. . .th .th
where Jij 1s the exchange coupling constart between the i and j

atoms of total spin Si, Sj’ respectively. The exchange coupling
constants ure very sensitive to orbital overlap, and interactions are
generally considered only between nearest neighbours or next nearest

neighbours,

Although the interaction may be represented as a spin-spin coupling.
it is not equivalent to a sinnle dipelar coupling. This latter may e
present in addition to the exchange effect, bul is generally scocveral

orders of magnitude smaller.

The form of the exchange Hamiltonian assumes that the magnetic
properties of the interacting iors aure due ~nly to their spin angular
momentum, and that the orbital =ngular momentum is zero. Therefore,
effects such as ligund field splittings and spin-orbit coupling for the
individual ions are excluded from this approach, which severely limita

its quaniitative application.
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In transition metal cluster compounds, where n is generally 2, 3
or 4, and the number of discrete Jij values is smal;, the eigenvalues
of the exchange Hamiltonian (l.4) may be obtained by use of the vector
model, originally used by Kambe73 for a trinuclear gluster, and subsequently
adapted and extended for many other cases?l'63 and refs. tnerein
For a binuclear system with only one exchange interaction, tne energy

levels are:
E(S') = ~J,, [81(S5'+1) - 5,(5,+1} - 5,(5,+1)]
where S' = 51 + §2.

$' can take values (S; + S;),(S; + 8§ =~ 1) .eeus |, =5, |,
giving (8; + 5, + 1) levels, each level having (25' + 1)-fold degeneracy
and being separated from the ground level by J,, (S'(S' + 1)). The
sign of J,, indicates that the level with largest S' lies lowest for
ferromagnetic interaction, whereas that with smallest S' is lowest

for antiferromagnetic interaction.

Application of a magnetic field lifts ihe degeneracy of each level
to give levels, g&ﬂ%v, (MS' = 8" - 0= ~5', and g is the spectroscopic
splitting f-ctor), by the first order Zeeman effect. The suscerntibility
of the cluster can be obtained by performing a Boltzmaun sumation among
the spin levels, and if the interacting atoms have ithe same spin, the
suczceptibility per metal ion, Xy can be determined. The second order

Zeeman effect is ncrmally incorporated as =u N{ term.

A more generalised theoretical treatment has been givenb3 for

calculatici: of the magnetic properties o systems with several discrete

Uij interactions. If the interacting ions have identical sﬁin, the
susceptibility. XA' and effective moment per metal ion can be expressed

in terms of the temperature, the various Jij pau ameters, the g=value

and the NO term. It should therafore be possible to detesrmine the
magnitude and sign of the exchange interactions from fitting of the
experimental data to the appropriate model. However, with the multiplicity

of parameters, esnecially when more than one ..Ti4 value can occur,
[V

unambiguous fittings are not always possible. A knowlecdge of the
crystal structure is generally desirable, Since a reasonable limit
on the number and relative importance of discrete Jij parameters to be

considcred cun often be mude on the basis of the geometrical disposition
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of the ions in the cluster. Nevertheless, in many cases, especially
for binuclear clusters, the structure of the complex may be predicted
from the goodness of fit to the tneoretical-model.63

74

Methods have been given’ for determination of the sign and magnitude
of Jij from particular features of the experimental XA or xﬁ-l V. temperature
plotsf For example, relationships have been given between Jij and

(i) the Weiss constant © (obtained from the extrapolation of the Xﬂ-l ve T
plots in the 'high temperature' paramagnetic region), and (ii) the Néel

or Curie temperatures, Experimental determination of these features
depends on the magnitude of the exchange interactions compared with the
temperature range available for measurement, and the relaticnships are
generally only suitable for clusters containing one exchange interaction,
Attempts tc determine Jij from the B-value must be treated with caution,
since a contribution to 8 may arise from degenerate ground states of the

individual paramagnetic ions.

Some attempts have been madeb3’73 to invlude the effects of orbital
angular momentum and spin-orbit coupling for the interacting ions, but

detailed consideration of the mechanism of exchange coupliny is required.

In addition to magnetic susceptibility measurements, exchange
1nteract10rs ir. discrete clusters may also be dstected and investigated
by e¢sper, and M8sshauer spectroscopy. In the eJ.p.r. spectrum, transitions

uay be observed which arise from spin states {S') of the cluster, rather

55,65,06

than from those of the isolated ion. The best known example or

this is the observation of the spectrum of an S' = 1 triptet excited

state in binuclear antiferromagnetic complexes of S = % ions, especially

11 . . . .
Cu ., The interpretation of such spectra has been discussed in many

articles and reviews, with refersnce to the inforiiation which may be

' i . . 65,66 and rers.
afforded on the magnitude of the exchange interaction,”0 102100 an

therein,
Evidence for antifierromagnetic exchange in some binuclear complexes
X . iIT . " 152
af high~spin Fe has also been obtained from the MUssbauer effect. 5

The observation ¢f small internual fields at the Fe nucleus, using ithe
applied magnetic field techniqme at low tempesatures, hus been inter-
preted?5 as consistent with an S' = ¢ ground state, rather than an S = 2/2

state in the ubsence of exchange, Also, the observation of peak

75 . III

asymmetry of the quadrupole doublet in these’” and other binuclear Fe

76,77

complexes has becn considered to be due to relaxation effects
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between the S' spin states of the exchange~coupled systeme

Although the theoretical approach represented by the Heisenberg
exchange Hamiltonian is quite easily applicable to small clusters,
the problem becomes computationally far more difficult in the treatment
of intermolecular systems, where pair-wise spin coupling must be

considered over the entire three-dimensional lattice.

In lattice ferromagnets, the interactions between the magnetic
ions favour a parallel alignment of all the individual spins, giving
rise to a spontaneous magnetisation. Owing to domain formation, it
is necessary to align the moments of the various domains by an external
field to determine the magnitude of the magnetisation, and the magnetic
properties may show field dependance. The simplest concept of a lattice
antiferronugnet consists of two equivalent interpenetrating ferromagnetic
sublattices, with the spins on each sublattice aligned antiparallel.,
The relevant coupling interactions are therefore intrasublattice and
intersublattice. The sublattice structurc uay be mora complex than
this simple model, giving rise to a multiplicity of exchange interactions.
In addition, the sublattice arrangements may not be simply related to the
gecmetry of nearest neighbours, and therefore the signs and relative
magnitudes of the exchange interactions may not be “asily predictabln,
Very complex iuteractions may occur, with the possibility of non-colinear

. . . . 4
alignment of the spins on the various sublattices.

Tne general problem of exchange inteructions in lattice systems
has been approached by 'effective field! tneories,78 which have been
to some deoree successful in representing the main features of the magnetic
behaviour. Since exchange interactions affect the aligmment of the
spins, they have been considered to be equivalent to an effective magnetic
field, The exchange interactions within a small section of the lattice
are then treated as exactly zs possible by use of the exchange Hamiltonian,
and this section is then assumed to be coupled co the rest of the lattice

by an effective field.

Some insighv into the nature of cooperative phcitomcna has been

obtained by investigation of ‘artiiticial clusters', produced by dilution

74

of the system into an isomorphons diamagnetic Lattice.
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Magnetic susceptibility measurements are still of great use in
investigation of lattice systems, but, as mentioned earlier, techniques
such as neutron diffraction are required for detailed examination of the
magnetic substructure and magnetisation direction.

M8ssbauer spectroscopy has also been of use in the study of magnetic

49,50

exchange in lattice systems. The presence of an ‘'internal magnetic
field' within the atom will lift the degeneracy of the ground and excited
nuclear spin levels, and the allowed transitions between the resulting
levels give rise to magnetic hyperfine structure in the spéctrum. There
are several contributions to the internal field, the most important
generally being the Feimi contact interaction, arising from tne nuclear
interaction with an imbalance of s-electron spin density, caused by
polarisaticn effects with unpaired spins in the d-valence shell. The
observation of magnetic hyperfine splitting requires that the frequency
of transitions between orientations of the net spin, caused by eleztronic
cnin relaxation processes, should be slow relative to the Larmor
frequency of the nuclear spin in the magnetic field. This may be
effectively fulfilled wnen cooperative exchange interactions are present.
Below the m~gnetic ordering temperature, the internal field is generally
proportional to the average spin, i.e. the magnetisation, ard information

may be obteined from its sign, maynitude and temperuiure dependence.

The long range cooperative behaviour in lattice systems is geneirally
prevented in small clusters by the effective isolation fiom other clusters
by the diamagnetic ligands. Howevef, many transition metal complexes
are known, in which the paramagnetic ions are arranged in long linear
chains (or sheets), through bridging by, particularly, nalide ions or
multidentate organic ligands. Such systems may behave as extended
lattices in one (or two) dimensions, evhibiting intrachain and posgibly
also interchain interactions. The magnetic properties of one-dimensiongl
infinite linear chains have been described by the Ising and Heisenberg
models, in the limit of completely anisotropic and iczotropic interactions,

79,30

respectively, and intermediate cases have also been cousidered.’

Mechanism of Exchange Interactions

A distinction was made ut the beginning of this chapter between

the terms 'direct exchange' and 'superexchanget. Historically, ‘'direct
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exchange! was considered to occur when the interacting ions were
suffiriently close for direct non-orthogonal overlap of orbitals
containing unpaired electrons. This is equivalent to covalent bond
formation between the metal ions, and gives rise to antiferromagnetism.

Examples of strong direct metal-metal bonding are known.57-59

'Superexchange', involving the ligands bridging the metal ions,
has been proposed to account for exchange interactions in systems
where the metal-metal separation is too large for direct overlap.
Binu~lear cupric acetate monohydrate is a well-~known example in which
both direct (the &-bond) and superexchange processes have been invoked
to account for the antiferromagnetism present. (Ref. 73 contains a
brief review).

Since the original concept of Kramers,b9 many mechanisms for the
superexchange process have been proposed,br’70'8}'_83 and refs. therein
to explain qualitatively how the magnetic effect is transmitted, znd
tnese have shown the imporiance of covalent uverlap between metal and
ligand orbitals. Most mechanisms invoke some degree of electron
transfer between the metal d-orbitals and the intervening ligand
O~ or T-orbitals with which theyv overlap. In some cases, transfer
involving one metal ion at a time is proposed, whil.: in others,
simultaneous involvement of both metal ions is iequired. In all cases,
che spin direction of the electron transferred (relative tc the net .
spin on the metal ion) depends on the electron occupancy of the overliapving
metal and ligand orbitals, and the ortnogonality.relationsnips between
the ligand orbitals and the metal d-orbitals containing the unpaired
electrons. The resulting alignment (parallel or antiparallél) of the
net spins on the two metal ions in a particular M-L-M bridge can be
determined by consideruation of these fastors foi' each side of the bridge.

8h

Mechanisms invoiving ligand-electron polarisation nave also been proposed.

A set of semi-empirical rules (the Goodencugh=Kanamori rules)h'g3
have been formulated on the basis of these mechanisms, to enable
qualitative prediction of the cign and relative magnitude of contributions
to the exchange in a given M-L-M system, They emphasise the importance
of the ligand field in determining both the inetal d-orbitals which contain
the magnetic electrons, and also the nature and degree of covalent overlap

between the metal and ligand orbitals. In general, exchange interactions



involving overlap of metal eg orvitals with O=-type ligand orbitals

will e much greater than that involving t orbital overlap with T=type

2g
ligand orbitals. The geometry of the bridge is also important, and a
distinction is usually made between the two common cases in which the

M-L-M angle is close to 180O and to 900, respectively.

These rules have proved extremely useful for the qualitative
understanding of superexchange processes, However, more recently,
Anderson has proposed?1 that there is no reul conceptual difference
betwoen the so-called 'direct' and 'superexchange' processes., The
intervening ligand is considered to effectively expand +he metal d-
orbital wavefunctions, through covalent mixing, so that they may
interact directly through the delocalised pathway. The exchange
processes then arise from interactions between the fractions of unpaired
spin density from each metal ion residing in the ligand orbitals. On
this basis, Anderson distinguishes two significant contributicis to the
ce¥xchange process, which encompass many of the predictions of the semi-

empirical rules, and are termed:

(i) Superexchange or Kinetic Exchange, which promotes 'incipient!?
covalent bond formation, through the intervening ligand, between unpaired
electrong in orbitals which are nen-orthogonal by s ,mmetry. This

predicts antiferromagnetism by the Pauli principle.

\ii} Direct or Potential Exchange, arising from the repulsive electrc=-
static potential energy between unpaired eiectrons in orhitals which

are nrthogonal by symmetry. This interaction is feromagnetic by the
Same considerations which give rise to Hund's rule, and is generally very

much weaker than the superexchange process.

This approach has enahled the relationship botween exchange inters

. \ . . . .9
action and covalent bonding to be treatzd on a more guantitative basig. -°
g q
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CHAPTER 2 COMPLEXES OF IRON(II) HALIDES WITH SUBSTITUTED PYRIDINE
AND DIAZINE LIGANDS

The first part of this work is concerned with investigation of
the structural, electronic and magnetic properties of series of polymeric
complexes of FeII chloride (and in some cases bromide) with some
substituted pyridines, and with the three isomeric diazines, pyrazine,

pyrimidine and pyridazine, and a selection of their derivatives.

In this chapter the background and underlying interest in these
studies is given. The relevant theory required for interpretation of
the experimentél measurements on these compounds is given in Chapter 3,
and the expcocrimental results and information obtained are discussed in
Chapter 4, for the pyridine complexes, and in Chapter 5, for the diazine

complexes.,

I. Complexes with substituted pyridines

28,4044 ,5%,54 ,85-102

There have been numerous studies of the complexas
formed between FeII halides or pseudohalides and unidentate heterocyclic
amines of the pyridine and quinoline type, and compounds have bheen
isolated and characterised in eachr of a numver of different stoichiouetries

and coordination geometries.

Most attention has been given to compliexes of the focrmula FelL, X,
(L = py, B-pic, Y~-pic, iso-quin; X = Cl, Br, i and pseudohalides NCS,
65-89,91

NCSe, NCO) and the literature contains many reports on the preparation

and investigation of the structural and electronic properties of these

ity 54439,91,92 | o 89493
40, 53,5489

28 . . . .
compounds , using techniques such as electronic,

53454,89,93

and M8ssbauer spectroscopy and magnetic measurements.

The experimental data has been correlated and interpreted in terms of a
moncmeric, tetragonally-distorted octahedral structure, with the halogens
occupying trans positions. Conclusions have been Grawn on the nature

of the bonding, the magnitude of distortions nrcsent und the ordering and

separation of the energy levels of the ferrous ion in these compounds. In

93

& recent M8ssbauer study, the temperature dcpendence of the guadrupole

splitting wus interpreted as consistent with a cis-configuration for

95

Fepy, C),, but an x-ray.crystallograpnic study”” hus confirmed the earlier

90

evidence from powder diffraction patterns thut the chlorides uare in

fact in tresns positions.
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Compounds of the type FelyX, (L = py, B“piég y-picy X = C1,
89,91,96

Br, I) have also been reported. Although it was originally

suggested91 that all six améne ligands are coordinated to the metal,

‘it has since been snown89'9b that only four are present in the primary
coordination sphere, corresponding to a formulztion Fel, X, .2L. Complexes
of the formula Fel,X, (L = quin, 3Me-iso~quinj X = Cl1, Br) have been
prepared, and have been shown to be monomeric with distorted tetrahedral

geometry.89’97-99

A range of compounds remains which has so far received very little
detailed attention. Thermogravimetric studies of the decomposition of

944,100

some FelL, X, compounds has shown that intermediates may be formed

as follows:

Fel,¥, = FelyX, = FelX, = Fel/X, = FeX,.

(L = py, B-pic, y-pic; X = Cl, (Br)).

The compounds Fepy,Cl,, FepyCl,, Fe(Yy~pic),Cl, and Fepy,Br, huve
bzen isolated by controlled thermal decomposition of the corresponding
88,101,102 102,103 _ . FelyX, (L = 3,5-C1, -py,
4=CN-py; X = Cl,Br}88 have been prepared by direct reaction. Very

431 compounds, and Fepy, Cl,

little invectigation has been carried ~ut on these compounds and, of
this, Fepy,Cl, has received most attention,

On the basis of the similarity of the X~ray powder pattern cf

]
101,102,104 thai

105

Fapy,Cl, to ihat of O=Copy,Cl,, it hus been concluded
the compound possesses the same polymeric A-coordinate structure.

105

In the cobalt complex, the metal ions are arranged in puarallel
linear chains, with each adjacent pair in a chain linked by two symmetric
chloride bridges, to give an approximate plane of four chloride ions
(internal chain Cl-Co-Cl angle = 85.50) around each tietal ion, The
amine molecules occupy trans axial positions (Co~Co=N angle as90°) to
complete the tetragonally=-distortcd octanhedron, The planes of the
rings lie approximately normal to the chain direction, although the
solution to the structure retains the possibility of an 2 10° tilt
about the Co~N-C, axis.

The room temperature magnetic moment of Fepy,Cl, hus becn reporte(j101
as 5.75 BM. The I.,R. and faur I.H. sSpectra have alsSo been meusured,lOb'lo?
although in the latter case the metal ligand vibrations remained

108,106

unassigned until u recent study, which also includes Raman datae
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44,88,92 £

The electronic Spectra have been measured or Fel, X, (L = py,
345-C2, =py, 4-CN-pyj X = Cl,Br) and for FepyCl,, and have been
interpreted in terms of a tetragonally~distorted octahedral configuration

for all the compounds,

A MBssbauer studyloo of the thermal decomposition shown above for
Fepy, Cl, indicates that the compounds FepyCl, and Fépy?gclz probably
alsc possess six-coordinate structures, involving more extensive halogen-
bridging, since their quadrupole splitting wnd nuclear isomer shift

valucs are similar to those for Fepy,Cl, .

Analogous polymeric octahedral complexes are known for many other
halides of bivalent first row transition metal ions, notably cobalt,
nickel, manganese, copper and chromium, with a wider range of substituted
pyridine 1igands.110 The basic molecular structure of the 2:1 adducts
is considered to be similar to that of a~Copy, Cl, , although additional
distortions may be introduced by the presence of ring substituents,
either by intrachain interactions or intercliain packing considerations,
In tne copper and chromium cases, the halide bridges are known to be

105,111

asymmetric, due presumably to the operation of the Juhn-Teller

effect.

A very large amount of experimental investigation nas beei carried
out on these systems,llo using spectroscopic and magnetic techniques,
to determine the nature of the metal~ligand bonding, the magnitude and
type of distortion present, and the variatiun of these with the identity
of the gubstituted pyridine ligand. However, interpretation of the
experiment:! data is complicated by the very low site symmetry (Ci) of
the ligand environment of the metal ion in the chuzin, Interpretations
based on the approximate microsyumetry of the central metal ion of each
repeat unit of the chain (considered to be 0h or th fur an 0-Copy, Cl, ~type
structure, or D211 for a Cupy,Cl, ~type structure) huve rrovided little
conclusive information on the detailed effect oi the ligand environment.

on the electronic properties of the metal ion.

i

It was therefore considered wortﬁwhile to investigate the properties
of a series of polymeric bis(substituted pyridine) adducts of FeII
halides, for which M8ssbauer spe=troscopy is readily of use, in addiiion
to electronic spectroscopy and magnetic measurements, for obtuaining

information on the environment of the metal ion. These polymeric
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compounds may be especially interesting since the presence of extended
halogen-bridging may provide a mechgnism for magnetic superexchange
interactions, such as is found in many anhydrous halides and halide
dihydrates of bivalent first row transition metal ions, which contain

halogen bridges.B’uo’112

For the purpose of magnetic studies, it was essential to ensure
that the compounds could be prepared in a pure state. Preparation
by thermal decomposition of FeL, X, compoundz is not desirable for
formztion of pure Fel, X, species, since further decomposition can
occur, and the method can produce samples ﬁitn a high proportion of
crystal defects. The preferred product of a direct synthesis from
a particular metal halide and amine ligand depends on many factors,
which have Leen extensively discussed in.the preparative studies of
CoII and NiII pyridine complexes.110 In the case of the FeII compounds,
the OU-donor ability of the ring nitrogen atom, which may be roughly
equated with fne basicity of the ligand, appears to be of great importance.,
Thus, with relatively strongly basic ligands, such as pyridine itself
and derivatives substituted with electron-~donating g:roups, e.g. alkyl
groups (Table 2.1), the Fel, X; compounds are the preferred products.
In attempts to prepare pure Fel, 4, compounds from such ligands, there

102

is a nigh risk of contamination wiih the 4:1 speciec.

However, introduction of electron-withdrawing substituents,
€. ge halogens, CN, into the ring decreases the basicity cf the liganad
and Lence the O-donor ability of the nitrogen atom, favouring preferential
formation cf the polymeric Fel, X, compourds. Introdaction of substituents
in the 2-position of the ring is undesirable, since the steric effect
of the group adjacent to the coordinating atom tends to hinder complex
formation, or may favour productiion of a tetrahcdral species. The
ligands used foir this study were therefore limited to pyridines substituted

in the 3- or 4-pnsitions with electron-withdrawing groups.

II. Complexes with Diazines and their derivatives

There has been considerable interest in the metal complexes formed
with the three isomeric diazinec, pyrazine, pyrimidine and pyridazine
(Fig.2-l) '
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pyrazine pyrimidine ‘ pyridazine
(1,4=diazine) (1,3-diazine) (1,2-diazine)
Figc 2.1-

Compared with pyridine, these molecules have a second potential
donor nitrogen atom, and tﬁo modes of bonding may therefore be envisaged,
i.e. terminal coordination through one nitrugen atom only, or formation
of a bridge between two metal atcws, through bonding by both nitrogen
atoms, A third possibility for pyrimidinc and pyridazine, inveiving
~helation tu one metal atom, is considered unlikely owing to the

orientation of the lone pairs or the nitroaoesn atoms.

The diazines are much weaker bases than pyridine (Table 2.1) and
are report.:dll3 to protonate or quarternise at one nitregen atom only,
the other being deactivated, However, it has been shown that both
nitrogen atoms are capable of simultaneous O-donaticn, e.g. with BCl, ,
pyrazine forms the compound .

/N 114
Cl;B < N N = BCl,.
N
Many metal complexes of the dimzines and their Jderivatives are known,
displaying both terminal and bridging coordination.
iI LTI

Co 7y, Ni and CuI halide complexes with pyrazine and its methyl

114-119

derivatives huve been studied in some datail, and pyrazine -
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complexes have also been prepared with Cr® and Moo, 120 TiIV and ZrIV, 121

InIII-and TlIII’ 123 Agx 124 11, 125 MOIV, 126 RuII nd RuIII' 127
Iv 128
and Sn~ ,

and Ag

Some systematic studies of the complexes formed with the three

_— . . II 11
pusrent diazines have also been carried out for the halides of Co 4 Ni ~,

MnII, FeII 129 II, 123-131 and also for Zn?I, CdII and l-lg;:['.[.:l}a“]'j’+

II' NiII

and for Cu

. . .o . 11
Complexes of substituted pyrimidines with Co and Cu have been

135-1 . . . .
prepared and studied, 35-137 and pyridazine complexes with several bivalent

. 138
transition metal salts have been reported, 3

Very little work has been carried out on the FeII complexes with
these ligands, The compounds Fépzzxz (X = c1, Br} and Fepz,Cl, .2H, 0
and the series FelCl, (L = pz, pm, pd}, have been prepared, and on the
basis of the electronic spectra, I.R. spectra and room temperature
magnetic moments, have all been considered to contain high-spin FeiI

129,138

in a six~coordinate environment.

In the FelCl, compounds, six-coordinaticn may be acnichd.by
chloride bridging, to give again an approximate plane of four chloride
ions around each metal ion, with the diazine moleculss in axial positions
forming intcrchain bridges (for pyrazire and pyrimidine Fig.2.2(a)) or
intrachain bridges (for pyridazine Fig.2.2{b}). This would pi-oduce a
trans-FeN,Cl, environment. It is not nece55ary to invoke the more
extensively chloride-bridged structure proposed for complexes such as
FepyCl, , owing to the presence of two poteniial donor sites in the diuzine

ligands,

Two different coordination enviromments could be envisaged for the
Fepz, X, complexes, depending on the relative bridging tendencies of the
halogen and the diazines The first would involve bridging halide and
terminal pyrazine, to produce a trans FeN, X, enviromment, {Fig.2.2(c}),
and the second would involve bridging pyrazine and terminal halide to
give an FeN, X, species. The simplest geometrical arrangement which
could be suggested for this latter case is the regular shcet structuve

in Figo 2.2( d) ) .

If both FelCl, and Fel,X, complexes possess the FeN; X, ~type halogei-
bridged structures then they would closely resemble the polymeric

substituted-pyridine compounds, and may provide a useful compurison
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Fig. 2.2 Possible structural arransements
for the diazine complexes

« Fe o X
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of electronic properties., The presence of the halogen bridges may
again provide a patnway for magnetir superexchange interactions.,
However, for the FelCi, complexes, the nature of the diazine ligands
introduces a new factor into the consideration of possible excnaﬁge
pathways. The bridging heterocyclic ligand would provide a delocalised
Ti~-system linking adjacent metal ions, either within the same chain
(pyridazine) or between two chains (pyrazine and pyrimidjne). Exchange
interactions inveolving the T=system of a bridging heterocyclic amine

131,139-142

have been suggested previously.

If the Fepz,X, complexes are in fact diazine bridged (Fig.2.2(d))
then the T-system of the pyrazine ligand would constitute the only'
superexchange pathway between metal ions. Determination of the
structure of these 2:1 compounds and comparison of their magnetic
Properties with those of the l:1 compounds and also those of the
substituted pyridine complexes could then provide some interesting
information on the relative efficiency of halogen and heterocyclic amine
bridges in transmitting magnetic exchange effects between metal ions,

A series comprising both 1:1 and 2:1 complexes with ihe diazines and
some of their derivatives has therefore been prepared, and investigated

by magnetic and spectral techniques.

In adaiticva to the intrinsic interest in tiie magnetic behaviour
of these compounds, it was noped.tnat structural informaticn mignt be
obtained to test the validity of criteria proposed by earlier workers
for distinguishing between the modes of bonding of pyrazine in metal
complexes.,

117-119

. s , . I .1
From the original studies of the CoI and Ni 1 complexes

with pyrazine and its methyl-derivatives, it was proposed that terminally-
bound and bridging pyrazine can be distinguished on tha basis of a mid-I.R.

43

. . . . 1 .
criterion. An electron diffraction study of pyrazine nas demonstiated

the D2h symmetry of the free molecule, and full vibrational assignments

. . 4-146 . . .
have been made on this basis. In complexes in which pytazine
coordinates to two metal utomz, the centre of symmetry of the molecule
is retained, but if the siolecule is terminally bound through one nitrogen
atom only, the symmetry will be lowered to C_ - At leust one additional

2v
I.,R. active mode of the pyrazine molecule is predicted to occur in the
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. ! .
latter case, and observation of a band at ~ 980 cm has been considered
. . . . . -11
to previde conclusive evidence of terminally~bound pyra21ne.11? ?

-1 . . -
A band at ~ 1250 cm has been considered to fulfil a similar purpose for

complexes of methylpyrazine.

On this basis, six~coordinate complexes of the type MIIMeszZ
(M = Ni, X =Cl,Br;j M =Co, X = C1) were considered to contain bridging
halide and pyrazine, while those of the type MIIpz2X2 (M = Ni, X = C1,Br,
I,NC5; M = Co, X = Cl1,Br,I) were considered to contain bridging halide,
but *erminally=-bound pyrazine. Similar considerations were applied for
the structural assignment of other six=coordinate complexes with methyl-

. . . 117~
pyrazine and dimethylpyiazines. 17-119

Following thnese structural assignments, the electronic spectra of

ehe coll 117 JIT 118,119

and particularly the N complexes were interpreted,
and conclusions were drawn on the effect on the ligand field splittings
of the mode of coordination of the ligand and the position of ring
substituents, Firstly, by comparison of the electronic spectra of

the Nipz, X, complexes with those of the presumably structurally-similar
Nipy, X, complexes, it would appear that the ligand field strength of
terminally~oound pyrazine is comnarable to or greater than thut of
pyridine, even though the basicitv of the former licand is mucii lower.

A greater degre« of metal to ligand Ti-back bonding for pyrazine was

147y

invoked to ex¥plain this. A later thermogravimetric study also
compared the dissociation heats of the Mpz, X, complexes with those oX
Mpy, ¥%; sy and concluded that the larger values in the former compounds

are indicative of more extensive t-back tonding.

Secondly, by comparison of the electronic spoctra of Copz, Cl,
and Copolz,119 it was concluded that the ligand field strength of
terminally~bound pyrazine is significantly greater than that of bridging
pyrazine. This was considered to be due to the fuct that in the
formation of covalent bonds between the metal atoms and the ligand,
two metal atoms are competing for the same set of ligand molecular
orbitals in the latter case.

118,119 that, in the N;i_II complexes in

Thirdly, it was concluded
which the metal enviromment is 'N, X, ' through bridging X, the ligand field
strengtn is decreased by ~ 2000 cm-; when the bonded nitrogen atoms are

sterically hindered by an O~methyl substituent.



It must be noted that all of these conclusions depend on the
assigrment of a nalogeﬁ-bridged strvcture to the Mpz,X, complexes, and
that this in turn depends on the mid-I.R. criterion. This criterion
was not checked by crystal structure determination for the complexes
concerned, and in view of some of the consequences it entails in
interpretation of the stuctural and electronic properties of these
systems, it may be open to doubt. For example, in the compounds
Mpz, I, (M = NiII,

to the pyrazine molecule, which appears somewhat unlikely in view of the

124,148,149

CoII) it requires the iodidz ion to bridge in preference
proven bridging ability of the diazines compared with the

noted reluctance of iodide to bridge first row transition metal icns.

Also, from consideration of the relative positions of tue nalbgens and
heterocyclic amines in the spectrochemical series, it seems plausible

that the high ligand field strength in the Mpz, X, complexes, upon which

ald of the above conclusions are based, could be more reasonabiy intaerpreted
ac consistent with an MN, X, environment, corizsponding to a diazine=-
bridged structure. Indeed. the values of the ligand field splitting,

10 Dq, obtained for the Nipz,X, complexes are remarkably similar to
those found for complexes of the type Ni(Mepz)gX, (X = Cl,Br,I,NCS)],'IS’ll9
which are considered to contain monomeric six-coordinate Ni(Mepz), X,

units, with eacnh diazine molecule bonded to the metal atom thrsugh the
unktindered nitrogen atom, and one ligand muiecule of solvation.

The mid-I.R. criterion has been used for structural characterisaticn

- 25 5
121-123,125,120,132 and in discussions

in many other pyrazine complexes,
of the properties of other transition metal complexes with neterocyclic
amine ligands reference has been made to the supposed halogen=bridged

150,151 It therefore becomes

structures of the Mpz,X, complexes,
important to investigate the general validity of tnis criterion. of
particular interest to the present work, the criierion has been applicd

to FepZZClz,lq? and a halogen-pridged structure has been ussigned from
observation of a band at 987 cm-l. The far I.l'. speetra of this compound
and several other Mpz,Cl, complexes have also been interpreted as consistent

129

with a halogen-~bridged structure,



Table 2.1-

Ligand Base Strength
PI‘(a
pY 5.2
B-pic 5¢7
Y-pic 6e0
L-CN-py 1.90
3-CN-py 1.45
L-Cl-py 3.80
3-Cl-py 2.84
3,5-C1, ~py 0.70
Z-Br-py 2.84
3-1-py 3.25
pz 0.60
Mepz 1.40
pd 2430
Pm 1,30
S-Mepm 1.80
L-Mepm 2.00
2-NH, =pm 3450

33



CHAPTER 3% ELECTRONIC SPECTRA, MAGNETIC AND MUSSBAUER PROPERTIES

OF 'OCTAHEDRAL' HIGH-SPIN FeII

The experimental measurements carried out in this present work
indicate that the compounds in both the pyridine and diazine series
contain high~spin FeII in a six~coordinate cnviromment, with varying
degrees of distortion from regular octahedral symmetry. The theory
required for interpretation of the electronic spectra, magnetic
measurements and M8ssbauer spectra of FeII in 'weak' ligand fields
of regular, axially-distorted and rhombically-distorted octahedral

symmetry is therefore outlined below.

The °D term in 'octahedral' ligand fields

In Fig.3.1, the lifting of the orbital degeneracy of the *D (Bdé)

ground term of FeII in 'weak! crystal fields is shown for:
(a) regular octahedral (Oh) symmetry,

tb) a tetragonal distortion from 0,9 lowering the symmetry to th,
and corresponding to a compression along the z-axis (i.z. the
principal fourfold axis (001) of the octahcdron, defined as

in Fig.3.1(e)),
(c) an additional rhombic distortion, lowering the symmetry to D2h'
and corresponding to a compression along the x-axis {(Fig.3.1(e))

(d) a trigonal distortion from O+ lowering the symuetry to D q* and

corresponding to a compression along the z-axis {i.e. the principal
threefold rotation axis (lll) of the octahedron. defined as in
Fig.3.1(£)),

assuming that the ligands ocrupy the vertices of the octahedron.

. 2 . . . 2
The electron configuration of the ground siate is tag eg .

The ordering of the orbital states shown is that predicted frem
consideration of electrostatic repulsion between the ligunds and the
metal d-orbitals. Thus, for a compression along z in either tetragonal

or trigonal symmetry, the singlet component of the °T term is expectied

29
to lie lowest, with the SAlg component highest in the tetragonual case,



trigonal cubic

field field
(a)
B
B
g
j Y
g
g
?
N
éf //
s
te

]

»
f
)
r
1
]
1
i
v
v
»

LR >
X s I \ v
]

(£) trigonal azes

Fig. 3.1 Splitting of

free cubic . te'aragonal rhombic spin~orbit
ion field field field coupling
(e) (b) (e) (8)
5
*"-s.g (dza) P y
5
B / ]
4
\_ T
5 : 5 N =
D A°=10Dq B‘Lg (dxz_ya)
| i =
g VAR
A
: &
Ta 1 Ay vz R
& 4
5 a
,z
— -y
X

»
(e) tetragonal axes

5
the D teim by the ligand field and spin-orbit coupling.

149



%6

The distortion and the splittings, & and 4 , are defined as positive

3245k

in this case. However, it has been shown that either the singlet

or the doublet component of °T_ may lie lowest for an axial compression,

29
depending on the relative magnitudes of the second and fourth order

radial parameters, Ds and Dt (th) or 0O and Dt ( )} in Ballhausen's

D
15 3d

notation.

On this crystal field model, the cubic field splitting AO = 10 Qq’

and the axial splittings are gpiven by:ls
&5 =4 Ds+ 5Dt D
A =3Ds - 5Dt in
land A =3D0 -5 Dr D}d
A single parameter axial field model,33 which has been used in the
26,33 and MBssbauer properties,5l'52

calculation of magnetic assumes the
fourth order parameter Dt or Dt to be zero, so that for th symmetry,
&, = 4/3 &y« The additional rhombic splitti.g of the 5Eg term (th)

is also given by € = 12 Dr {the smaller fourth order term being neglected),

The components of the cubic field 5T29 and 5Eg terms can become

intermixed 'nder the trigonal and rhowhic potential operators.

The effect of spin-orbit courling is snown in Tig.3.1{g), for tie
case VNC >» AI.S. The fivefold spin deaeneracy of each orbitzl state
is lifted, and considerable mixing of the orbital character can occur.

The free ion value, Ab’ for FeII is =103 cmdl.

As meontioned in Chapter 1, the effects of covalent overlap with
ligand orbitals can alter the relative separation 5f the antibonding
molecular orbitals of predominantly metal d~orbital character from that
predicted by the crystal field model. On the molecular orbital model

1 . . . .
of McClure, 23 account is taken of covalent interaction by replaciing the

crystal field splittiﬁg parameters with the difrferences in g~ und
. X . . . . . . IX
T=antibonding- and T~bonding energies of the ligands. Foi high spin [Fe

in a tetragonal field, 4 depends only on the differences in C-antibonding
energies of the axial and in-plane ligands, i.e. & =‘% (Uz - Oky).

The splitting of the °T_ term may depend on both T=antibonding and

2g
T~bonrding energies of the ligand, depending on the occupancy of the

ligand orbituls which cun overlap with ihe tzg orbitals of the metal,
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The Angular Overlap model has been developed to attempt to place
this empirical method on a quantitative theoretical basis. An assess~
ment of the relationsuips between the crystal field and molecular
orbital model parameters has been given,h# but the limitations of this

correlation (mentioned also in Chapter 1) have been emphasised.

Electronic Spectra

In weak ligand fields of 'octahedral' symmetry, spin-allowed
transitions are predicted between the lowest-lying component of the
5T2g term to the two components of the 5Eg terms The transitions are
symmetry forbidden for a centrosymmetric system, but achieve weak

intensity through vibronic coupling.

In regular octahedral or trigonal symmetry, the 5Eg level remains
degenerate, and only one spin-allowed transition is predicted. However,
in systems wnich are assumed to possess these symmetrieé, the observed
band is often broad and asymmetric or split into two components.ga
This may be due to a dynamic Jahn-Teller effect or to additisnal distortions
due to lattice packing effects, although the two causes ure often insepar—
able. The magnitude of the splitting caused by the Jahn-Teller effect

154

i |
has been estimated theoreticallyw to be of the Order of ~ 2000 em ~,. put

the validity of the calculation is questionable.

In tetragonal or rhombic symmetry, two transitions are predicted
to the components nf the 5Eg term. In the tetragonal case, the measurad
band separation may he expressed in terms of the axial field splitting
paraneters, i.ee & =4 Ds + 5 Dt, but evaluation of the tyo parzmeters
from the single experimental value of & 1is not possible, The electronic
spectrum does not allow evaluation of the 57T

2g

transition between the components of this term is not observed.

spLitting, since the

For systems in which considerable covalency is expected to be
present, the excited term bund separation may be expressed., by the

method of McClure, as & = % do.

If the rhombic distortion destroys the centre of cymmetry of the

molecule, the intensity of the observed bands is expected to increase.

In all cases, if the splitting of the °T level may be assumed to

2g
be sSmall, an estimate of the cubic ligand field strength, Ab = 10 Dq,

may be obtained from the mean of the band positions.
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Tne spin-orbit coupling splitting of the levels is usually manifested
in thc broadening of the observed bands, but is rarely large enough to

he resolved as fine structure.

Magnetic Properties

The magnetic properties of the ferrous ion in weak octahedral
ligand fields, in the presence of an axial distortion and spin~orbit

26429430,53

coupling, have been calculated by the procedures ocutlined

in Chapter 1 for magnetically dilute systems.

The calculations of Figgis et al.?6 Kdnig ot al.29’30 and - |
Golding et al.,53 have heen carried out within the 5ng term only, and
interaction with the 5Eg term has been neglected, Under these conditions,
the behavionr is identical for tetragonal and trigonal distortions. In
the first two cases, the value of Moss has been tabulated in terms of the
parameters E%, K and v (='%'). The orbital reductisn factor nas been
included in the magnetic moment operator but not in the spin-orbit
cbupling operator, so that the total reduction in the =pin-orbit coupling
interaction is manifested in the reduction of A from lb. In the last

case,y the orbital reduction fuctor has not been included and the effects

of covalency are allowed for only by tha parameterizcation of A.

In all three calculations, oniy the second orde: terms in tine axial

field potential has been used, so that A = 3 Ds,

Figgis et al. have presented values for the average moment only,
whereas Kbnig et al. have calculated both principal and avcrage moments.
The main fecatures of the behaviour of the average moment are ocutlined

below.

