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A I'3ssbauer Tffect study of a number of complexes of iron
with sulphur containinz ligands has been carried out, in order to further
the understanding of iron-sulphur chemistry and hence eventually provide
suitable model complexes for the study of the non-haem iron proteins. The
compnlexes investigated have been considered in three main sections, some
dialkyldithiocarbamate complexes, some complexes that have been proposed
as models for the non-haem iroﬁ proteins, and some complexes of some

2-substituted pyridines.

The iron(III) N,N dialkyldithiocarbamates exhibit
anomalous magnetic properties which have been ascribed by other workers
to a high-spin, low-spin equilibrium. All the iron(III) N,N diélkyl—
dithiocarbamates that we have studied showed a single MYssbauer spectrum
at all temperatures, so that the rate of exchange between the high-spin
and low;spiﬁ states must be greater than 1.5 x 10*7 secT! The isomer
shifts observed were large for low-spin ferric ions and suggest that the
metal s-éleétrons are scréened from fhe nucleus by electrons donated from
the ligands. The isomer shifts and quadrupole splittings for all the
complexeé, except the high-spin iron(III) pyrrolidyldithiocarbamate,

exhibited anomalous dependences on temperature due to the existence of
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the spin equilibrium. Iron(III vyrrolidyldithiocarbamate exhibited long
. . 0., . .
electron snin relazation iimes at 4.2 K. Tze other commounds, which are

low-spin at-low temperatures, also showed relaxation effects, though with

shorter tiuec. The masnetic hyperfine interactions in the lV¥ssbauer spectrum
of iron(III) I1,¥ dimecthyldithiocarbamate save information on the nature of
the ground stzte of the complex, which was found to consist of almost equal

amounts of &_

L d
- &S

and dyz holes, with slightly less of dxy' MYssbauer Effect
znd epr measurements on samples of this complex diluted in cobalt(III) N,N
dimethyldithiocarbanate confirmed this result. Estimates for the orbital

senarations were ottained as A dm, d

-— -1
=1.2 cm.l and Ad ,d =91 cm.
vz yz' xy

The dependence of the M¥ssbauer spectrum ofﬁi;gn(III)

it

opyrrolidyldithiocarbamate upon temperature and magnetic field has t

een
interpreted in terms of a model with a large negative zero field splitting
of the ° state. The magnitude of the zero field splitting (4D) has been
estimated as -9.3°K.

Bis(ll,N diethyldithiocarbamato)iron(III) chloride and
bis(N,! diisopropyldithiocarbamato)iron(III) chloride exhibited similar
'ssbauer spectra to iron(III) pyrrolidyldithiocarbamate at low temperatures.
ie have confirmed that the former compound is ferromagmetic, while the
diisopropyl derivative ic.paramagnetic with the Kramer's doublet \13/57
lying lowest.

Annther complex of iron with dialkyldithiocarbamate ligands

that has been studied is the formally iron(I) complex, nitrosyliron
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vis(l, N dic vidithiocarvanate;. 4 hizh isomer shift was asain observed.

e cuadruoole sonlitiing cuowed little denendence on temperature and the

3
.
v
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apnlication of an external umagnetic field chowed the siga of the major

-
-

commonent of the clecirice Jicid gradieat to be positive. Magnetic hyperfine
P
intcreetinng arc obocerved in lar~e external magnetic fields at low
tommeratures. Jie variation of the effective field at the nucleus with K/T
follswed the 3rillouin function for U = 1/2, and the value of the saturation
ayneriine field was Tound to te -110 *#5kG. The orbital ground state of the
iron atom could ot be deduced from tle sign of the quadruvole splitting,

due to large contributions from the lattice and bonding electrons. From the

nmeonetic ayrerfine interactions it was deduced to be d”2.

The model comoulexes el 9D )2(JZT) ad Fe(TTD)(DTT)2 which

convain an Je-L-S- liankaze, as well as the related complex Fe(DTT)3 have

beon studied. (TTD = thio-p=-toluoyldisulphide, DIT = dithio-p-toluate)

The iccier shifts have been iﬁtcr;reted in terms of the relative ability of
the 7D and UTT ligands to delocalise electrons from the metal. The sign of
the major couponent of the electric field gradient has been found to be
nerative for 1:*8('1”:-‘1))2(1)%) and Fe(TTD)(DT‘I‘)Z but positive for Fe(DTT).B. The
sUsgbauer results have been used in conjunction with epr measurements tc
obtain information on the ground state of the complexes containing D

ligands. The ground state is deduced to be a dXy hole in both cases, but

the agreement between the I¥ssbauer and epr data is not very satisfyin:
1.