In regular cubic symmetry, i.e. V= 0, the isotropic moment at

200 cm_l) is 5.64 BM (K = 1, X = lb). The spin-

room temperature (kT
only value for the S = 2 term is 4,90 BM, and thereforc ccnsiderable
orbital contribution ié present in 0h symmetry. As the temperature
is decreased, “eff increases slightly to a maximum of ~ 5,70 BM

(KT = 100 em ) znd then decreuses quite rapidly towards the spin-only
value. The moment is predicted to approach zero as the temperature
approaches zero. Reduction in ¥ and A decreaszs both the magnitude

and the temperature dependence of uéff.
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In axial symmetry, the distortion has very little effect on Mogs
unless it raises the orbital degeneracy by an amount greater than the
spin-orbit ceupling. Thus for Vo« + 1-2, the value of “eff at room
temperature remains high i.e. ~ 5.63 BM (kT = 200 cm—l, K=1, A= kb)'
For increasing positive values of A, the room temperature value of
Moge drops more rapidly towards the spin-only value, than for corres=-
ponding negative values of 4. However, the temperature dependence of
“eff in the former case tends to be reduced s the distortion increases,
whereas in the latter case the temperature dependence is still quite
pronounced, and increases with increasing distortion. In both cases,

reduction in K and A decreases towards the sSpin only value. The

Hets
retention of some orbital contribution even for large, positive values
of A indicates the efficiency of spin-orbit coupling in mixing orbital

angular momentum into the ground state.

Although the symmetry of the axial distortion does not affect the
magnetic properties calculated within the 5Tﬁg greund term, a significant
2 .

32

difference is found”~ when the calculation is performed within the full
D term. For the tetragonal case, it has been snov:n32 that the mixing
in of the cubic 5Eg term by spin-orbit coupling alters the value of

ueff by the order of 0.0j BM, wnich is often not significant since 1t

is of the order of the experiment:zl error of measurecment. However, for
the trigonal case, mixing in of the excited 5Eg term can ocrur under hoth
spin~orbit coupling and the axial field potential. It has been shown32
that, in trigonal symmetry, the value of “eff can be extremely sensitive
to small departures of the angle between any bond and the principal
rdtation axis from the octanedral angle, for certain values of the
crystal field splitting parameters. This sensitivity is greatly

enhanced by the interaction with the excited *E_ teru.
=]

The effect of a rhombic disfortion on the magnetic behaviour has
generally not been treated in detail. The removal of the remaining
orbital degeneracy of the 5T2g term should decrease the value of peff
more rapidly towards the spin-only value, but again the actual behavjour
depends on the relative magnitudes of the rhombic splitting and spin-orbit

coupling effects. The excited state mixing uader the rhombic potential



and spin-orbit coupling are also expected to be important. The
magnetic properties should become completely anisotropic, but if, for
example, the magnitudes of a positive tetragonal and an additional
rhombic distortion are such that one of the components of the °E

level (th) drops close to the ground singlet i.e. (4, = %) is small,
then spin-orbit coupling betwcen the two lowest levels should reintro-
duce orbital contribution to the moment, and the magnetic propérties

may have approximate symmetry about the X- or y-~axis.

Exchange Interactions between Ferrous Ions:

An expression for the susceptibility and effective moment for an

155

5 = 2 ion in an exchange-coupled pair has been given, in terms of g,

Jiz and T. A tabulation of the variation of the moment with T and J

156

has also been given for antiferromagnetic excnange between nearest
neighbours in a linear chain of up to 10 metal ions of S = 2. These
calculations are of quantitative use only in systems for which the

orbital angular momentum of the ground term is completcly 'quenched',

The mechanism for exchange coupling between ferrous ions through

intervening ligands will be discussed as appropriate in'Chapters L and 5.

MBssbauer Spectra and Hyperfine Interactious

The nuclear trunsition most commonly studied for iron is the
57Fe (1 = %) ¢ “7Fe (I = 3) transition, involving a y-ray of energy
14,4 XeV. The M8ssbauer hyperfine effects, which arise from interactions
between the nuclear ground and excited spin states and the surrounding
electronic change and spin density distributions, can provide information
on the nature and symmetry of the ligand enviremment of the metal atoms
Some aspects of the theory of thase interactions ror high-spin FeII

in an 'octahedral' environment are reviewed.

(i) Nuclear Isomer Shift

This arises from the electrostatic interaction between the nuclear
charge distribution and the charge density of the s clectrons, which
have a finite probability of existence at the nucleus. The theory of

the interaction hus been extensively discussed.l@’50
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The factors which affect the total s-electron density at the
nucleus, and hence the isomer shift. have been investigated both

157-160

theoretically and experimentally. In nigh-spin compounds, the
isomer snhift decreases with increasing oxidation state, i.e. as the
remuval.of 3d electrons decreases the shielding of the core 58 electrons.
The characteristic range for FeII is ~ 4+ 1.1 to + 1.6 min/sec. relative

to sodium nitroprusside.

The effect of covalency on the isomer shift has been investigated,

159

especially in low-spin compounds, where the high degree of covalent

overlap with ligand orbitals appears to be more important than the

formal oxidation state. For high-spin FeII, the isomer shifts in

series of reléted compounds of predominantly ionic character have been
observedlbo“lba to decrease fairly consistently with decreasing electro-
negativity of the ligand, This has been interpreted as. indicative of

a higher degree of metal 3d radial expansion with decreaéing electro~
negativity, reducing the shielding on the core 3s electrons., Correlutions
between the isomer shifts and both quadrupole splittings and the 'internali
fields, wnich are also sensitive to 3d delocalisation, have been proposedlbohl62

in support of this interpretation. However, an alternative expl:znation

163

has been given, which considers the effect to be due to overlap
distortion of the core s;electrons and direct augmertation of thc meial
Ls-orbital cccupancy, through OU-donation from filled ligand orbitals.

An additional mechsnism, invelving reduction in the 3d-electron density,

and thus the shielding of the 3s orbitals, through T-back bondinng into

empty ligand orbitals, may also contribute where such orbitals are available

on the ligands.

. . 164 . . . .
There is also some evidence that the 1somer shift 1is sensitive
to coordination number, when comparison is made between compounds witl

related ligands.

It must be noted that the measured 'centre shift' in the MBssbouer
Spectrum is not due solely to tne nucleur isomer snift, since there is
. . 165,166 .

also a contribution from the secoud order Doppler effect. 2 This

latter effect depends on the mean square velocity of the 37Fe nucleus,



42

and is therefore a function of the lattice dynamics of the particular
solid under investigation. It will generally introduce a temperature
dependence into the measured 'centre shift! (of tne order of ~ 0.05 mm/sec.
167

per 100 K). The variation of the s.o.d.e. in a series of related

compounds may not be negl%gib{g compared witn the variation in the
measured tentre snifts',IDS’lbb and it is difficult to eliminate this
effect by calculation. Therefore, interpretation of small differences
in measured snifts in terms of variation of the nuclear isomer shift

" with bonding effects may only be of limited significance.

(ii) Nuclear Quadrupole Interaction and Quadrupole Splitting

The interaction between the nuclear guadrupole moment of the
’Fe I = } state and a non-zero electric field-gradient {e.fugs) at
the nucleus partially lifts the spin degeneracy of this state to give
two subloavels, mp = + g and my = :_%. The separation between these
two levels and the resulting separation of the two observed peaks in
the MBssbauer spectrun corresponding to transitions to these levels
from the I = 4 ground State, is termed the quadrupole splitting, AEQ'

and is given by:
1

AEQ=$%e2qQ(1+;n2)

is the quadrupole moment of the I = 3 ctate and is positive, eq is
H P 2 q

the major component, sz,-of the e.f.g. tensor ¥ and N is the asymmetry

parameter,
v -V
XX _ ¥y
v
, z

The principal uxes of the e.f.ge. are defined such that sz > Vxx = vyy'
The quadrupole splitting is defined as positive if the my = > 3 state

lies highest.

The sign and magnitude of the e.f.g. in iron compounds depends
on the electron configuration of the metal ion and the nature and
. . . . 1T 51,52,168

symmetry of the ligand environment. In nhigh-snin Fe compounds

the major contribution to the e.f.g. is 91 ? which arises from the

The eefoeg. und V ure equated by convention
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aspherical distribution of the one electron with spin antiparallel
to the other five. The expectation values of g and M, 4re not
val al

. . . 1 . -
identical for each of the 3d orb1tals,5 and since the thermal transition

9

times between these orbital levels (10- - 10-11 secs.) is generally

greuter than the quadrupole precession times (-~ 10—8'sec.), the effective
field gradient will be an average of the contributions from the various
levels, each weignted by the appropriate Boltzmann factor. The sign,
magnitude and temperature-dependence of the e.f.g., and hence of the
quadrupole splitting, will therefore depend on the nature and magnitude
of the splittings of the °D ground term by the iigand field and spin-

orbit coupling.

i . - iT . .
The valence quadrupole splitting for high-spin Fe in distorted

. . ) . 1,52,161
octahedral fields has been converiently expressed in the form:5 152,16

8E, = 2/7 eaQ(l - R) <r—3> a2 F(4, €, l! T) 2.1

Q 3d
where (1 - R) is the Sternheimer antishieldin~ factor, and < 7>

3

is the expectation value of r '~ for the 3d electrons. The term

2/7 eZQ(l - R)<r-3>3d represents the maximum value of AEQ, for the

case of the fodd' electron stabilised in any one of the free-ion
d-orbitals,. The function F( ) is a reduction factor which incorporates
the decrease ibp AEQ from the free-—-ion valuey and the temperature
derandence, due to the effects of a non-cu™ic ligand field and spin-
orbit coupliug. The effects of covalency are included by the intro-

duction of the parcmeter c? (generally 0.6 = G? s 0.9)51 to allow for

3

the variation in <r ”> and possibly also (1 - R) by expansion of the

3d
d-orbital radial functions on compound formation. A is also allowed to
vary from lb, but although some treatments have used the simplifying

2 51
a

assumption that — = it appears that the twn eifects of covalency
Y Pr

1
must be treated sgparutely. 61

The absolute valuec of thc free-ion QEQ cannot be determined
independently, since Q cannot be directly @easured. Estimates varying
from 3.7 - 4,0 mm/sec. have been obtained109 by experimental measurement
of the low-tempeiature limit or the quadrupole splitting in predominantly
ionic compounds, for which the values of the ligand field and spin-orbit

coupling parumeters are available from other techniques, lHowever, these
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values include the ( parameter relevant to the particular compound.

A value of 4.8 mm/sec. nus been obtained1b2 by extrapolation of an

- . . s . - 2
empirical ‘covalency' calibration to the ionic limit, o = 1,

The sign, magnitude and temperature variation of F( ) has been

51,52

given. For regular cubic fields, F( } = 0, and no valence
quadrupole splitting should arise. In fields of tetragonal symmetry,
(ieee M =0, € = 0) F( ), and nence AEQ, is positive if the singlet
state lies lowest, i.ee. AN >0, As the ratio ﬁ% increases, F{ )
increases towards a maximum value of 1 (ap > ). Also for A >> A,
the temperature dependence of F( ) decreases as & increases, As the
ratio-% decreuses, the spin-orbit coupling reduces the value of F( Y,
and this effect is especially important at low temperature and small
values of A, .  For the doublet state lowest, i.e. § < 0, F( ) is
negative and has a maximum value of . The sign and low=temperature
limit of AEQ are thus extremely useful for determinatinﬁ of the nature
of the ground state. For randoml& oriented powdered samples, the
Sign of AB caﬂnot generally be obtained from the observed spectrum,

Q

but methods are available for its determination (p.48).

For trigonal distortions, the choice of a different set sf basis
wavefunctions for calculation of the ligand field ard spin-o:bit coupling -
effects, reverscs the sign of F{ ) for the two possible orbital ground

170 . . . A .
states, which can provide a means of distinguishing the two axial
symmetries in a compound of unknown structure.

Thé effect of a rhombic field component (i,e. T £ 0, € £ 0) on the
51,52

value of F{ ) has also been calculated. The rnombic digtortion
has only a small effect on F( ) when € is relatively small, decreasinrg
F( ) when A > G, and increasing it when A < 0. However it is not
generally possible to relate the effects to the nature of the rhombic
distortion. Intermixing of tne states under the rhombic oﬁerator may

also alter the e.f.qg. contribution of the ground levels.

Comparison of measured quadrupole splittings over a temperatura
range to the predicted behaviour of equation Z.1, may allow evaluation
of the ligand field splitting, spin-orbit coupling and covalency
parameters, llowever, as in the case of magnetic meusurements, the

multiplicity of parameters make unambiguous evaluation difficult. In
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addition, there are several other contributions to the e.feg. which
may require consideration in particular cases. A lattice e.f.g.
arises from an asymmeirical distribution of ionic charges in the
lattice, and may not be negligible, especially in hignhly distorted

Sysiems. Attempts have been made to relate tnis e.f.g. to the ligand

Sl 1

field splitting parameters, but point-charge calculations have snownl?
that this approuach may be seriously misleading. An additional effect
of covalency, which is well known in low-spin FeII compounds, is the
production of a 'bonding'! e.f.g., caused by an aspherical distribution
of ligand electron density approaching closer to the nucleus, through
covalent overlap, than would otherwise be possible. These two effects
would be expected to pruduce a temperature~independent contribution to
the e.f.g. The effects on the valence and lattice e.f.g.'s of thermal
variation of the lattice structure has also been ccons:ldered.1?’2 Finally,
asymmetric occupation of the 4p orbitals through covalency could al:zo

give rise to a contribution to the e.f.g.

Although in many cases, quadrupole splitting data on high-spin Fe]:I

compounds has been interpreted only in terms of the 3d valence e.f.g.

172

one estimate indicates that contributions from other sources could
amount to as much as 1 mm/sec. Owing to these considerations and

to the unknown structurai factors in the compounds ctudied in this
work, interpretation of quadrupole splitting data has been aenerally
limited to qualitative comparison of the trends within tne series of

related complexes.

(iii) Nuclear Zeeman Interaction and Magretic Hyperfine Splitting

The complete lifting of the nuclear spin degeneracy by a magnetic
field at the nucleus has been mentioned in Chapter 1. The field, H,
may be externally applied or may originate within the atom through
the Fermi contacec and other interactions. The nuclear Zeiman splitting

can be represented by the Hamiltonian:

3y = —oyi Lol

for which the eigenvalues are

By = —oyMymgH
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where m. can talke values, I, I-1, ... =I,

I
Iy is the nuclear g-factor -
and My is the nuclear magneton,
The ground, I = % level for 5fFe is split intc two Substates, and the
I = level into four substates. The selection rule for transitions
. . . e
of magnetic dipole character between these substates is my - mg =0, + 1,

so that six of the possible eight transitions should be observed.
Assignment of the observed peaks to the appropriate transitions (using
the relative intensity ratios) and measurement of the peak separations,
enables the field at the nucleus to be determined by solution of simple
simultaneous eguations in terms of the 9y factors for the ground and

167

excited states,

. , I1 ’ . . . .
In nigh-spin Fe compounds, contributions to the 'internal! field,
Hn’ arise from both the spin and orbital magnetism of the ground state

173,17k

of the metal ion. The former gives rise to both the Fermi
contact interaction (Chapter 1) and also to wia anisotrscpic dipolar
interaction in a non-cubic environment. There is Also a nuclear
interaction with the orbital current produced by unquenched 3d orbital
angular momentum, The Fermi centact term has been ca.lculaﬂ:e.dl?i4 to

be =-550 kG for the free ferrous inn, while the dipe’ar and crtital
fields are of tne order of +10 to 100 KG each, All three contributions
are affected by covalency, through their various dependences on the 3d
radial functions, and a large spread in the magnitude of the total

tinternal'! fields is observed with variation of the ligand enviromment.

The requirement of relatively long spin-relaxation times for production
of a static 'internal' field, and thus observation of magnetic splitting,
has been mentioned in Chapter 1. In spontaneously magnetised materials,
the tinternal' field corresponds to the average values of the atomic
momenta as determined by the nature and magnitude =f the exchange
interactions. Since the uverage magnetisation becomes zero at the
Curie or N&el point, observation of the collapse of the magnetic hyperfine

splitting pattern provides a moans of determining tne crdering temperature.
" . . Ii . .
In paramagnetic nigh-spin Fe compounds, where spin-relaxation
is generally fust, magnetic hyperfine splitting may be observed if un

173

external field, Ho, is applied to produce an appreciable magnetisation.
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Fields of at least 30 kg are usually required., = The effective field
'seen' by the nucleus is then

=H + <> H
0 S n

Heff
<g> . . , ,
where S 13 the fractional magnetisation produced. The magnetic
hyperfine interaction due to the 'internal' field, Hn' may be represented
bhenomenologically in an analogous manner to that used in e.p.r.

Spectroscopy by:l75

d :KM=AE.§'

where S5' is the effective spin of the ground state of the metal ion,
and A is the effective hyperfine interaction tensor, which incorporates
the effects of orbital momentum, The symmetry of the A tensor may then

provide some information on the symmetry of the magnetic properties.

If a quadrupole intcraction is present in addition to the magnetic
interaction, the number, separation and relative intensities of the
observed pealts in the spectrum may become quite complex. The nature
and eneryies of the nuclear spin substates will depend on the relative

-magnitudes of the quarrupole and magnetic interactions, the symmetry
of the e.f.g., and the orientation of the magnetic field axes to the

principal axes of the e.f.g.

The eigenvalues of the combined magnetic and guadrupole interaction
Hamiltonians may be obtained quite readilyv for certain cases, in wnich

there is a simple relationship between the magnetic field direction

-

o7

1 .
and the e.f.g. axes. The my valuec still serve as good quantum

numbers in these caces, and the intensity ratios of the six peaks can

be computed and used to assist in peak ossignment.

However, in the general case of a non-axially symmetric e.f.g.,
with the magnetic field direction at some arbitrary angle to one of the
principal e.f.g. axes, interpretation of the spectrum becomes extremely
difficult, In such systems, as the value of 1| increases, the eigenstates

of the combined interaction may no longer correspond te pure m states,

I
but to linear combinations of the basis set. The transition probabilities

9
I

= + 2, cun become

. . e
between ground and excited states for which my - om



non-zero, and more than six peaks may be observed in the spectrum.
The relative intensities will then depend on the extent of mixing
of the states, and their usefulness in assignment of the observed

peaks 1is decreased. Methods for computer. simulation of the observed

176 . .
spectra of such systems have been developed, 70 but require prior

estimation of reasonable values for the magnetic and e.f.g. parameters

and the angle transformations between their respective axes, An

177

analytical method has also been given for derivation of tne nuclear

energy level scheme and hypérfine parameters from the observed spectrum,
. ;

but is quite complicated far the general case.

An important application of combined magnetic and quadrupole

interactions is the determination.of the sign of the quadrupole

178

splitting in randomly-oriented powdered solids. It has been shown
that an externally applied field will cause the transition to the

my = :_3 state +~ split into a doublet, wnile that to the m. = :_% state

I
will split into a triplet (unresolved quartet). If the duublet lies

at more positive velocity in the observed spectrum, the guadrupole

splitting is positive (as defined for the k. = +  state lying hignest

I
in energy).
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CHAPTER 4 EXPERIMENTAL RESULTS AND DISCUSSION ON TIE FeII COMPLEXES

WITH SUBSTITUTED PYRIDINES

Polymeric Fel,Cl, complexes have been prepared witn the ligands,
L = 4-CN-py, 3-CN-py, 4-Cl-py, 3-Cl-py, 3,5-Cl,-py, 3~Br-py and 3-I-py,
by reaction of the metal salt with the stoichiometric quantity of the
ligand, in anhydrous etnanol solution and in a nitrogen atmosphere.
The corresponding tromide complexes with 4-CN-py and 3,5-Cl, -py have
also been prepared by a similar method. No pure complexes of the Fel, X,
type could be obtained with these ligyands for the cnloride and bromide,
but reaction of ferrous iodide with both 2:1 and 4:1 ligand to metal
ratios resulted in the isolation of relatively unstable Fel, I, complexes
(L = 4-CN-py, 3,5—012"py) in each case. , The preparative details are

given at the end of this chapter.

The extreme insolubility of the nolymeric complexes in all common
solvents which do not decompose them made recrystallisation impossible,
but the elemental analyses (Table 4.1) and the MBssbauer spectra indicate
their purity. Tne'polymers are relatively stable, the bromides less so
than the chlorides, and if stored under dry nitrogen, remain undecomposed
for several weeks, The complexes with the more volatile ligands
(i.es 3=Cl=~py, L4-Cl-py) tend tc lose ligand after a few days' storage,
and it was generally desirublie to prepare inew samples immediately prior
to each physical measurement. The iodide complexes darken consilerably
and lose ligind after a few days. All the compounds are completely
decomposed by water, and deteriorate fairly rapidly on exposure to moist

air.

The compound Fe(3~Cl-py}.Cl, was preparcd many times by the same
procedura, In almost every case, the complex precipituated after
~ 10 secs. stirring us » microecrystalline solid, and on the basis of
physical evidence is denoted form A- In one preparation, the only
observed difference was that tnelsolid precipitated immediately on
mixing the chloride and ligand solutions, 25 a very fine powder. This
sample was found to differ in its electronic properties from form A,
and is denoted form B. It appeared to be slightly less stable than

the A form towards loss of ligand.



Structural and Bonding Considerations

As stated in Chapter 2, the basic molecular structure of the
polymeric complexes is assumed to be similar to that of 0~-Copy, Cl, »
Assuming that the N-Fe-N bond coincides closely with the z-axis of the
d-orbital coordinate system, then from consideration of the relative
positions of heterocyclic amines and the halides in the spectrochemical
series, the axial ligand field would be expected to be stronger than
the in-plane field, so that the orbital ordering scheme should be that
for a tetraganal compression along z, (}ig.3.1l(b)). Additional
distortionc may be expected, lowering the microsymmetry of each metal
ion from D4h' The halide bridges may be non-planar, the metal-halide
bond angles may depart from 900, and the bond lengths in the x,y plane
may not all be equivalent. In the somewhat related compound FeCl, .2, 0,
which has a similar halogen-bridged structure,l?9 two discrete Fe-Cl bond
lengths, in diagonal puirs, are present, aiud the Cl-Fe-Cl bond angle
is ~ 88°, '

In the amine complexes, thc extent of such distortions may depend
on the steric requirements of the ring-substituents. It may be expected
that with substituents in the 3%- and 3,5-positions, orientation of the
rings so that their plsnes are wormal to the chain direction would be
favoured, to minimise interaction between the rings on adjacent FeI
atoms. However the &ffects oi the substituents in packing together
of the chains way impose other orientations of the rings. Molecular
model construction {using the structural parameters for OtCopy'zClz)&o5
indicates thut considerzble steric interference would occur between the
2-hydrogen atom of the ring and the bridging halide for angles between
the plane of the ring and an M~Cl bond of less than -10-15°. Owing
to the possibility of these distortions, the orbital ordering scheme

in these compounds may be betcer represented by Fige. 3.1(c).

It is of course possible that the halide ions do not lie close to
the x and y axes of the metal d-orbital coordinate system. Small departures
of the halides from thase axes would affect the relative separuations but
not the order of the levels in Fige 2. Xc). An extreme situation could
be envisaged in which the halides are positioned at ﬁnhSo to the x and y
uxes, In tnis case, the energy level scheme in Figs. 3.1 (a) - {c)

would be altered by interchanging the dxy and tne dxa-y2 orbituls, which
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does not greatly affect the electronic properties. This situation is
, . 1 .
proposed for the rhombically-distorted FeF2,5 but there is also a
2

significant contribution to the ground state from admixture of the d

orbital with the dx -y2 under the rnombic potential,

The isolation of two distinct forms of Fe(3-Cl-py),Cl, , both of
which appear to have six-coordinate chloride~bridged structures, indicates
that considerable structural variation may occur within this series of
complexes. The X~ray powder patterns of the two forms were obtained,
together withr those of Fe(3~CN-py),Cl, and Fe(3,5-Cl,-py),Cl, for
comparison, The itwo forms gave significantly different patterns, and
although none of the compounds gave identical patterns, the most marked
similarities were between the A form and Fe(3,5-Cl, -py),;Cl, , and the B

form and Fe(3-CN-py),Cl,.

The degree of covulency in these complexes may be quite consideruble,
In addition to O-bonding to the metal throwuigh the ring N-atdm; the amine
ligands have filled T~ and empty T*~-orbituals available which may overlap
with the metal dxz and dyz orbiials, Since the CN- and halogen-substituents
have electron-withdrawing inductive effects. the reduction ol ring electron
density siould favour T=back doﬁation irom the metal to the amine '
T*~orbitals, The gencral importunce of Lack-donation in the bonding
of pyridine-type ligands to metal inns have been estahlisned,lgo and
some evidence has been given that 3~ and 4-CN-py have quite & high tendency
to back-accept.181 Both 0- and T-covalent interactions between the metal

orbitals and those of the bridging halides are also possible,

Electronic Spectra

The diffuse reflectance spectra of the complexes have been measured
in the 4000 - 26,000 cm“l region at room temperature and the results are
collected in Table 4.Z.  All the complexes show a relatively weak
resolved doublet in the 5C00 - 10,000 cm -3 region, due to the metal
5ngé—%5Eg transition, mt the position of the lower component is diffi-
cult to measure accurately, since it is somewhat obscured by a ligand
vibration. There is also an intense band in the 20,000 = 26,000 cm-l
regivin due to metal-ligaund charge transfer mechanisms or ligand m & >

transitions.
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In the polymoric complexes the relatively 1$rge separation of the
bands (3,000 - 3,800 cm"l) is consistent with a tetragonally- or
rhombically~distorted octahedral structure. Since considerable
covalency may be expected in these compounds, the excited state splittings,
b, y are best discussed in terms of the McClure model. Gz, due to the
axial amine ligands, 1s expected to be larger than Oky’ due to the
halide ions in the plane, and d0 is therefore positive. The calculated

values are listed in Table 4.2,

For the ghloride complexes, the A0 values are significantly lower
than that for Fepy,Cl, (4 = 4100 cm-l, do = 1540 cmw1 ?8'92 which
reflects the decrease in the (~donor ability of the amine by introduction
of the electron-withdrawing groups. There does not appear to be a
definite correlation between the d0 values and the base strength of
the amine (Table 2.1}, particularly when comparing the values for the
CN-substituted amines with those for the balogen-substituted amines.

This may indicate a significant variation in ny within the series.
Comparing the dC¢ and PKa values for tne complexes with nalogen-substituted
pyridines, the dC value of the B form of Fe{3-Cl-py),Cl, appcars to be
anomalously low relative to that of the A form. Any weakening in the
amine to metul O donation would not only dJdecréase Gz but may also increase
ny, since thc resulting larger effective charge on the metal ion may
enhance the halide to metsl O donation. A possible cause of this effeci
may be that in the B form pucking consideratiociis cause the rings tc take

up an orientation which produces steric interference between the substituents
or betwecen the Z2-nydrogens and the chloridz bridges. A lengthening of the
Fe-N bonds may then occur to minimise the inceraction, with possibly,
simultaneous alterations of the arrangement in the plane. The possibility
of the two forms corresponding to cis and truns isomers of the compound
seems unlikely, owing to the low~temperaiure transition from the A to the

2 form, which has been detected by Mbssbauer mpectroscopy uand is discussed
below.

The A0 values are larger by ~L00 - 800 cm-1 and opposite in sign

4.8
to those foundSL'SJ for the monomeric octanedral Fel, Cl, complexes
(L = py, B-pic, Y-pic, iso~quin). Opy may be expected to decrecase

whéen the halide is bridging ratner than terminaly as suggested by the

longer bond lengths in the former case (c.ges in chopyéC12105 and Copy,'clzj,'s2
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the Co-Cl distances are 2.49A and 2.32ﬁ,respectively). The larger
values of ldcl in the polymers suggest that the decrease in Otl
outweighs that in 9, {due to the presence of the electron withdrawing
substituents). It is also possible that a rhombic distortion in the
polymers may increase the excited state splitting, relative to thnat

in the monomers.

The estimated values of 10 Dg, obtained from the mean of the band
positions, are included in Table 4.2. The magnetic and MYssbauer data,
presented later, suggest that the 5T29 splitting is relatively swall,
and therefore these values may be quite meaningful. The values are
fairly constant (~7600 - 8000 cm-l) for the chloride complexes, although
that for the B form of Fe(3-Cl-py),Cl, is again anomalously low, The values
are ~ 1000 cmul‘f lower than in the FeL,Cl, monomers, 8,89 reflecting
the decreased bonding strength of both the substituted amines and the
bridging chloride, and also the expected rzduction in the total field

strength in passing from an N,Cl, ' to an 'N,Cl, ' environment.

For the bromide complexes measured, the values of A (and thus do)
are slightly nigher, and the values of 10 Iiq slightly lower, than those for
the corresponding cnloride complexes, which is consistent with the relative
ligand field strength of tne tws halides. The differences are much less
marked than those found in the monomeric Fel, X, compléxes,88’89 e,g. the
difference in do for the Fe(3,5-Cl,-py),X, complexes is virtually
negligible.

The band positions in thc spectra of the 4:1 iodide complexec are
similar to those found tor the complexes Fel, I, (L = py, Y-pic, iso--quin),89
and they uare therefore assumed to possess the same monomeric trans
octahedral structure. The dO value for Fe(4-CN-py), I, is only slightly
lower than those in the other Fel, I, complexes, but the value for
Fea E,E-lepy)zIz is comparatively very small, The values of 10 Dgq are
however scmewhuat higher than those in the py, Y-pic and iso-quin complexes,
This may suggest a greater degree of metal to amine T-back bonding with
the cyano~ and hulogen-sibstvituted pyridines. Decrease of the metal
electron density by back donation should enhance the transfer of charge
aleong the Fe-I hond, thus increasing Or and contributing to the total

ligand field strength. Such an effect mauy also explain the smuall differences

in do for cthe polymeric chloride and bromide complexes.



I.R. Spectra

I.R. spectroscopy hus not proved particularly useful in the
investigution of these compounds. The spectra of the complexes
compared with those of the free ligands generally show the frequency
shifts and splittings which are expecfed when the amine is coordinated

1
through the N-atom. 80

The spectra of the two forms of Fe(3-Cl-py)},Cl, show significant
differences in the relative intensity and splitting of the ring breathing
modes in the 1200 - 1000 cm_1 region. The C-C and ring C-N stretching
modes in the 1600 = 1400 cm—l region also appear to shift to sligntly

higher frequencies in the A than in tie B form.

The stretching frequency of the cyano-group in the complexes with
5= and L4-CN«-py showed only very small shifts (< 6 cm"l) from the positions
in the free ligands. This is consistent with bonding througn the ring
N-atom, and does not suggest ahy direct involvement of the cyano-groun
in bonding to thz mectal, contrary to = previous proposall81 based on
intensity measurements in solution.

For polymeric halide-bridged complexes of this type, one metal~

106=-109 to be

nitrogen and two metal«halogen vibratiovns are predicted
active in the far 1l.R. The free ligands are generally transparent
below ~ 300 cm"l, and in the chloride ccmplexes a broad adsorption
envelope in the 270 - 200 cm_l region appesrs to contain all the metal-
ligand vibrations. Assignment of individual bands has not however been

possible,

M8sshauer Measurements

The M8ssbauer spectra of the first six polymeric chloride complexes
in Tables 4.1 and 2 huve been obtained at 300 K, 77 K, 4.2 K and l.4 K.
The remaining complexes all contain a 'heavy' atom (Br or I) and were
found to give poorly resolved spectra, and the results on these compounds

are given only wheraz they are considered to be of sufficient accuracy.

Selected spectra for tne six compounds, snowing the best fit to
the Aduta .obtaired by a leuast-squares program, are presented in Figs. 4.1
to 4.6, The purameters obtained from the fitting are colleccted in
Table 4.3, which ulso contains the room temperature parameters for ua few

of the other complexes.
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All the complexes, except for the A form of Fe(3-Cly-py),Cl,
showed nne quadrupole doublet at 300 and 77 K for several preparations
of each compound, The spectra at 300 and 77 K were obtained for five
different preparations of Fe(3-Cl=-py),Cl,. In the first four cases,
only one quadrupole doublet with small splitting (Fig. 4.4 (a)) was
found at both temperatures, provided that the saﬁples had not previously
been cooled below 77 K. One of these samples was cooled to 4.2 and
rewarmed to 77 K, and at the latter temperatﬁre the spectrum contained
four peaks, (fig. 4oli (b)) corresponding to the original doublet and,in
addition,a weaker doublet with larger quadrupole splitting. It was
initially assumed that the extra peaks were due to a decomposition
product. However, the [ifth sample (from the odd prepaiation mentioned
above) showed one doublet at 300 and 77 K with a significantly larger
quadrupole splitting at both temperatures (Figs. 4.5 (a) and (b)), the
value at 77 K being virtually identical to that of the neﬁ species ir
the previcus sample (Table %4.3). The M8ssbaucr spectrun in fact provided
the first indication that two different forms of the. compound exist.
This difference was then confirmed by X-ray powder patterns.and the
electronic spectra, as mentioned above, and the form with larger quadrupoie
splitting has been denoted form BE. Several attempts were made to
reproduce the praparation of pure form B at room temperature, but the
MBssvauer Spectra above 77 K indicated that only in one subsequeni
preparation wus any B form obtained, as the minor product in a predominantly

A form sample.

It thnerefore appears that although form B can be prepared directly
at room temperature, form A is usually the preferréd product. - A structural
transition appears to occur at some temperature between 77 and 4.2 K,
in wnich the A form is to some degree converted to form B. The transition
does not appear to be completely reversible, sinca some form B persists
when the sample is rewanned. Furthermore,.tne pure B form, when ccoled
to 4.2 K and rewarmed to 77 K, does not show any new MYssbauer peuks
attributable to the A form, although the peaks are considerably browudened,

4S Seen by comparison of the half-widths in Table 4.3,

The spectra of the other four compounds were remeasurcd at 77 K after
cooling to 4,2 K, to investigute the possibility of structural changes at

low temperature. No new peaks were obscrved, although there was generally
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(a)

~5K
22 44
{d)
4.2 K . 4K
O 2 +4 0 +2 + 4

Fig. 4.1. MBssbauer Spectra of Fe(4-CN~-py),Cl,
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(@) . (b)

Fig. 4.2. MUssbauer Spectra cf Fe(3-CN-py)2C12'
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300 K . | 77K

Fig- 4.3, MBssbauer‘Spectra of Fe(thI-py)acla
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] 77K )
(rewarmed from 4.2k)

4.2K
(recooled from 77K)

2 0 42 +4 .2

.' O ' -+2 ' +5.

Figs 4.4, M8ssbauer Spectra of Fe(3-Cl=py),Cl, (A)
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(a) 1 | ,.(b)

Y

Fig. 4.5. MBssbauer Spectru of Fe(3-Cl-py),Cl, (B)
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(a) 7 (D)

| }. 300K | | 77K
| |
_é T O +'2 T +t1 -.2 T O | T2 T +4
. (c) I (d)

- Fig. 4,6. M8ssbauer Spectra of Fe(3,5-Cl, -py),Cl,
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a slight increase in the nalf-widths of tne.lines, except in the case
of Fe(Z2,5-Cl, -py),Cl, , wnich showed = slight decrease (Table 4.3),
These observatioﬁs cannot discount the possibility of a completely
reversible structural change, but the spectra ut 4.2 and l.4 K appear

to be consistent with the presence of only one species at these temperatures.

As can be seen from Figs. 4.1 to 4.6, all the complexes, except for
Fe(3-CN-py),Cl, and possibly also Fe{3-Cl-py),Cl, (A) (discussed later),
exhibit magnetic hyperfine splitting at 4.2 and 1.4 K. Since the spin-~
relaxation rates in paramagnetic high-spin FeII complexes are generally
very fast, this observation, and evidence from the magnetic susceptibility
data presented later, coafirm that magnetic ordering is present at lcast
in the complexes Fe(4-CN-py),Cl, , Fe(4-Cl-py),Cl,, Fe(}-—Cl—_-p'y)ZCJ.2 (B)
and Fe(3,5-Ci, ~py),Cl, .

‘Nuclear Isomer Shifts®*

The centre shift values at 300 K of all ihe complexes in Table 4.3
are in the characteristic region for nigh-~spin FeII éomplexes, and
increase by ~ 0.1 mm/sec. at 77 K, due presumably to the second order
Doppler effect. The values uare very s ' milar to that reportedloo-for
Fepy,Cl, (1.33 mm/sec. at 300 K, 1.46 mm/sec. at 78 I), and are only
slightly higner than that for Fepy’,.CIZS9 (1.31 mii/sec. at 300 K).

89 for Fel, X,

compounds (L = quin, 3Me~iso-quin) with tetrahedral symmetry, which

Tone values dre~ (.2 mm/sec. higher than those observed

is consistent with the previously reported sensitivity of the isomer
shift to coerdination number and geometry in compoeunds with related

ligands.

The variation of the values within the series is very small, and
any correlation with bonding may be invalidated by varizticn of the
second order Doppler effect. However, it is noted thut the values
for the bromide complexes are slightly lower thuu those for corresponding
chlorides which is consistent with a greater degree of metsl 3d

delocalisation witn the less elcctronegative halide. It is also

Values are quoted relative to sodium nitroprusside.
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observed that the values and temperature dependence of the centre shifts
for the two forms of Fe(3—Cl-py)2Cl2 are significantly different. if
this difference is due mainly to variation in the second order Doppler
effect, it provides additional evidence for substantially different

lattice structures for the two forms.

The centre shift values in tne cnloride series may belcompared with
those reportedlb4 for some 2:1 polymeric amide complexes, which are
believed to possess the same chloride-bridged structure. The higher
values in the amide series (~ 1.39 to 1.48 mm/sec. at 295 K) may reflect
both weaker O-donation and f-back acceptance by these O-donor ligands

compared with the aromatic amines.

Quadrupolie Splittings

The values of AEQ for these complexes lie in the region ~ 0.3 = 1,8 mm/sec.

at 300 K and are very much lower than those found in most of the monomaric

_uctahedral Fel, X, complexes, and in the polyuweric amide complexes.

For the complexes measured at lower temperatures, there is an
increase in AEQ of ~ 0,6 mm/sec. at 77 Ky except for the comnounds
Fe(3,5--C12-py)2(‘,12 and Fe(3~Cl-py),Cl, (A) which show very little temperature
dependence of éEq, the value actually decreasing for tne latter compound
at 77 K, In tne compound Fe(3-CN-py),Cl,, wnich shows only a quadrupole
doublet at 4,2 and 1.4 K, the value of AEQ decreases by ~ (.2 mm/sec. at

these temperatures compared with the value at 77 K.

Several of the compounds show a peak asymmetry of the quadrupcle doublet,
affecting half-widths, peak heights and areas (Table L.3), which was repro-
ducible for different samples and generally decreased with decreasing
temperature. Asymmetry in the quadrupole peaks in powdered solids may arise
from three causcs. Firstly, partial crientation of crysiallites in absorber
preparation may confer on the spectrum some of the festures of the Deak
asymmetry obtained in single crystal measuremenis. This is considered
unlikely in thesec compounds, due to their extremely finely divided form and
the reproducibility and tempersture dependence of the asymmetry. Secondly,
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the Goldanskii-Karyagin effect, due to anisotropy in the recoil-~free
fraction arising from differences in the "rigidity" of the structure in

different directions, c¢an cause a peak asymmetry which should decrease



as the temperature decrecases, This cuause does not seem unre&sonable
for these complexes, owing to their linear cnain structure. A third
possible cause is spin-relaxation effects creating a fluctuating
Tinternal' field at the nucleus,lSh The fact that magnetic ordering
appears to‘be present in some of these compounds at low temperature
suggests that there may be a contribution to the asymmetry at higher
témperature from spin-spin interactions, and it is noted that the line

widths at 77 K are considerably broadened,

Since tne AEQ values in these compounds lie in the region which
could arise from either the orbital singlet or doublet ground states
lowest in axial symmetry, it was necessury to determine the sign of
AEQ to enable the two to be distinguished. Two compounds were
investiguted by the applied magnetic field tecnnique: Fe(3-CN-py),Cl,
as representative of the compounds with larger and more temperature
dependent values of éEq, and Fe(3,5—Clz;py)2Cl2 as reprasentative of

the remaining compounds with smaller AEQ values.

The spectra obtained using an applied field of 60 kG, at 4.2 X
for the former compound, and 31.5 K for the latter (since it is split
by the internal field at 4.2 K) sre shown in Figs. 4.7(a) and {(b)
respectively.  The spectrum of Fe(3-CN-py),Cl, is cizarly resolived
into a doublet ai higher velocity than a triplet, indicating a poszitive
quadrupole splitting. The spectrum of Fe(B,S—Clz—py)ZCl2 corresponds
to a situation in which the magnetic interaction is greates than the
quadrupole interaction, and consists of an outer doublet and an inner
triplet. The centroid of the doublet lies at more positive velocity

than that of the triplet, indicating again a positive quadrupole splitting.

A thneoretical fitting of the applied field spectra to extract the
quadrupole and magnetic hyperfine interaction parameters was kindly
undertaken by Dr #.W. Dale, P,C.M.U., Harwell, Difficulty was encountered
in obtaining good fits, since reluxation effects appear to be present and
to interfere with the line intensity ratios and line-shapas. A good fit
could not be obtained for Fe(},E-Clz—py)zClz, and the only information
afforded was the confirmution of a small, positive value of AEQ. The
best fit to the data on Fe(}—CN—py)ZCl2 is the £0lid curve shown in

Fig. 4.7(a). The peuks are extremely broad (0.38 mmn/sec. nulf-width for
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Fig. 4.7. Applicd Magnetic Field MUssbauer Spectra of (a) Fe(3-CN-py),Cl,
(b) F0(3,5"C12 ”pY)gclg
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a Lorentzianline-shape, with an assuned Guussian broadening of half-width
0.28 mm/sec.),due to relaxation effects, The value of AEQ from the
fitting is +2.18 mm/sec., and assuming that the major e.f.g. axis, z,
corresponds to the N-Fe-N direction, this indicates a singlet dxy ground
State., The value of the uasymmetry parameter, T, was found toc be very
small. The components of the magnetic hyperfine tensor, A, were found
to have the relationship Ax > Ay Q:AZ, indicating that there may be
approximate symmetry kf the magnetic susceptibility tensor about an

axis, x, in the plane perpendicular to the major e.fug. axis, z, i.e.

the single-ion ground state is that in which the spins are oriented

parallel to an axis in the xy plane.

From the applied field results on these two compounds, it seems
probable that all these polymeric compounds have positive quadrupole

splittings and thus singlet dxy ground states.,

Maanetic Hyperfine Splitting

As mentioned above, Fe(3-CN-py)2C].2 shows only a slightly broadened
quadrupole doublet at 4.2 and l.4 K. The remaining compounds measured
all show additional peuks at both temperatures, and the peak pusitiohs,
half-widths and relative intensity Aata from the least-squares fittings

are collected in Table k4,3,

The magnetic ordering temperatures of the compounds were deteiminad
by observation of the temperature at wnich the magnetic hyperfine splitting

collapses to give a quadrupole doublet, and are listed in Table &.l.

Magnetic Ordering

Compound Temperature (%
Fe(}-CNfl)y)z Cl1, < 1.4
Fe(!.y.-(:]\lmpy)2 Cl, 5 + 2, =i
Fe(3~Cl—py)2C12(A)T <6 + 2
Fe(3-Cl-py),Cl1, (1) 6 + 2
Fe(L-Cl-py,Cl, 6e2 + 0.5
Fe(3,5-C1, ~py),Cl, 10 + 2

sce text.,
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The splitting patterns and intensity ratios of these spectra are
quite complicated and, in most cases, temperature dependent. This is
not surprising since the temperatures of the measurements are not very
much lower than the ordering temperatures, so that the finternal! fields
will vary with the local magnetisation. Analysis of the spectra in temrms
of the relative magnitudes and directions of the 'internal' field and

the quadrupole interaction is therefore very difficult.

Attempts have been made to obtain realistic values of the 'internal!
field; Hn' and the quadrupcle and asymmetry parameters, AEQ and M, in the
field direction, from the observed band separations at the lowest tempera-
ture; using the theoretical equations for axial and noq-axial systemg
with Hn parallel to one of the principal e.f.g. axes.lb8 Various
assignments of the peaks huve been considered, corresponding to the
possible orderings of the excited nuclear subStates under the combined
interactions. However,'agreement with these models is not very good,
whicn may indicate that the simplifying assumption of near coincident
'internal' fields and e.f.g. axes may not be generally valid for these
compounds. Comparison of the observed splitting patierns with the
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computed spectra, presented by Collins and Travis, for a quadrupole
doublet in an applied magnetic field, has been used to assist in the

interpretation,

For the compounds Fe(4-CN-py),Cl, (Fige4.1} and Fe(32-Cl-py),Ci, (B)
(Fig.4.5), tne six-peak splitting pattern and the variaticin with temperature
of the peak intensity ratios are quite similar, The latter is seen
clearly in Figs. 4.1 (b) - (d), where the intensity of the outer peuaks
of each "triplet' increases and that of the inner pcaks decreases as
the tewperature is reduced from just below the ordering temperature to
1.4 K. The spectra at the latter temperature arce extremely similar to

85

that computedl for u species with positive quadrupole splitting in a
Small applied magnetic field, when the value of the asymmetry parameter
approaches 1, The triplet-doublet pattern progresses to a symmetrical
triplet-triplet pattern as 7 goes from zero to 1, The values of AEQ

at l.4 K, which, on this hasis, can be estimated from the sepuration of
the inner peuks of each triplet, are 1,76 mm/sec. for Fe(4-CN-py),Cl,

and 1.85 mm/sec. for Fe(j-Clhpy)zclz. These values are only slightly

smaller than those found for the compounds at 77 K, and are consistent
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with the slight reduction in AEQ found for Fe(3-CN-py),Cl, at l.k K.
This wruld appear to confirm an interpretation in terms of an 'internal?
field of = ~ 50 kG, approximately parallel to the major e.f.g. axis, with

an T value approaching 1.

An alternative interpretation, in terms of an almost zero quadrupole
interaction along the ‘internal' field direction, could be suggested in
view of the almost equal spacing of the components of the triplets.

Such an analysis gives Hn g 100 kG at l.4 K for both compounds, with

AEQ in the field direction < ~ 0.1 mm/sec. and a iarge asymmetry parameters
The values of Hn calculated from the excited and ground nuclear state
splittings vary by ~ 10}, This interpretation suggests that the 'internal!
field does not coincide with the major e.f.g. axis, On the whole, it

appears that the previous interprctation may be more realistic.

The spectrum of Fe(4-Cl-py),Cl, at 4.2 K (Fig. 4+3(c)) appears %o
contain only five peaks, and that at 1.4 K (Fig. 4.3(d)) is considerably
broadened, and a good leastwsquares fit to a Lorentzian or modified=-
Lorentzian iine=shape could not be obtained. The sﬁectra are similar to
that expected for a system with positive quadrupole splitting in an
externally applied field with the quadrupole interaction predeminating
i.e. a doublet at more positive velocity than a trip‘et. The asymmetry
parameter may” L2 quite small. The near superposition of the lower
energy peak of the doublet and the highest energy peak of the triplet
at ;.4 K is consistent with an increase in the magnitude cf the magnetic
interzction on cooling the compound further below its ordering temperature.
Analysis of the 4.2 K spectrum on this basis gives H_ 2 50 kG and AEQ
~ 4 1.8 mm/sec. This latter value is again only slightly lower than
that found at 7?7 K and appears to indicate a near coincidence of the

‘internal' field direction and the major e.f.ge =xis.

The splitting pattern in Fe(3,5~Cl, -py),Cl,, (Fig. 4.6) is more
complicated than those in the other compounds, The relative peak in-
tensities and separations alter only slightly between 4,2 and lo4 K which
indicates that the magnetic orderino is nearing completion at the latter

temperature. The magnetic and quadrupole interactions appear to be



of similar magnitude. The best fitting that could be achieved to a
coincident axis model gave Hn o= 100 kG and AEQ a4 1.2 mm/sec. in the
field direction. The error in the values is however quite large

(~ 15 - 20%), and the complicated intensity ratios suggest that the
nuclear states are considerably mixed, and thus the value of 7} may be

considerable,

The A form of Fe(3-Cl-py),Cl,, when initially cooled to 4.2 K gave
a four peak spectrum (Fig. 4.4(c)). After warming to 77 K (at which
the extra peaks due to the B form are evident) and recooling to 4.2 K,

a more complex splitting pattern is found (Fig. L4.4(d)).

Three possible interpretations of this behaviour may be considered.
Firstly, the splitting pattern in Fig. 4.4(c) may be due to magnetic
ordering in the A form, The small separation of the peaks would indicate
Hn ~ 10 - 15 kG, with AEQ
larger than that found at 77 K. If this interpretation is valid, it

~ 1.1 mm/sec, This latter value is somewhut

woild mean that the transition to the B form has not occurred while
cooling to 4,2 K, although the B peaks are present oﬁ rewarming to 77 Ke
The larger valﬁes of AEQ for the B form indicate that it is nrobably less
symmetric thain the A, and the large asymmetry parameter deduced from the
magnetic splitting of the pure B form suggests that the transition from

A to B may iiwvolve a rhombic distortion in the crloride plane, in

addition to any alteration in the axial bonding. | The distortion could
be caused by chain packing effects as the lattice structure alters with
temperature. The transition may be time-dependent and may not therefore
be able to occur on rapid cooling to 4.2 K, so that the compound is
'frozen? into the A structure. However, during the slower warming

from 4.2 to 77 K the conversion may begin to take place. It is also
possible that the transition may be brought about by the magnetic ordering
in the A form. Structural distortions accompanying magnetic ordering
processes have been considered162 to contribute to an anomalous increase
in AEQ for several high-spin FeII compounds at their ordering temperatures,
It is therefore conceivable thut ordering in the A form may produce a
small structural distortien below the ordering temperature (this could
occur, for example, if the directioun of spin alignment relative to the

molecular axes for each ion in the ordered state is not the same as tha

spin direction of the individual paramagnetic ions). This would not be
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inconsistent with the increuse in AEQ at 4,2 K compared with the
values at 300 and 77 K. As the sample is rewarmed through the
ordering temperature, some of the units may revert to the 'undistorted!
A form, but a portion may be converted to a more distorted B form, if
the energy difference between the A and B forms is very small. This
proposal of almost equal energy forms would be supported by the fact
that boeth A and B forms can be prepared at room temperature, and the

pure B form once obtained does not appear to convert to the A form.

At 77 K (Fig. 4.4(b)) the structure may consist of a mixture of A
and B modifications within the same chain. The quadrupole splittings
of the two doublets at tuis temperature then distinguish the two FeII
enviromments. It mignt then be expected that Fig. 4.4(d), on recooling
to 4.2 K, should correspond to a superimposition of peaks from a mixture
of the two magnetically split forms (i.e. Figs. 4.4(c) and 4.5(c)).

It does not appear that Fig. 4.4(d) can be easily réesolved into such
a mixture of constituent A and B peaks and it is therefore possible
that the 'internal' field seen by each metal ion in a chain becomes
&1 average, depending upon the actual arrangement of 4 and B sites in
the chain. There may thus be contributions ffom A~A, B~B and A-B

exchange and the broad spectrum observed may comprise maynetie splitting

patterns for the A and B sites in averaged values of the 'internal' field.

The second possible explanation is that a partial transition to the
B form occurs on initial cooling to 4,2 K and that the foui peaks in
Fig. L.4(c) do not arise from magnetic ordering in the A form, but
correspond to wuadrupole doublets from the A and B forms. The separation
of tne inner peaks is 0.74 mm/sec. which is very sinilar to tné values
of AEQ at 300 and 77 K for the A form. However, the separation of the
outer pezks is only l.36 nm/sec., which is consicderably lower than the
value of QEQ found for form B at 77 K, and also that determined from
the mugnetically-split spectrum of the B form at l.4 K. It is possible
that a decrease, followed by an increase, in AE_ at very low temperature

Q1,52

could occur through spin-orbit coupling effects, or even that the
higher value at 4.2 K in tine magnetically-split spectrum could be caused
by a distortion accompanying ordering as mentioued above, However,
this interpretation requires the assumption that the temperature at

which Fige 4.4(c) was obtained must be sliightly above 4.2 K, since no
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magnetic splitting is observed for the 'B' peaks, although apparently
below the ordering temperature of the B form. Fige 4.4(d) may then
again represent the true situation at 4.2 K, in which splitting due to
an averaged 'internal! field is observed. In view of the numerous
assunptions which are required for this interpretation, it seems far

less convincing that the first.

A third explanation could be proposed, which avoids some of the
difficulties in the second interpretation, that the outer peaks in
Fige Luli{c) may arise from an intermediate species in the A to B
transition. If the transition in a portion of the sample does begin
to occur on initial cooling from 77 to 4.2 K, then the rapid rate of
cooling may freeze this portion into an intermediate state of distortion
between the A and B forms, ihich may be more consistent with the value
of AEQ calculated from the separation of the outer peaks.. On rewarming
to 77 K the conversion of the intermediate form to the B form mzy then
take place. This interpretation would suggest that neither the A nor

the intermediate form show magnetic ordering at 4.2 K.

On the whéle, it seems that the first interpretation is the most
acceptable, but it is considered that, although no definite evidence
for the existence of an intermediate form can be citcd, this possibility
cannot be coupletely discounted. It must be mentioned that a further
sumple of what was believed to be the pure A form was measured at 4.2 ¥,
and the splitting pattern was found to be substantially siailar but noi
identical to that in Fig. 4.4(d). It would therefore appear that in
this case scme B form may have been produced on cooling, although it
is mlso possible that a small amount of B could have been presént
initially from the preparation. The ordefing temperature of this sample
was found to be the same as that for the B form, within the error of the
determination, and this would.indicate that if the A form is also
magnetically ordered, its ordering temperature must be less than or

approximately equal to that of the B,

Magnetic Measurements

The results of the magnetic measurements on the compounds are
presented in Table 4.5. Unfortunately, no magnetic data could be

obtained for the B form of Fe(3~01-py)2C12, since the only known pure
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sample prepared began to decompose before magnetic measurements could

be made,

The room temperature values of ueff are all considerably greaﬁer
than the spin~only value. The compounds measured in the 300 = 100 K
region follow the Curie~Weiss Law (y = E%gﬂ in this range. For the
complexes with chloro-substituted pyridines, the values of péff generglly
increase gradually as the temperature decreases, yielding small negative
Weiss constants, 6. For the complexes with cyano-substituted pyridines,
a slight decrease in the moment occurs below ~ 180 K, giving very small

positive 8 values.

In view of the magnetic ordering in some of these compounds,
indicated by the MBssbauer data, it was intended to investigate the
magnetic behaviour of all these complexes down to l.4 K. Unfortunately,
owing to operational difficulties with the Faraday Balance, it was only
possible to measure one of the compounds over the full temperature range.
The compound chosen was Fe(3,5-C12—P732012, which has the highest ordering

temperature from the M8ssbauer results.

Between 300 and 50 K the susceptibility and moment increase gradually
with decraasing temperature. The susceptibility and uéff Vs ‘temperature
piots in the 70 to l.4 K region are shown in Fig. 4.8, for the highest
value of field used in the measurement. Below ~ L0 K the susceptibility
and moment begin to increaée quite rapidly and the values become markedly
figld-dependent. The maximum grgdient of both curves, which is assigned
as the ordering temperature, occurs at ~ 12.5 K. The incréease in
susceptibility begins tc tail off at ~ 10 X and “eff is a maximum at this

temperature, indicating that the sample is approaching magnetic saturation.

The ordering in this compound is therefore ferromagnetic. (The
possibility of a ferromagnetic impurity in the compound can be discounted
since no impurity peaks are observed in the MYssbauer spectra). The
Curie temperature of ~ 12,5 K agrees quite well with that found from
the MYssbauer determination. Although scme degree of ordering is
Present above inis temperature, as indicated by the magnetic results,

the 'internal' fields are too small to cause splitting.

The pegative Weiss constunts found for several of the other compounds

from the higher temperature data suggest that ferromagnetic ordering
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occurs in these compounds as well, The small positive 8 value for
Fe{4-CN-py),Cl, is not inconsistent with a ferromagnetic iateraction,
since there may well be a contribution to @ of positive sign from the

nature of the ground state of the individual paramagnetic ions.

It is interesting to note that the A form shows quite a marked
increase in the moment between 300 and 100 K wnhich suggests that this

form does itself exn1b1t magnetic ordering.

Discussion of the Results

The relatively large band separations in the electronic spectra of
the polymeric complexes indicate considerable splitting of the excited
5E¢ level by the ligand field, consistent with a tetragonal or rhombic

distortion,

The small values and positive sign of the quadrupole splittings,
however, sugges* relatively small separation of the componenis of the
sTag level, with the singlet dxy state lying lowest in tetiagonal or
rhombic symmetry. If the quadrupole splittirigs are assumed to be
due to Uy only, then for an axial system, the values of AEQ at 300 K
wculd imply values of-%‘ in the range ~ ~ 1 to <« 3,5 (4 positive,

A ncgative) i.e. the separation between singlet and doublet levels is

~ 100 = 450 em 1, increasing in the order of increasing AE (Table 4.3).
If there is a considerable lattice contribution to the e.f.g. then the
estimated values of Ay will increase or dccrease depending on the sign

. 51
o
4 U att relative to that of q..1° The treatment of Ingalls

=nd
. . 1 '

electrostatic considerations for a trans MA, B, system suggest that
9 et should be opposite in sign to a1 for these compounds, and
therefore the values ol A may be underestimated. Similarly, if there
are rhombic field components present, the low values of AEQ could

. B £ . . sy sns
arise from larger values‘of-x y @8 7| 1ncreases. This possibility

will be discussed further below,.

The high values of péff at room Temperature also suggest small
ground state spliiting=, so that considerable orbital contribution
to the moment is retained. However, the presence of ferromagnetic
interactions in some of the compounds at low temperature could give

rise to contributions to the large moments at higher temperuture.
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From the very low values of the Curie temperatures and the temperature
variation of the moments in the 300 to 100 K region, it does not appear
that the degree of magnetic ordering could contribute greatly to the
increase in the momeﬁt above the spin-only value at room temperature.
For example, the fact that in Fe(4-CN-py),Cl, a slight decrease in

the value of B .. is found below ~ 180 K may suggest that the high

value at room temperature is due almost entirely to orbital contribution
to the moment. It is also noted that Fe(3-CN-py),Cl, , for which there
is no definite evidence for ordering above l.4 K from the MBssbauer data,

has a comparably high moment.,

However, in view of the fact that some contribution from magnetic
ordering may be present, no attempt has been made to fit the higher
temperature magnetic data to the variable parameter model described in
" Chapters 1 and 3. Similarly, fitting of the low temperature dafa for
Fe(3,5-Cl,-py),Cl, to a model for exchanga interactions between S = 2
ions is invalidaced by tne presence of orbital contribution %o the

nagnetisme.

The temperature depéndence of AEQ for these compounds is quite
small, ard the low temperature limicts, where measured directly or
estimated from the maonetically-split MBssbauer Spectra, are surprisingly
low. This may be due to spin-orbit coupling effects, and would again
indicate close=lying orbital statec of the sT29 level. A relatively
high degree ¢f covalency and a considerable lattice contribution could

also partially account for the small AEQ values at low temperatures,

The large excited state splittings and small ground state splittings
could be rationalised in terms of the rature of the covalent interaction
between metal and ligand orbitals. The difference in the relative
O -antibending strengths of the amine and halides has been proposed
to account largely for the excited state spiitting. A considerable
degree of T-back honding with the amine T*-orbitals could however
reduce the separation between the bonding orbitals of predominantly
metal dxz and dyz character and the lowest-lying dxy orbital, which
is essentially non-bonding, thus decreaving the ground-state splitting.
I

The electronic spectra of analogous polymeric complexes of Ni

187-190

halides with pyridine ligands nave been interpreted on the



basis of almost regular O_ microsymmetry. Subgsequently, reassignment
of the observed bands indicatedlgl-lg3 that the compounds are tetra-
gonally distorted, The axial field splitting parameters, Ds and Dt,
for Nipy,Cl, have been calculated193 to be 598 cmml and 330 cm-l, '
respectively, although fitting to the theoretical model is not particu-
larly good, indicating that the microsymmetry is lower than th.

Using the values of A for the FeII compounds from the electronic
spectra, &nd the rough estimates of A, from the AEQ values, assuming
axial symmetry, values of Ds and Dt for these compounds of ~ 530 - 560 cm-l
and ~ 340 - 360 cm-l, respectively, can be obtained. The significance
of these values for both NiII and FeII compounds is limited by the famct
that the symmetries are almost certainly lower than axial, but the
similarity in the values suggests that the estimates of the ovérall
splitting of the 5Tag level in the FeII compounds from the M8ssbauer
data are of the correct order of magnitude. The relatively high values

of Dt support the proposal of a consideravle degree of covalency.

There is, however, = considerable amount of evidence for additional
rhombic distortions in some of these compocunds. The fact that the
analysis 6f the paramagnetic hyperfine interaction in Fe(3-—CN-py}2012
indicatec approximate magnetic symmeti'y around an axis perpendicular
to the major e.f.g. axis may indicate & rhombic distortion in the xy
plane, which lowers the energy of, say, the dxz orbital so that it lies
close the ground dxy orbital, as mentioned in Chapter 3. The large
orbital contribution to the moment may then arise mainly from spin-orbit
coupling between these lowest two states. Such an effect would be
consistent with the positive sign, low values and relatively small
temperature dependence of AEQ, since it would result in a very small
Separation between the dxy and dxz orbitals (for which the expectation
values of q,,; arc #g <'r-3>-3d and -$<r'3>3d, respectively), provided that
the two orbitals do not actually become degenerate. The only observation
unexplained by this preposal is the very low value of the asymmetry
parameter, but T may not be well determined by the fitting procedure
used. The interpretztion of the 'internal' field-split spectra of

Fe(4-=CN-py),Cl, and Fe(3-Cl-py},Cl, (B) at low temperature suggests

1t Dr B.W. Dale personal communication.
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a large asymmetry parameter, and similarly the splitting pattern of

Fe(},B-Clz-py)zclz could indicate a significant rnombic component,

The most obvious origin of asymmetry in the xy plane that could
be suggested is inequality in the Fe~Cl bond lengths, It is roted
that in the compound FeCl, .2H,0, which has a small rnombic distortion
in the xy plane due to the unequal Fe-Cl bond lengths, the spin=-
direction in the paramagnetic state is also believed194 to be along
the x axis, perpendicular to the major e.f.g. axis (z), and to coincide
closely with the shorter Fe-Cl bond. Asymmetry in the Fe-Cl bond
lengths in these =mine complexes would probably not occur independently
of other variations in the overall siructure, since, for example, the
preferred orientation of the rings and the Fe-N bond lengths will be
to some extent dependent on the arrangement of the chlorides in the
plane, owing to the possibility of steric interaction with the ring
Q~-hydrogens., Orientntion of the rings s=o that the degree of overlap
of the metal dxaz and dyz orbitals with the amine T *orbitals is not
equivalent could also contribute to an energy separaiion betwéen the
two bonding orbitals of predominantly metal t29 character. Inequality
in metal dxz,dyz =chloi'ide P, T~bonding would have a similar effect.

It must be noted that the evidence for a rhombic distortion in
the compounds mentioned above has only been obtained at very low
temperature, and, for three of the compounds, in the magnetically-
ordered state. It cannot therefore be definitely inferred that such
a distortion is z1so present at higher temperatures. In view or the
fact that the transition from the A to the B form of Fe(3-Cl~py),Cl,
at low temperature may involve a rhombic distortion, the possibility of
a gradual structural! variation, involving the entire lattice, in the
other complexes on cooling cannot be diszcounted. It is also conceivable
that, if such a temperature-Jdependent structural variation is possible,
a riaombic distortion in the plane of chlorides could become the major
distortion at low temparatures. In this cuse tne major e.f.g. axis
at low temperature may no longer correspond to the N-Fe-N direction,
=3 proposed at higher temperature, and the low temperature MUssabauer
dat= would assume a new significance. However, in the absence of any
cenclusive evidence for such an effect, a reinterpretation of ths data

is not considered worthwhile.
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The ferromagnetic interaction found in Fe(3,5-Cl, -py),Cl,, and
assumed for the other complexes exhibiting order, is consistent with
the predictions of the Anderson theory and the Goodenough~Kanamori
rules for exchange coupling between high-spin FeII ions, through an
intermediate anion X, where M-X-M angle is close to 900. Assuming
that each chloride ion uses filled P, and py orbitai; for G-overlap
with the half-filled dxa_y2 (eg) orbitals on the Fe ions, the orbital
arrangement for each side of the bridge is shown in Fig. k.9(a). The
Fe-Fe separation is probably too large (c.f. 3.66 A in a~Copy,Cl,) for
direct overlap of metal valence orbitals. On the Anderson theory,

a fraction of unpaired spin density from the dxa_y2 orbitals on Fe(l)
and Fe(2) will reside ia the chloride P and py orbitals, respectively,
Since the latter orbitals are orthogonal, the unpaired spins must align
parallel (Hund's rule), and thus the net spins on Fe{l) and Fe(2) will
be coupled ferromagnetically. The interaction is expeéted to be
relatively weak, since it depends not only or %he spin delocalisation
from metal to anion, but also on the exchange effect between orthcgonal

anion orbitals.

There are additional mechanisms which could give rise to anti-
ferromagnetlc coupling between adjaceny metal ions., T-overlap between
the half-filled dxz (Fe(1l)) and dy= (Fe(2)) orbitals with the samc
filled P, orvital on the bridging chloride could occur (Fig. 4.9(b)).

On the Anderson theory, a fraction of unpaired spin density from each

t2g orbital will reside in the same anion p orbital, and the net spins
will therefore be coupled antiferromagnetically by the Pauli principle.
The Ti-overlap should be significantly smailer than the O~overlap mentioned
above, and so the ferromagnetic interaction should preduvminate. Since
the coupling mechanism holds identically for each side of the bridge,

. 11 . :
and for each pair of Fe neighbours, there should be an extended

intrachain ferromagnetic interaction.

Such an interaction is also present in FeCl, .2H, 0, but this compound

exhibits overall antiferromagnetism due to additional interchain

194

mechanisms, The spin~-aligument direction in the ferromaanetic

194

chains has been shown by magnetic and M8ssbeuer 'internal' field

195

measurements to lie in the plane perpendicular to the major e.Tage

axis (the O-Fe-O direction), and in fact is close to the short Fe-Cl
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bond and thus to the spin direction in the paramagnetic state. The
two-suhlattice structure in zero field is shown in Fig. 4.10, in the
Plane normal to the chain direction, In addition to the ferromagnetic
intrachain interaction, J,, (approximately normal to the plane in

Fig. 4.10), there is an antiferromagnetic interaction, J,, involving
an Fe-Cl-Cl-Fe pathway, which couples the spins on adjacent chains
antiparallel, producing two sublattices. There are alsc two intra-
sublattice interactions; J,, (involving an Fo«Cl-Cl-Fe pathway and
antiferromagnetic) wnich is responsible for the metamagnetic behaviour
in tris compound, and J,, (coupling FeII ions which are separated by

two water molecules) which is very weak and ferromagnetic.

The overall ferromagnetism observed in at least some of the
substituted pyridine complexes suggests that any mechanism analogous
to J; must be either ferromayanetic in these compounds, or so weakly
antiferromagnetic that the relatively small mzgnetic fields used in
the susceptibility measurements are capable of disturbing this couplinge.
The latter explanation seems plausible since the bulk of the amine
groups compared with the small water molecule, and the absence of the
efficient hvdrogen-bonding mechanism (O=H === 01)179 which holds the
chains together in the dihydrate, may produce a larger chain scparation

in these compounds,

On the nroposed mechanism for the ferromagnetic coupling, the
magnitude of the interaction should depend on the extent of the Fe-Cl
O-overlap, which in turn will depend on the proximity of the anions
to the x and y axes of the metal d-orbitul system, oun the closeness of
approach of the Cl-Fe-Cl angle to 900, and on the zffective énarge
on the metal ion (and thus on the degree of metal~amine covalent inter=
action). It appears, from the limited amount of structural data
available on polymeric halogen bridged complexes oI this type, that
the Cl-M=Cl angle approaches closer to 90o when the halide bridges
are asymmetric, and therefore the rnombic distorticn postulated above
could enhance the exchange process. This suggestion niay be supported
by the smaller valuc of K deduced for the A form of Fe(3-Cl-py),Cl,
relative to that for the B, It was also suggcsted, from comparison

of tha electronic spectra of the two forms, that OCI in the B form
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may be increased by a weakening in the N to Fe O-donation. Such
a weakening may also imply a decreuse in the extent of metal to anine
Ti-back~donation in the B form, resulting in a larger overall separation
of the 5T29 levels and a decrease in the total covalency. These affects
would be consistent with the larger AEQ values found for the B forme.
The relatively small values of the 'internal! fields estimated
from the MUssbauer spectra are not altogether unexpected since the
measurements were made just below their ordering temperatures.
| However, the persisting low value for Fe(3,5-012-py)201, at 1.4 K, at
which the ordering must be nearing completion from the susceptibility
data, suggests both a considerable contribution from the dipolar and
orbital fields and a relatively high degree of covalency, The absence
of magnetic splitting in Fe(3-CN-py),Cl, at 1.4 K could be due to a

chance cancellation of the contributions to the 'internal' field.

I3 is apparent from the discussion that there are still many
aspects of the problem of the structure and bonding in these polymers
cbout wnich we can do little more than speculate. This difficulty
arises partially from the gencral lack of a well-developed theoretical
basis for interpretation of the experimental measurements on such low
symmetry svstems, and also from the relative insensitivity of spectral
and magnetic properties to the effects of a symmetry lower than axial.
M8sstauer spectroscopy has proved a very useful exception to the latter
difficulty, and has enabled detection of quite =ubtle variations in
the structural environment within this series of compounds.

In concluding this discussion, mention may be made of some other
studies cn polymeric Bystems of this type, which have been published
during the course of this work and lend support to some of the resulis

obtained here.

A paper has recently appearedlo2 on the investigation of the
electronic and structural properties of Fepy,Cl, , which may be
considered as the purent compound of the chloride series presented
nere. The compound has been prepared both directly (sample A), und
indirectly (sample B) by thermal decomposition of Fepy,Cl,. The

powder patterns, I.R. and electronic spectra of the two samples at
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room temperature have been reported to be identical, and the electronic
spectra have been interpreted in tecrms of a tetragonal structure.

Sumple A shows only one quadrupole doublet in the range 300 to 78 K,

&EQ increasing from 0.56 mn/sec. at 300 to 1.28 nm/sec. at 78 K.

Sample B shows only one doublet at 300 K (AEQ = (.57 mm/sec.). but
below 195 K two doublets are observed, the AEQ values being 1.27 mm/sec.
and 0.63 mn/sec,, respectively, at 78 K, with identical centre shifts.
The former doublet is identified with that in sample A, and the
appearance of the inner doublet is reported to be completely reversible

and reproducible for various preparations of B.

The magnetic moments of the A and B samples arc 5,33 BM (291 K)
and 5.41 BM (288.5 K), respectively, and are thus significantly lower
than the previous report of 5.75 BM at 300 K. For both samples, “éff
begins to increase quite rapidly below ~ 50 K, becoming field dependent,
and the values for the B sample are somewhat lower than those for the A.
No MBssbauer data below 78 K has yet bLeen obtained, and in the absence
¢f supporting evidence for magnetic ordering from the M8ssbauer, the
authors have not been able tc state definitely whether a ferromagnetic
interaction is present, or whether the ircrease in “éff is due to
a ierromagnetic impurity. Assuming the former case, the autnors have
rationalised the magnetic and MBssbauer behaviour in terms of & temperature-
dependent structural change. Bsth A and B forms are assumed to possesa
symmetric bridging chlorides at room temperature, and the low value of
AEQ at 300 k is considered to be consistent with a very small reduction
from 0h symmetry. The increase in AEQ with decreasing temperature for
the A form and the outer doublet in the B form is explained by assuming
a transformation to a structure with asymmetric bridges, over a temperature
range between 273 and 195 K. The decrease in symmetry is considered
to produce a larger e.f.g. at the nucleus. The inner peaks in the B
sample are considered to arise from a portion of the sample which is
prevented from undergoing the structural distortion by the presence of

crystal defects in the lattice, produced by th: method of preparation,

The ferromagnetic ordering is explained by the sume mechanism as
given above, and it is proposed that the transition to the asymmetric
structure is accompanied by an increase in the Cl-Fe-Cl bond angle
towards 900 (as mentioned above), thus increasing the possibility of

ferromagnetic exchange in the distorted form.
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This observation of ferromagnetic ordering supports the results
found in this work. The occurrence of a structural transition ©o a
less symmetric form on cooling is also somewhat similar to the behaviour
observed for Fe(3-Cl~py),Cl,, although for Fepy,Cl, it appears that
only one structural modification exists at room temperature. It also
seems that the transition is virtually complete and reversible, in the
absence of crystal defects, at a higher temperature than found for
Fe(3-Cl-py),Cl,. We do not entirely agree with the proposal that a
transition involving only a change from symmetric to asymmetric bridges
accounts for the inecrease in AEQ on cooling, since, as mentioned in
Chapter 3, for a given positive value of &,y a small rhombic component
should in fact decrease the quadrupole splitting. However, as discussed
above, a structural distortion in the piane is likely to be accompanied
by alteration in the metal-amine bonding, and therefore the proposal
can be jusiified.

196

A paper has recently appeared which contains an investigation

of the magnetic behaviour of Nipy,Cl, and Nipy,Br,. The susceptibility
data between 300 and 90 K have been shown to be consistent with a weak
terromagnetic intrachain interaction, confirming an earlier cenclusion%gl

197 of the

Tt is also interesting to note that a preliminary report

magnctic behaviour of a~Copy,Cl, indicates a rapid rise in the suscepti-

bility au very low temperature, consistent with a ferromagnetic inter-

action. - The Anderson theory predicts ferromagnetic coupling between
JII 11 . o . . .

Ni and Co ions through an ~ 9C halide bridge by the same mechanism

. I , II . . .
as in the Fe case, although for Ni o competing antiferromagnetic

mechanism is possible since the t orbitals are completely filled.

However, weak antiferromagnetic cigpling has been tentatively proposed198
for several analogous CuII compounds, from observation of small positive
Weiss constants in the 300 to 100 K range. The counling moechanism may
differ in the CuII compounds from that in the FeII, COII and NiII
compourids, owing to the different eg configuration. The antiferro-
magnetism hag been rationalised on the basis cf an empirical theory
which suggests ferromagnetic coupling along symmetricalily=bridged CuII
chains and antiferromagnetic coupling along asymmetrically~br idged

chain, the latter being present in these compounds. No mechanism
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has been proposed in support of this theory, and it is possible that
the antiferromagnetism, if truly present, arises from interchain

rather than intrachain interaction,

Ferromagnetic interactions in magnetically non-dilute inorganiec
complexes are probably more conmon than has often been considered.
However the existence of ferromagnetism is often difficult to verify
experimentally since additional antiferrom&gnetic interactions may
be present. The series of compounds investigated here provide a
good example of ferromagnetic behaviour which can be justified

mechanistically from structural and bonding considerations.

Preparation of the Complexes

The general method of preparation of the chloride polymers was

as follows:

Aialak FeCl, .4H,0 (1 gm, 5 mM) was dissolved in a mixture of
zbgolute ethanol (~ 15 ml) and dimethoxypropane (~ 5 ml}, for dehy-
dration. The solvent was previously deoxygenated by bubbling dry
nitrogen gas for ~ 15 minutes, and contained coils of iron wire
{pireviously activated by immersion in couc. HCl, and then washed
well with distilled water and ethanol), for reduction of any ferric
impurity. The solution was stowpered and left for at least 24 nrs,
when it bhecame very pale green. The solution was then filtered
under nitreogen into a rapidly-stirred solution of the ligand (10 mM)
in cold deoxygenated ethanol {10 i1)/dimethoxypropane (5 ml) mixture.
Precipitation of the complex usually occurred immediately or within
~ 10 secocnds of stirring. In all cases, stirring was continued for
5 = 10 minutes and then, if the precipitate was sufficiently granular,
it was filtered under a stream of nitrogen, washed with cold ethanol/
dimethoxypropane mixture and vacuum=dried. In most cases, the
precipitate was microcrystalline and easily filterable, but in some
cascs, especially with 3,5-Cl, -py, the extremely fine precipitate
required stirring overnight before it became granular enougn to

filter.

-

The bromide complexes were prepared in a similar manner, using
ferrous bromide solutions prepared by direct reaction of bromine and

activated iron filings in ethanol/dimethoxypropane solution.
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The 4:1 ferrous iodide complexes were obtained by an analogous
method, using ferrous iodide solutions prepared as for the bromile,

and either a 2:1 or 4:1 ligand to metal ratio.