T3erbaver Bifect measurements on the model Le\sacsac) 4,

whers saccac is Iitaloacct lacetonate, have shovn that the comnlez contains

, - 2—
vetrahedral LVJ14 ions, anc does not “Uve ne structure origirally proposed
in vzich the iroa is coorlinated by the ditziocacetylacetonate grouns. The

FeCl, contains FeCl°™ ions in two different

related complex (ﬁh C,u)2)2 4 4

environments at zish temeratures.

P

iristetrasnenylphosphoniun trisdicyano-1l,2-dithiolene iron

proposed as a model comdlex on the basis of its epr spectrum, which is

]
0]

qualitatively cinilar to that of the non-haem iron proteins. l¥ssbauer
Lffect investi~ations have been made on tais complex and are reported here.
The tcmserature denendence of the line widths and the relative line
intensities hos been interpreted in terms of the relative magnitudes of the
spin-lattice and spin-spin relaxation times. An attempt to correlate the
temperature dependence of the quadrupole splitting with that of the magnetic
monent was only partially successful. lleasurements in externally applied
nagnetic fields showed the sién of the major component of the electric
field gradient to be negative; lattice contributions to the electric field
gradient are not important in determinihg its sign. The ground state of the
complex was deduced to be a dxy hole well separated from higher states,

from both the l.5ssbauer and epr neasurcments,
The complex ( CSHSF (CO)SMe)zst6 has been investigated,

and is proposed as a model complex for the non-haem iron proteins, on the

pasis of similarities in its structure and epr spectrum. The !'3ssbauer



Sffect measurenents have chown that the Single unpaired clectron is equally
sharec Ty <ie two iron atons, which resuits in an anomalously small value
for the hymerfinc field at the iroa nuclei. The epr spectrum has been
inter>reted in terms of a mnhdel in whiék & high-spin ferric ion and a high-
spin ferrous ion are antiferromagnetically coupled to give a total spin S

of 1/2. Tsiimates of the relative energies of some of the orbitals of the

ferrouas ion nheve veen made.

A number of commlexes of iron with 2-substituted
pyridine lisands have been preparca and studied. The prenaration of complexes
of thiopicoliidc acid anilide, thiopicolinsmide, pyridine-2-aldehyde thio-
semicarbazone, 2-nercaptomethylpyridine, o—aminobenzenethiol and 2,2'=di-
picolyidisulphice are renorted. A number of these commlexes are described
and characterised for toe first tine. "ith one exception all the complexes
contain ferrous ion; oxidation of the ligand usually occurred when the
vrevaration of Ierric complexes wés attemoted. The :¥ssbauer parameters of
these commlexes are reported and discussed. “he values of the isomer shifts
of the low-spin ferrous complexes of thiopicolinic acid anilide, thiopicolin-
amide and pyridine-2-aldehyde thiosemicarbazone are interpreted in terms of
the relative c-donor powers of the ligands. The comnlexes of o-amino-
benzcnethiol and 2-mercavtomethylpyridine were found to contain high-spin

ferrous ions. The former comonlex was found to be antiferromagnetic at low

temperatures, whilst at 77°K it exhibited the largest quadrupole splitting
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vet revorted for an iron compound, 4.06 mm.sec.” “he latter complex also
e : l'O" v T hl .
chowed a learye quadrupole solittiag at 777z, The ¥ssbaucr spectrum

observed al lov teuneratures sucjestcd the nresence of some weak

antifer:civaotism,.
The sinzle ferric complex of these lionrds that was prepared,
is a cwiniex of 2,2'-cipicolyldisulphide and is the first complex of iron

vith a disulonide 1izznd to be reported. Turther work is necessary before
it is fulilv croracterised,

Yinally, tlie value of the information obtained from
sBzrbaucr spectroscopy and epr in the clucicdation of molecular and
clecironic structure is discussed. .. coorelation beitucen the maepnitude of
the Yerui coninct contribution to the hypcrline field iv considered in the

- -

ligat of the data obtained durins this work.
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1.1. Iron in biological systarns. The mon=haen irni proteins.