Table 4,1 LClemental analyses for the substituted~pyridine complexes

Compound Colour c% N% H% ' Cc% N%% H%
required required required found found found
Fe(4-CN~-py),CZ, ' Orange 47,03 16.73 2.41 43,04 16.76 2.60
Fe(3-CN-py}, Cl, Orange- Lz2.03 16.73 2.4 L2 ,80 16.97 2.87
yellow

Fe(4-Cl-py),Cl, Yellow 3%.93 7.92 2.26 34,20 7.79 2.43
Fe(3-Cl-py),Cl, (A)  Yellow 33.93 7.92 2.26 34413 7.93 2.40
Fe(3—Clpy),Cl, (B) Yellow 32.93 7..92 2.26 34.03 8.21 2.40
Fe(3,5-C1, py),Cl, Yellow 28.11 5.63 1.43 28.77 6. 79 1.82
Fe(3-Br-py),Cl, Yellow 27.11 6433 1,81 27.65 6.05 1.94
Fe{3-I-py),Cl, Deep Yellow 22.38 5.21 1.49 21.73 5.64 1.80
Fe(4-CN-py), Br, Orange 33.96 13,20 1.89 34,20 13,60 2.03
Fe(3,5-Cl, -py),Br, Yellow 23 44 5e47 1.17 23.19 5,69 1,60
Fe(4-CN-py), I, Orange-Red 39.62 15.42 2.21 38453 1h.4) 2.64
Fe(3,5-C1, ~py), L, Yellow 26.65 .24 26450 6.01 1.67

1.22

98



Table 4.2 Reflectance Spectra
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Compound Band Positions 4 do 10 Dq
(d-d)transitions

Cl’n-l Cm-l Cm-l cmbl
Fe(4-CN-py),Cl, 9,710, 6,070 +3640 +1370 7890
Fe(3-CN-py),Cl, 9,710, 6,190 +3520 +1220 7950
Fe( 4-Cl-py), C1, 9,580, 5,950 43630  +1360 7770
Fe(3-Cl-py),Cl, (A) 9,660, 6,070 +3590 +1350 2870
Fe(3-Cl-py),Cl, (B) 9,240, 5,900 +3340 +1250 7570
Fe(3,5-C1, ~py},Cl, 9,080, 6,160  +2920 +1100 7620
Fe( 5-Br-py),Cl, 9,710, 6,140 43570  +1340 7930
Fe(3-1-py),Cl, 9,620, 6,160 +34L80 +1300 7890
Te( 4-CN-py), Br, 9,630, 5,770 %3860 +1450 2700
Fe{3,5-Cl, -py), Br, 8,790, 5,850 2940 41100 7320
Fe(4-CN-py), L, 11,480, 6,380 ~5100 ~1910 8930
Fe(3,5-ClL, -py), I, 10,560, 7,730 -2830 -1060 9140




Table I, 3

MBssbuauer Jata
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Compound Temperature Centre PE Half "Inten- Area
p (K) Shift Q Widths sity Y Rati T
{Figure) (mm/sec) (mm/sec) (mm/sec) Ratios atlo
Fe(&’CN-py)z c]-z 300 103[‘!' 1025 0.2610025 100? 1028
77 (Ladl(a)) 1l.46 1.90 0.33,0.32 1.03 1.04
 Fe(3-CN-py),Cl, 300 (Le2(a)) 1.33 1.73  0.32,0.30 1.05 1.16
77 (4.2(v)) 1.44 2¢37  0.38,0.38 1.09 1.10
4.2 (4.2(0)) 1048 2019 0.41,0.1{'1 1.02 1002
1oh (4.2(d)) 1.48 2.20  2,40,0.39 1.01 1,02
Fe(4-Cl-py),Cl, 300 (4.3(a)) 1,34 1.3 0.28,0.26 1,02 1,10
77 (4.3(b))} l.h46 1.97  0.35,0:3% 1.05 1.07
Fe{3~Cl-py),Cl, (A) 300 1.36 0.7h  0.29,0.27 1.25 1.5%
77 (hob{a)) 1,42 Ue71  0.38,0.7%6 1.24 1.320
£ 77 (hol(b)) AL L2 0.71  0.731,0.30 1.19
Bl.46 2.08  0.31,0.36 1.04
Fe(3-Cl-py),Cl, (B} 300 (4.5(a)) 1.37 1.48  0.33,0.30 1.20 1,33
77 (4e5(b)) Yo k7 2,04 0.30,0.31 1.11 1,08
¥ 77(after re- Ll 47 2,02  0.60,0.56 1.02 1.08
warming from
L,2)
Fe(3,5-C12 -py)ZClz 300 (4- 6(&)) 1. 38 0088 0.31,0-31 009? 0.9?
' 77 (Lheo(b)) 1.4y 1.03  0.29,0427 0.95 1,00
Fe(3~Br-py), Cl, 295 1.36 0.90
Fe(L4~CN-py), Br, 295 1.32 <C.3
Fe(3,5-C1, -py), Br, 295 1.35 0. 49

+ . See text

Lower velocity peak/higlwr velocity peak

continued



Table 4.3 continued
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Compound

Temperqture Pealc Half Fractional Relative
(K} Positions Width Dips Peak
(Figure) (mm/sec) (mm/sec) Areas
Fe(4~CN-py), C1, L.2 0.17 0. 40 0.059 122.1
(4el(c)) 0.62 0.53 0. 068 189.9
1.07 0.35 0.050 91.9
1.87 039 0.050 10246
2.36 0.54 0.061 171.2
2.84 0.40 0. 062 127.7
1.k 0.06 0.40 0. 080 169.1
(4a.1(d)) 0.61 0.34 0.045 81.5
1.16 0. 34 0. 070 125,2
1.79 0.37 0. 070 1341
2.%7 0. 36 0. 038 71.5
2.93 0. 37 0. 086 16603
Fe(4-Cl-py),Cl, k.2 0.16 0. 40 0.035 52448
(4.3(e)) 0. 54 0.53 0.027 53.8
1,14 045 0.031 52.8
1.59 S 049 0. 037 68.8
310 O 2] 0. 046 7hel
Fe(3-Cl-py),Cl, (A} L.2 0.76 0+ 40 0.110 209.7
' (bl 1.06 0e 30 0.089 125.4
1,82 0.27 0. 065 82.4
2412 0. 16 0. 100 216.5
Fe(3-Cl-py),Cl, (B) 42 0. 08 0. b2 0.053 115.5
(4.5(e)) 0. 57 0.49 0.044 113.6
1.08 0. 46 0.05% 132.3%
1.88 0.45 0. 045 10743
2.43 0.51 0.035 92,9
2.94 0.1 0.055 117.2
Fe(3-Cl-py),Cl, (B) 1.4 0,01 0. 38 0.073 144,0
(4a.5(d)) 0.57 0.3%8 0. 045 89.0
1.15 0. 40 0. 072 15043
1.81 0. 40 0.061 129.2
2.42 0.37 0. 035 67.1
%, 01 0438 0e U0 149,5

Cont inuced
I



Table 4.3 continued

Compound Tenmperature Pealt Half Fractional Reluative
(K) Positions Width Dips Peak
(Figure) (mm/sec) (mm/sec) Areas
Fe(3,5~Cl; -py),Cl,- - ho2 0.09 0.35 0. 035 63.6
{(4e6(c)) 0.39 0.38 0. 046 92.4
0.99 0. 48 0. 057 1430
1.43 0.39 0. 014 28.7
1.98 0. 33 0.022 38,7
2o 149 0.39 0.065 130.2
l.h4 0.05 0. 34 0. 037 48.6
Lo6(d)) 0.37 0.35 0.042 57.1
0.97 0.48 0.051 954
1.42 0.31 0.015 18.1
1.99 0.32 0.022 26.6
350 0437 0,059 &2.7




Table "'f-._s

Magnetic data
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xé = susceptibility per mole, corrected for the diamagnetism of the

ligands., (cgsw/mole)

1

Bope = 20828 (x! x T)* BuM. *
Fe(4-CN-py),Cl, (8 = +2K)
Temperature (K) 296 277 256 211.,5 179 140,5 111.5 91
X' x 107 13.29 14.18 15.22 18.78 22.22 27.78 35.02 L2.67
Mors 5.61 5,60 5.58 5.6k  5.63  5.59 5.59 5.57
#e(3-CN-py),Cl, (& = +2K)
Temperature (K) - 299 278.5 260.5 220 180.5 142 106 93
x! x 10° 13,39 1438 15.39 18.16 22.10 28.04 37.79 42,62
Moge 5.66 5466  5.66 5.65 5,65 5.64 5.66 5.63
Fe(4-Cl-py),Cl, (6 = -8K)
Temperature (K) 295 258 226.5 148l.0 162 . 141.5 123 100
X! x 10” 13,15 15.25 17.65 22.01 24,81 28.71 33.035 41,48
Mofs 5.57 5.61° 5.66 5.64 5.67 5.70 5.70 5.76
Fe(32-Cl-py),Cl, (A) (& = -20K)
Temperature (K) 295 260.5 220 181 162 143 114 95
X! x 107 12,70 15.57 18.76 23.50 26.67 30.88 39.57 50,12
More 569 5.70  5.75  5.83  5.88  5.94 6,00  6.17
Fe(3,5-Cl, -py),Cl, (€ = -19K in the 300 to YUK region)
Temperature (K) 301 281 258.5 2h2 225.3% 201 181 167
X X 107 13.29 14,48 15.78 16,98 18.45 20.93 23.62 25.80
Hoep 5.60  5.70  3.71  5.73 5,77 5.80  5.85  5.87

* error » 0.05 B.M.



Table 4.5 continued
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Temperature (K) 144.5 127 109 &8 77.5 656 50.7  40.5
K x 10° 30.28 3479 L1.42 52,27 59.84 72.00 97.19 135,12
M, ep 5.92  5.94 B0l 6.07 6,03 616 6.28  B.62
Temperature (K) T}O.l 24e95 20.3 18.45 . 13.75 10,0 7e2

x! x 10 7 222.3 318.6 480.5 587.9 998.k 1917.0 2085.2

Mogr 7.31 7,97 8,83 9,31 10,48 12.38 10.96
Temperature (K) S.64  h.2h 2,99 1.66

x! x 10 3 2143.5 2168.6 2193.1 2224.8

Hogs 9.83 8.58 7.24 5.43

T Values for highest field used.

Fe(4-CN-py),Br, (8 = +iK)

Temperature (K) 298.5 277.5 243.,0 263.5 178,0 144.5 107.0

X! x 10 3 19,31 1442 16,62 19,58 22.55 27.58 36.40

Mo rs 5.6  5.66  5.68 5,68 5.67 5.65 5.58

Fe(3-Br-py),Cl1,
Fe(3 I-py),Cl,
Fe(3,5-Cl1, -py), Br,
Fe(4 CN py), I,
Fe(3,5-C1, -py), I,

Temperature (K) Yé x lO3 i

300
299
298

‘eff
13,92 5.78
13,16 5.61
15,25 562
12.73 5.49
12.27 5439
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CHAPTER 5 EXPERTIMENTAL RESULTS AND DISCUSSION ON THE FeII

COMPLEXES. WITH DIAZINE LIGANDS

In tnis study, complexes of FeII chloride have been prepared
with the ligands: pz, Mepz, pd, pm, 5-Mepm, 4-Mepm, 2-NH, pm.
Attempts were made to prepare complexes of both FelCl, and Fel,Cl,
stoichiometry. Using a preparative procedure analogous to that
described in Chapter 4 for the pyridine complexes, but with an exact
1:1 ratio of ligand to meial, complexes of the FelCl, type were
obtained with all the ligands {(except for 2-NH, pm, discussed later).
The complexes precipitated immediately on mixing the ligand and ferrous
chloride solutions,; and in several cases the solids were so finely

divided that separation could only be achieved by centrifugation.

Using an exact 2:1 ligand to metal ratio, only two pure Fel,{l,
complexes (L = pz, 4-Mepm) could be isolated (again precipitation of
the so0lids was immediate). With the remaining ligands, the FelCl,
complexes were again cbtained, although tne compound with Mepz appeared
to contain a smull excess (~ 5%) of ligand. It was found that great
care was required to obtuin pure samples of both FelCl!, and FeL,Cl,
compounds with pz and l=Mepm, since a small deviation from the stoi~
chiometric amount of ligand resulted in contamination with ihe other

species.

Increasing the ligand to metal ratios to 4:1 and 6:1 produced no
new Fel,Cl, complexes, nor were any pure compounds isolated with
stoichiometry higher than FeL,Cl,. A variety of solvent systems
were tried, in an attempt to prevent tne preferential precipitation

of the FaLCl, species, but without success.

It is interesting to compare the stoichiometries of six-coordinate
complexes formed by these ligands with COII and NiII cnlorides.11?—119'129’135
With pm, pd and 5-Mepm, only MLCl, complexes have been obtuined,129'135
although ML, X, compounds have been prepared for 5-Mepm with salts other
than the chlorides. VWith 4-Mepm and 2-NH, pm, both MLC1, and ML,Cl,
coiipounds have been obtained, but Co(E-Nflzpm)2C12 hus been found to be

. . 1T , .
basically tetrahedral, and the corresponding Ni compound is believed
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135

to contain bonded water. A wider range of ML, X, complexes have

. . . e oo ; XX R ¢
been obtained for the substituted pyrimidines with other Co and Ni I

135

salts, but not all possess a six-coordinate environment. With Mepz,
I . .

MLC1l, compounds andyfor Ni" ", the complex ML,Cl,, mentioned in Chapter 2,

can be fcrmed, and for pz, MLCl, and ML,Cl, compounds have been

117-119

prepared. Therefore, there appears to be a predominance of

. I .
MLCl, species, as found here for Fe I chloride.

Some additional pyrazine complexes have been prepared for this
study, with FeII bromide, thiocyanate and perchlorate. With tie first
two salts, Fepz,X, complexes precipitated immediately from solutions '
containing 2:1 ligand to metal ratios, using a preparative method
analogous to that for the chloride. However, for the bromide, the
ant=lyses, MBssbauer and reflectance spectra indicate the presence of a
significant amount of presumably an FepzBr, species as impurity, although
no pure FepzX, crmpounds could be obtained with either the bromide or
thiocyanate. The complex Fepz, (C10, ), nH, 0 was obtained only on
reducing the solutions (containing 1:1, 2:1 or 3:1 iigand to metal
ratios) to small volume. The water in this complex is presumably
derived from the water of crystallisation of the perchlorate salt,
even though tne ethanolir solutions were dehydrated before mixing.

The analysis suggests then n = &4, but the MUssbauer spectrum indicates

a small amount of impurity in the compound.

It was not possible to recrystallise the compounds without
decomposing them. They appear to be sciiewhat more stable than the
substituted pyridine complexes, although the compounds with pm, L-Mepm
and pd tend to lose ligand after a few days, and are more moisture
sensitive than the other complexes. The analyses of the compounds

are collected in Table 5.1,

The_FelCl, Complexes
= =

mmmonmnnl pnonbonass
The spectral and magnetic measurements confirm that these compounds
have six-coordinate struntures, consistent with those represented in
Figs. 2.2(a), (b}. The FGII environment apoears to be essentially
gimilar to that found in the substituted pyridine complexes, i.e.

a basically tetragonal geometry, but with the probability of additional
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rhombic distortions, depending on the orientation of the rings and
the airangement of the bridging chlorides. These two factors should
again be to some extent interdependent, especially in the compounds
containing diazines with substituents adjacent to one or both of the

coordinating nitrogen atoms, i.e. Mepz, 4-Mepm, 2-NH, pm.

The methyl=- and amino—-groups have electron=-donating inductive
effects and the substituted diazines are stronger bases than the
corresponding parent compounds (Table 2.1}, They may therefore be
expected to be stronger O-donors, but weaker T~acceptors than the
unsubstituted diazines. In the parent compounds themselves and in
the derivatives which are symmetrically-substituted with respect to
the coordinating nitroger atoms, i.e. 5-Mepm, Z2=NH,pm, the O~donor
ability of both nitrogen atoms should be equivalent, However, in
the asymmetrically-substituted ligands, i.e. Mepz, Y4-Mepm, the nitrogen
atom adjacent tu the methyi group should have its O«donor ability
enhanced relative to the other atom, but, at the samc time, gréuter
steric interference with the chloride bridges may he experienced when
bonding occurs througn this hindered atom. If, with these ligands,
the rings are arranged regularly so that each FeII ion is bonded to
one hindered and one unhinderad aitrogen atom, then oinly one FeI
enviromment should exist. 1f, however, alternate FeII ions are
bonded to two hindered and tvs unbindered atoms, respectively, two
potentially inequivalent sites would be produced. If the arrangement
is completely rundom, then three potenti=ally different environmments

could arise.

Some structural difierences are alsoc expected between the complexes
with pz, pd and pm, owing to the relative orientations of the nitrogen
lone paii.'s on the individual diazines. Thug for pd, and possibly also
pm, the N=-Fe=N bond directions for adjarent FeII gites will not all lie
parallel, and, if the Cl=-Fe~N bond angles for each repeat unit approxi-
mate to 900, the bridging chlorides will be non-planar (as is found,

199

for example, ii Cu(l,2,4=-triazolelCl,, where the heterocyclic ligand
also hridges intrachaia through adjacent nitrogen atoms). This may
have some effect on the relative extent of covalent overlap with the

metal orbitals, possible for the three diazines.



It may be mentioned here that the complex formed with 2=NH, pm
(from %:1, 1:1, and 2:1 ligand to metal ratios) has a reproducible
analysis (Table 5.1) but does not correspond exactly to an FelCl,
stoichiometry. The analysis indicates a slight excess of ligand,
corresponding quite closely to a formulation Fe(Z-Nﬁzpm)l.lclz.
Analysis and melting point determination for the ligand indicate
that it is free from contamination, and attempts to remove the excess
ligand in the complex by controlled neating under vacuum resulted in
the decomposition of the compound. The possible explanations for the

anomalous analysis are

(a) the formation of a small but reproducible amount of, for example,

an Fel,Cl, species as impurity,

(b) occlusion of .a reproducible quantity of free ligand, possibly due

to a hydrogen-bonding effect of the -NH, aroup,

(c) the formatizn of very short diazine-bridged chains, such that the

proportion of v.erminal units (of forma} stoichiometry Fe(Z-NHzpm)1 5F:l,)
[ ]

is significantly large. The analytical figures would suggest an

average chain-length of ten units in the direction of diasine-bridging.

Tue reproducibility of the analysis tor different preparations suggests
that {(c) is ihe most reascnable explanation, especially since both

bonded nitrcgen atoms are stevically hindered in this ligand.

Electronic Spectra

The reflectance spectra of all the FelCl, compiexes contain a
relatively weak resclved doublet in the 6000 ~ 10,000 cmm1 region
(Table 5.2). In a previous report of the spectra of FepmCl, and
FcpdCl, , only one broad band at ~ 10,000 cm-l was observed, but the
lower energy component is definitely present, although Somewhat '
obscured by ligand modes. A strong band at ~ 21,000 - 25,000 cm-‘1
is also present in most of the compounds, due to change transfer or
ligand M« T* trznsitions, and in the pyrimidine complexes a very
weak band is observed in the 13,000 = 15,000 cm-l region, which may
be due to a formally spin-~forbidden trancition to a component of the

higher~lying spin singlet or triplet luvels.
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The band positions are very similar to those found for the
substituted-pyridine complexes, and the do values are therefore
assumed to be positive, corresponding to a Stronger axial O-anti-
bonding strength of the diazine relative to that of the chlorides
in the plane. There is again no obviocus correlation between the
dg and pKa values of the ligands, which is not unexpected since the
steric effects mentioned above may cause significant structural and

bonding differences within the series.

For the parent diazines, dU decreases in the order pd > pz > pm,
whereas the pKa values decrease in the order pd > pm > pz. The
reversal of the order of do for pm »nd pz may indicate that the
orientation of the nitrogen lone pairs for pm is less favourable

thun for pz for interchain O-overlap with the metal d-orbitals.

For the complexes with Mepz, L4-Mepm and 2-NH, pm, the do values
are lower than for those with the appropriate parent diazinec, This
suggests that ihe axial field is weakened by the steric effect of the
substituents, even though the ligands are stronger bases, It is noted,
however, that the more basic 2-NH,pm gives a higher dg value than
L-Mepm, even though both bonded nitrogen atoms must be hindered in
the former case, Fo the complex with 5~Mepm, the d0 value is larger
than that for the pm complex. There should be no significant steric
hindrance with the methyl-substituent in this case, and the increase

in dU therefore appears tc reflect the higher basicity of this ligand.

The dg valuas for tiiese complexes are slightly lower than those
found for ihe substituted pyridine complexes, which may be partially
due to a reduction in the O-bonding ability of the diazine when both
ring nitrogens myust be simultaneously involved in donation. The 10 Dg
values are, however, comparable to those ir the pyridine complexes,
and, for the pz, pm und pd complexes, are higher than that for Fepy, Cl, .
This may indicate that the contribution to the ligand field strength
from Ti~back bonding is considerabiy qreater for the diazines than for
Pyridine, and compensates for the weaker O=bonding. This would be
consistent with the greater reduction in ring electron density, when
twe nitrogen utoms are involved in O-bonding. It is noted that,

although the dU value for Fe(5-Mepm)Cl, is higher than that for FepmnCl, ,
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the 10 Dq value is lower. This would be consistent with a lesser
degree of Tl=-back bonding for the ligand substituted with an electron-

donating group.

Miissbauer Spectra

The MBssbauer spectra of these complexes have been obtained at
300, 77, 4.2 and 1.4 K. The least-squures fittings of the data to
Lorentzian line-shapes are shown in Figs. 5.1 to 5.7, and the parameters

from the fittings are collected in Table 5.3.

All cf the complexes, except Fe(2-NH, pm)Cl, show one quadrupole
doublet at 300 and 77 K. For Fe(2-NH, pm)Cl,, an additional very weak
doublet is present outside the main bands, which indicates a second
FelI site, and may correspond to the proportion of terminal units

mentioned above.

The data for Fe{Mepz)Cl, and Fe(l4-Mepm)Cl, cannot be fitted weil
to simple Lorentzian linc-shapes and the half-widths are seen to be
abnormally broad. This suggests that slightly inequivalent FeII sites
are present, due to an irreguiar arrangement of the hindered and
unninderad nitrogen Gonor atoms. The spectra may therefore correspond
to near superpositions of quadrupole doublets from two or more sites,
which differ slightly in their centre =zhifts and/or quadrupzle splittinge.
The parameters given in Table 5.3 for these compounds are therefore
averages for the various sites. It is unlikely that this very small
variation in environment would be detected by any of the other

techniques used.

There is also a marked asymmetry in the peak intensities and
areas for Fe(h-Mepm)Clz, which may arise from the Goldanskii-Karyagin
effect or from relaxation piocesses, as outlined in Chapter 4.
Partial orientation of crystallites may again be discounted, since

the solid is extremely finely divided.

The pz, Mepz ancd pd complexes show only one quadrupole doublet
at 4.2 and l.4 K, with again abnormally broad lines for the Mepz
comblex. All the pyrimidine complexes show additional peaks at low

temperature due to muagnetic ordering processes.
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Fig. 5.1. MUssbauer spectra of FepzCl,



100

4.,2K

T L T T T T 1 T ¥

-2 o} +2 +4 -2

Fig. 5.2. MBssbauer spectra of FeMepzCl,
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Fig. 5.3. MUssbauer spectra of FepdCl,



162

U 77K

3 o3 ) 5 A

Figse 5¢%4. MUssbuauer spectra of FepmCl,
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Fig. 5.5. M8ssbauer spectra of Fe(5-Mepm)Cl,

~ .
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Fig. 5.6. MUssbauer spectra of Fe(l4-Mepm)Cl,
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Fig. 5.7. M8ssbauer spectra of Fe(2-NH,pu)Cl,
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Centre Shifts

" The values are comparable to, or slightly lower than those lor

the substituted-pyridine complexes.

Quadrupole Splittings

The values of AEQ lie in the range 1.2 to 2.1 mm/sec. at 300 K,
increasing to 1.7 to 2.8 mn/sec. at 77 Ko For the complexes showing
no magnetic splitting, there is little change in aEQ between 77 and
1.4 K. The values are again very similar to those for the substituted-
pyridine complexes, although FepzCl, and Fepdl, appear to give the
largest low~temperature values of both series. The sign of AEQ has
not been determined for these compounds, but it seems reasonable to
agsume that it is positive {(as found in the pyridine series) corres-

ponding to an orbital singlet state loweste

Magnetic Hyperfine Splittings

The magnetic ordering temperatures, determined from the temperature

of collapse of the hyparfine snlitting pavterns are given in Table 5.4.

Tabie 5-"}

Compound Magnetic Ordering
Tempeirature (K)

FepmCl, 8.2 + 1.5
Fe(5-Mepm)C1, 9 &+ 2
Fe(L-Mepm)Cl, 15 + 2
Fe(2-NH, pm)C1, 26 + 1

The splitting patterns are generally more complex than those
observed in the substituted-pyridine complexes, and it has not heen

possible to analyse them in detail.

For FepmCl, (TFig. S5.4), seven peaks are present, although it has
only been possible to fit six using the least-squares program. (The

second peak at most positive velocity is an average of two). Six
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peaks are present for both Fe(5-Mepm)Cl, (Fig. 5.5) and Fe(ﬁ-Mepm)Clz
(Fig. 5.6), but in the latter, the two strong central peaks are ulmost
superimposed and the broadness of several of the peaks (especially

that at most positive velocity) suggests that more than six transitions
may be contained under the absorption envelope, This may be due to the
proposed mixture of bonding sites, which may cause a slight variation

in the internal field, or to a mixing of the nuclear spin state, so
that the two formally forbidden transitions (: %€~+1 2) can occurs.

This latter case presumably appliies to the FepmCl, complex. The
compound Fe(B-Nﬂzpm)Cl2 shows only four peaks at both 4.2 and 1.4 K.

The observation of magnetic orderinn from susceptibility measurements .
(presented below), elimirntes the possibility that the extra peaks

could be due to the impurity. Although the line widths do not appeur
to be greatly broadened compared with the other complexes, it seems
likely that several of the six cr eight pcssible transitions are virtually

degenerate.

The complexity of tnése gpectra suggest that there may be no simple
relationship between the 'internal' field direction and the e.f.g. axes,
and also that the asymmetry pa.ameter may be quite significant in at
lcast scae of the conmpounds., Howevei'y, it does appear that the 'internal!

fields for all the complexes are less than ~ 150 kG.

Magnetic Measurements

The magnetic data for these complexcs are presented in Tabie 5.5.

The room femperaxure values of “éff lie in the range 5.3 to 5.6 2M,
For FepzCl, (300 = 100 K} and FepdCl, {300 - 50 K), Moss decreases
gradually with decraasing temperature, yielding small positive 6 values
from the l/yé va T plots. For FeMepzCl, , (300 =~ 100 K) there is a

small increase in K decreasing the temperature, with a resulting

.. on
eff

small negative € ralue. For FepmCl, (300 = 100 K) and Fe(5-Mepm)Cl,
(300 - 50 K), M ¢y Shows a slight meximum and then begins to decrease

with decreasing temperature,.

The complexes Fe(l~Mepm)Cl, and Fe{2-NH,pm)Cl, have been measured

down to l.6 K. The susceptibility and “éff ve temperature plots in
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the 70 to 1.6 K region are shown in Figs. 5,8 and 549, respectively,
.for the highest value of field used. The values for Fe(2-NH, pm)Cl,
have been calculated on the basis of a pure FeLCl, species, and may
therefore be somewhat in error since the magnetic behaviour of the
minor species piesent may differ from that of the major species.
However, since the identity and magnetic properties of this minor
species are not known, no attempt has been made to correct the values

for its presence.

For both complexes, Hogr increases steadily down to ~ 20 K
(Fe(4=Mepz)CL, ) and ~ 30 K (Fe(2-NH, pm)Cl,). On further cooling
there is a sharp decrease in both susceptibility and moment, indicating
the presence of antiferromagnetic ordering. The Néel temperatures,
taken as the maxima in the x; ve T plots are 13,5 K for Fe(4~Mepm)Cl,
and 27.5 K for Fe(2-NH, pm)Cl, , which thercfore agree quite well with

the ordering temperatures determined froim the MBssbauer measurements.

The residual susceptibility in both complexes at very low temperature
is quite high. This may indicate a very small separation between the
ground S' = 0 and an excited $8' = 1 state, or it could be Jue to the
Presencs of an impurity. For Fe{2-Ni,pm)Cl,, a paramagnetic impurity
with ”éff = 4,90 BM and constivuting ~ 2% of the Sample could account
for tne entire residual magnetism at 2 K«  For Fe(4-Mepm)Cl, , a small
amount of paramagnetic impurity could =lso amount for the slight

increase in susceptibility below 4 K.

It seems reasonable to assume, from the results on these cunplexes,

that the ordering in all the pyrimidine complexes is antiferromagnetic.

The Fel, X, Complexes

The measurements carried out on these compounds again indicate
a six-coordinate environment. and they may therefore contain either

bridging or terminal diazine (Chapter 2).

1.R. Spectra

The I.R. bands observed for Fepz,Cl, , Fepz,Br, y Fepz, (NCS), and
Fepz, (C10, ), «4H, 0 ure listed in Table 5.6, together with those for the

free ligand and for FepzCl, , for comparison,
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The snifts and splittings of the pyrazine modes are quite similar
for all the complexes. Furthermore, it is noted that all the compounds
show a band (with splitting in Fepz,Cl, and Fepz, (NCS),) in the
975 - §92 cm-1 region, with very weak intensity for FepzCl, and highest
intensity in Fegz, (NCS),. On the criterion of Lever et al. (Chapter 2),
the observation of this band should indicate a terminal pz structure
for all the complexes, However, its presence in FepzCl, , which must
contain bridging pz, casts doubt on the validity of this criterion,
unless it 'is proposed that, in this compound, the weak band arises
only from the small propertion of terminal units of the sheets, in

which the pz molecules may be bonded through one nitrogen atom only.

The presence of water in the perchlorate complex is confirmed by
the observation of the bahds at 3,500 - 3,200 cm-l (v, M) and at
1635 cm-l {\5)%00 but no further bands could be detected which are
definitely assionable to water ceordinated to the metal. The C10,
A absorption,gno in the 1200 - 1000 cm * region, overlaps considerably
with the strony hydrogen-bgnding modes of the pyrazine molecule, but
does appear to he split into two componenis. The \, symmetric stretching
mode, wnich is I.R. inactive for the regular T

d
. 2 . . . . -
icn, 0 is also present, with wesk to medium intensity, at 918 cm 1.

symmetry of the 0104'

This indicates a lowering of the symmeiry of the Cl0, group to CEV’
which would be consistent with unidentate coordination to tie metal.
It is possible, however, inat the symmetrr may be lowered by crystal

field effects or by hydrogen-bonding interaction with the water molecules.

The tnree fundamental modes of the NCS group, Wy (C-N), W (C-S)
and § (N-C-S), are »l1 tc some extent sensiiive to the mode of coordina-
tion of the group, i.a. thiocyanato-, isothiocyanato-, or bridging

200 s s .
form, The characteristic regions fur these modes are:

vy (cm-l} » (cm-l) & (cm-l)

thiocyanato 2080-2120 690-720 400=-440
isothiocyanato 2040-2080 780-860 450-490
bridging 2080-2130 780-790  ~L50-490

The & mode is doubly degenerate and will generally split into two
components as the M-S-~C=N linkage depzrts from linearity, i.e. in the

thiocyanate and bridging forms.
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In Fepz, (NCS), , the Y band is at 2060 cm-l, and the \ band is at
790 cm-l (there are, in fact, three bands in the 790 - 825 cm'-1 cregion,
but this assignment for \, appears most likely, from comparison with the
positions of the pyrazine Y(C-H) modes in the other Fepz, X, complexes).
The & band is at 486 et and is essentially unsplit. It may therefore
be concluded that the complex contains the N-bonded isothiocyanato
group, with little departure of the Fe-N~C-S linkage from linearity.
To achieve six-coordination in this complex, the pz molecules must

therefore be bridging.

The shifts and splittings of the ligand bands in Fe(4-Mepm),Cl,
and Fe(4-Mepm)Cl, are again quite similar, although there appears to be

an additional weak band at 1210 cm-l in the former.

Electronic Spectra

The positions of the bands assignable to metal d-d transitions

in these complcxes are contained in Table 5.2.

The band positions for Fe(L4-Mepm},Cl, are extremely similar to
those observed in the FelCl, complexes and in the substituted-pyridine
complexes, which strongly sugnests a chloride=bridged structure, with
terminally~bonded pyrimidine molecules in axial positions. On this
basis dJ is positi%e, corresponding to a stronger axial field. It
is noted that the analogous NiII and CoII complexes have also been
proposed to have this structurle?5 As mentioned earlier, the N{(3) and
N{1) atoms of this ligand have potentially inequivalent OU-bondiiig
capability. Comparing the 4, , d0 and 10Dy values with those of
Fe(4~Mepm}Cl, (which from the MBssbauer evidence are presumably averages
0f the various combinations of N(3) and N(1) bvonding by the bridging
ligand), it is seen that all the parameters are larger for Fe(4-Mepm),Cl,,
but the difference in 10 Dg is quite small. Uz would be expected to be
greater when the ligand is terminal rather than bridging, but the
similarity in 10 Dq values may suggest that the increase in Uz is
partially compensated by a decrease in ny and/or the T~back bonding
contribution to the ligand field. This would appear to be more con-
sistent with Londing through N(3) in Fe(4-Mepm),Cl,, since weakening
of the in-plane field may then arise firom steric interaction beuween
the chlorides and the L-methyl groups, and the degree of TI~back bonding
should be lessened by the electron~donating effect of the methyl group,

which may be more importmnt at this end of the ring.
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The spectra of the Fepz, X, complexes are quite different from
those of the chloride-bridged polymers. For the chloride, bromide
and perchlorate compounds only one broad band, in the 11,000 - 12,500 cm-l
region, can definitely be assigned to a metal d~d transition, while for
the thiocyanate, a small splitting of the band centred in this region
is obsmerved, (In the bromide samples and in some preparations of the
chloride, a shoulder was observed at ~ 10,000 cmnl and an additional
weak band was »resent at ~ 6000 cm—l. However, the analyses of these
samples indicate the presence of an FelX, impurity and it can be seen

that these extra bands correspond closely to those observed for FepzCl, .

These bands are absent in Fepz,Cl, samples with good analyses).

The band positions in these compounds are thus of the order of
3000 cmm1 higher in energy than those of the chloride-bridged polymers,
and in fact approximate more closely to the higher energy component of
the doublet observed for the Fel, X, complexes with py, Yy-pic, iso—quin89
(the lower component in these latter compounds is at ~ 2000 - 10,000 Cm-l).
From the I.R. evidence cn the mode of bending in Fepz, {NCS), and the
observation made earlier that the ligand Field strength of bridging
pyrazine appears to be comparuvle to or slightly higher than that of
pyridine, it theérefore seems probable that all these complexes have
FeN, X, environments with bridging pyrczine (Fige 2.2(d))e The axial
ligand in Fepz, (C10, ), +/iH,0 may be either unidentate Cl0, cr a water

molecule.

. On this basis, the in-plane field would be expected tc be stronger
than the axial field, so that the antibonding orbital of predominantly
dxé-ya (5319) character should lie highest i.e. & and dC negative.

A small splitting in Fepz, (NCS), is cunsistent with an FeN; enviromment.
However, from the positions of the axiul ligands in the spectrochemical
series, it might be expected that 4 and dU should increase in the order
NCS < H,0 or C10, (?) <Cl < Br, with the total ligand field strength
decreasing in the reverse order. Therefore if the single band
observed for the chloride, bromide znd perchlorate complexes corresponds
to the transition to the 5Blg state, a second component at lower energy
would be expectcd, corresponding to the transition to the sAlg (dzz)
state. It is possible that a second weak band may be present in the

5000 -~ 4000 cm-1 region, where it may be obscured by the relatively



114

strong ligand modes. It is noted that only one band was observed
in a previous report of the reflectance spectra of Fepz,Cl, and

12 , .
Fepz, Br; , 9 and also that in tne spectra of the analogous Ni

118,119

complexes ne band splittings were observed, and the spectra

were interpreted on an On model ,

The single bands for the chloride, bromide and percnlorate are
extremely broad and it therefore seems likely that both components
of the 5T29+% SEg transition are contained under the band envelope.
The band positions given in Table 5.2 would therefore correspond to
a measure of 10 IDq. The order of decreasing 10 Dy appears to be
H, 0 or C10, {?) > NCS = Br = Cl. This order and the apparently
larger axial fields in these compounds compared with the Fepy,X;
compounds, could be rationalised on the basis of more extensive
TM-back bonding with the pyrafine molecule, The ability of the FeII
ion to delocalise its electrons into the empty T orbitals of the
byrazine ring would be expacted to increase as the electronegativity
of the axial group decreases,i.e. as the degree of charge transfer
along the Fe-X bond increases. This order would be Br >Cl > H,0
or €10, (7) > NCS, and thus the combination of O- and T-bonding
effects may produce the order oi 10 Dq observed for thzse compounds.
Tne enhancement of the axial O-donation by the in-plane T-back btonding
may then pruduce a higher total ligand ficld and a more uniform
perturbation of the metal eg orbitals than is found in the pyridine

compounds.

It is noted that for the pyrazine~bridged struciure shown in

Fig. 2.2 (d), it is probable that the planes of the rings will be tilted

. . 1
at an angle to the Fe-N,-N, axis {as found for example in Copy, Cl, 82),

to minimise steric interaction Letween the ring nydrogen atoms, and
with the axial ligand. For such an orientation, overlap with the
Ti*-orbitals of the ring should be possible for all three matal t20
orbitals, the overlap increasing for the dxy’ and decremsing for the
sz' dyz' a8 the angle between the planes of the rings and the X-Fe=X
bond direction decreuases,
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M8ssbauer Spectra (Table 5.3)

The spectra of Fepz,Cl, (Fig. 5.10) and Fe(4~Mepm),Cl, (Fig. 5.11)
have been measured at 300, 77, 4.2 and 1.4 K. For Fepz, (NCS), and
Fepz, (C10, ), «+4H, 0, room temperature spectra have been obtained (in
the latter compound, two weak peaks due to an impurity were observed),
but for Fepz,Br, the resolution was very poor and it appeared that

more than one species was present.

For Fe(4-Mepm)f£l,, the centre snifts and small AE, values at
300 and 77 K are again very similar to those found for the other chloride-
bridged complexes. The small temperature dependence of AEQ is reminis-
cent of that observed for Fe(3,5-Cl, ~py),Cl, and Fe(3~Cl-py),Cl, (A).
There is again a marked peak asymmetry, as was found for Fe(L~Mepm)Cl,.
The half-widths of the lines are considerably broadened at 77 K, which
may suggest that a mixture of N(3) and N{1) bonding sites is, in fact,
present, but this effect could also be due to relaxation processes since

the compound eshibits magnetic ordering at 4.2 and l.4 K.

The magnetic splitting pattern consists of only three very broad
lines at both temperatures, with very little alteration in line positions
or relative intensities. Severul of the six or eight possible transitions
must be virtually degenerate, and it huas not been possible to analyse
the spectrun in any detail. The 'internal'! field appears to be less
than ~ 80 kG, but does not coincide with the major e.f.ge axis. The

ordering temperature was found to be 7 + 2 K.

The Fepz, X, complexes have significantly lower centre shifts thaa
the chloride-bridged complexes with both the diazines and the substituted
pyridines, which is consistent with stronger o-bonding for the FeN, X,
environment. The values are alsc slightly lower than muny of the
Fel, X, complexes with py, Yy-pic and iso-quin,89 which may suggest
a jreater degree of 3d-electron delocalisation. The AEQ values are
much larger than thos: for the chloride-bridged polymers, and for
Fepz,Cl, s the value is similar to those found for Fel,Cl, (L = py,
y-pic, iso-quin).89 This compound shows no magnetic hyperfine splitting

at low temperature, although the lines are somewhat broadened.
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Fig. 5.10. MBssbuauer spectra of Fepz,Cl,
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(b)

Fig. 5.11. MUssbuauer spectra of Fe(f,w!*lepm)2 Clz



118

Magnetic Measurements

The magnetic data obtained for Fepz,Cl,, Fepz, (NCS), and Fe(4-Mepm),Cl,
are listed in Table 5.5. For the remaining two compounds, the ﬁagnetic
susceptibility was not measured over a temperature range since the samples

contained some impurity,

For Fe(4-Mepm),Cl,, the high value of M pg ot Troom temperature and
the marked increase on decreasing the temperature, is very similar to
the behaviour observed for the substituted-pyridine compounds, and suggests
that the ordering at low temperature is ferromagnetic in signe. For
Fepz,Cl, , the smull decrease in “éff to the spin-only value at 50 K
appears to be more consistent with an orbitally non-decenerate ground
staté,with little contribution from thermally accessible excited levels,
rather thén to the presence of an antiferromagnetic exchange interactione.
For Fepz, (NCS), , the Hogs values obtained here agree quite well with a

previous report,2 and show a slight maximum at ~ 200 K.

Discussion of the Results

" As in the case of the substituted-pyridine complexes, it has not
been possibtle to obtain conclusive information on the exact nature and
magnitude of tine distortions in the FelLCl, complexes with the diazines.
The electronic spectra are consistent with a tetragonal compression
along the z axis (N-Fe-N bond direction), but the relatively low AEQ
values and the presence of considerable orbital contribution to the
magnetic moments again suggest that the overail grouad state splittings

are not very large.

If the AEQ values are assumed to be mainly due to Q.11 and to

reflect the overall splitting of the 3T level, then some correlation

29

can be made between these values and the &, values fromn tue electronic

spectra. For the parent diazines, the decreasing order of AE_, and

thus approximately of the ground state splitting, parallels tngt of 4.
Similarly, Fe(Mepz)Cl, has a smaller AEQ value, and Fel5-Mepm)Ci, a
larger AEQ value than the appropriate parent compounds, which reflects
the same trend as /. However, Fe(4~Mepm)Cl, has a AEQ value virtually

identical to that of Fe(5-Mepm)Cl, at both 300 und 77 K, and Fe{2-NH, pm)Cl,
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has the highest value of all the pyrimidine complexes, and the correl&tion
with A no longer appears to hold. The complexity of the magnetic
splitting patterns in the low temperature M8ssbauer spectra of the
pyrimidine complexes may suggest that significant rhombic distortions
are present in these compounds. The larger AEQ values for the complexes
with substituted pyrimidines compared with that with the parent ligand
may also be partially due to a lesser degree of t29 delocalisation
through ti~back bonding in the former compounds,.

The lower values of péff in the diazine compounds compared with
the substituted-pyridine complexes may also reflect a greater degree
of covalency in the foimer compounds. However, the opposite signs of
the magnetic ordering in the pyrimidine and pyridine complexes may
invalidate this proposal. Thera is no apparent correlation between
the room temperature values of “éff and AE  for these compounds, as
has been proposed for systems with th aymmetry,53'5# which tends to
confirm that the microsymmetry of the FeII enviromnment in the dia=ine
lcomplexes is lower than axial,. The magnitude of the temperature
variation of péff for the complexes in the high temperature region
is insufficiently large to obtain any meaningful information from

attempted fitting of the values to the variable parameier model,

For the Fepz, X, complexes, the higher AEQ values suggest larger
ground state splittings, increasing in the order Clo, > Cl > NCS, with
an orbital singlet state lowest. For an axial system with a stronger
in-piane field, either the doublet (dxz’ dyz) or the singlet (dxy)
level may lie lowest, the latter being stabilised as the ratio of the
axial field parameters, Dt/Ds, increases, This ratio tends to increase
as the degree of covalency in the compound increases and, since the
assumption of a large covalent contribution was required-to rationalise
the electronic spectra of the Fepz, X, complexes, it seemg reasonable
to propose that the singlet (dxy) state liea lowest. A greater degree
of T=back bonding for the dxy orbital relative to that for the dxu’ dyz
orbitalscould contribute to the stabilisation of the former orbital.

If it is proposed that tne doublet state lies lowest, then a very large
rnombic distortion, splitting the two components, would have to be

postulated to explain the large 4B values. There does not appear to

Q
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be any compelling reason why a large rhombic distortion should be

present in these complexes, and it is noted that a dxy ground state

has been found to be consistent with the results on the Fel, X, complexes

(L = py, Y-pic, iso-quin; X = Cl, Br, I).89 It is noted, however,
that the very small AEQ values, and the correlation between AE_  and

Q
s for the complexes Fel, (NCS) indicates a doublet ground state
Mot £ b 29

89

for these compounds. Although this possibility cannot entirely be
discounted for Fepz, (NCS),, the much larger-AEQ value does appear to
be more consistent with a singlet ground state and thus tends to
confirm this proposal of more extensive covalency in the pyrazine

complexes.

The temperature variation of péff for Fepz,Cl, can be fitted quite
well to un axial model, with a singlet dxy ground state, for the ground
state splitting, spin-orbit coupling and covalency varameters in the
ranges: A = + 700 - 800 cm Yy A= 70 - 80 c= ' and k = 0.5 ~ 0. 6.
The temperature dependence and low temperature limit of AEQ are also

reasonazbly compatible with these values, It is noted that, in a

s}
previous attempt to fit the magnetic data for Fepz, {NCS), io the axial

model, a considerable degree of covalency was indicated (A = 70 - 80 em

. | .
K = Qu7 em )4 although the very small temperature variation of ueff

prevented hnambiguous determinaticn of the sign and magnitude of A .

The experimental data on the complex Fe(4-Mepm),Cl, suggest a -
very similar enviromnment to that found in the substituted-pyridine
compiexes. The failure of the compound to adopt a pyrimidine-bridged
structure, analogous to that in the Fepz,X, complexes, may be partly
due to the greater difficulty in accommodating the methyl substituents.
Tilting of the planes of the rings should relieve steric hindrance
between these substituents themselves, but may introduce steric intexr-
action with the axial ligands. It is noted that an Fel,Cl, complex

has not been prepared with QO~picoline,.

The nature of the magnetic ordering found in the complexes with
pyrimidine ligands can be rationalised in terms of the proposed
structures., The susceptibility measurements on Fe(4-Mepm},Cl, suggest
a ferromagnetic interaction. O the proposed terminal pyrimidine

structure, the only pathway for exchange is the ~‘90° Fe~Cl-Fe bridges,
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which should result in a parallel coupling of the net spins of the_mefal

ions, as found in some of the substituted pyridine complexes.

In the FelCl, complexes (L = pm, 5-Mepm; 4~Mepm, 2~NH, pm), any
exchange process through the chloride bridges should again be ferro-
magnetic, and it is possible that such an intrachain interaction is
present in these compounds. (The increase in “eff for both Fe(4-Mepm)Cl,
and Fe(2-NH, pn)Cl, before the long range ordering sets in, may provide
some evidence for this). However, the overall coupling at low tempera=-
tures in these compounds is antiferromagnetic, which indicates that an
additional interchain mechanism must operate to couple the spins on
adjacent chains antiparallel. The obvious pathway is via the T-orbitals
of the intervening diazine molecule. Overlap of the cmpty T™ orbitals
of the ring with the de, dy; orbitals of the two FeII ions across which
it bridges, enables delocalisation of the unpaired spins of each metal
ion into the same ligand orbital. This must produce antiiparullel
aligrment of the net spins by the Pauli principle. Although exchange
involving T-overlap is generally weaker than that involving g-overlap,
it does appear that the former qffect can become quiie large when the
Ti-system is highly delocal:i.sed.b2 It is also possible that some
contribution to the antiferromagnetic exchange may arise fronm an
Fe-Cl-Cl-Fe pathway since the chain separation, determined by the
Fe-Nw-=N~Fe distance, must be significantly less than in thc substituted-
pyridine complexes. This observation that 4-Mepm can transmit anti-
ferromagnetic interaction between the two FeII ions across wnich it
bridges tends to confirm the assignment of a chloride-bridged structure
for Fe(4-Mepm),Cl,. It is also noted that antiferromagnetic¢ interaction
has been proposed, on the basis of magnetic measurements in the 300 - 80 K
region, for the complexes Co(5-Mepm),Br, .2H, 0 and Ni({5-Mepm)Br, .2H, 0,

. . . . 4. ... 1325
which are believed to contain bridging pyrimidine only. 22

It might be expected that the complexes FepzCl,, FeMepzCl, and
FepdCl, should also exnibit antiferromagnetic coupiiliig, since the ligands
also provide delocalised T=systems between metal ions, Small positive
Weiss~constants were observed for the pz and pd complexes, but the
MBssbauer spectra at low temperature provide no evidence for magnetic

coupling. For FepdCl, , the non-planarity of the chloride bridges,
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mentioned earlier, may decrease the possibility of intrachain ferromagnetic
exchange. Also, any antiferromagnetic coupling through the pyridazine
molecule would also be intrachain, and would thus compete with any ferro=-
magnetic interaction through the chloride bridges, which may result in no
net. magnetic ordering. The apparent lack of ordering in the pz and Mepz
complexes could be due to the fact that the distance between FeII ions on

adjacent chains is significantly larger than in the pyrimidine complexes.

The apparent absence of exchange in Fepz,Cl, tends to confirm a pyrazine~
bridged structure. For such an arrangement, the only plausibtle exchange
2g orbitals with the ligand
N*-system, 80 that any coupling should be antiferromagnetic. Hewever,y if

patiiway is through overlap of the metal t

the degree of this T~overlap is greatest for the metal dxy orbitals, then

exchange may not occur, since these orbitals are completely filled.

It must be noted that ihe absence of magnetic hyperfiﬁe splitting in
the MBssbauer spectra of these pyrazine and pyrimidire compleves is noti
necessarily conclusive evidence for no magnetic ordering, since the internal

Vfields resulting from very weak coupling may be insufliciently large for
splitting to be resolved. Although the susceptibility data obtained so
far do not indicate the presence of ordering in these compounds, measurement
down to 1l.b K is required before the possibility or exchange via tnese bases

can be definitely ruled out.

From the observations made on these diazine complexes. the following
conclusions may be drawn., Firstly, it appears that the mid-I1.R. ciriterion
of Lever et al. is not generally valid, since the pz complexes prepared here
contain the critical band, but have been shown to pussess bridging rather
than terminally~bonded ligand. Secondly, by comparison of the 10 Dq vaiues
of the FelC), complexes with that of Fepy,Cl,, and of Fepz,Cl, with Fepy,Cl,
it appears that the bridging diazines are comparable in total ligand ficld
strength to pyridine, but that +his is partially due to a greater degrea of
T-back bonding with the diazines. However, if, as in the case of the

113,119

I . -
analogous Ni complexes, comparison is made between Fepz,©l, and

Fepy,Cl, , the ligand field strength of pyrazine apbears misleadingly high.
It may therefore be proposed that the Mpz, X, complexes of NiII and CoII also
contain bridging rather than terminal pyrazine. Tnis would then be com-
patible with the much greauter 10 Iq vulue observed for Nipz,Cl, compared
with NiMepzCl, , which; as mentioned in Chapter 2, was rationualised entirely
in terms of the steric effect of the methyl group. It is noted tnat, by
comparison of the 10 Dq values for FepzCl, and FeMepzCl,, the effect of the

methyl group appears to reduce the ligund field strength only by the order

of 500 cm_l.
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During the course of this work, several recent papers have been
published by Goldstein et al., which support the conclusions obtained
here. From the study of some pyrazine complexes of stannic halides,128
these workers have also refuted the general validity of the midrI.R,
criiterion for the mode of bhonding of pyrazine. They have concluded
that a more valid means of distinguishing unidentate and bidentate
pyrazine is by comparison of the I.R. and Raman spectra of the complex.
For the former mode of bonding, the lack of u centre of symmetry for
the molecule produces numerous coincidences of I.R. and Raman bands,

This treatment has been applied19b to the MpzX, and Mpz,X, complexes
of CoII and NiII halides, and, in conjunction with extensive far I.R.
measurements, the bridging nature of the pyrazine molecule has been
demonstrated for all the complexcs. The assignment of a bridging-
pyrazine structure for Copz,Cl, has also been recently confirmed by
crystal structure determination,201 and the structure is esseptially
that shown in Fig. 2.2(d). The Co=Cl and Co=-N distances are 2.415 and
2.18 A, respectively, and ihere is no evidence for a significant rhombic
distortion, The four pyrazine rings around each CcII ion are arranged
in a propellor-like manner, the plane of each ring being tilted =t an
angle of 44.4° about the Co~N=N axis.

Magneiic susceptibility measurement on the Nipz,X, complexes, in

196

the range 300 - 90 K, have also been interpreted as showing neglisible

exchange interaction.

Although no definite evidence for exchange interactions via pyrazine
or pyridazine bridges has been obtained in this work, it must be mentioned
that antiferromagnetic coupling via these ligands has been proposed131
from magnetic studies on some six-coordinate polymeric complexes of the
CulCl, type (L = pz, Mepz, pd, pm}). The positive 8 values, from
susceptibility measurements in the 300 - 110 K region, increase in the
order Mepz s pz << pm < pd. It is noted, however, that exchange coupling
via the chloride bridges has been postulated198 as being untiferrcmagnetic
in these compounis (see also Chapter 4), and tims the cvidence for
additional exchange via the Mepz aznd pz bridges is very tenuous. The
relatively high degree of exchange in CupdCl, is not inconsistent with

. . . 11 .
the observations made here, since, in the Cu case, antiferromagnetic
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exchange through the diazine would augment the interaction through

. . . . . 1T
the chloride bridges, rather than opposing it as in the Fe case.

The only established example of antiferromagnetic exchange through
. . ., 202 ; .
a pyrazine bridge is in the complex Cupz(NO, ), , which has a polymeric
. , . . 1T | . .
six coordinate structure, with eacn pair of Cu I ions in the linear

203

chain being linked by single pyrazine bridge. Although the CuI
ions are separated by 6,712 A, a J value of --6cm”1 has been obtained
from fitting of the susceptibility data in the range 65 = 2.9 K.

The mechanism for the interaction has been proposed as involving
interaction between the single unpaired electron in the C~=antibonding

I1 . . . .
level of the Cu 1 ion with the Ti-electrons on the pyrazine molecule.



Table 5,1 Elemental Analyses for the Diazine Coniplexes

Compound Colour c % N % H % C % N % H %
Required Required Required Found Found Found
FepzCl, Deep Orange-Red 23.23 B 12,54 1.95 23,18 13.56 2.05
FeMepzCl, Orange 27.19 12.68 274 28.03 12.63 3.29
FepdCl, Orange-Brown 23.23 13.54  1.95 23.24  13.64  2.04
FepnCl, Yellow 23.23 13.54 1.95 22.49  13.47 2.28
Fe(5-Mepm)Cl, Orange-Yellow 27.19 12.68 2474 27.35 13.12  2.82
Fe( 4-Mepm)Cl, Mustard-Yellow 27.19 12.68 2.74 27.4L  12.76 3.00
Fe(2~NH, pm)C1, Pale Yellow 21.66 18.94 2.27 22.70 19.42 2463
Fepz,Cl, Deep Orange-Red 33.49 19.53 2.81 33.28 19.43  2.60
Fepz, Br, Orange-Brown 25.56 14,90 2.15 2461 14,03 2462
Fepz, (NCS), Tat Brown 36.15 2530 2.41 36.18 25.42 2.82
Fepz, (C10, ), 4H,0 Yellow 19.70 11,50 3629 18.60 1l1.46  3.17
Fe(4-Mepm),Cl, Yellow 38.13 17.79 3.84 38,29 17.9%  3.85

» See text

G2l



Table 5- 2

Reflectunce Spectra
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Compound Band Positions A do 10 Iy
(d-d transitions)
cm—l cm-l cm-l cm-l
FepzCl, 9780, 6600 +3180 +1190 8190
FeMcpzCl, 8970, 6460 +2510 + 940 7720
FepdCl, 5910, 6640 +3270  +1230 8280
FepmCl, 9500, 6470 +3040  +1140 7980
Fe(5-Mepm)C1, 13720%
9550, 6350 +3210 41200 7950
Fe(4-Mepm)C1, 14650* ‘
| 8450, 6230 +2220 + 830 7340
Fe(2-NH, pm)€1, 14290*
8670, 6280 +2390 + 700 7480
Fepz, Cl, 11360
Fepz, Br, 11490
Fepz, (NCS), 13100, 10150 -2850 -1670 11580
Fepz, (C10, ), «4H, 0 12350 |
Fe(l4=Mepm), Cl, 13950*
9420, 5900 +3520 #1320 7660

* Very weak
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Table 5.3 MUssbauer Data

- FelCl, Complexes

Compound Temperature Centre AEQ Half Intensity Area
(K) Shift Widths Ratio? Ratioft
(Figure) (mm/sec) (mm/sec) (mm/sec)

FepzCl, 300 (5.1(a)) 1l.32 1.78 0.30,0.29 0.97 1,00
77 (5.1(b)) 1.43 2.53  0.47,0.44  0.95 1.00
Lo2 (5.1(c)) 1,43 2.56  0.35,0.33 0.97 1.03
1ol (5.2(d)) 1.43 2.53  0.32,0.32 0.97 0.96

FeMepzCl, 300 (5:2(a)) L.34 1,22 (u41,0.38 0.99 1.06
77 (5.2(b)) 1.49 1,67 0.68,0.63 0.59 1.06
L,2 (5.2(c)) 1.48 1.69 0.58,0.59 1,00 0.99

1.4 {5.2(d)) 1.48 1.72 0.58,0.66 1,00 1,04
FepdCl, 300 (5.3(a)) 1.30 2.09 0.29,0.27 1.06 1.12
77 (5.3(b)) 1.43 2.89  0.37,0.3%0 1.01 1.04
4.3 (5e3{c)) 1.4k 2483 0.26,0.35 1,01 1,03

1.4 (5.3(d)) 1.4k 2.83  0.47,0.43 0.99 1,08

FepmCl, 300 (Se4{a)) 1l.33 1,18  0.27,0.26 1.05 1.09
77 (S.4{p)) 1.46 1,72 0e35,0.33 1,01 1.05

Fe( 5~Mepm)Cl, 300 (5.5(a)) 1.33 1.48  0.27,0.27 1.05 1,08

77 (5.5(b)) 1.45 1.92  0.45,0.44 1,02 i.05

Fe(4~Mepm)Cl, 300 (5.6(a)) 1.33 148  0.42,0.32 1,14 1.46
77 {(5.6(b)) 1.47 1,91 0.56,0.51 1,15 1.29

Fe(2-NH, pm)Cl, 300 (5.7(a)) 1435 1.56  0e31,0430 0.94 0,98
77 (507{b)) 1.48 2.06 0.36,0-31} 0.91 0.97

Lower velocity peuk/higher velocity peak

Cont inued
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Table 5.3 (continued)

Compound Temperature Peak Half Fractional Relative

(K) Positions Widths Dips Peak
(Figure) (mm/sec) {mm/sec) Areas
FepmCl, be2 (5.4(8))  ©.14  0.35 0.045 84.2
0.57 0.28 0.030 40,8

1.13 0.25 0. 046 60.2

1,91 0.22 0,033 37.5

2431 0.70 0.021 76.6

2473 033 0.043 744

1.4 (5.4(d)) 0.01 0436 0. 049 89.8
0.57 0.29 0.030 h5.5

1,37 0.25 0.049 - ©6hoh

1.93 0. 30 0,037 58,2

2.40 0.48 0.029 72.0

2.76 0.35 0.041 754

Fe(5-Mepm)Cl, 4.2 (5.5(c)) 0.11 0«51 0.035 8.7
Ve 54 0.37 0.028 3945

0.98 0.27 0.045 4,9

1,88 033 0.046 58.7

2.41 0.38 0,015 21,8

2.87 0.41 0.0k 69,2

1ok (5.5(d)) 0.14 0.50 0.043 80.9
0.57 0o 46 0.035 62.6

1,01 0430 0.053 6.1

1.89 0,3k 0.058 7h.6

cols2 0. 45 (020 3ol

2.87 043 0.055 90.2

Fe(4-Mepm)Cl, L,2 (5.6(c)) =0.28 0. 58 C.019 b1,9
0.22 0,53 0.C14 28,0

0.954 0.72 0.021 58.8

1.29 0.55 0.022 46,5

2.19 Ou 74 0. 005 14,2

379 1,016 0.016 62.3



Table 5.3 (continued 2)
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Compound Temperature Peak Half Fractional Relative
(X) Positions Width Dips Peak
{Figure) {mm/sec) (mm/sec) Areas
Fe(4~Mepm)Cl, 1ok (5.6(d)) -0.26 0¢55 0.023 58.9
0.22 0.59 0.022 512
0.88 0.55 0.025 5247
1.25 0. 64 0. 04y 107.3
2.14 0. 68 0.009 22.7
377 1.01 0.026 101,5
Fe(2-NH2 pm}Clz ’-{--2 (5.7((:)) . ""0.38 Ooll'li' 007? 129-8
1,02 0.41 082 128.9
2.48 0,36 «025 23,7
ho22 0. 43 067 108.8
1.4 (5.7(@)) -0.38 0. 57 037 80.9
1.02 0.52 040 78.9
2450 0.51 +011 - 20.71
4,32 0.59 032 71.2
Fel, X, Complexes
Compound Temperature Centre AE Helf Inten- Area
{K) Shift Q wWidth sity Ratio
(Figure) (mm/sec) (mm/sec) (mm/sec)Ratio
Fepz,Cl, 300(5.10(=)) 1,25 2,16 0.28,0.30 1,18 1.10
77{5.10(v)} 1.37 3e30 0.36,0.34 1.00 1.07
4,2(5.10(c)) 1.37 335 0.53,0.53% 1.02 1.03
1.4(5.10(d)) 1.37 3e35 0.54,0.54 1,02 1.03
Fepz, (NCS), 294 1.27 246 0.27,0.30 1,01 1.00
Fepz, (C10, )41, 0 294 1.30 5¢35 0.26,0.30 1.07 1.05
*1.38 l.4i1

* very wouk peaks due to an impurity



130

Table 5.3 (continued 3)

Compound Temperature Centre AE Half Inten- Area
(K) Shift Width sity Ratio
(Figure) (mm/sec) (mm/sec) (mm/sec) Ratio

Fe{4Mepm);Cl, 300(5.11(a))1.35 1.10 0.32,0.28 1,20 1.36
77(5:,11(b)) 1. 46 1.7 0.62,0.58 1,22 1.32

Peak Half Fractional Relative
Positions Width Dips Peak
(mm/sec) {mm/sec) Areas
4-2(5.11(0)) 001}2 0-63 00027 611'056
1.27 0.56 0.044 93,23
Z,01 0.53 0.022 Ly, 73
1.4(5.11{d) ) O.46 0,63 0.031 74.9
1,27 .55 . 0.052 112,7

2.98 0.50 0.030 494




Table 5.5 Magnetic Data
X; y M ¢e = As in Table 4.5

FelCl, Complexes

FepzCl, (6 = +23 K)

131

Temperature (K) 292.5 263 236.5 209.5

183 156.25 123.25 103.5

X, x 103 13,31 14,70 16.21 18.11 20.48 23.44 28.79 33.18
Moge S5¢58 . 5456  5¢54  5.51  5.47  5.B1 0 5.33 5.2k
FeMepzCl, (6 = =7 K)

Temperature (K) 294 263.5 223 182 140 122.5 100

X! x 10° 12.34 13,99 16.59 20.85 27.10 30.97  38.90

Hors 5.39  5.43 5.4k 5.51  5.51 5.51 5¢58
FepdCl, (¢ = +8 K)

Temperature (K) 283 253 219.5 195 174 152 136 109
X! x 100 12,69 14,29 156.51 18.51 20.56 23.35  25.93 31,69
Moy 5.36  5.38 5.38  5.37 5.35 5.33  5.31  5.26
Temperature (K) 77.4 68.9 57.9 48.2

x! x 10° 44,02 48.93 55.46 65.67

Mogs 5.22  5.19 5.07 5.03

Femelz (9 = "'3 K)

Temperature (K) 294  264.5 225.2 184
X! x 100 12.54 14.13 16.69 20.60
TP 5.4%3  S5.47 5,48 5.51

143.5 121 104
26.45 31.26 35.97
5.5  5.50  5.47




Table 5.5 (continued)
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Fe(5-Mepm)Cl, (8 = O K)
Temperature (K} 292.5 264 237 219.5 193.5 165.7 135.8 109.7
X x 10° 12.82 14,40 16.20 17.41 19.77 22.96 27.95 34.61
Hope 5.48 5.51 5.54 5.53 5.53 5.52 5.51 5.51
Temperature (K) 8.4 70.6 59.8 49.5
X, > 10° 48,31 53.46 62.26 74.18
Mo 5.50 S.49 5.46  5.42
Fe(4-Mepm)Cl, (8 = =4 K in the Z00 - 90 K region)
Temperature (K} *292 263 2he 219.5 195 174 152 136
%! x 10° 12,31 14,04 15,38 17.07 19.44 21,73 25.00 28.00
W 5.36 S.blt  5.46  S.48  5.50 5.50 5.5 5.52
Temperature (K) 109 88 77.5 66.3%3 51.5 41.2 30.5 20.45
X! x 10° 35,22 43,43 50,08 S58.46 7h.79 95.07 131.76 191.06
Ho g Se5h  5.52  5.57  5.57  5.535  5.60 35.67 5.59
Temperature (K) 17.05 14.1  11.8 10.1 B.08 5.30 2.52 1.67
X! x 10° 219,77 238.85 195.50 132,75 106.67 95.49 99.92 102.99
Morr S.47  5.20  4.29 3,27  2.63 1.81 1,42 1,17
Fe(2-NH, pm)CL, (6 = -16 K in the 300 -~ 90 K region)
Temperature (K) *294 264 222 182 140 121.5 100 78.3
X! x 10° 1214 13,82 16,61 20.95 27.66 32,39 L0.27 63.16
Uy ps 5.3 5.40 5,43  5.52 5.57 5.61 5.68 6.29
Temperature (K) 58.9 45.8 37.1  3l.4  27.0 2h.5 20.95 18.00
X * 107 94,75 146.21 183.81 220.34 223.0 2i0.17 132.50 78.11
Mg 6,68 7.32 7.38  7.30 6,94  6.41 4,71 3,35
Temperature (K). 16,98 15.30 11.75 10.04% 6.58 4.25 3.19 2.33
X' x 107 64.76 50.76 35.61 32,48 29.75 29.14 29.03 29.26
TR 2.97  2.49  1.83  1.62  1.25 1.00  0.86 0.74%
e

* Values given for highest field used.
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Table 5.5 (contimed 2)

Fepz,Cl, (6 = 36 K)

Temperature {K) 283.8 253 236.8 201 174 144.5 118 98

X x 10° , 1144 12,90 13.78 16,09 18.41 22.13 26.63 31.58
More 5.09 5.11 5.11 5.09 5.06 5.06 5.01 4.98
Temperature (K) 775 67.2 58.6 49.1 |

X > 10° 29,69 45,84 51.21  60.48

Mg 4,96 4,96 4,90 4,87

Fepz, (NCS), (8 = +1 K)

Temperature (K) 296 264 234 205 186.5 159 121 102,58

u; x 103 12.36 13,91 15,58 17.92 19,84 22.85 30.02 34,92
'héff 541  5.42 5.0 5.4% 5,44 5,33 5,39  5.35

Fe(L-Mepm),Cl, (8 = -18 K)

Temperature (K} 295 257.5 249 175 138,5 119.5 100
X, X 100 13,52 15.53 18.91 24.13 31.54 26,92 44,40

Mg 5.65 S.66 5.76 5,81 5,91 S.94 5,96
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Table 5.6 IR Spectra of Pyrazine Complexes (band positions in cm ")

Pyrazine Fe(pz)Cl, Fepz,Cl, Fepz, Br, Fepz, (NCS), Fepz,{Cl0),.4H,0

 3500=3200( s.br) ¥

3066 3119 3103 (4 3099 (m) 3119 3101 (w)
3110 (m) 3098 3099 (m}
3052 3050
| 2060 (s)*
1640 (m) %
1490 1488 (8) 1482 (s) 1488 (s8) 1492 (m) 1480 (s)
1418 1425 1418 1415 _ 1420
121 (3 3410 (8) 1410 () 1416 (8 1425 (s)
13k2 1310 (w) 1308 (w) 1302 (w) 1306 (w)
1148 1168 {(8) 1165 1160 1165 (m)
1155 () qps5 () 163 () )55 (u)
1140 (=)t
1110 1120 {s) iifg (s) 1120 (s) i;fg () 1115 (s)
1067 1090 (w) 1088 (w) 1080 (w) 1087 (w) 1090 {m)
1022 1058 (s) 1053 (s} 1055 (s) = 1052 (s) 1060 (s)
1032 (s)¢t
950 (i a) 975 (w) 992 990 (w) 983 992 (w)
918 (m)t
8ok 795 (s) 820
815 (s) 825 (s) 826 (m)
810 800 (s) 820 (w)
790 (s)*
486 (s)*
417 466 (s) 457 (=) 457 (s) 469 (s)
* NCS bands } i a = I.R. inactive
t Cl0, bands ) see text 8 = strong
water bands ) m = medium
w = wealc
br = broad
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CHAPTER 6 STUDIES ON SOME CuII COMPLEXES WITH 6-HYDROXYPURINE,

6=-MERCAPTOPURINE AND 4-AZABENZIMIDAZCLE

There has been considerable interest in the interactions of metal
ions with polynucleotides and related c-::mpounds,'?’OL*-206 and it has been
shown that CuII ions reversibly denature DNA,. The mechanism for this
interaction has been postulated as involving coordination of the CuII
ions with the constituent bases of DNA, namely adenine, guanine, thymine:
and cytosine, which would profoundly affect the hydrogen bonding that

maintains the secondary helical structure.

A considerable amount of chemical siudy has been cartied out ta
. . II .
charactcrisz the complexes which can be formed between the Cu ions

137a~c,1,207

and these and reluted bases, The bases generally possess
seversl potential cooidinating sites, and investigation has been carried

cut to determine the mode of bonding.

A crystal structureao8 of the inner complex Cu(ad),4H,0 has shown
that four molecules of tihe base (Fig.6.1) (in the anionic foym, through
loss of the N(7) proton) bridge pairs of CuII ions, through coordination
by atoms N(3) and N(9), to produce a centrosymmetric dimer. This
observation is not biochemicaily important, since the N(9) site of
adenine in INA is the point of attachment of a ribose unit, and so
is not available for coordination with metal ions. However, the

structure o6f this compound is closely rclated to that of dimeric cupric
acetate monohydrate,209 and it has been smo\«mzloma3'2 that antiferromagnetic
exchange between the pairs of CuII ions occurs in the adenine complex, in
a similar way to that found in the acetate and: in many other dimeric CuI
systems (refs. 56, 213, 214 contain extensive bibliographies of work on
such systems). This interaction is effectively demonstrated DY e.per's
measurements (as mentioned in Chapter 1), which show the characteristic
spectrun of = thermally-populated excited S!' = 1 state, rataner than

that of an isolated S = 3 state, as well as by magnetic susceptibility

-

measurements.
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It has also been snown by X-ray crystallography that the dimeric
structure is retained in the outer complex [Cu(adH)QClelz.GHZO, even

in the presence of chloride ions which may themselves frequently function
as bridges, and, on the basis of e.p.r. and magnetic data, it has been

1 11,212 . . . .
35,211,2 that the dimeric structure is common to a series

concluded
of outer complexes, Cu(adi}), X, .nH, 0, wnere X = Br, NOy, ClO,, %SO*.
The dimeric structure has also been shownelb by e.per. measurements to

persist in solution.

It is interesting to investigate whether this formation of dimeric
species is limited to adenine or whether it is shown by other purines,
or by related molecules which possess the same disposition of N(3) and
N(9) atoms, (Fig.6.1). Other possible modes of bonding of the base
that could be envisaged are coordination through one nitrogen atom only
(on either the pyrimidine or imidazole ring), or chelation through N(7)
and a substituent on C(6), which was initially proposed for the adenine

217

inner complexa

, IT : ‘ . . . .
Complexes formed between Cu salts and various purine derivatives,

207b~d

unsubstituted at N(3) and N{9), have been isolated. Although

several compounds with formally 2:1 base to metal stoichiometry have

been obtained with guanine and xanthine, e.p.r. measurements have snown135
that the purine-bridged dimeric unit is not present, and at the outset of
this work, no other systems besides the adenine complexes had been shown

unegquivocally to possess this structure.

ffor the present study, complexes have been prepared of CuII salts
with 6-nydroxypurine {nypoxanthine) and 6-mercaptopurine, and with the
related compound lt-azabenzimidazole, which has the required disposition
of N(3) and N(9) atoms (Fig.6.1). The compound b-mercaptopurine has
been shownal to exist in the solid state (as the monohydrate) in the
thione rather than the thiol form, with the H atom bonded to N(1) (Figebe2),
and it is probable that the 6~hydroxypurine molecule may also exist

219

predominantly in the keto form. In both cases, the aromaticity
of the pyrimidine ring would be partially destroyed, although the
electron density distribution in the imidazole ring appears to be
virtually unaffected compared with purine itself.aao In soluiion,

tautomerism between the two forms probably occurs.
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Attempts have been made to prepare imner complexes with these
three ligands, using procedures analogous to that for the adenine

207a

complex. The pH of the solution was varied widely over the'
alkaline range and, although.with b-hydroxypurine and 4-azabenzimidazole,
gelatinous precipitates containing the ligand were obtained at very

high plH, no pure complexes containing the anionic forms of the bases
could be isolated. The inability¥ to form inner complexes with

207b

6-nydroxypurine has been noted by Weiss and Venner.

Outer complexes with these bases have been prepared, and may be

divided into two categories:

(i) complexes of the formula, Cu(LH},X, .nH, O,
LH = 6-hydroxypurine (nxd), X = Cl*, Br, Cl10Q,
IH = 4-azabenzimidazole (azbH), X = Cl, Br, Cl0,, NOs, 2S0,.

rh

(3i) eomplexces of the formula, Cu(LH)X, .nH,0

Ll = 6-hydroxypurine (hxt), X = £1*, Br, '%'SO,"’l

IH = b-azabenzimidazole¢ (azbH), X = Cl, Br

LH = 6-mercaptopurine (mpH), X = C1*

* The preparation of these complexes has been reported by

. b
Weiss and Venner.ao? b

The preparative details are given &t the end of this section,
together with the analytical Zata. The degree of hydration of some

of the complexes varied for different preparations.?

b=mercaptopurine was found to be extremely reducing, and several
attempted preparations of CuII complexes were unsuccessful due to
reduction to CuI. It was.not known from Weiss' reported preparation,zo?c
whether the compound Cu(mpH)Cl, does in fact contain CuII or whether, due
to the recducing ability of the ligand and the highly acidic medium ol
the preparation, it is in fact a CuI species of the protonuted purine
base i.e. CuI(mpH2+)Clz. Complexes of protcnated purine bases are

II . + 1
known, and crystal structures of the complexes Cu  (guanine H )Cl,,22

T The complexes Cu{hxdl), X, «nl, 0 (X = Cl, Br) are referred to throughout
the text &S the monohydrates, although the analyticul data given in
the Preparative Section indicates that the number of wuter molecules
appesTs to vary between one and two for different sumples.
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. RH |
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= OH 6-hydroxypurine '
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Fige 6.3  X-bond esders gnecetrum of polycrystelline

Cu{ -azabenzinidazole) zBra. 2H,0 at OOK.
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Zn(QUanineH+)Cl,; 222 'CuII(adH2+)2Br*223 and Zn(adH2+)013222 show

that in the first three compounds the base is bondecd through N(9) only,

while in the last complex, bonding is through N(7) only.

The complexes have been studied by e.p.r. measurements, reflectance
and I.R. spectroscopy, to assist in elucidating the structures.
Unfortunately, owing to the small-seale of the ﬁreparations and the
difficulties experienced with the Faraday Balance, it has not yet been
possible to obtain magnetic susceptibility data, except for the complex

Cu( asz)Clz .

The Complexes Cu(lH),X, .nH,0

The powder e.p.r. spectra of these complexes at X-band have been
investigated over a range of temperature from 293 to ~ 96 K. The
spectra of all the complexes provide strong evidence that in each case,
the 6-hydrcxypurine and Le~azabenzimidazole molecules are bridging

, . IT | . .
discrete pairs of Cu ions,; as in the analogous adenine compounds.

The fipre and hyperfine structure is well resolved at low temperatures
=nd a typical spectrum is shown in Fig.6.3. The spectrum is character-

55,64,65

istic of &n S = 1 state, and the decrease of the inteasity of
the triplet resonances with decreasing temperature indicates that this
S = 1 state lies above an § = O ground state, such that thermal depopu-
latiun of the“triplet occurs on-cooling. There is thus an antiferro-

magnetic exchange interaction operating between the pairs of S = 1 ions.

The analysis of the e.p.re. spectr& of pairs of CuII ions coupled
by exchange or dipolar interactions has received considerable attention.
55164165,216,22k,225 Although single crystal studies are necessary for
extraction of the maximum smount of information concerning the magnetic
parameters and their relationsnip to the crystalline and molecular axes,
it has been shown that much of the information can be obtained from the
powder spectra. The treatment of Wasserman et al.226 of randomly oriented
orgunic triplets shows that tne dominant features of the experimental
powder resonance spectrum arise basically from transitions in the
relatively few molecules which have one of the principal magnetic

axes alianed with the external field, even though the spectrum is

the sum over all possible orientatiens. Thug the observed resonancs
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fields are those required for calculation of the zero-field splitting

and g parameters. This treatment ilas been used for analysis of powder

210,211

11 . . .
spectra of the Cu adenine complexes, and for some dimeric

227-229

carboxylate complexes.

In the dimer systems, the magnetic axes are defined as the
coordinate system, X,Y¢Z, referred to the Cu~Cu direction as principal

symmetry axis (z). The spin-Hamiltonian for the triplet state of the

coupled dimer in an external field is tnen:226
- 2 2 2 2
¥ = BgHS + Dsz + E(sx sy ) -3D

where D, E are the axial and rhombic zero field splitting parameters.
This form of the Hamiltonian assumes that the principal axes of the

zero~field splitting and the g-tensor are coincident. Although this
is not of general validity, it is found to obtain in the carboxylate

22
dimers,” 8 to which the present compounds are structurally related,

and is thérefore considered appropriate in these compounds. The nuclear

interaction giving rise to hyperfine structure is neglected. In the
spectra of all the complexes studied here, the features assignable to
the xy transitions were observed to be unsplit at all temperatures.
This indicates that the rhombic zero-fieid splitting parameter, E, is
very smail, and therefore the spin-Hamilionian may be reduced to that
appropriate to the axially symmetric case:

=9 s + g MS +D52-§D

z 0z Xy  xy z

Solution of the Hamiltonian, for the cases in whicn the external field

is aligned with the principal magnetic =xes, gives the following

expressinns for the resonance fields corresponding to fm = 1 transitionst

xyf = (ge/gxy)2 H (H - D)
HXYS B (ge/gxy)a HO(Ho + DY)
"z T (ge/gz) (Hy = D')
Hz? = (g-e/gz) (H_ + DY)
where g = 2.0023, D' = n/ges and H_ = '623

e

(1)
(2)
(3)

(4}
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From equations (1) and (2) and the measured values of ny1, nyh
{~ 2,500 and 3,800 G, respectively), values of 9y and D have beca
obtained., The fields were measured at a point on the side of the
more intense peak éloser to H (Fig.6.3), at a distance below the peak
equal to the height of the less intense peak. No nyperfine splitting

was observed on these resonance lines for any of the complexes.

The z transitions are very much weaker than the xy transitions
and are more difficult to measure accurately. The low field Hz1
resonance at ~ 1700 - 1900 G is sumewhat obscured by the fm = 2 feature
(discussed below). Similarly, the high field Hz resonance generally

)
coincides with the tail of the high field H resonance. At low

temperatures, hyperfine splitting is resolveﬁy%n the z resonances for

all the complexes, except Cu(hxH),Cl, sH,0 and Cu{hxH),Br, .H, O which y
give only a hroad absorption feature, For two equivalent exchange-
coupled CuII ions of nuclear spin I = ?/2, seven equally spaces hyperfine
lines of relative intensity 1:2:3:4:3:2:1 are predicted. The separation
of the lines is A/B, where A is the hyperfine separation of the four
equally intense lines predicted for a monomeric, magnetically-dilute

5 = % CuII species. In most of the complexes, the maximum number of

hyverfine ilines resolved was six, and the H? resonance fields were

measured as the fourth resolved line.

The 9, values were determined from equatians (3) and (4), and an
additionzl estimate of D was obtained for comparison with that derived
from the Xy resonances. ‘Tne calculated parameters are listed in
Table 6.1.. In generzl, the D values from the two calculations agree
quite well, verifying that E =~ O, and indicating that the positions

of the 2 resonances have becn estimated with reasonable accuracy.

In the compound Cu(nxﬂ)zBrb.Hzo, an anomalous "'step" wus observed

in the low-field tail of the Hx resonance. Assiaonment of this
1
feature as Hz results in a D value much lower than that calculated
1
from H s H
xY1 xyz
corresponding chloride und perchlorate complexes. This is not

s and a g, value inconsistent with those for the

expected by conmparison with the trends in the g, values in the 4-~aza-

benzimidazole complexes. A similar feature is appuarent in che reported

212

spectrum of Cu(udﬂ)z(CIOb)zl.fﬂzo, and has again not been assigned to

H .
Zy
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In all the complexes, a broad anisotropic derivative feature
was ohserved in the 3100 = 3200 G region. Tnis band increased in
intensity on cooling and is presumably due to an S = % impurity.
The band was most intense in the compounds Cu(azbH),X, (X = Cl0,, NO,,
%SOh), but no other species giving rise only to an 8 = 1 signal could

be isolated with these salts.