Iron is uniquc among the itransition metals that
are found in odioclogical systcrzs. It is generally presernt in higher
concentrations than ctiacr trace elements cdue to its vital roles in
electron transfer reactions and oxygen trans?ort. Murthermore the
extremc insoludility of iron at physiological pH and the variety of
types of reaction involving iron have resulted in the evolution of
numerous speclal coordination compounds.

The non-naem iron.proteins constitute an
imnortant group of iron containing compounds that have a variety of

(1)

roles in blolosical procesces. They may be classified as follows' 7
I. Electron transferring non-haem iron proteins.
A. Labile sulpanur proteins.
(i) Dacterial: Clostridial fcrredoxin, Putidarcdoxin,
Azobacter non-haem iron protein.

(ii) Plant: Chloroplast ferredoxin.

(iii) Lnimal: Adrenodoxin.

B. Ion-labile sulphur proteins.
(1) Bacterial: Rubredoxin.
C. Flavoproteins: Succinic dehydrogenase, I'ADI dehydrogenase,

Xanthine oxidase.



II. ZIron trarnzferrins non-rnaem iron proteins.

Py .)LAC e“lal :‘-CTI'...C LT0TEC .

- A7
T A ya
e An o0

: Tracsierrin, Ferritin.

Tas. Cuyrin trarsferring noa-hien 1o DIouCLas.

L. Zacierial: Pyrochatechase.

B. inimzl: Hemerythrin.

e are concerned with the compounds of group I,

particularly with the ferredo:iias.

1.2, Zzrredexin :

The name ferredoxin is applied to all non-flavin,
non-naen, iron containing proteins which function as electron carriers,
show a redox potential on the 'hydrogen' side of pyridine nucleotides
(—BQOmV), and which have the property of catalysing the photoreduction

(2)

of TPN by isolated chloroplasts .

1.5. The function of ferredoxin.

The ferredoxins are involved in many important

(1)(3)(4)

oxidation-reduction reactions in bacteria, plants and animals ' .

In anaerobic fermentative bacteria ferredoxin participates as an

(5),

electron carrier in the breakdown of pyruvate to acetylCol

v

Pyruvate TPP CO, + C,.'acetaldehyde'"

2 2 2
1 - e 3! 1
02 acetaldehyde' ldox + CoA - Fdred + AcetylCoA
i'd'o;{ — Fdred + i—12

AcetylCoA _Phosphotrensacetylase S Acetylphosprate

~
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Lrorrobic Lacterial Jooredsuin also varticivaies in a umior of olner
3
TSoCTIONs :
Hd ~povanthine, Pvruvate, Acetaldehvde &e. 0 Fd
oxX o red
+ appropiate enzyme
DPN DRl
°a & I, 0H Ird e VI 2
red 2 o~ ox 3
SO3 S
i‘i2 1"1113

In photosynthetic bacteria, ferredoxin effects

. \
. ) ) 4 ) .. )
cimiler reduction reactlons( }. The reduction of ferredoxin is carried

cut oy electrons supplied from photoactivated chlorophyll:

CO2

LPY or TPN <—— PFerredoxin — H2
;
Chlorophyll .<€—— Reductant

A
i

Lignht

In green plants ferredoxin plays an important role

(7

in photosynthesis ). It acts as the first electron acceptor of

pnotoactivated chlorbphyll:

TPN & Ferredoxin ——> 10

i) 2

ATP _ADP + Pi  Chlorophyll —3 0

2 .

< - ol

Light



Green plants differ from photosynthetic:bacteria in their ability to
use water as an electron donor for the synthesis of starcﬁ and cell
material.

Adrenodoxin, a labile sulphur non-haem iron protein
occuring in animals, has been implicated in adrenal steroid

(1)

nydroxylation . It is veligved to be one member of an electron
transfer system which functions to produce active reduced oxygen which

can be incorporated into the steroid molecule.

1.4. The structure of ferredovin.

Some of the physical properties of some iron-sulphur
proteins are illustrated by Table 1.1. The amino acid constituents

of many ferredoxins have been established and the complete sequence has

been determined in some.cases(o>. The peptide chain of Clostridium

pasteuranium ferredoxiﬁ has been synthesised(g).