The spectra of all the complexes also contained a feature at
~ 1350 - 1400 G, arising from the /m = 2 or half-field transition,
which is predicted21b to occur in powdered samples when D < hV (here
D < 0.13 cm“1 and hv o~ 0.3 cmm1 at X-band). This feature has been

230

observed in organic triplets, and in some dimeric copper carboxylate

225

complexes at K-band { for these complexes D is of the order 0.3 to

-1 . . .
Ol cm 7). The origin and nature of the feature has been discussed

216,225,226,231

at length in several papers.

The band appears to ba of derivative shape (Fig.b.4) and shows
resolved hyperiine splitting.’ - In most of the complexes,
all seven expected hyperfine components are resolved, although the three
to higher field are somewhat obscured by the band shape and the coincidence
with the low field side of the /m = i Hz' resonance. The hyperfine
separation (A/B m 65 - 70 gauss} is mere characteristic of a z transition
than an xy, although the values are lower than those observeé on the

Mm =1 z transitions (A/E g 80 - G0 geuss).

For systems with D < % hV, as in the present case, the transition
moment, and therafore the intensity, of the /m = 2 transition is zero
along the principal magnetic axes, but can become cuite large for species

oriented such that the z=axiz lies on a cone making an angle © with the

external f:i.eld.21b For a given value of D, the transition probability

is a maximum for a certuin value of 8 wihich increases as D approaches

231

v, Using the treatment of Kottis and Lefebvre, for the case when

E = 0, this angle 6 may be related to the values of D and hVv by the
expression

5
2 18(LN < - 16D2
Cos O = 2

27(nV)° - 36D

Using the values of D from Table 0.1, the 8 values for all these

complexes lie in the range 31 - 330. The fMm = 2 feature is theérefore
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. s . . . . . o
assigned to transitions in species oriented with their z axes at ~ 30
to the external field. This is consistent with the reduced hyperfine

splitting value, and the derivative shape of the feature.

Several of the complexes were studied by e.p.r. measurements in
aqueous solution. The spectra obtained were Qenerally pH dependent,
and although the existence of dimeric species wés still evident from
the observation of weak triplet lines, it appeared that, on dilution,
increasing amounts of species giving two g-value signals, characteristic

of 5 = 3 states, were produced.

The e.p.r. evidence for the existence of discrete dimeric units in
the solid compounds indicates that b-hydroxypurine and L-azabenzimidazole
are capable of bridging pairs of CuII ions, and of promoting aniiferro-
magnetic exchange coupling between them, as in the analogous adenine

complexes.

During the course of this work, & crystal structure has been
published232 of the compound Cu(th)ZClz.EHio, which confirms the
presence of the complex dimeric cation [Cu(hxﬂ)zcll]za+ (Fig.6.5).

The 6-nydroxypurine molecules are bonded through the N(3) and N(9)
atoms, anG a chloride ion completes the tetragonal pyramidai coordina-
tion abont each CuII ion, as in the analogous adenine comp].e:*c.a15 It
is reported that this complex rcadily loses lattice water, to give
eventually Cu(hxH),Cl,.H,0, which is the formulation given by wGissoaoqb
The samples prepared in this study appeared to contain between one and
two water iiolecules per CuII ion, and are therefore probably a mixture
of, or an ﬁntermediute between, the two hydrated forms. The €.DeTe

parameters do not, however, appear to be sensitive to the degree of

hydration.

The Cu-Cu separation in this complex is 3.024 A, compared with

215

and both are significuantly

larger than that in the adenine inner complex (2.947 }\).208 The Cu-Cl

3.066 A in the analogous adenine complex,

distances are almost identical in tne b-nydroxypurine and udenine
complexes (2.431 and 2.429 i, respectively}, but the displacement
of the Cu atom above the plane of the four nitrogen atoms is siightly
less in the former complex (0.29 and 0.33 ﬂ, respectively). The Cu~-N

bond lengths follow the sume trend as in the adenine complex, the bend
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with the imidazole N(9) atom (1,991 A) being significantly shorter

than that with the pyrimidine N{3) atom (2.005 A), but both are =maller
than in the adenine complex (2,008 and 2.041 ﬂ. respectively). It is
also interesting to note that the C(6) substituent is, in fact, a keto
group, the H atom being transferred to N(1). It nas been suggested135
that tautomerism in the guanine molecule, which also produces a keto
group at C{6), disturbs the resonance system sufficiently to prevent
dimer formation. Since this does not appear to apply in the case of
6-hydroxypurine, it may be suggested that the inability of both guanine

and xanthine to form dimeric bridged species is due to the steric effect

of the C(2) substituent in these molecules (NH, and OH, respectively).

It might be expected that the electron-withdrawing effect of the
keto group would reduce the CO-bonding ability of the N{3) atom in the
pyrimidine ring. However, it can be seen that the Cu-N(3) bond in.
the G-hydroxypurine complex shortens significantly more than the Cu-N(9)

bond, compared with the analogous adenine complex.

Cu(hxi}, BryH,0 and the analogous chloride and bromide complexes
with Y-azabenzimidazole may be assumed to possess a similar structure
to Cu(bxi),Cl, .3, 0, with the halide ions occupying the axial coordination
nositions. However, in the remaining complexes, a water molecule may
replace the anion in the axial position. The I.R. spectra of the
perchlorate and sulphate complexes suggest that the anions are non-
bonding,200 although a slignt splitting of the Cl0, \; band was found
in Cu(azbH), (C10, ), «H, 0, which may be due to a lowering of the symmetry
of the anion through lattice packing or hydrogen-bonding effects. The
I.R. spectrum of Cu(azbH), (NO;),H,0 did not nowever provide any con-
clusive evidence of whether tne anion is bonded in this complex. It

35

is noted that for Cu(adi), (NO;)},, it has been conclude that the
nitrate group is bonded to the Cu atom, since no water is present in

the complex.

The reflectance spectra (Table 6.2) of the chloride and bromide
complexes of ©-nydroxypurine and lL-azabenzimidazole consist of two broad
bands at 15 - 16,000 Cm-l (I) and 25 - 26,000 cmm1 (1I), respectively,
the positions being very similar to those in the analogous adeiiine

135

complexes. In the remaining complexes, Wwand (1) is shifted to

higher energy (17 - 18,500 cmnl) and in the broad tail of the lower
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energy side of the band at least one shoulder is present at ~ 14-15,000 cm-l.
In Cu(azbl), SO, .5H,0, a second shoulder at ~ 11,700 cmml is also resolved

in some preparations of the compound, The higher energy of band (I)

135

in these complexes is consistent with that observed for Cu(adH)ZSOk.AH,O
12
and for Cu(adH)z(Clo,.)z.l.EHZO.2

It has been concluded, from the study of CuII carboxylate dimersa,
that the splitting of the singly-excited ligund field states of each
CuII ion is determined primarily by the local tetragonal field, and the
band at 14,400 cm-1 {with lower energy shoulder) observed for cupric

a2

acetate monchydrate has been assigned to d-d transitions within the 3

configuration of each CuII ion.alh.

The band at ~ 27,000 cmnl observed
in this and many other carboxylate complexes has been considered to be
characteristic of the binuclear structure, and there has been much debate
concerning its origin (Ref., 2%3 contains the most recent developments in
this prublem). Tt seems reasonable therefore to assign band (I} in the
present complexes to d-d transitions within each tetragonally-distorted
CuII ion, but the origin of band (II) (iie. whether charge-transfer or

a doubly excited transition) must remain speculative.

If it is assumed, from comparison with the carboxylate dimers, that
the Cu-N bonds lie close to the x and y axes, then the environment of
each CuII ion is approximately a tetragonally-elongated octahedron (or
Square pyfamid), The splitting of the orbital states of the CuI ion
as a function of increasing tetragonal distortion has been given,zBu
and three spin-allowed transitions are predicted, between the half-filled
dx2_y2 orbital and the dZZ {V), the dxy (%) and the dxz’ dyz pair (v ),
respectively. If the tetragonal component is not very large compared
with the overall ligand field strength, the order vy < or v <\ would
be expected; but the order of \ and \, may be reversed us the distertion
increases. It may also be noted that the order of the dxY and dx;’ dyz

pair may be reversed, such that % > VW, and this situation has recently

. 1
been proposed for cupric acetate monohydrate.2 .

In the cnloride and bromide complexes of G-hydroxypurine and
Y-azabenzimiduzole, the single broad band at 15 - 16,000 c:rn..1 appears
to comprise all three transitions, as is often found in tetragunally
distorted octahedral CuII complexes. The similarity of the band

positions in these and the corresponding adenine complexes indicates
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that the overall ligand field environment provided by each of the bases

is quite comparable.

If, in the remaining complexes, the main band at 17 - 18500 cm-1 is
assigned to a combination of % and V; transitions, and the shoulder at
14 - 15,000 v::m—1 to the \ transition, then these compounds would appear
to -have a stronger overall ligand field and a smaller tetragonal component
than the halide complexes. This would be consistent with a water
molecule occupying the axial position. The band in Cu(azbH), (NO; ), H, O
is ~ 1500 cmﬂl higher in energy than tne‘single band at 15,870 cm“1
observed for Cu(adil), (NO;),, which tends to confirm coordinated watey
rather than nitrate in the former compound. The band at ~ 11,700 cm-1
in Cu(azbH), SO, «5H,0 could be assigned to VW, indicating an even smaller
axial distortion, and it is possible that similar bands may be present
in the perchlorate and nitrate complexes, altnbugn unresolved in the low
energy tail of band (I). The band positions in these compleves stve
sensitive to the identity of the anion, which must therefore exert some
influence on the ligand field strength through either lattice packing or

hydrogen bonding effects.

The g and D parameters from the e.p.r. measurements could potentially
provide some information. on the ligand field splitting, spiu-crbit coupling

and covaleicy cffects in these complexes. It has been shown bY €+Pels
o

measurements on Zn-doped samples of the dimeric CuI1 carboxylates,ac)

that the presence of an exchange interaction has little affect on the
IT . . L. .
g=vzlues of the Cu ions, which are primarily determined by the local

225

ligand field environment, and may be expressed as:

g, = 2.0023 ~ %E: (1282

A
G,y = 200023 - %’-— o2g,

where V) and W are as above, M is the spin-orbit coupling constant of
I . -

the Cu 1 free ion (=830 cm 1), and a?. Ba and ﬁ,a ai"e the covalency

factors for mixing between the ligand orbitals and the metal dx2_y2 (a),

dxy () and dxz’ dyz (1) orbitals, respectively.

The values of gxy for all the G-hydroxypurine, b-azybenzimidazole

and also the adenine dimers (Table 6.1) are virtually identicul within
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the accuracy of measurement, although those for the L-azabenzimidazole
complexes do appear to be consisténtly smaller (by ~ .0l to .02} than
those for the other two bases. This may suggest a slignhtly higher

degree of covalency in the bonding with this base, which has no electron-
withdrawing substituents on the rings. The g, values for the €-hydroxy=-
purine and L-azabenzimidazole complexes appear to be slightly higher

than those for the adenine compounds, but since the error in determination
of these values is quite large, it is not possible to attach any great
significance to the differences. There does not appear to be any corre-

lation between the g values and the identity of the axial group.

. IT . -.
The D values for exchange coupled Cu dimer systems may deépend on

several factors,b5 and have been expressed by:
Dops = 33l0 (9, = 2.0023)° = k3 (g, = 2.0023)°) - [(g,"+ 2o, ©)§7 3]
25

The first cerm represents tne 'pseudo~dipolar'! temm which contains
the contribution from the ligand ficld environment and the exchange
-interaction., Jy and J; ere the exchange coupling constants for the
excited state, and are not necessarily equal to J, the ground state

value rclevant to susceptibility measurements, although they are generally
of the same order of magnitudc. The second term represents the direct

216,235

dipole~dipole interaction, which is dependent on the Cu-Cu

separation, ry and has been found to be quite significant for the order
. . . 16

of the interiiuclear distance found in these compounds.2 Any contri-

bution from antisymmetric spin=-spin coupling should be zero for «

centrosymmotric dimer system.

The D values within each series of complexes of 6-hydroxypurine,
Leazabenzimidazole and adenine are very similar, but decrease in the
order azuH > add > nxH (Table 6.1). The dipole-dipole terms for the
chioride complexes of adil and hxH, calculaied from the measured g values
and the r values from the crystal structures are 0,105 cm.-1 and 0.113% cm-l
respectively, which would partially account for the difference in D values.
However, there is quite a significant error in the measured g, values,
and there may also be a contribution to the difference in D from the

pseudo-dipole term.
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Although it has not been possible in this work to determine the
J values of the b-hydroxypurine and 4-azabenzimidazole complexes by
magnetic sugceptibility measurements, a very recent report has been
published230 of wmagnetic studies on the chloride and bromide complexes
of the former base. The J values for these and the analogous adenine
complexes (reported previdusli?shave been determined by fitting the

susceptibility data to the theoretical expression for pairs of exchange

coupled 5 = 3 ions,55
2 '
y = Moo 3 [+ Zexp (2DT + Nox 6.1
-

2KkT
Here, ~2J is the separation between the ground singlet and excited

triplet levels, and was found to be:

1

Cu(add),Cl, .1.5H,0 286 cm

Cu(adi ), Br, «2H,0 289 cm
Cu(hz2),Cl, H, 0 276 o
Cu(nhxH), Br, « 2, 0 286 em™t

{Allowing for the difference in the number of water molecules in
tnis preparation of the adenine chioride complex, the values for the

135

adenine complexes are very similar to those previously reported).

The similarity in J values for thc adenine and 6-hydroxypurine
complexes sungests that any variation in the pseudo~-dipolar contribution
to D may be due to differeiices in the ligand field environment, vather
than to differences in the J,, J, valuews. It is obviously desirable
to obtain magnetic data on the 4=azabenzimidazole cumplexes to test

this proposal.

It is very interesting that the magnitude of the exchange inter-
actions is so similar in the adenine and &~hydroxypurine complexes, in
view of the mechanistic possibilities for the exchange coupling process.
The possibility of direct metal-metal interaction, through §-bond
formation betweenr the half-filled dx2_y2 orbitals on each CuII atom,
seems very unlikely in these complexes owing to the relatively large
Cu~Cu separation. It may therefore be concluded that the coupling
occurs predominantly via a superexchunge mechanism involving the bridging

basese.
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The orientation of the heterocyclic molecules in these complexes
are sucn.tnat the filled dxy orbitals on hoth CuII ions in a dimer are
capable of T-overlap with the same empty T*-molecular orbital, extending
over the N(9) - C(4) - N(3) moiety of the base. It has been proposed135'210
for the adenine complexes, that a simultanecus one-electron transfer
from each CuII dxy orzital to this same ligand orbital (i.e. Goodenough's
correlation mechanism ) must leave the net unpaired spins on the two
CuII ions aligned antiparallel, and therefore to give rise to antiferro-
magnetic coupling. This proposal does not explain explicitly why
unpaired sapin density should be delocalised into the ligand T*-system
from the formally filled dxy orbitals, In the description of a similar
T-mechanism for antiferromagnetic exchange in some CuII formate systems§37’238
a 'promotion' of the positive hole in dx2_y2 to the dxy orbital has heen
invoked, to assist in delocalisation of unpaired spin from the latter
"orbital into the ligand T system. It has also been statedalk that
mixing of the singly-excited 2B2 state (hole in dxy) with tha 2Bl state
(hole in dx2_y2) via spin-orbit coupling would enable a TT-system of the

type present in these bases, to become available as a superexchange

pathway for the antiferromagnetic interaction.

From this proposed T-mechanism, it may be expected that the magnitude
of ihe exchange should be greatly dependent on the degree of covalent
overlap of the ligand orbital with the CuII dxy orbitals, ard thus on
the nature and energy of the delocalised Ti*-system over the N(9) - C(4} ~ N(3)
Bection of thesec bases, As mentioned eurlier, the presence of the keto-
group in the b-hydroxypurine molecule will disturb the T-system of the
pyrimidine ring in this base, but, from the similarity in the J values
for the complexes of adenine and 6~hydroxypurine, it must be concluded
that this has little atfect on the T*-orbitals over the N(9} - C(4) - N(3)
region. Again, magnetic deca for the complexes of Lepzabenzimidazole

would be very useful for comparison purposes,

The Complexes Cu(JH)X, .nH, 0

The e.p.r. and reflectance spectra data for these compounds are

presented in Tables 0.1 and 6.2, respectively.

The compounds Cu(hxH)Cl, .H, 0 and Cu(azbH)X, (X = Cl, Br) show one

broad, almost symmetric derivative peak in the g = 2 region, with no
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resolved structure, which appears to indicate a magnetically non-dilute

systen, Cu(hxt)Br, gives a very similar spectrum at room temperature,

but the intensity is relatively much weaker than in the other complexes,
and at ~ 90 K some very weak additional structure is present on each

side of the main peak, which itself remains unsplit.

The reflectance spectra of these four complexes contain one very
broad band in the visible region, In the 6-~hydroxypurine complexes,
the apex of the band extends from ~ 14,000 to 9,000 cmnl, with a broad
tail to lower energy, and appears to comprise more than one transition.
{(In the corresponding adenine complexes a resolved shoulder to lower

d135).

energy on the main band has been observe In all four complexes,
there is also an additional increase in intensity at higher energy,
although the position of the peak could not be determined, and in the
Y~azabenzimidazole compounds a shoulder appears to be present in the

lower energy tail of this band.

The presence of an S = %-type e.p.r. Siynal in these compounds does
not exclude the possibility that thev contain bridging heterocyclic base,
. s SO . ., .
since the compound Cus;Clg(adH, ), +4H;0, wnich has a similar e.p.r. signal,

239

has been shown to contain both bridging adenine and bridging chioride.
For the compounds Cu(adH)X, (X = 1, Br), wnich hav2 similac e.p.r. and
reflectance spectra to the present compounds, a structure containing
linear chains of CuII ions, bridged by both adenine and halide ions has

c - .
d.13’ Since the bridging tendencies of b-hydroxypurine

been suggeste
and 4~azabenzimidazole have beent shown to be comparable to that of adenine,
it does nct seem unreasonable to suggest that z similar situation may
occur in the complexes of these bases. Linear pclymeric stfuctures,

. . . . . . 1
similar to that shown in Fig. 2.2(b) have been found in Cu(l,2,4-triazole)Cl, 29

and proposed in Cu pd Clzl,'30

and the tetragonally-distorted, six-coordiunate
Cu N, X, envircnment is common to many CuII halide complexes with hetero-
cyclic amines.llo However, the d-d transitions in the adenine, b-hydroxy=-
purine and hL-azabenzimidazole complexes appear to be generally somewhat
lower in energy than those found in other complexes wiih CuN, X, environments,

and the positions, but not the intensities, of the chserved bands could

be consistent with a pseudo-tetrahedral geometry.

Magnetic susceptibility data have also been recently presentedap

for the complexes Cu(adli)Cl, , Cu(hxii)Ci,H,0 and Cu(hxl)Br, .0.51,0, and
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the compounds all exhibit antiferromagnetic exchange. The data in the
300 = 80 K temperature range have bzen fitted to equation 6.1, fer pair-
wise interactions, and values of -2J of 61,145 and 186 cm-l, respectively,
have been obtained. This would tend to suggest the presence of discrete
dimeric units rather than linear chains in these compounds, and the
authors have suggested that some form of pairwise bridging of CuII ions
by the bases is present, and presumably is involved in the exchange

mechanism.

The magnetic susceptibility ~f Cu{azbH)Cl, has been measured here
over the temperature range 300 - 50 K, The plots of x& (the suscepti-
bility per gm-ion of CuII, corrected for the diamagnetism of the ligunds)
and uéff versus temperature are shown in Fig.6.6., The compound also
shows antiferromagnetic behaviour, the Néel temperature being ~ 110 K,
although the maximum in the y; ve T plot is quite broad. Attempts were
made to fit the susceptibility data to equation 6.1, using the g value
of 2.15, obtained from the e.ps.r. measurement. However, a good fitting
could not be achieved with a constant value of -2J e.g. for Na = 60 x 10-6,
=2J at 300 K = ~ 145 cmul, decreasing to ~ 110 cmm1 at S50 K. (These
values are, however, of the same order of magnitude as that found for

Culnxi)CL, , 0250y,

e ’
A better fitting to the data above the Neel temperature can be

achicved by use of the expression

X} = E-93@2(33:13 (-2J/kT) + Na ‘ 6e2
' LT
This is defived from the one~dimensional Ising model for exchange between
nearest neighbours in an infinite chain of interacting ions, and is
generally applicable in this form only above the Néel temperature.
The solid curve in Fig. 6.6 is that calculated from eguation 6.2 with
g = 2.15, Na = 60 x 10'“6 and =2J = 47 cmnl. " (In the region cf, and
79

rd N . -
below, the Neel temperature, the full Ising expression, allowing for
anisotropy in the exchange interaction, shoulcd be used, but a successful
fitting to this model has not yet been achieved, and it is not yet deter-

mined whether the alternative Heisenberg model may be more appropriate).

This result may suggest that this compound does possess a linecar

polymeric structure. It is interesting to note that the value of -2J
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derived for tnis compound is very similar to that found131 for Cu pd Cl, ,
i.e. 48 & 3 cm-l, (also from fitting of the susceptibility data above the
Néel temperature to equation 6.2). It has been mentioned in Chapter 5
that, in this latter compound, an antiferromagnetic superexchange process,
involving the Ti~system of the heterocyclic base, appears to greatly
augment that via the chloride bridges. If Cu(abzH)Cl, does possess a
similar structure, with intrachain chloride and heterocycle bridges,

then analogous pathways may be proposed for the exchange process in

this compound, since 4~azabenzimidazole has been shown to be capable of

promoting antiferromagnetic coupling in the Cu(azbH),X, complexes.

It must be mentioned, however, that a preliminary report240 of
magnetic studies on the complex Cu(guanindi+)C13, which has a dimeric
structure with bridging cnlorides and terminal purine molecules, bound
through N(9) only, indicates that this compound also shows antiferro-
magnetic behavinur, but the mechanism caunot involve the purine Ti-system.
The presence of bridging heterocyclic bases in the Cu(LH)X, complexes
of adenine, 6-nydroxypurine and 4-azabenzimidazole cannot therefore be

definitely inferred from the observation of antiferromagnetic exchange.

The compound Cu(th)SOQ.Hzouhas a broad two g-value e.p.r. spectrum,
with no hyperfine stricture resclved. The I.R. spectrum of this compound
suggests that the sulphate is coordinated, since the VW band of the anion
is markedly split.200 The number of components is difficult to determine,
since the base also absorbs in this region, but by comparison with the
spectra of the other 6-nydroxypurine complexes, it appears that three
bands are present, indicating a lowering of the symiuetry from Td to CZV'
This could be caused by cither bidentate bridging or chelating modes
of coordination of the group, but it has not been possible to distinguish
batween the two in this cuse. The refiectance spectrum consists of a
broad band at 14,290 cm-1 with a resolved shoulder at 10,560 cm—l. The
nigher energy of the bands, compared with those in the halide cowplexes,

suggests a stronger overall ligand field.

The compound Cu(mpli)Cl, gives a relatively strong e.p.r. signal in
the gy = 2 region, indicating the presence of CuII rather than CuI. The
signal consists of a derivative feature, with a weaker absorption to
lower field, and a series of very weak peaks between the two. The

origin of these weak features is not known, and the g values in Table 6.1
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have been calculated from the two main components of the signal.

The bonding and coordination geomeiry in this complex have not yct been
establisned. In the I.R. spectra of both the free ligand and the
complex, no band assignable to WS-H) has been observed, which is not
unexpected due to the tautomerism in this molecule. It has not,
nowever, been possible to assign the expected WC=S) vibration and
therefore no information has been obtained on the possibility of coordina-
tion to the metal through the sulphur atom in this complex, as has been
suggested241 for some COII inner complexes of this base. The unusual
colour of this compound, compared with the other purine and b=azabenzimi-
dazole complexes, may suggest involvement of the sulphur atom in
coordination, or a strong ligand to metal charge-transfer, owing to

the highly reducing nature of the base. The reflectance spect:ium of

the compound consists or a relatively weak broad band centred at

12,490 cmnl, with a resolved shoulder at 11,100 cmwl, and an additional

stronger band at 21;930 cm-l.

Preparation of the Complexes

Cu(hxil),Cl, .nH, 0 (n = 1,2)

20/b

This complex wus prepared by the method of Weiss and Venner,

using a 1:1 ligand to metal ratio.

G=nydroxypurine (0.345 gm, 2.5 mM) was dissolved in n HC1l (7.5 ml.)}
and a solution of CuCl, «2H,0 (0.425 gm, 2.5 mM) in water (1 ml.) wus added.
The solution became deep green~blue, and after ~ 1 hr, dark blue crystals
began to form. After 24 hr, the cryst=zls were filtered off washed with

a small quantity of cold water and air dried.

Cu(hxH),Cl1, H, 0 requires C: 28.28% N: 26.,3% H: 2.38%
Cu(hxi),Cl, .24, 0 requires C: 27.13% N: 25.31% H: 2.73%
Found (i) Ci 28.3% N: 25.62 H: 2.52%

(ii) C: 27.64% N3 25.2%% 2+ 59%

It was also found that the complex can be prepared in a similar

207a

mannher to the analogous adenine complex, using a 2:1 ligand to metal
ratio, witn the ligand initially dissolved in one equivalent of 0.1 N HCl.
The solution wus boiled for ~ 15 min. and the crystals formed on cooling

overnight.
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Cu(hxH),Br, «nH,0 (n = 1,2)

Tnis compound could be preparced by either of ine methods given
above for the chloride complex, although in the second method the
ligand was initially dissolved in one equivalent of NHBr. The compound

was obtained as deep blue~green microcrystals,

Cu(nxH ), Br, .H,0 requires C: 23.39% N: 21.82%. H: 1.96%
Cu(hxH),Br, +2H, 0 requires C: 22.5% N: 21.08% H: 2.28% -
Found (i) C: 23.20% 21.30% 2.08%

(ii) C: 22.92% N: 22.03% H: 2.35%

.
e

Cu{hxi!)C1, .H,0

207a

This complex was prepared by the method of Weiss and Venner.
t~hydroxypurine (0.345 gm, 2.5 mM) was dissolved in hot N HC1l (5 ml.)
and CuCl, .2H,0 (2 gm, ~ 12 mM) in water (4 ml.) was added to the boiling
solutian, The dark green-yelliow solution was boiled for ~ 5 miﬁ. when
areen-vellow crystals began to form. After ~ 2 hr, the crystals were
filtered off, washed with cold 1 N HCl and then a small amount of methanol

and air dried.

Cu{nxH)Cl, .H,0 requires C: 20.81% N: 29.42% H: 2.10%
Found Ci: 21,30% N: 19,79% Hs: 2.25%

Cu(hxi)Bi,

Tnis compound was prepared as for the corresponding chloride,
The dark green-brown sclution yielded biown microcrystals, which were

washed with c2ld NHBr, and then methanol, and air dried.

Cu(hxH)Br, requires C: 16.44% N: 15.31% H: 1.5%%
Found C: 16.71% N: 15.59% H: 1.12%

Cu(nxH)SO; .H, O

207b

This compound was prepared by the method of Weiss and Venner.
6~hydroxypurine (0.345 gm, 2.5 mM) was dissolved in NH,SO, (7.5 ml,)
and CuSQ, « 31,0 (3.75 gm, 15 mM) in water (10 ml.) and added to ihe
boiling golution. After ~ 1 min. a bright blue microcrystalline solid
separated, which wus filtered off, washed with cold water and air-dried.
Cu(nxH)SO, +H,0 requires C: 19.15% N: 17.8%% H: 1.92%

Found C: 19.08% N: 17.07% H: 2.21%
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Cu(hxH), (C10, ), .H, 0

6-hydroxypurine (0.345 gn, 2.5 mM) was dissolved in N HCO,
(7.5 ml.); and Cu(Cl0; }, .6H,0 (0«93 gn, 2.5 mM) in water (1 ml.)
was added to the hot solution, The pH of the pale blue solution was
raised by dropwise addition of N NaOH, until a slight purplish precipitate
was formed in the now deep-blue solution. Tne solution was filtered,
and left overnight, when deep purple-blue crystals were formed. These

were filtered off, washed with cold water and air-dried.

Cu(nxH), (C10, ), .4H, 0 requires C: 19.80% N: 18.47%% H: 2.66%
Found C: 19.,34% N: 18.98% H: 2.45%

Cu(azbH),Cl, « 21, O

Attempts to prepare this complex from acidic agqueous scolutions,
by the methods used for the corresponding 6-hydroxypurine or adenine
complexes, resulted in deep blue soluiions which on cooling, evaporation
or raising the piH yielded mixtures of the required compound and the green
Cu(azbH)Cl, complex as impurity. Similar mixtures were obtained from
neutral aquecsus solution. The uncontaminated compound was prepared

irom athanolic solution.

Legzabenzimidazole (0.6 gmy, 5 mM) was dissolved in ethanol (5 ml,.)
and CuCl; .2H,0 (0.425 gm, 2.5 mi) in ethanol (10 ml.) was added with
rapid stirring. The deep blue solution deposited a blue microcrystalline
solid after a few minutes. The so0lid was filtered off, washed with a

small quantity of cold ethanol and air-dried.

Cu(azbH),Cl, .2H, 0 requires C: 36.26% Nt 20.56% H: 3.45%
Found C: 30.04% N: 20.38% H: 3.0%%

The complex was prepared, by an analogous method to the chloride,

as & green=blue microcrystalline solid.

Cu(azbH},Br, +2H, 0 requires C: 28.9%% N: 16,89 H: 2.81%
Found C: 29.30% N: 26.47% H: 3.08%



Cu(azbH)Cl,

This complex could be prepared, as a green microcrystalline solid,
by an analogous method to that for Cu(hxH)Cl, .H,0, or by addition of
CuCl, +.2H,0 (0.425 gn, 2.5 mM) in sthanol (10 ml.,} to a solution of
heazabenzimidazole (0.3 gn, 2.5 mM} in ethanol (5 ml.). In the latter
preparation, the solid precipitated immediately and was filtered off,

washed with ethanol and air dried.

. Cu(azbH)Cl, requires C: 28,428 N: 16.57 H: 1.9%
Found C: 28.9%% N: 16.73% H: 2.21%

Cu{ azbll)Br,

The complex was obtained as brown microcrystals from acidic aqueous
solution, or as a brown amorphous solid from ethanolic solution, by

analogous methods to those for the chloride.

Cu(azb)Br, requires Cs 21.0480 N: 12,27% H: 1.47%
Found C: 21,51% N: 12.42% H: 2.01%

Cu(azbl), (C1lQ, ), ,H, O

Lh-pzobenzimidazole {0;3 gm, 2.5 mM) was dissolved in hot ethanol
(15 ml.), and Cu(ClO, ), .€H,0 (0«46 gm, 1.25 mM) in ethanol (4 ml.)
was zdded to the rapidly-étirred solution. A deep purple solid

precipitated almost immediately, and was filtered off, washed with

ethanol and air-~dried.

Cu(azbH), (C10, ).H, 0 requires C: 27.74% N: 16.18% H: 2.92%
Found C: 27.53% N: 16,6006 H: 2.31%

Cu(azbH), (NO, ), .H, 0

This complex was prepared as a mauve solid by an analogous method

to the perchlorate compleX.

Cu(azbt), (NOy }, «H, 0 requires C: 32.43% N: 25.23% H: 2.70%
Found C: 32.50% N: 2L,76% H: 2.97%

Cul(azbH). SO, . "H, 0

l-azabenzimiduzole (03 gm, 2.5 mM)} was dissolved in N 11,50,

(7.5 ml.) and CuSO, .51,0 (3.75 gn,15m}M) in water (10 ml.) wus added
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to the boiling solution,. The deep blue solution deposited royal
blue crystals overnignt, wnich were filtered off, washed with a little

cold water, and air=dried.

Cu(asz)ZSOk.EHzo requires C: 29.54% N: 17.22% H: 4,17%%
Found C: 29.b60% N: 17.12% H: 3.0%

Cu(mpH)C1,

This complex was prepared by the method of Weiss and Venner.2U7c

b-mercaptopurine (0.45 gm, 3 mM) was dissolved in conc. HCl (4 ml,)
and water (6 ml,)}. A solution of CuCl, .2H,0 (2,05 gm, 12 mM) in water
{10 ml.,) was added to the stirred solution. A brick-red crystalline
solid precipitated after ~ 5 min. and was filtered off, washed with

1 N HCl, watzr and methanol and air-dried.

€u{mpH)Cl, requires C: 20.9% N: 19.5%% H: 1l.41%
Found C: 20.49% N: 19.15% H: 1.79%
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Table 6.1 E.p.r. data

Cu(lH), X, +nH, O Complexes

Compound * D(cm-li 9, gxy i/a o
(3 0.003) (30.03) (F0.01) X0 fen ™)

Cu(hxd), CL, .H,0 0.097(0.103) 2,25 2.06 s
Cu(hxt), Br, +H, 0 0.097(0.099) 2.27 2.06 »*
Cu{hxH), (C10, ), .4H, 0 0.099(0.102) 2.27 . 2.07 89 + 7
Cu(azbH),Cl, .2H, 0 0.134(0.124) 2.29 2.05 86 ¥ 3
Cu(azbH), Br.2H, 0 0.130(0.130) 2426 2.05 84 ¥ 3
Cu(azbi), (C10, ), .H,0 0.126(0.127) 2.25 2.04 90 +
Cu(azbi), (N0 ), .H, 0 0.132(0,133) 2.26 2,05 90 ¥ 2
Cu(azbH), SO, « 3, 0 0.129(0.129) 2.25 2.04 83 % 4
tCu(adi), C1, « 3, 0 0.117 2,20 2,06
iCu(adH), Br, .2H, 0 0.118 2.21 2.07
Fcu( adH), (C10, ), . 1.5, 0 0.110 2,22 2.05 88+ 3
tCu( adH), (NOy ), 0,116 2.20 2.86
tCu( adi), SO, .4H, 0 0.117 2.23 2.07

CulLH}X, nH, 0 Cumplexes

Compound ) g _ 9, _ gxY
(+ 0.01) (+0.01) (+0.01)
Cu(bxH)Cl, .H, 0 2.20
Cu(hxH)Br, 2.17 ,
Cu(hx1)S0, .H, 0 2.34 2.09
Cu(azbH)Cl, 2.15
Cu(azbH)Br, 2411
Cu(mpH)C1, 2.23 2.0k

*  Value in brackets calculated from z transitions t from Ref.135

** npyperfine not resolved ¥ from Ref.212
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Table 6.2 Reflectance Spectra
Compound Band Maxima (cm_l)

Cu(hxH),Cl, .H, 0 26,216, 15,230

Cu(hxH), Br, .H, 0 25,450, 164130

Cu(nxil), (C10, ), «4H,0 18,280, 15,070 (sh)

Cu(hxH)Cl, .H, O v.br. centred at ~ 10,900
~ Cu(hxd)Br, vebr. centred at ~ 11,000

Cu(hxH)S0, .H, 0 14,290, 10,560 (sh)

Cu(azbH),Cl, . 2H, 0 26,010, 15,530

Cu(azbH), Br, «2H, 0 25,840, 16,000

Cu(azbi), (€10, ),H, 0 26,460, 18,420, ~ 14,300 (sn)

Cu( azbl), (NG5 ), «H, 0 26,010, 17,450, ~ 14,000 (sh)

cufazbH), S0, +5H, O 16,920, ~ 14,500 (sh), ~ 11,700 (sh)

Cu( azbH)Cl, | ~ 22,4500 (sh), 12,500

Cu(azbH)Br, - ~ 19,200 (sh), 12,200

cu(mpH)C1, 21,930, 13,495, ~ 11,100 (snh)
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CHAPTER OTHER SYSTEMS INVESTIGATED

During the studies on FeII complexes with heterocyclic amines
of the pyridine and diazine type, some investigations were also carried
out on the complexes formed between FeII salts and the bases, pyrazole
and imidazole, wnich contain two nitrogen atoms in a five-membered
ring. Primarily, attempts were made to prepare polymeric six-coordinate
complexes with these ligands, for comparison with the series deacribed
in Chapters 4 and 5, but no complexes of this type could be isclated.
Reaction of FeII chloride, bromidey iodide or thiocyanate with 1:1,
2:1 or 4:1 ratios of pyrazole to metal, in deoxygenated ethanol or
propan-2-ol, yielded complexes of stoichiometry Fe(pyrazole) X, only,
while, with FeII perchlorate or fluoroboraste and 7:1 ratios of pyrazole

to metal, complexes of the stoichiomectry Fe(pyrazole)¢ X, were obtained.

The chloride, bromide and iodids were relativeliy unstable, turning
from almost white to yellow or brown on exposure to moist air. The
thiocyanate was obtained from the yellow ethanolic solution as a pale
mauve sclid, which appeared to be more stable than the other Fe(pyrazole),’x2
complexes, Tnhis colour modification may be due to the presence of traces
of FeIII impurity (c.f. the well-known yellow and purple forms of
Fepy, (NCS), d9) but the MHssbauer spectrum showed no evidence of an

impurity, and the colour did not deepen on exposure to moist air.

With imidazole, attempted preparation of the analogous FeL, X,

complexes produced oily deposits, and although solids could sometimes

be isolated by addition of anhydrous ether and cooling, the compounds
tended to oxidise rapidly, and no pure Sampleslof this stoichiometry
could be obtained. The difficulty ip vreparation of these compounds

may be due to the relatively high basicity of this ligand, (pKa values

of imidazole and pyrazole are 7.2 and 2.5, respectively). The complex,
Fe(imidazole)(C10, ), , which has heen reported previously,89 was obtained

by a similar method to the analogous nyruazole complex.

The reflectance spectfu, MBssbauer specira at 294 and 80 K (except
for Fe(pyruzole),Br, , which gave very poorly resolved peuks) and, in

sSome cases, magnetic susceptibility of these complexes have been mensured.
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The results obtained are in very good agreement with those recently

244,245 a

reported by Reedijk et al., nd so are not detailed here.

The interpretation of the data made here is also consistent with the
conclusions drawn by Reedijk on the symmetry of the complexes and the
nature of the ligand field splittings, but this latter author has
carried out more extensive investigation and obtained more detailed

information than was possible in this work,

The results of the measurements made here indicate that the
Fe(pyrazole)§xz complexes possess monomeric trans octahedral structures,
with approximately DLI_h symmetry about the metal ion. The reflectance
spectra indicate that the total ligand field strength increases in the
order NCS > Cl > Br > I, with the axial splitting of the °*Eg excited
state decreasing in the reverse order, as expected from the relative
positions of the axial ligands and pyrazole in the spectrochemical
series. The low values and small temperature dependence of AEQ for
the chloride and iodide complexes are consistent with a doublet %Eg

45

(dxz’dyz) grouiid state, hut Reedijk has proposed2 a singlet °B

(dxy) ground state for the tniocyanater 29

The data for the FelyX, complexes are consistent with the presence
of FeLéab complex cations, bu* tne observation of a resolved shoulder
on che 5T296"95Eg transition in the reflectance spectra, and the magni-
tude of the AEQ values (1.2 - l.3 wn/sec at 284 K) for these compounds
suggest that the symmetry of the Ny enviromment is lower than regular

octahedral.

2+)

Investigations have also been carried out on some vanadyl (VO
complexes, Several series of vanadyl compounds, which have been
proposed to possess dimeric or polymeric chain structures, are known
to exhibit antiferromagretic exchange. In some cases, this behaviour
parallels that in analogous cupric complexes, the two cations being
magnetically simjilar in having one unpaired 3d electron,

Complexes of the type VO(TSB)H,0 and Cu(TSH)21+b

{where TSB is the
tridentate Schitt's bamse,N-(2«hydroxyphenyl)salicylideneimine or some

S~substituted derivatives) exnibit antiferromagnetic exchange, und
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their susceptibility data can be fitted by the model for coupling

between discrete pairs of metal ions (Equation 6.1). Dimeric structures,
as shown in Fig. 7.1, have therefore been proposed. The exchange
interaction in the cupric complexes {unpaired electron in dxa_va) has
been considered to proceed via a superexchange pathway involvihg the
oxygen bridges, while that in the vanadyl compounds (unpaired electron

in dxy) has been considered to be due to direct T-overlap between the

d orbitals,
Xy

F'i.gn 7c1

Some preliminary measurements have been carried out in this work
to investigate whether the existence of exchange in these dimeric
vznadyl systems is manifested in their c.p.r. spectra by the presence
of resonances attributable to transitions within an S' = 1 excited
triplet state, The X-band spectrum of a powdered sample of VO(TSB)H,C
{TSB = the unsubstituted Schiff's pase) contains a broad resonance
feature in tne g = 2 region (the absorption extending from ~ 2500 to
4500 gauss), with some poorly resolved structure at low temperature.
The intensity of the signal decreases slightly with decreasing temperature,
but it is not possible tc distinguish resonances assignable to fm = ]}
transitions of an S5 = 1 state. However, an additional weaker feature
is present at ~ 1500 gauss, similar in shape to the An = 2 transition
‘observed in many copper dimers. At least nine or ten hyperfine com-
ponents are resoclved, and this feature may therefore be due to a similar
half-field transition of an 8'= 1 state of the vanadyl dimer (fifteen
nyperfine components would be expected for an exchange~coupled pair of
vanadium atoms, for which I = %J. The observation of such a feature has

247

been tuken as evidence of dimer formation in vanadyl citrate, and

243-250

several very recent publications have appeared on the e.Pelre

gtudy of dimerisation in vanadyl systems.




165

Vanadyl acetate has also been found251 to exhibit pronounced
antiferromagnetism, but unlike cupric acetate monohydrate, the suscepti-
bility data cannot be fitted to the model for a dimeric system. The
anisotropic Ising model for exchange in an infinite linear system has
been found to provide the most adequate description of the observed
behaviour, and this has led to the suggestion of a chain structure for
the compound, involving both V = {0 === V and carboxylate bridges (Fig.7.2).
It has also been broposéd that the exchange pathway involves the zZ~component
of the spin, but not the x=- and y-components, which raises the possibility

of involvement of the V = Q === V bridges in the coupling mechanism.

Fige 7.2

A recent crystal structure of NN'-propylenebis(salicylaldiminato)oxo=

252

vanadium(IV) has shown that thic compound contains V = () &=u V bridges,
but no other plausible pathway for exciiange, and 56 provides a good
system for checking the possibility of spin coupling via this vanadyl
oxygen bridge. The details of the magnetic data obtained in this work

253

have been presented in a publication. The susceptibility obeys the
Curie-Weiss law in the range 95 - 295 K, with only a small Weiss constant
{7 K). " The absence of significant exchange coupling in this compound
therefore suggests inat the unpaired electron is in the dxy orbital and
that the V = 0 --- V bridges do not provide an efficient exchange pathway,
either via U(Opz - VdZZ) or ﬂ(Opx,py - dez,dyz) overlap., This fact,

and the observation that vanadyl sulphate, wnich also contains V = § =~e V
bridges, has a normal magnetic moment at room temperature,ash implies
that the vanadyl oxygein biidges do not contribute significantly to the
antiferromagnetic coupling in vanadyl acetate. The bridging acetute
groups could, however, provide a pathway for the exchange through
Neoverlap between the half-filled dxy orbital on each vanadium atom

and the TI~symmmetry orbitals of the acetate group. Intra~ionic exchange,



—
n.b,

also from mutual overlap of the dxy orbitals with the empty T* orbitals

arising from acetate to vanadium m-bonding (1 - de and 11 dxy) and

on the acetate, would lead to antiferromagnetic coupling in each case.

Attempts have also been made to isolate complexes of adenine,
6&~nydroxypurine and 4-azabenzimidazole with vanadyl and chromous salts,
since it was hoped that these ligands might stabilise a dimeric system
for these cations as they have been shown to do for cubric ions (CrII
is known to form a dimeric acetate exnibiting antiferromagnetic coupling,

II 255)

similar to that for Cu Addition of vanadyl sulphate or
chloride to neutral or alkaline aqueous solutions of these ligands
(reaction in alconoliec solution was also investigated for J-azabenzimi-
dazole) produced dark green solutions, turning brown on standing. In
Some cuses, the solutions deposited highly gelatinous dark green solids.
Addition of aqueous solutions of adenine or b-nydroxypurine to freshly
prebared acidic solutions of chromous cnloride, in a nitrogen atmosphere,
produced no obvious celour change. However, on raising the pH by
dropwise addition of NaOH, precipitates were obtained from the blue
chromous solutions, ithe solids being piuk-mauve (adenine) and pale

lilac (6~hydroxypurine). No acceptable analyses have yet been obtained

for any of these solids,
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CHAPTER 8 CONCLUSION

Tne magnetic ordering found in the Fel,Cl, complexes with the
substituted pyridines and with 4-Mepm provides a good exaﬁple of
extended intrachain ferromagnetic superexchange between metal ions
via "'900 chloride bridges. Thne direct observation of ferromagnetic
interactions in coordination complexes is still relatively rare compared
with the more commonly found antiferromagnetic behaviour, and the
absence of a 'masking' interaction of tne latter type {as is present,
for example, in FeCl,2H,0) in this series of compounds may be attributed
to the bulk of the heterocyclic amine ligands, which effectively reduces

the magnitude of additional interchain coupling.

On the other hand, for the FelCl, complexes with pyrimidine and
its substituted derivatives it has been shown that the delocalised
M-system of the bridging diazine provides a pathway for interchain
coupling of the spins of the metal ions, to produce overall antiferro-
magnetic behaviour. At present, 1t appears that the isomeric ligands,
pyrazine and pyrimidine, may ot possesc the same ability for transmitting

. . I1
exchange coupling in these Fe complexes,

M8ssbauer spectroscopy has proved extremely useful for detection
of magnetic ordering and determination of the ordering temperature, where
direct evidence from magnetic susceptibility measurements could not be
obtained, Although the observation of magnetic hvperfine splitting at
low temperature in the M8ssbauer spectra of some paramagnetic FeIII
complexes with slovw relaxation times is now quite well established, the
number of coordination complexes in which resolved hyperfine splitting,
atctributable to magnetic ordering processes, has been found is still
extremely small. It has been mentioned in Chapter 1 that M8ssbauer
spectroscopy has been of use to coordination chemists for detection
of magnetic ordering in discrete cluster complexes, through the observations
of quadrupole peak asymmetry and little enhancement of the effective field
at the nucleuz in applied field magnetically~perturbed spectru. However,

direct evidence for magnetic coupling through observation of invernal=field
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hyperfine splitting has generally been confined to relatively strongly-
ordered systems, such as the lattice oxide and halide compounds, studied
mainly by physicists. The good agreement found for the complexes
studied here between the magnetic ordering temperatures determined by
M8ssbauer spectroscopy and by direct magnetic susceptibility measurement
indicates that the former technique could also be of great value in
coordination chemistry for investigation of weak magnetic interactions,

where the ordering is of the long-range intermolecular type.aha

Although, owing to the very low site symmetry, no detailed information
could be cbtrined on the exact nature and magnitude of the distortions
present in these two series of FeII complexes, it does appear that the
identity and position of the substituents on the heterocyclic bases can
have a significant effect on the local enviromnment, and thus on the
electronic properties, of the central metazl ion, both through their
influence on the O~ and T~bonding abilities of the bases and also through
their steric requirements in intra- and interchain packing considerations.
MBssbauer speciroscopy has proved to be the most seusitivé of the techniques
used in this work to changes in the metal enviromment caused by small
variations in the local symmetiy and in the metal-ligand bonding. Foxr
oie compound, Fe(3-Cl-py},Cl,, two distinct structural modifications
have been detected, the difference between them apparently involving «
quite subtle variation in the metal-ligand bonding, but producing a quite
marked effect on the electironic properiies of the ground state of the
metal ion. The possible scecurrence ef structural variations of this
type within such a closely related series of compounds, emphasises the
difficulties inherent in attempts to interpret meaningfully, and correlate,
data from less sensitive techniques such as electronic spectroscopy and
bulk susceptibility measurements, in terms of the ligand field distortion

and bonding parameters.

The mid-I.R. criterion of Lever et al. for assigmment of the mode
of bonding of pyrazine hus been shown to be invalid for the complexes
studied here, and the conclusion that the Fepz,X, complexes contain
pridging pyrazine is consistent with the recent work of Goldstein et al.
This structural assigrnment enables a more realistic comparison to be

made between the relative ligund field strengths of pyridine aud bridging
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pyrazine, and indicates that the influence on the total ligand field
strenyth of the steric effect of an G-methyl ring substituent in the

diazine complexes is less important than previously considered.

The e.p.r. investigations on the CuII complexes with 6-hydroxypurine
and 4-azabenzimidazole has shown that the ability of bases, containing
the N(9) - C(4) - N{3) moiety of the purine ring system, to bridge
discrete pairs of CuII ions and provide a superexchange pathway for
antiferromagnetic interaction; is not limited to adenine. It has not
yet been possible to determine definitely whether the bridging tendency
of these two ligands is also manifested in the CulX, complexes. The
apparent inability of 6-mercaptopurine to stabilise the dimeric structure
may be due to the involvcinent of the sulphur atom in bonding to the

copper.

The studies on these systems are again of chemical rafher than
biochemical interest, since the N(9} atom in naturally-occuiring nucleo-
sides is blockad by a ribose uvnit, A recent crystal structure of the
complex Cu(9-Mean)Clz5H20,243 which is biochemically more relevant, has
shown that when the N{9)} atom is unavailatle for coordination, the purine

is bonded through N{7) only.
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Instrumental Section

Reflectance spectra were obtained using a Beckman K2 instrument
fitted with a Beckman 24500 reflectance unit, and also a Cary 14R

instrument fitted with a Cary 1411 diffuse reflectunce accessory.

Mssbauer spectra were measured at room and liquid nitrogen
temperatures using a constant acceleration spectrometer with Laben 400
channel analyser at Queen Elizabeth College, London. The velocity
Scale was calibruated using sodium nitroprusside. The spectra at these
temperatures were remeasured for some of the compounds, and all liquid
helium and applied field measuremenis were made, by the P.C.M.U.
MBssbauer Section at Harwvell, Thanks are due to Dr B.¥W. Dale for nhis
interest and helpful discussions. The data from Harwell were obtained
with reference to an iron foil calibrant, and have been converted to
sodium nitroprusside as reference for consistency with the data measured
personally and with results reported for systems reiated to those
studied here. The data, in the form of counts/channel, were processed
by use of a least-squares fitting program, written by Dr P. Hannaford and
modified by Dr I.A.G. Roos. T am indebted to the latter for making the

program available to me.

E.p.r. measurements at X-banG were made using Varian V-4502-15

and E9 spectrometers.

Magnetic susceptibility measurements were made as described in the

Appendix.
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APPENDIX

MAGNETIC SUSCEPTIBILITY MEASUREMENTS

Since the classical work of Curie, Faraday and Gouy, a large
humber of instrumental methods have been devised for the measurement
of magnetic susceptibility, These may be divided into two main

categories depending on the basic principle utilised in the tecnnique.

The first involves the measurement of the magnetic induction
in the sample, when placed in a homogeneous magnetic field.
Instruments based on this principle have been described in the

11293'4

literature. More recently, the vibrating-ssmple and -coil

magnetometers have heen developed, which measure magnetisation by an

31541047

as.cs technique. Tnese instruments can éasily be adapted for
determination of susceptibility as a function of temperature, field
strength and crystallographic orientation, and are capable of high

sensitivity. Their main disadvantage is that extraneous electrical
"noise" interferes with the signal detection, and ié often difficult

to eliminate.

The second cutegory involves the measurement of the force exerted
on a material when it is placed in an inhomogeneous magnetic field,
and many variations of the "force balance! have been designed.j’h’s-ll
They are genci'ally either of the Gouy or the Faraday type, and are
the most widely used by inorganic chemists for accurate susceptibility

measurements sver a wide temperature range on magnetically isotropic

samples.

The Faraday method requires only a small quantiiy of sample, but
necessitates special magnet design and very accurate positioning of
the sample, The Gouy method requires larger samples, in the form
of a long cylinder, and for rowdered solids errors often result from
non-uniform packing of the specimen tube, The Gouy method does
however permit absoluie susceptibility measurement with considerable
accuracy. In the Faraday technique, knowledge is required of the
precise value and variation of the non-uniform field, and although
an pbcolute determination of susceptibility is possible,12 it is

moere usual to make measurements relative to a known standard.
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The force balance cun be modified for magnetic anisotropy
measurements, although objections have been raisedl3 to the use of
this method for highly anisotropic materials, Direct investigation
of the magnetic field dependence of susceptibility involves some
difficulty in interpretation, since the principle requires the presence

of a magnetic field gradient to produce the force on the sawnple.

In tnis work, susceptibility measurements have been made using
a variable-temperature Gouy balance (~ 80 = 300K) and a variable-
temperature Faraday balance (~ 1.8 - 300K). The former was constructed
by Dr D. Forster to the design of Fiqgis and Nj,rholm,”+ and is conventional
in operation. The Faradsay balance was constructed by Mr D.J. Lowe, in
collzboration with Miss 5.V, Waggett, and presented many problems,
mainly concerning the cryogenic equipment for liquid helium Qork and
the detection and elimination of errors during operation. An account
will therefore he given of the construﬁtiﬁn and operation of the

apparatus.



THE FARADAY BALANCE

Section I. Theory of the Method

Section II. Components and Construction
(1) Magnet Assembly
(ii) Microbalance
(iii) Cryostat and Vacuum System

Temperature control

(iv) Temperature Measurement
(v) Monitoring and Display of Readings
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(iid) Calculation of Results
Section IV. Coordination and Protection of Components
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(1) Field Calibration

(ii) Temperature Calibration

(iii) Er+-ors.
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Section I. THEORY OF THE FARADAY BALANCE

The magnetic field axes are shown in Fig.l,

If a specimen, of mass m g. and of susceptibility ¥ emu. g
is placed in an inhomogeneous horizontal magnetic field, Hx' a vertical

force, Fz dynes, is exerted on it, where

a dHy aH 8,15

Fz = my (H

With the arrangement in Fiy.l,

Hz = 0, by symmetry on the z~axis,
and Hy is very small (considered negligible).

Hence,

de
Fz = my Hi_E;
For susceptibility measurement by the Faraday method, all that
is required is to suspcnd a sanple, at constant temperature, in a
region where the product of field by field gradient is constant over
the entire sample, and mezsure the force developed. If measurements

are required over a temperature range, chen some means of varying the

sample tenperature and holding constant values must be incorporated.

R '
/" r X

Y
—l N\
HX
Wz
constant force region
Fig. 1 Pole cap profile und axes of measurement, showing

the dimensions of the constant force region.
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Section ITI. COMPONENTS AND CONSTRUCTION

(i) MAGNET ASSEMBLY

For the Faraday method, the basic requiﬁﬁments of the magnet are
that it produce relatively high values of Hi—az which are constant
over an appreciable volume of the field, and that the fields in the
z- and y-directions are negligibly small. It is also necessary
that these specifications are fulfilled at an adequate pole gap for

sample temperature control.

Parallel cylindrical pole pieces have been used, but these are
very inefficient for the Faraday method, To increase the value,
constancy and volume of the product Hi—ﬁf’ electromagnets with shaped
pole pieces have been designed. ! For tne present apparatus, 7-inch
diameter coned pole-pieces, the profile of which is shown in Fig.l,

were chosene.

These pole caps were originally designed by HenrylS*l? {12-inch
diameter), using an electrical analogy technique, and later modified
by Heydingl8 for 4=inch diumeter caps, the design criterion being
the production of a ccnstant force on a sample suspended in the pole
gap. The profile should ideally be a smooth curved surface above,
with tapering below to provide a stronger field, but the machining in

Straight-line segments has no significant influence on the field profile.

These pole pieces provide a small volume (xc X yc x zc) of
constant, maximum Hi‘ﬁﬁ’ centred in the z-direction at a distance, c,
above the minimum pole gap, r. Investigations to determine these
field characteristics have been carried out by the above authors and

also by Hill,19 and Martin and Hill,20 and typical results are as

follows:
Henry 17 Heydinng Hill19
Diameter of pole tips (in) 12 i L
r (cm) 3.6 2.5 2.6
C (Cm) 2.3 1.3 1‘3
X (cm) not estimated >0.8 1.5
Y, {cm) 4.0 >1.5
Zc (Cm) 2.0 1.0"1.4 de~ lo6

pending on
field strength
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These dimensions obviously impose stringent limitations on sample
size and positioning, and these factors will be discussed in more detail

with reference to possible sources of error in measurements.
(i) =z-~direction

Three experimental methods have been used for investigating the

. . dix . .. . .
variation of Hx——— in the most critical z-direction. The first involves

dz
the measurement of the variation of Hx with z, and graphical differenti-
. X . -
ation, A graph of Hxa V. Z has a slope of 2”&‘&2‘ and, using this method,

the above authors observed a linear relation for z extending over 1 to

2 cm, However, using the method of Thorpe =and Senftle,12 the actual
value of HQ_EE can be found at any point, and Hill showed that there is

a significant variation of the field product within the so-called censtant
region, He verified this using a third method, namely measuring the
force on a stundard sample of known susceptibility as a function of z.

It was concluded that in the region, Z s found by the first method, the
product Higgg may be constant only to ~ + 5%, and that to achieve an
accuracy of better than » 1% the sample should be limited in length to

2 or 3 mm.

In practice, the third method above may be used for calibration
of a constant force region, which would take into account slight variations
in the actua) field value. Measurements on unknown samples car be made
relative to a chosen standard, provided that the dimensions are similar,
and the sample is always positioned vertically in exactly the same place
in the field. To overcome tiis latter difficulty, the system19 was
adopted whereby the magnet can be moved vertically past the sample,
S0 that the sample always traverses the constant force region and the

maximum force can be measured.

(ii) x-~direction and y-direction

dH

. . , - A x .
Extensive investigation of the variation of H*fa; in these

directions has not been carried out. Theoretical estimates of the
effects of, and errors arising from, misplacement of the sample from
tite constant force region along these axes have been made, with some

expciriment al verificution.lB-l?'lg'zl

Displacement along the y-direction
generally gives rise to very much smaller errors than along the w-dircction,

and is usunally ignored.
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There are two principal effects of misplacement along the x-axis.
(a) There is a variation in the measured vertical force due to the

de X
change of H ——— with x d possibly to contribution from H —=
ang < dg Vit {and possibly a con z a2
since Hz is not necessarily zero off the z axis).
98

. . 17,1 . .
Expressions have been derived 7 showing that a displacement,

Ax cmy, from the origin of the axes snould decrease the measured vertical

u
. Z
force by a fraction, < where
a3

8F. £(z) (8072

Z
=
F 2
2 (dﬂx /dz)x=0
2
and f(z) is a function involving powers of H and~—az.

The vaiue of the right-hand gide of the equations is of the order
2 . . .
of 0.1 (4x)", corresponding to a 0.1% error in the force for 1 mm-

19

. . Z .
displacement. Hill has produced a plot of - v Ax wnich agrees
. - . ] . )
well with this, Errors due to displacement along the y-axis should
be expressible in a similur.form, but Hill observed no significant

variation in the force for displacements less than 1 cm.

If sample measurements are made relative to a standard calibrant,
then variation in the x and y dimensions of sumple and calibrant could

17

be expressed as a diameter error. An expression has been given for
tiie fractional error in susceptibility introduced by a change, Ad, in

a cylinder of diameter, d.

by Aded [ £{z)
X 8 &/ dz
However, the form and value of f(z) are very difficult to assess, and

the expression is of little practical importance.

{b) A horizontal force is introduced in the x-direction due to the

dHx
term Hx ! whicii now becomes of increasing importance.

Tne usual suspension assembly for the Faraday method consists

The expression quoted by Hill from the paper by Garber, Henry
and Hoeve is in error, since his coordinate system differs from theirs.
In nis equation (2), f(x) should be replaced by f(z) to give the correct

expression. -
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of the sample contained in a diamagnetic bucket (external radius ry

attyched to a long, light, freely-hurg suspension {length 4 cm), inside

cm) ,

a narrow tube (internal radius R cm). A lateral force exerted on the
sample will cause sideways movement of the bottom of the assembly,
oscillation about the maximum force position, and, eventually, contact
with the wall of the tube when the suspension has been deflected througn

-1 R-r . . . s .
an angle of ~ tan { T B)- This obviously causes serious difficulties

in the practical measurement of forces. A simple expression has been

given,lg’20

based on the precept that the value of vertical force
measurable is limited by the point at wnich the sample bucket touches
the wall of the tube. Thus the maximum measurable value of the

susceptibility of the sample is given by !

m xs ] 7 2;9 aH + mBXB
’ [(R-rB> Hx dJJ: h Hx djzc:\

where m_yil

+
(m5 m

p @re the masses, and xs’*h the gram-susceptibilities of tne
sample and bucket, respectively. This indicates the advantage of using
a diamagnetic bucket to contain paramagnetic samples. Hili has presented
& graph showing that Hi—af increases gitn increasing x-displacement,

and so the maximum force measurable decreases with increasinag misalign-

ment in this direction.

Stewartﬁl has used a more rigorous approach to predict the conditions
under wnich these instabilities occur, the type of motion induced in
varicus situations, and to propose practical means of eliminating these
difficultiez. He has considered the total force due to field gradients
acting on the suspension in the z- and x-directions, and has set up an
equation of motion for the bottom of the sample, invelving the vertical
magnetic force, FM' the sample and bucket weight, FW’ the suspension
length, 4, an initial x-misalignment, h, and field gradienc terms.

The equation desaribes the motion in the x-direction following a small,
initial x-deflection, such as is likely to occur wnhcn the magnet current

is first switched on.

If there is no initiul misplacement, i.e. h = 0, the system will

only become unstable when

1l

z‘ﬂlzﬁ

L
<%

dl )
where G = _EE / %1
z X

et

dxa
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= has been shown to remain approximately constant for any magnet

G

current, and so instability will only occur when FM increases to a

- . .. c c

certain critical value, say FH . For values of FM < FM y the sample,

given a small deflection, will execute S.H.M, about the mean position,
and these oscillations should quickly die away due to the damping of

c . .
the system. However, when F = FM s any small deflection will produce

M
a force acting in a direction so as to increase the deflection and the

system becomes unstable,

If the sample is initially mispositioned by an amount h, the

equation for the equilibrium value of the deflection x is

x R”'F_h'_c

1= N/F,

Thus, for small values of FM, X 2 hy and the sample will coine to
equilibrium at approximately the initial position. However, as FM
increuses, x, and hence the amplitude of the oscillation. becomes
increasingly larger, and the sample moves further away from the region

. c .
of maximum censtant force. Cventually, at FM =FyH there 1is no

egquilibrium position and a violent instability is experienced.

It is therefore obvious that to reduce the practical difficulties
caused by these instabilities, the sample must be accurately centred
in tha x-direction of the field. The problem remains of instability
when h = (), but if FMc is determined once experimentally, precautions
can be taken to ensure that this value is never exceeded in subsequent
measurements. The value of FMc for a particular system may be a

function of mzgnet current, and will also be affected by misalignment

of the magnet poles.

Stewart has suggested that the tendency for instabilities to occur
may be reduced by:
(i) increasing the weight of the diamagnetic bucket, which will decrease
FH and increase Fw,
(ii) reducing the length of suspension, 4,
{iii) making the field gradient ratio, G, as large as possible, This
could be acnieved by increasing the pole gap, but this bas the

disadvantuge of decreasing the maximum field product.
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A similar treatment can be applied to misplacement and instability
in the y-direction, but, in fact, psramagnetic samples are stable
towards movement in this direction, as diamagnetic samples are stable

towards movement in the x-direction.

The magnet assembly used in the present apparatus is a Newport
Instruments 7P-inch Type E water-cooled electromagnetic, with the shaped
pole~pieces described above. It is mounted on a platform supported on
a hand-driven hydraulic ram to allow the magnet position to be varied
with respect to the sample. In making a force measurement, the magnet
is initially raised so that the constant force region is above the sample,
It is tihen allowed to fall slowly past the sample by opening a needle
valve in the jack. The platform of the magnet moves on four vertical

guide rods to ensure smooth travel,

The cuirent for the magnet is supplied by a Newport Type C224B
Powcr Supply, incorporating a console and motor-generator set.
Reprodunible, stuble fields were obtained for values of current between

5 and 22 amps.

The original pole-gap used was 5 cm, giVing'values of Hig%i in
the consvant force region from (0.8 to 9.5) x 10° gauss“em . The
pole gap was subsequently increased to 6.5 cm to accommodate a }arger
cryostat tail, and this gave values of {0.5 to 6.5) x 106 gaussdcm_l.

A value of Zq of ~ 1,5 cm was specified by the makers.

Field calibration, investigation of the variation of force in the

s . c . .
x-direction, and assessment of FM y are presented in Section V.

(ii) MICRCBALANCE

Most inorganic compounds have susceptibilities in the range
-6

. -1 .
10 to 1¢ 2 emu.g. , and thus the range of force to be measured can

be roughly estimated.

aH 6
The product eraf for the magnet has values of ~1 to 5 x 10 gauss2

cm ~, ani using the equation

e

-1

it can be seen that for 2 mg of a sample with X = 10-2 emu g

F = 20 - 100 dynes
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-6 -

and for 20 mg of a sample with y = 10 ~ emu g
F=(2-10) x 1072 dynes.

To obtain an accuracy of better tnan 1% in the smallest forces,

a balance is required which is capable of detecting a change in force
-4 .. ' .

of 10 ~ dyne; and this in the presence of a standing load of 1 to 2 g

i.e. the weight of the suspension and sample container assembly.

Three types of balance are available which are capable of this
sensitivity: gquartz fibre torsion balances, Sucksmith ring balances
and electronic microbalances. A Sartorius vacuum microbalance
(model 4102) was chosen ror this apparatus. It will support samples
of up to 2.5 g and measure force changes up to 2, 20 or 200 mg wt, with
a sensitivity of 0.1, 1 or 1; Qg wt, in three basic ranges. It enables
measurements to be made in vacuum or at controlled pressure, and, provided

it is correctly mounted, it is stable towards vibration.

The meuasurement principle of this balance is based on self-compensa-
tion and gives, in effect, a null-system instrument. The weighing system
consists of a metallized silica beam which supports the suspension wires
for the sample and for the counter-weightse. The beam is attached to a
moving torque-coil, which is suspended by a fine torsion strip between
the poles of a Weshaped permanent magnet. "hen the beam is displaced
by a weignt change in the sample,,the position of the moving coil relautive
to a pair of fixed oscillator coils is measured by an H.F. a.c. signal.
This signul is passed to the balance amplifier for rectification phase
adjustment and amplification, and returned in the form of a compensating
current (dse.) to restore the beam to the horizontal equilibrium position.
This current used in éreating the counter-torque is directly proportional
to the displacement force acting on the beam, and is measured and converted

for reading in terms of weight change.

A constant voltage unit is incorporated to provide an alternative
source of current to the torque~coil. Thus, part of the compensating
current can be backed off with a manually-set decade series of electrical
weight compensation, calibrated {0.00 to 1.99; 0.0 te 19.9, or O to 149
mg wt, depending on the basic range used) to provide a direct reading
of the weight change, and with a variable tare potentiometerﬁ: 0.5,

+ 5, or + 50 mg wt), A portion of the current is also passed

through a 100 (A meter (100 divisions f,.s.d.), which has gssociated
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factor settings such that a reading of from 1 to 100 scale divisions
can be adjusted to correspond to the smallest decade change in each
range. Thus by choice of the appropriate range, either the total
weight change, or that part of it uncompensated by the decade settings,
can be displayed on the meter. By adjustment of the decade settings
to utilise the most sensitive factor setting, weight changes can be

recorded with a maximum reading accuracy of 1 part in 20,000,

Tne control amplifier is also fitted with terminals for connection

to a chart recorder for plotting weight changes (see Section II {vi)).

A discussion of the limitations and errors associated with this
microbalance has been given.9 It has been found that the restoring
torque, provided by the permanent magnet and d.c. current, can be
temperature dependent., To realise the maximum sensitivity of the
‘balance, it ras been suggested that the balance temperature should be
stabilised 0 + 0.1°C, and the power supply temperature to + 1°c.

A treatment has also been given of the tilt of the silics beam and
vertical movement of tne suspension wires under various conditions

of adding weights to the balance.

The microbalance is supported on a heavy, wall-mounted bracket,
S0 minimise instabilities due to mechanical vibrations set up by other
components. It is encased in a U-metal shield to protect it from
stray fields. The samplé side of the balance is connected to the
sample tube of the cryostat by a vacuum=tight metal bellows arrangement,
The balance can be moved clear of the cryostat to facilitate the loading
of samples., The base-plate of the balance rests in guide grooves, to
maintain the position of the balance with respect to the y-direction
of the magnet poles during movement. The working pesition, in which
the balance suspension is centred in the x-direction in the region of
constant Torce, is defined by an end-stop on the travel, The initial

determination of this position is discussed in Section V.

The microbalance calibration was checked regularly by the procedure

stated in tnhe Sartorius manual.

(iii) CRYOSTAT AND VACUUM SYSTEM. TEMPERATURE CONTROL

The temperature range over which susceptibility measurements were

to be made was ~ 1.8 -~ 300 K. Crycgenic apparatus was required to
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enable the temperature of the sample, suspended between the poles of
the magnet, to be varied in a contrclled manner and held constant,
over the entire length of the sample, at desired values for force

measurementse.

Initially, it was decided to use a twin cryostat system to enable
identical semples of the material under investigation to be suspended
from the two arms of the microbalance. Comparative susceptibility
measurements could then be made between the samples under identical
'cryogenic and pressure conditions, with the tail of one cryostat -
between the poles of the magnet while the other had no applied field.
It was considered that this would reduce experimental errors due to
buoyancy effeéts with changes of gas pressure in the sample tubes,
weight changes due to condensation of gases on to the samples, etc.

In practice, this arrangement introduced complications in tne experi-
mental operation, and caused additional errors, since it was difficult
to maintain both cryostats at exactly the same temperature over the
wiiole range, and a correction had to be applied for the effects of

a weak field experienced by the counter-balancing sample. It was
trerefore decided to use only one cryostat for control of sample
temperature,'and to enclose the counter-balancing weights in the

standard glass tube supplied by Sartorius-

The original cryostats obtained for this apparatus were liquid
nelium modular dewars, with specially adapted tails, which were designed
and constructed by the Oxford Instiument Co. They are of copper and
stainless steel construction, and a simplified section is shown in Fig.2.
However, it wus discovered during use that this design was seriously
faulty, and the cryostats could not be operated by the inténded procedures.
Means were adopted to overcome the defects, so that efficient temperature
control cculd be achieved over the required range, but eventually serious
leaks developed in the walls of the high vacuvm chambers. Consequently,
a new cryostat of improved design has been obtained, and is at present
being incorporated into the system. This is an Oxford Instruments
MDLA modular dewar, with a specially designed tail attachment and a
variable temperature insert dewar. It is again constructed of stainless
steel and copper, and a simplified section is shown in Fig. 3. This

new cryostat has the additional advantage that it is fully demountable.
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Both the original and new cryostats have a similar design of
outer dewar, comprising a main tank, C, for the liquid refrigerant
(helium or nitrogen), and an annular reservoir, E, for liquid nitrogen.
An outer nign vacuum space, D, separates the outer wall, the reservoir
and the main tank. The reservoir is filled througnh three tubes
situated on the snoulder of the cryostat. Access to the main tank
is by a demountable liquid helium syphon through a guide tube, or by
a vent tube, Pc, although the latter was adapted in both cryostats to
‘enable the tank to be evacuated when required. The tank is vacuum-

sealed to tne top-plate by an O-ring.

The main tank surrounds the variable-temperature insert dewar.
In the original cryostat, a chain of four carbon resistors was wound
on the outside of the insert dewar, for use as a liquid helium level
indicator and rough low-temperature thermometer for the main tanks
In the ncw cryostat, this has been replaced by an electronic four-
probe gallium arsenide liquid helium level indicator, supplied by

Oxford Instruments.

Tne insert dewar of each cryostat comprises a sample tube, A,
enclosed at the lower end in a low temperature pot, B. In tbe new
cryostat the pot is furthoer surrounded by a vacuum insulation space, G,
separating it from the main tank. The top of the sample tube is.
attached by an O~ring seal to the base of a sliding metal bellows,
completing tie vacuum seal with the Sartorius balance. The balance
and sampleé space can be evacuated, or exchange gas introduced, through
the centre of the Sartorius balance. The base of the sample tube
terminates in a copper block, on which are wound the heater elements

and temperuture sensing devices,

Access 1o the low temperature pot is via a needle valve, N,

connecting it to the main tank, or via a pumping line, P In the

B.
new cryostat, the pot insulation space can be evacuated, or exchange

gas introduced, through a line, PG

The vacuum system for the new cryostat is shown schematically
in Fig.h. It is constructed from Edwards "Speedivac" components

and copper tubing.
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The total temperature range of interest can be divided into four

convenient ranges for practical operation.

Range 1. 4.2 to ~ 1,8 K, decreasing the temperature by pumping on

liquid helium.

Range 2. 4.2 to ~ 60 or 80 K, increasing the temperature by balancing
the cooling effect of liquid helium with electrical heat

input.

‘Range 3. =~ 77 to ~ 63 K, decreasing the temperature by pumping on
liquid nitrogen. This range can be extended down to ~ 50 K,
by solidifying the nitrogen at ~ 63 K, and vumping on the

solid.

Range 4, ~ 77 to 300 K, increasing the temperature by balancing the

cooling effect of liquid nitrogen by electrical heat input.

- It is, of course, possible to cover the entire range from 4.2 to
300 K in one run, but generally the decrease in susceptibility with
increasing temperature makes it desirable to increase the sample weignt

during this range, to maintain the accuracy of force measurement.

The procedure for operation of the new cryostat over these ranges
is as follows:

Ranges 1 and 3

The ocuter vacuum space, D, and the pot insulation space, G, are
evacuated to < 10—4 torr, and the balance and sample space is adjusted
to the required exchange gas pressure or evacuated, The reservoir, E,
is filled witn liquid nitrogen. The main tank, C, is filled with the
appropriate refrigerant liquid (the procedure is outlined at the end
of this Sectjon), and wnhen the cryostat has cooled to the required
temperature (4.2 or 77 K), the low temperature pot is filled from thc
main tank by cracking open the needle valve, The needle~valve is
then closed, and the temperature is reduced stepwise by pumping on
the liquid in the pot, through PB' uand holding required values of

vapour pressure until the sample temperature hus eguilibrated.

Ranges 2 and 4

Range 2 follows immediately on Range 1 to conserve liquid nelium.

Range & is generally performed us a totally separate run.
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The vacuuwn is maintained in D and G. For Range 2, any liquid
helium remaining in the pot is boiled off using the heater, with the
needle valve closed, so that liquid remains in the main tank. For
Range 4, the main tank is filled with liquid nitrogen. The pot and
sumple space are adjusted to the required exchange gas pressure
(Range 2) or evacuated (Range 4), Then, in each range, the temperature
of the copper block, F, and the sample tube surrounding the sample, is
raised stepwise by passing appropriate steady currents through the heater

‘coils, and allowing equilibrium states to be reached.

In this new cryostat, the heater coils are controlled by an Oxford
Instruments Mark 2 Harwell Temperature Controller, The temperature
of the copper block is monitored by a gold-iron/cnromel thermocouple
(5 ~ 300 K}, a coppen/constantan thermocouple or a carbon resistor.
The temperature required is dialled on a helipot and this voltage is
automatically compared with the output voltage from the sensor. The
error voltage then determines the amount of power given to the heaters
to reach and maintain tne required temperature. Susceptibility
measurements aay be made manually at each dialled temperature, but
automatic temperature sweep facilities for these ranges are also bein
incnrporated by using an Oxford Instruments Electro-mechanical Sweep
Generator to drive the Temperature Controller helipot. The sensor
reference voltage is thus altered in a continuous linear manner, at

a rate slow enough for sample temperature equilibration at all points.

Autematic operation is discussed in Sections II1 and IV, and the
selection of temperature sensor and mode of operation of the heater

is outlined in the latter Section.

A similar method of operation over these temperauture ranges was
intended for the original cryostat, but could not be achieved owing -
to two majcr defects in the designe. These are, firstly, tiie lack
of thermal insulation of the low-temperature pot. and sample tube from
the refrigerant liquid in the main tank, and, secondly, the inadequate

bore (]"} of the pot pumping line, P Since the magnetic results

B'
for this thesis were obtained using the original c¢ryostat, the practical
consequences of these defects and the procedure adopted to overcome them

are discussed briefly below.
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For ranges 1 and 3, the narrowness of PB made pumping on the
refrigerant liquid very inefficient. It was also difficult to reduce
the temperature rapidly, since the wall of the low-temperature pot was
in contact with the liquid at its boiling point in the main tank.

This difficulty was overcome by pumping on both main tank and pot
througn the tank line, P, (1" pvore), with the needle valve permanently
open, The line PB could then be used as a "no-flow" line for monitoring

the vapour pressure of the liquid.

More serious difficulties were encountered in ranges 2 and 4, when
attempting to raise the temperature of the sample in a controlled manner.
To insulate the lower portion of the sample tube from the main tank, the
pot had to be pumped continuously to reduce the "cold-leak!" across this

space by convection. Again, the narrow bore of P_ made it impossible

B
to maintain a good vacuum in the pot, especially as leaks developed,

at the base of PB and at the needle valve siting, between the pot and
the main talik. It was therefore very difficult to control and reproduce

warming rates,

The lack of adequate insulation also resulted in pronibitively
large and non-reproducible thermal gradients in the vicinity of the
sample, when using the heater, The situation may have been improved
if the hester could have been sited above the sample position, Lut this
was impossible due to the lack of space between the walls of the sample
tube and ihose of the pot. In the new cryostat, two heater colls with
three terminal connections are wound along the sample position, The
heater system may be energised in any combination of terminals (Section IV)

and should eliminate thermal gradients.

Owing to tnese problems, a procedure was adopted for these ranges
which did not require use of the heater, by simply relying on heat ;eaks
to warm the sample, For both ranges, all liguid refrigerant was removed
from the main tank and the low temperature pot, So that both spaces
contained an atmosphere of helium or nitrogen gas, respectively. The
inside of the cryostat then started to warm, mainly by conduction of
heat from the outside down the various tubes and leads, and also by
radiation and convection from the outside walls across the various
chambers., The rate of warming was obviously dependent on the vacuum

in the insulation space, D, and on mechanical leaks in the walls of tie
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of the cryostat, hut it was found that a rate of warming slow enough

for sample temperature equilibration at all points could be achieved

by this methods Range 2 normally took ~ 4 hours, and Range 4 could
take up to 36 hours. It was found that if the rate of warming exceeded
~ 25 K per hour, then sample equilibration was not assured and also

small temperature gradients in the region of the sample could be present.

The fastest warming rate was experienced over the range ~ 6 - 12 K.

Susceptibility measurements could be made maﬁually at regular time
‘interVals, but, owing to the long hours involved in Range 4 runs, the
apparatus was automated to give a continuous record of magnetic force v.
temperature., The automatic control is discussed in Sections III and 1V.
This procedure could also be used with the new cryostat in the event of

brealkdown of the Temperature Controller System.

The cryostat is supported on a horizontal table, clamped on to
the magnetic platform guide rods. With the balance clamped in the
wurking position with respect to the magnet poles, the position of the
cryostat can be adjusted in both horizontal and vertical planes, so that
the sample is centred at the base of the =ample tube. These adjustments
are necessary, since the sample tubes are not exactly parallel to the

outside walls of the cryostats.

Transfer of Liquid Helium

It is essential to ensure that no mechanical leaks are present in
the cryostat, especially in the wall separating the main tank from the
cuter vacuum, Unfortunately, it is not always possible to test this
at nigher temperature, since small leaks may open up due to unequal

strains in the metal caused by coeclinge.

To couserve helium, the cryostat is pre-cooled to ~ 100 K by
adding small quantities of liquid nitrogen to the main tank. It is
important to ensure that no liquid collects, since this will freeze
around the end of the sypnon tube when helium tgransfer is begun, and
either block the tube or cause the liquid nelium to boil rupidly out

of the cryostat without cooling it sufficiently for collection,

When the cryostat has been cocled to ~ 100 K, the main tank and

pot are evacuated to remove all traces of nitrogen, and filled with
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an atmosphere of helium gas. The needle valve is closed and the main
tank connection, Pc, must be open to enable the exhaust heliun gas to

be vented to the atmosphere.

The transfer syphon is stainless steel, and is demountable in the
centre of the horizontal portion. '~ The cryostat-side of the tube has
to be left permanently in the main tank, since the proximity of the
balance support bracket makes it impossible to remove the syphnon after
the apparatus has been assembled for a run. The other half of the
syphon tube is introduced into the helium storage can via a neck adaptor,
with a football bladder and quick pressure-releuase tube attached.
The tube is slowly lowered into the can until‘a white cloud of cold
helium gas is issuing from the end of the tubey and the two halves
of the syphon are then joined with an O-ring seal, and all leaks are

sealed off.

An over pressure is immediately‘built up inside the can, inflating
the bladder, uand forces the liquid into the cryostat. The pressure
is maintained by gently squeéziug the bladder, and the rate of flow can
be gauged by observing the stream of exhaust gas, and by monitoring the
rate of fall of temperature. ¥hen tkhe liquid helium begins to collect
in the main tank, a drop in pressure usuzlly occurs in the bladder.
It must then be squeezed hard and held firmly to increase the rate
of transfer. The needle valve may be cracked open at this stage and
the pot pumped to cool it down. When the thermocouple indicates a
temperature of less than ~ 20 K in the pot, the needle valve should
be closed. {It was pcssible with the origiﬁal cryoctat to transfer
helium to both main tunk a#nd pot witn the needle valve permanently open.)
Tne pressure in the bludder is maintained until the main tank is full,
as indicated by the level detector. The syphon tube is then uncoupled
and the siorage vesscl removed, The syphon tube is closed with a
rubber bung, The pot is filled from the tank, by opening the needle
valve and pressurising the tuank to a few peS.i. of helium gas. A rapid
increase in boil=-eff trom the pot indicates when it is full, and the
needle valve is then closed. The force on the sample at a chosen field
is monitored until it reaches a constant value, showing that the sample
temperature has equilibrated at 4.2 K. It was found difficult to
transfer more helium into the cold eryostat, due to icing-up of the

syphon tube,
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Filling the tank with liquid nitrogen

Introduction of liquid nitrogen into the tank via the syphon tube
is impractical owing to its narrow bore. It is therefore filled through

the exhaust vent, Pc' using a polythene funnel and length of tubings.

(iv) TEMPERATURE MEASUREMENT

Since the temperature sensing device cannot be mounted directly
on the freely-hung sample, it must be assumed that the sample is in
thermal equilibrium with the surrounding copper tube and block, and

the sensors are sited on the block.

In the original cryoestat, a copper/constuntan thermocouple
(referenced externally to ice/water) was used for temperature measurement
between ~ 50 and 300 K, and below this temperature, the voltage across
a standard Allen Bradley 100 ohm (nominal) carbon resistor was used.
For tne latter a steady current supply of & WA waus provided, for the
range 1.8 to ~ 10 K, and above this the current was increased to 40 pA
to increase the sensitivity of the voltage measurement. In the new
cryostat, the same facilities are provided for use in ranges 1 and 3,
although in this case the thermucouple is referenced to the main tank.
Foir ranges 2 and 4, the Herwell Temperature Controller is used for
temperature control and measurement,; as outlined in Section IT (iii).

The selection of the appropriate sensor is stown in Section IV,

It was not possible to check whether the sample and tube temperature
are identical over the whole range. It is theoretically possible to
obtain an independent absolute temperature calibration of the sensing
devices before mounting them in the cryostat, and then to compare the
temperature recorded by these at the block with that of the sample,
obtained by performing force measurementz on a standard sample of
known magnetic behaviour ove:' the temperature range. However, since
the calibration of the sensors may alter when they are wound and soldered
on to the sample tube, the method could not be expected to priovide a
good comparison. The sensors are therefore calibrated in the cryostat
against a standard magnetic sample {(see Section V) and neriodic checks

are amade on the reproducibility of the calibration.

Sensors can be obtained which are capable of a higher measurement

accuracy than those used, e,gs calibrated germanium or gallium arsenide
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thermometers, These were not chosen because temperature measurement
in this system must be made in the presence of a large inhomogeneous
magnetic field, and both these sensors show marked field dependence,
for which an experimentally determined correction would have to be
applied. The copper/constantan and gold-iron/cnromel voltages are
not field dependent after the field has stabilised, and the carbon
resistors were found to show a small field dependence only after they

had deteriorated structurally due to long usage.

It was considered that the vapour pressures of the liquid
refrigerants, monitored during ranges 1 and 3, could be taken as ho
more than a rough guide to temperature, owing to the dependence of the

boiling peints of the liquids on impurities present.

(v) MONITORING AND DISPLAY OF READINGS

A Croyden Instruments Cropico Type 3DC Potentiometer (range 1.8 v
to 10 W) is used for adjustment of the magnet current and for measure-

ment of the temperature sensor voltages,

A Hewlett~Packard 70058 ¥XY-recorder is used for display of various
outputs in both manual and automatic modes of operation (see Section III
and IV)., Both plotter aves have calibrated ranges from O.4 mV/cm to
4 V/nm, with continuous vernier settings between ranges, The X~axis
is connected to the high impedance output of the Sartorius amplifier,
This output varies from O 1o 10 mV as the meter reading moves from
zero to full-scale deflecticn. Using the highest sensitivity of the
recorder (O.4 mV/cm), weight changes can bve plotted with a sensitivity
varying from 4 mg/em to 0.4 ug/cm. By suitable choice of range and
factor settings on tne amplifier, and use of the vernier setting on the
plotter, any weignt cnange/cm calibration between these values can be
obtained. The X=2xis is calibrated against the decade series of the
amplifier to allow for errors in the recorder range calibration and

in the chart paper ruling.

The Y-axis of the recorder can be connected to either:

(a) a linear voltage transducer indicating the vertical position of
the magnet, for use in manual operation,

or (b) the appropriate sensor voltage to provide a "temperature
calibration, linear in veltage, for use in sutomatic operation.
The Y-uxis is calibrated at two or more points by manual measure-

ment of temperature on the potentiocmeter.

The seclection facilities ure outlined in Section IV,
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“(vi) SAMPLE CONTAINER, SUSPENSION AND) SAMPLING

Must of the samples investigated are in the form of powdered

solids and a container was requirad to hold them. The requirements

of the container are as follows:

(1) the dimensions must be within the limits of the constant force
regionj

(2) it should be relatively heavy, within the load limit of the balance,
to increasc stability towards oscillationj

(3) it should preferably be of a diamagnetic material due to ccnsidera=-
tions of critical vertical magnetic forcej

(4) it should be as free as possible from para- or ferromagnetic
impurities, or, if present, the impurities should be distributed
homogeneously;

(5) the material should be chemically inert, to allow easy cleaning
without risk of dissolving either the surface of the container
or paramagnetic impurities, und hence necessitating continual
recalibration;

(6) it should have a lid, previded witn openings to allow yas to
be pumped out of the container without loss of powder, but which
can be sealed to give an air-tight enclosure for unstable samples;

(7) it snhould nave mechanical properties wnich enable it to be subjected
to very low temperatures without fracturing;

(8) it should nave thin walls to give poor thermal insulation to the

material under study.

A very suitable matecrial is high~purity silica, but this has the
disadvantage of being brittle and difficult to work on a small scale.
Several designs have been considered for a bucket with fitted 1id, but

no really suitable container has yet been constructed in this material.

The material chosen for use is high quality perspex. The container
‘(Fig.S) consists of a cylindrical bucket (external diameter l.2 cm,
length 1 cm, wall thicknesa 1 mm), with a tight press-fit 1id with a
projection for suspension. The total weight is ~ 600 mg. The 1lid

has two 8BA tapped holes dititled in it for evacuation of gases, and

these can be closed with P,T.,F.E. screws and polythene washers to muke

the container air~tignt.
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Calibration runs were performed on the container, over the full
temperature range and at the fields chosen for sample measurement,
and the correction is applied directly in terms of the measured dia-
magnetic force. The gram susceptibility is ~ =0.4 x 10-6, but the
batch used was found to contain some paramagnetic impurity, since

the diamagnetism decreased on cooling.

The container was cleaned with water (or dilute acid) and ethanol
.and dried in vacuum. After repeated washings it was found to lose
a very small amount of weight and also a little of the paramagnetic
impurity (probably surface contamination from the initial machining).
The container was recalibrated at regular intervals, but since, in
general, the force on the sample was very large compared to the
container correction, small changes in its calibration were not

significant.

A smaller container (external diameter 6.mm, length 5 mm, wall
thickness 1 mm, total weight ~ 150 mg) was made to the same design,
for use.witn small quantities of sample of the order of 1 to 2 mg,
to reduce the contalner contribution to the total force and hence
any error caused by changes in its calibration. However, the smaller

weight was unfavourable with respect to oscillations.

The samples are finely powdered and weighed into the container
on a chemical microbalance. Difficulty is experienced in weignhing
samples of the order of 1 to 2 mg to an accuracy of 1%, since the
weight of the container can vary with atmospheric condiiions by 10's
of g, For very small quantities of sample, the powder is distributed
as evenly as possible on the bottom of the containzr, If the sample
has a very low paramagnetic susceptibility, a calculated weight of
# paramagnetic alloy (vanadium/10 atomic % chromium, kindly supplied
by Dr W.E. Gardner, Harwell) can be added to counterbalance tne dia-
magnetism of the container. This alloy nas a very small temperature

dependence of susceptibility over the full temperature range.

After washing and drying, the container often develops a stuatic
change on the walls, which can prevent it hanging freely in the sample
tube. This can be removed befecre loading by very careful application

of a flame,
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The suspension material used is 15 denier untreated nylon fibre,
kindly supplied by I.C.I. Fibres Ltd. The suspension arrangement is
shown in Fig.b. The liength could not be reduced below ~ 100 cm owing
to the cryostat dimensions. The lengths of fibre were weighted and
hung for some time before use to remove kinks and, it was noped, to
ensure that they did not subsequently change in length when used in
the balance. In fact, small changes in length do occur over the full
temperature range. It is intended for future work to use a fine quartz

fibre suspension, which should eliminate this problem.

The sample is loaded into the balance by means of a ratchet and

pulley system.

The choice of atmosphere in the sample tube and balance is governed
by the stability of the compoind and the temperature range to be covered.
Below 4.2 K the system must be evacuated, and from 4.2 to 77 K it must
contain a vacuum, or a small exchange gas pressure of nelium (5 - 10 torr)
tc provide a4 better thermal link with the sample. Above 77 K, vacuum,
helium or nitrogen may be used. It is essential to ensure that ho

oxygen is present, since this is strongly paramagnetic at low temperatures,

The sample tube must be opened to the atmosphere for bnanging
samples, and in the old cryostat no means could be devised for flushing
the sample tube during this process to prevant air entering. The
procedure is improved by filling the sample tube with an atmosphere
of argon before opening, since the higher density of this gas prevents
rapid diffusion of air into the tube. After loading.the sample'tube
can be evacuated and adjusted to the required atmosphere. If the
sample is unstable in vacuum at room temperature, the argon in the
sample tube is pLrecooled (not lower than ~ 150 K) before loading.

When the sample has cooled to a temperature where no components are
volatile, the argon can be pumped out, In all cases, greaut care is
needed in the initial pumping stages, as a sudden reduction of pressure

can cause loss of sample through the holes in the container lid.

In the new cryostat, an inlet tube is precvided cn the neck of the
Sample tube, so that the mouth of the tube may be flushed with an inert

gas during sample changing.

If force measurements on the sample are not made in vacuum, n
correction siould be applied for the magnetic force on the gas which
the sample displuces, This is only necessary when the susceptibility

of the sample is very small.
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Section IXI. MODES OF CPERATION

Two basic methods of making measurements are employed in this
apparatus; fully manual and automatic. The latter was introduced, as
stated in Section II (iii), to allow the macnine to be left unattended

.

during long temperature runs.

(i) Manual Qperation

In this mode, the recorder is used to give a plot of weight change
of the sample against magnet position, at the desired field and at
constant temperature, The X=uxis of the recorder is connected to
the balance amplifier output, and the Y-uxis to the magnet position

transducere.

First, it is ensured that the sample temperature has equilibrated
‘at the desired value. The magnet is then raised above the constant
force position and the magnet current is adjusted to zero. Using
the decads series and tare control at the sensitivity required for
the measurement, the weight chunge on the amplifier meter, and hence
on the X-axis of the recorder, is set accurately to rero. The amplifier
and recorder are desensitised, and the desired magnec current is set.
The weight change is then compensated us far as possible by ihe decade
~series until the remainiﬁg portion is registered on the meter at the
desired sensitivity. The recorder.is sensitised and the magnet slowly
lowered, so that a plot of weight change against magnet position is
produced (Fige7). As the curve passes through its maximum (or minimum,
in the case of a diamagnet), corresponding to the coustant force regiomn,
the temperature is measured. The balance and recorder are then
desensitised, the magnet current returned to zerc, and the "zero
weight" of samp le is checked, to ensure that no drift has occurred
during the measurement. The procedure is then repeated at other magnet

currents, checking the "zero weianht" before and afier cach.

The amplifier sensitivity is chosen to give a well-rounded curve
on the plotter. The shape of the curve is affected by the rate of
fall of the magnet, and this is usually adjusted to give a Y~travel

on the plotter of ~ 2 cm/min.

Manual operation must ulways be used if the centre of magnetisa-

tion of the suample and container assembly is changing with temperature,
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since the position of the maximunm force on the Y-axis will then alter.
The use of the recorder to plot weight changes also provides a sensitive
means of checking that the sample temperature is constant, since, if not,
the force will be changing with time and the plotter pen will be observed

to move before the magnet is lowered.

(ii) Automatic Operation

In this mode, the recorder is used to produce a plot of weight
change against "temperature', at one or two desired fields. It can
only be used for ranges 2 and 4, where the temperature is rising slowly;
for ranges 1 and 3, manual measurements must be made as the temperature
is decreased. It is essential to adjust the magnet position initially
S0 that the sample is exactly eentred in the constant, maximum force
region, i.e. at the maximum in the weignt change v. magnet position

profile.

The X~axis is connected to the amplifier output, and the Y-axis
to the appropriate temperature sensing device for the range to be
covered, to give a scale linear in thermocouple or carbon resistor
“oltage. For each temperature a record is required of the "zero-
weignt“ of the sample, the total weight change when the field is applied,
&nd a check that the "zero-weight! has noi aliered during the measurement.
The procedure mist be repegted it more than one field is desired. The
magnet current must therefore be continually cycled between zero and
the required values, and a point plotted at each steady field. This

is accomplished tnrough the control box as described in Section IV.

A typiéal plot is shown in Fig.8, wnich consists of the "zero-
weight! line and two different field lines. The sensitivity of the
amplifier and recorder are chosen initially so that the largest expected
weight change occupies the maximum available X-~distance on the recorder,
and the sénsitivity is increased as the force decreases, to maiitain
as high an accuracy of measurement as possible,. X-axis calibrations

are required for each sensitivity used.

An advantage of this mode is that, since the plot is virtually
continuous, it shows clearly any sudden or gradual anomalies, which
cannot be monitored so well by the manual mode. For example, the

"kinks" in the "zero-~weight" line indicate whnere guses have condensed
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on to or evaporated from the sample. The gas can generally be
identified from the temperature at which the "kink" occurs, and,
if necessary, a correction can be made for its magnetic effect, since

the weight is known from the X-axis calibration,

A possible source of error in automatic running is the departure
of the sample from the constant force regicn in the z~direction.
This may be caused by:
(a) changes in the suspension length with temperature and pressure
conditions,
{(b) changes in the buoyancy if working with an exchange gas pressure,
(c) changes in the centre of magnetisation of the sample assembly with

temperature.

Periodic checks are made during the run to ensure that the sample

has not moved out of. the correct vertical position.

(iii) <calculation of Results

(a) Manual Mode

The total weight change, Wz mg, for each measurement is determined

as follows:
Wz = W + {Lk x Cx)

where W = change in decade seriec (field-zero) mg,
&k = distauce (cm) from zero mark to maximum of curve,

Cx = appropriate X-axis calibration (mg/cm) for sensitivity used.

(p) Automatic Mode

The total weight change, wz mg, for each temperature is obtained
by:
W = (:t.x x Cx)

horizontal distance (cm) from "aero-weight™ line to field

]

where 4
x
line at uppropriate Y value,

o X-axis calibration (mg/cm).

X

(]

Then, the total force, Fz dynes, is given by:
Fz = wz + D

where D = the force on the container (dynes) determined from previous

calibration.
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4

Assuming that distances can be measured to the nearest (.5 mm,
the measurement accuracy is 0.2% for a distance of 25 cm, and 0,5%
for a distance of 10 cm. For manual measurements, only the remaining
small percentage of the weight change is plotted and 50 a high accuracy
is achieved. In the automatic mode, the sensitivity of amplifier and
recorder are adjusted so that the plotted weight. change is always
2 10 cm, to achieve an accuracy of (5. The measurement accuracy

in the Yedirection is of the same order of magnitude.

Errors may arise in measurement of automatic plots if (a) the
recorder paper is misaligned, so that mecasured forces do not correspond
to the correct temperature, (b) large drifts in the "zero-weignt"

occur, so that the gradient of the lines becomes very small.

Section IV. COORDINATION AND PROTECTION OF COMPONENTS

A control system was devised by Mr D,J. Lowe to coordinate the
operation of the various components, especially for automatic operation,
and to protect tne components against damuge'wnicn may be caused by,
e.g. mains failure. This system has been slightly modified for use

with tne new cryostat, and a block diagram is shown in Fig.9.

The basic facilities provided are:

(1) the balance amplifier is supplied with power via an on/off switchj

(2) the X-axis of the recorder is connected to the balance amplifier
output cr to earth via an on/off switch, and level limits are
applied to both X- and Y-axesj '

(3) the recorder pen is raised and lowered (the peh control on the
recorder overrides this)i

(4) three magnet currents can be set and the desired one applied at
any time to the magnet by the appropriate arrangement of switches.
One current is set from the conscle (usually zero current), and

the other two (denoted Cy and C,) by helipots on the control box.

An additional interconnection box has been designed by Mr S. Hardy
for use with the new cryostuat,. The layout of the connections is shown
iin Fig.1l0, and Ly appropriate coupling of terminals, selection can be
made of the required temperature sensor and the mode of operation of

the haater. The heater drive and tne backing e.m.f.,'s for the sensors
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are provided internally in the Harwell Temperatuire Controller. The
temperature sensor voltages may be rieasured manually on the potentiometer,
or they may be applied to the Y.uxis of the recorder, through a selection
box, providing choice between the temperature sensor and the magnet

position transducer.

The interconnection of all components is represented schematically

in Fig-ll-

Use of the Control Box

There are three basic modes for the control box: "off", Mon"

and "starth,

"Off" configuration

The box has no power, with the following results:
(1) the Balance amplifier has'no power,
(2) the X~axis of the recorder is earthed,
(3) the recorder pen is raised,

(&) the magnet current control comes from the console.

"Stop" conficuration

The box has power and the individual components can be operated
independently for manual measurement. The prior setting of zeio
current and the two desired valuss C, and C,, speeds up the making of
manual measurements, where the same currents are used repetitively.
The chosen current can be switched directly from the box, without

requiring accurate setting each time from the console.

"Start! configuration

This ﬁode is used for automatic recording. The balance has
power and the X~axis is connected to the balance amplifier output.
(The Y-axis is connected to the temperature sensor via the inter-
connection and selector boxes). The pen is raised and lowered at
regular intervals (raised for ~ 23 secs. and lowered for ~ 7 secs.).
Each time the pen is raised, the magnet current is changed, the
seguence being:

C, - console(zero) = C, —* console (zero) — C,

T |

or, if only one current is used, the current alternates between this

value and the console zero.
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Thus, with the correct sensitivity on the amplifier and recorder,
a point, corresponding either to thc "zero weight" or to the total
weight change at each field, is plotted every 30 secs. against the
temperature sensor output. The balance can therefore be left
unattended for long periods of time, with occasional alteration of

sensitivity.

The delay of 23 secs. between plotted points is sufficient to
allow the magnet current to stabilise, small transient oscillations
of the sample to die away, and the pen carriage arm of the recorder
to respond and move to the correct position., The Y"pen~down" time
of 7 secs. is long enough to indicate whether the sample temperature
has equilibrated; if the temperature is not constant, a line rather

than a point will be plotted.

It is also possible to change currents with the plotter pen
peraanently raised, to facilitate tne initial setting of a suitable

sensitivity witnout recording.

During the course of an automatic run, the pen~carriage travel
alay exceed the range capability of the recorder in the X-direction,
due tc an unexpected increase in the weight change, or to a large drift
in the “zero weignth, Roller switches aie mounted at each end of the
X-axie which operate a servo~motor driving the electrical weight compensas=
tion of the amplifier. When the carriage arm presses the microswitch
closed, tne decade series changes automatically in the appropriate
direction to return the carriage armm on scale, This is illustrated
in Fig.8, at point P, where all three curves have been moved by the same
distance. An additional set of microswitches, activated by the carriage
arm, are situated outside the roller switches, with a 7 sec, delay
before operating. If the carriage arm deflection is not.compensated
by the decade series in the time interval (i.e. if the deflection is
very large) these switches will shut down the control box, returning
it to the "stop" configuration. Tne control box switches are arranged
so that tnis "stop!" configuration corresponds to the situation where the
current is set to the console value, the pen is permanently raised, and
the power to the amplifier and recorder inputs cun be disconnecied if

desired. This serves as u protection for the balance and recorder
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apainst prolonged deflections in excess of full~-scale, Similar
microswitches are positioned at the ends of the Y-axis to shut down
the apparatus in case the level limit is exceeded in this directione.
The circuits also assume the "stop" configuration if there is a mains
failure of more than 1 second. A set of pilot lignts, corresponding
to each of the control switches, indicate the configuration and stage

of operation at any time.

Section V. CALIBRATIONS AN ERRORS

Calibrations are required for:

(1) the product, Hx—af, in the constant force region, at all magnet
currents which may be used in measurement} '

(2).tne temperature of the sample with respect to the thermocouple
e.mef's and carbon resistor voltage, over the full temperature
range. (The calibrations given pelcw apply only to the original
cryostat) § _

(3) the diamagnetic correction of the sample contziner (discussed in
Section II (vi));

(4) the scale of the recorder chart, in both X- and Y-directions

(discussed in Section II (v) and IIX (iii)).

As stated in Sections II (1) and (iv), the calibrations of field
and temperature are most cenveniently performed by force measurements
on a standard sample of known magnetic hWehaviour, but it is a matter
of some difficulty to find ideal standards. If the substance chosen
for field czlibration has a temperature dependent susceptibility, then
the two calibrations are not necessarily_indeﬁendent, since the sample
temperature must be known for calculation of Hx~E§, and similarly, this
product must be knnwn for calculation of temperature, If either
calibrant has a field—-dependunt susceptibility (i.e. if it is ferro=
or antiferromagnetic) additional difficulties arise since the field

used in the Faraday method is inhomogeneous.

It is therefore desirable that the standard for field calibration
should have a virtually temperature-independent susceptibility around
room temperuture, while that for temperature calibration should have
a susceptibility which varies in a simple and accurately-known way over

the full range, and that neither show field-dependence. Additional
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requirements of the standards are tnhat they should be obtainable in
a state of nigh purity {especially, no ferromegnetic impurities should
be present) and that they siiould be stable towards atmospheric conditions

and vacuum, and chemically inert.

Some assessment of the advantages and disadvantages of some commonly~-
used calibrants has been given, toqether with the available magnetic

h,22,23

data. The reliability and accuracy of magnetic data reported in
the literature depend essentially on the method and instrumentation used
and the means of calibration adopted by the worker, and large discrepancies
are often found between independent determinations on the same compound.
As an example, the reported data on HgCo(NCS), , which has been widely
used as both field and temperature calibrant, can be cited. Figgis
and Nyholm originally reportedzh that the compound obeys the Curie~Weiss
Law, x;°rra (T + &)L, over the range 90 - 300 K, with ® = 10 K and
Xg = (16.44 ¥ 0,08) x 1070 at 293 K. In a second paper,25 they give
values of W .. of L4.3% BM (300 K) and 4.18 BM (90 K); with the same
Curie-Weiss behaviour, It huas been pointed outZb that the data in the
two papers are not consistent; the values of X?:rr’ calculated from the
magnetic moments, agree with a 6 value of 10 K, but correspond to a value
of xq of 15,83 x 10-t> at 293 K, i.e. a discrepancy of ~4%, In a later
_inveétigation, Sullivan et al. reporta? that the compound obeys the
Curie Law, xf;rr @ T"!, in the range 77 - 300 K, with W ep = 4.38 BM,
This corresponds to a value of Xg of 16,22 x 10”6 at 293 K, but introduces
a discrepancy of ~10% into values at lower temperatures. It shculd
however he pointed out that the experlmental expression given for Xg in
this paper (x = =1l.32 x 10 + (48.39 x 10~ )/T) is not conslstent with
the other ddta, since it gives a value xg = 15.20 x 10 at 293 K. It
is also claimed that the Curie rather than Curie-Weiss Law behaviour
is supported by thc data of Candela and Mundy,22 but in fact their
reported values at 293.2 and 77.7 K do nct appear to verify either of
the previous results.

The reliability of the calibrant is ofien the major source of error
in susceptibility balances, und there is an urgent need for extensive

investigation of suitable standards. Further discussion on the require-

meiits for a temperature calibrant is given in part (2) of this scction.
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(i) Field Calibration

A few metallic elements and alloys (mainly in the second and
third transition series} fulfil most of the requiremeqts for a field
Calibrant.ag Hign purity platinum (Xg = 0,971 x 1o’b at 293 K,
with a small temperature-~dependence of Xg around room temperature2 )
has often been used. For this apparafus, high purity tantalum
was chosen, since its susceptibility is virtually constant around

room temperature.

Some discrepancies occur in the reported values of its suscgpti-
bility. KriessmanBO gives an experimental value of 0.827 x lOFb at
298 K with no assessment of accuracy. Hoare et a1.31'32 have carried
out over six hundred measurements cf the susceptibility in the range
20 to 293 K, and give a value of (0.8490 + 0,0006) x 1078 ac 293 K,
with a temperature dependence over the entire range of < 1%. In a

33

. -t
later paper, Kriessman quotes the best value of Xg as 0.84 x 10 7,

34

and an independent determination by Asmussen and Soling, in the

temperature range 79 ~ 578 K, shows that xg decreases slowly and

linearly with increasing temperature according to the empirical equation
X, x 10° = 0.860 - 0.000068 T

-

This corresponds to a value of 0.8%0 x 10"° in tne range 288 - 2568 K.
Taking the mean of the reéults of Hoare and Asmussen, we have

xg = (0.845 + .005) x 1o"°. giving an accuracy of ~ + 0.5%. Since
the error in temperature calibration is likely to be larger than this,

the accuracy 1is acceptable.

The sample used was spectrograﬁnically Standardised Tantﬁlpm
from Jonnson-Matthey Chemicals Ltd. It was obtained in uniform rods
of diameter 4.5 mm, and was cut into cylinders of length 5 mm (approxi-
mate weight 1.3 gj. The relatively large weignt is necesisary to obtain
a force of convenient magnitude for accurate mersurement, gince the
susceptibility is small. For a material of‘xg n,lO-b, tho force con
X o

1 g can be measurad at a value of H —= o 10" with 2 maximum accuracy

x dz
of Q. 1%-

The cylinders could be suspended without vse of a container, so

that possible errors in the container correction were removed, Several
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cylinders of different weights wére used initially to check the homogeneity
of the specimen and were found to give field values consistent to 0.2%.

One cylinder, of weignht 1,3023 g, was then chosen as the standard field
calibrant. Calibrations were performed in both vacuum and 760 torr of
argon, and the ficld values agreed to 0.2% without applying a correction

for the displaced gas.

Calibrations were performed for both methods of setting the magnet
current, i.e. winding up slowly using the console controls, and presetting
and switching via the control boxX. The values of field obtained from the
latter were found to be slightly higher than those from the former {by
r~ 1% at low fields and 0.3% at high fields). This is presumably due to
the fact that as the current is brought up faster in the latter method,

a smail amount of overshoot occurs before the current stabilises. The
degree of overshoot is however constant for a given current, and the

field values from this method are reproducible. Since this method is
essential for automatic running and greatly simplifies manual measurcment,
it was adopted as standard procedure, and calibrations were made and checked
with the currents switched from the control box. A check was made that

the magnet currents set repetitively from the box remained constant,
espacially during long automatic runs. It was found that during a

%6 hour period witn.the box functioning in the "start" mode, the drift

in current was ~ 0,1%,

The field calibration is shown in Fig.l2. It was found that below
5 amp. the field was not reproducible, and all measurements were made with
currents greater than this, The calibration was repeated at regular
time intervals, and it was found that the fields were stable and repro-

ducible over periods of many months,

It was hoped to verify the field calibration using a standard in
the form of a powder contained in the perspex bucket i.e. under the
conditions of a measurement on an unknown specimen. A determination
using HgCO(NCS), was carried out, but the calculated values of H —= < da
depend on the Vulue of Xg for the compound used. Using a value based on
y;93 = 16.44 x 10 i df wus nnlm lower than for tantalum, whereas
using a value of xgz’3 = 15.83 x 107° s the product was ~ 1 - 1.5 higner

than for tantualum. The temperature of the sumple for the measurement
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was determined by destroying the outer vacuum jacket of the cryostat,
leaving the sample to equilibrate with room temperature overnight, and

measuring this temperature at several points around the cryostat.

Consideraticn was given to the possibility of introducing & dimension
error (see Section II(i)}), since the tantalum standard is smaller than the
container used for measurement with powdered samples. The container is
calibrated by experimental measurement of the force exerted on it in the
field, and the correction to sample measurements is applied directly as
this force. Sihce the container experiences identical field conditions
during its calibration and during sample measurement, no error is intro-
duced due to its longer. length. Also, in practice, the length of para-
magnetic sample rarely exceeded that of the tantalum cylinder. A small
error may be introduced wnhen very small volumes of powder are used, since,
in this cése, the centre of magnetisation in the z-direction of the
container and sample may not coincide with that of the container alone.

This error should be negligible unless very small forces are measured.

To investigate the poszsibility of "error due to the greater diameter
of the container, the extent of the constant force region in the x-direction
was determined. This also provided = means of aligning the balance
suspension in the correct positinn with respect to the magnet pole pieces.
The force on the tantalum sample was recorded as the balance was moved
across the x~direction of the pole gap in small regular stages. The
force was found to be constant to 1% over a distance of ~ l.4 cm, and
the balance end-stop was adjusted so that the suspension could always be
positioned in the centre of this region. The container is therefore

always within the constant force region.

Experiments were also carried out to determine the value of FM
{see Section 1I(i)), at which lateral oscillation makes force measurement
impoussible. A powdered sumple in the porspex container was used to
reproduce the conditions of an actual measurement, As the magnetic
force is increused, tne transient oscillations, induced by the initial
application of ihe magnet current, increase in umplitude and take longer
to die away. It is very difficult to distinguish between,very large

, . . . s c .
transient oscillations and complete instability due to FM being exceeded.

However, since the former effect also mukes it impossible to muke rapid,
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accurate force measurements, it was sufficient to set an upper force
limit at the point where trﬁnsient oscillations become incohveniently
large. Tnis limit was dependent to a certain extent on the magnet
current value, but was generally in the range 40 - 50 dynes. The
Situation would be improved by bringing the magnet current more slowly,

since the initial induced oscillation is then expected to be smaller.

{ii) Temperature Calibration

The variation of the susceptibility of the standard with temperature
must be large enough to give an accurate calibraiion over the full range,
with regard to the measurement sensitivity of the apparatus. | The most
commonly used temperature calibrants have been paramagnetic transiiion

metal compounds.

Most of the compounds advocated as stundards have only been investi-
gated in a limited temperature range (generally 80 - 300 K).h’22’23
Many show some temperature dependence of the magnetic moment, and their
behaviour is often expressed by an experimental Curie-Weiss Law,
corr a (T + 6)-1, at temperatures high relative to the Veiss constant, ©.
It is extremely dangerous to extrapolute these reported values to lower
temperatures when the origin of 8 is unknown. It may be a manifestation
of the existence of exchange interactions in the compound, in which case
a Curie or Néel temperature will exist belcw which the magnetic behaviour
becomes compilex and often field-dependent. However, a Curiz~Weiss Law
dependence will also be shown if the magnetic ion has thermally-accessible
levels above the ground level, due to the effects of spin-oirbit coupling
or low symmetry field components. In tnis case, 8 has no real physical
significance, but description of the magnetic behaviour by a Curie-Weiss
Law will not be valid at temperatrures comparable to 5, In either case,
such compounds are not suituble for calibrants, unless reliuble data
are available over the full temperature range or the value of 8 is very
small compared with the lowest temperature to be measured.

Ideally, the magnetic behaviour of the standard should follow the

. corr
Curie Law, Xm

o T-l, where the effective mugnetic moment is temperature
independent, but very few systems hove been found experimentally to
exhibit this simple behaviour over the full temperature range. | The
basic requirement of the magnetic ion is that the ground state should

be degenerate before applicatioh of the magnetic ficld, i.e. there should
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be no nigher-lying states separated from the ground state by the order of
kT. Under these conditions the magnetic properties should be those of
the ground state alone. A configuration giving rise to an A or E
ground term in a cubic ligand field snould theoretically fulfil this
requirement, since lifting of degeneracy by spin-orbit coupling should
not occur. However, spin-orbit interaction with higher-lying T terms
of the same multiplicity may restore orbital contribution to the magnetic
moment., For any configuration in which the "quenching" of the orbital
angular momentum is not complete, the remaining orbital degeneracy can
be lifted by both spin-orbit coupling and low~symmetry ccmponents of the
ligand-field. The resultant ordering and separation of the levels, and
hence the magnetic behaviour, will depend on the relative magnitude of

A, the spin-orbit coupling constant, 4, the low-symmetry ligand field
splitting, and kT. A temperature-independent contribution to the
susceptibility, from the second-order Zeeman effect with higher-lying
levels, may also be present, and introduce a temperature dependence in

the magnetic moment,

In the transition series, one configuration is unaffected by these
considerations; the 65 free-ion ground term for high-spin d* systems.
Tnis term is unsplit by cubic ligand fields, corresponding to a 5A1
representation. It is uﬁaffected by spin-orbit counling, since it has
Zere orbital angular momentum, and tnere are no higher-lying terms of
the same multiplicity to mix in. There 1s also no second-order Zeeman
effect for this term. The magnetic moment should therefore be very
close to the spin~only value of 5,92 BM and independent of temperature.
High-spin complexes of manganese(II) or iron{(III), with ligands of a
suitable size and nature to ensure complete magnetic dilution, should
prove to be very good standards for temperature calibration, but as yet
very little data on such compounds over tne required temperature range
have been reported. (The ligand arrangement must pe regularly cubic,
since lower symmctry elements will lift the 6-fold srin-degenerucy of
the term to give 3 Kramers doublets, This zero-field splitting can
produce a small temperature-dependence in the magnetic moment at low

temperatures),

Complexes of the congeners of manganese(II) and iron(III) in the

second and third trunsition series are almost invuriably of tne spin-paired
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type and do not give rise to the 6s state. The only other common

case of an S-state ion is the f7 (357/ ) configuration for gadolinium(III)
2

and europium(II) in the lanthanide series. Some GA(III) compounds have

35

been studied over the full temperature range, but these ure not magnetically

dilute at low temperature.

No suitable compound of an S-state ion, with extensive reported
magnetic data, could be found, and the calibrant chosen was chrome
potassium alum, K,Cr, (SO,), 24H,0. This compound has a ‘Aag grou?d
termy; and has been reported to follow the Curie Law down to 1.3 K,
However, later results show that it follows a Curie-Weiss Law, with
8 = 0.2 K and Moge = 3,83 (+ 0.01)‘BM, down to very low temperatures
(ref. 28, 3~117, and refs. therein). The magnetic behaviour has also
been extensively studied below 1 K, and an antiferromagnetic Neel
temperature of 0,004 K has bean reported.28 It has been stated3b that
the magnetic behaviour may become more complicated below 4 K, but there
is little useful reported data on this. We have assumed the Curie-Weiss
Law dependence for calculation of temperature over the full range, hut
it is possible that the error in calibrations may be higher below 4 K.
The good agreement obtained for the calculated value at 4.2 K suggests

that this treatment is valid at this temperature.

Chrome aluz has some disadvantages as a calibrant,. It can lose
water of crystallization in vacuum above OQC, and the precedure of
precooling the balance before loading had to be adopted. The calibration
was porformed in vacuum below OOC, but above this temperature the pressure
in the sample tube was adjusted to 760 torr of helium gas. There is,
in addition, the possibility of loss of water during grinding and weighing
of the powdered sample. The compound was recrystallised from water
(below ﬂ'SOOC to prevent the transition of the vioclet form to the green
form) and powdered immediately before use. The gram-susceptibil%ty of
the compound is relatively large at low temperature (~ 2000 x 10'-b at
2 K) and, to avoid oscillation problems, sample weigats of less than
10 mg were used for calibration of the carbon resistor in the range
1.8 to ~ 60 K. The weignt was increased to ~ 100 mg for calibration

of the copper/constantan thermocouple between £ and 300 K.

Ine calibrutions are shown in Figs. 13 - 17. In the temperaturc

ranges 2 and 4 (see Section II (iii)) the measurements were made by
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automatic operation to give a virtually continuous calibration.

The shape of curve 2(1) (Fig.l5) was found to be reproducible for

two different carbon resistors. Taking into consideration the
probable accuracy of the literature data for the susceptibility of

the calibrant and any instrumental errors in performing the calibration,
the overall error in the temperature calibration is expected to be of
the order of 1%, The accuracy of subsequent temperature measurement
using this calibration will be of the same orler of magnitude, and

this is the largest inherent source of error in susceptibility measure~

ments over a temperature range in tnis apparatus.
{iii) Errors

The errors associated with the various components, the operating
procedures, weighing of samplzs, calibrations etc, have been discussed

in the appropriate sections.

Force measurements can be made with a maximum errcr of O.F%,
corresponding to the minimum accuracy of distance méasurement on
automatic plots. In general, the error will be much smaller than
this, is.e. 0.01 to 0.2, The accuracy of susceptibility measurement
involves, in addition, errors in the field calibration, sample welghing
and container ccrrection. Comparative susceptibility measurements at
the same temperature should be consistent tuv 0.5 = 1%, depending on the
walghing accuracy of small samples. Susceptibility measurements over
& temperature range, and calculated magnetic moments, also involve the
error in temperature measurement. Assuming a 0.5% error in susceptibility
and a 1% error in temperature, the error in the magnetic moment calculated
from these would be 0.75%. The largest errors are likely to occur wiien
very small quantities of samples of low susceptibility are measured at

low temperature, and in this case, the error could be c¢f the order 2 - 5%,
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