The ferredoxins contain 'inorgénic' or labile
sulphide which is present in equimolar amounts with iron and which is.
liberated as hydrogen sulphide on denaturation of the protein. It is
now generally accepted that the labile sglphide is a special constituent

(10) (11)

.0of ferredoxin and is not of amino acid origin . The chemical

bonding of the labile sulphide remains obscure however, although there |
: . y . (12)
is evidence that the iron and sulphur are associated .

The nature of the iron in ferredoxin has provoked

much discussion and experiment. lM8ssbauer spectroscopic measurements



Table 1.1.

Profein - 1.7,  Zo(aV) Te atoms Lebile S Epr cpectrum
per mol. .atoms/mol. reduced

g -l. ’-) ) g -l. 96

Closiridial ferredoxin 6500 =420 7 7
gZ=2.OO
Photosynthetic bacteria
Chromatium 6000 =490 4 4 ?

08 ) _"'lo )6

Spinach ferredoxin 11200 -43%2 2 2
‘ gz=2.04
Animals
c=g=1.94
Adrenodoxin 10300 164 2 2 “x~ Sy
' ' gZ=2.Ol

Phvsical proverties of some iron-sulvhur proteins
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on ferredoxin from the green 2lza Bu~lena chow that both iron atons

occupy identical sites. The iron atoms in the oxidised compound are
in & diaragnetic state. On reduction the unpaired electron is shared
egually by the two iron atoums and the l¥ssbauer spectrum observed at
low tempecratures ard in external magnetic fields is characteristic of

(13)

a low-cnin ferric compournd with a small hyperfine field .

\

ii0ssbauer spectroscopy as proved a usc.ul

teciricue in the study of non-haem iron proteins. Electron paramagnetic

roconance nas also been applied widely tut the results obtained pose

~~
~~
-
o
~~

135
. The epr parameters for some

cirficulties in interpretation
non-haem iron proteins are given in Teble 1.1.

A model stucture for Clostridium pasteuranium
oo oo (15) /o. . ;
ferredoxin has been proposed (Fig.1.1.) but preliminary X-ray

(1°). Further details of

data is not in full agreement with this mocdel
the structure and active site of ferredoxin must await the results of
full Z-ray structural studies. The structure of Rubredoxin, a related
norn-haen iron protein containing one iron atom per molecule, has been
partially solved. The structure has extremely unusual features. The

iron atom is coordinated by sulphur atoms occupying four of the apices
(17)

of a digstorted octaredron, the remaining two positions are unoccupied.

1.5. The object of the nresent worik.

Detailed structures of the non-haem iron proteins

are unknown and the oxidation states, stereochemistries and ligand



Ficure 1.1 .

?Hz COOH OH H COCH
tyr-lys—ileurala-asp—Ter—cys—val—ser—cys—gly—ala—cys—ala-ser—glu—cys—pro-
-ala—NH2 J3(0) val-

asp-NH
S s 2
-ala-
//// ileu~
ser-
Fe 1u-NH
glu-NI,
- gly_
asp-
‘ | | ’ ser-
ileu~

S

I !
pro-cys-val-asp-ala-cys-asp-gly-cys—asp-ileu~cys-thr-asp-ileu-valphe

val- Ph

21u~CONH |
-g1lu-CO0H
-COOH

2

Pronosed structure for Clostridium pasteuranium ferredoxin



ato&s of the iron atoms are not known with certainty. This lacic of
information makes the intefpretation of their physical priperties
difficult and hinders fhe understanding of their precise biological
function. The situation is further complicated by the fact that the
inorganic chemistry of iron in its complexes with sulphur ligands is
' byAno meansvfully understood. Although there are gome 400 references
in the literature. to complexes of iron with sulphur containing ligands,
only a very small proportion of these describe‘the preparatioh or
prbperties of well characterised compounds; Some indication of the
variety of oxidation states, spin states and stereochemistries that
firon can adopt in its éomplexes with sulphur ligands is illustfated '
by Table 1.2.

The chemistry of iron-sulphur complexes is
evidently complex and the application of information from the irorganic
chemistry of these complexes to the study of the properties of the
iron-sulgphur proteins is of limited value. bur aim has been to study
thoroughly some simple complexes of iron with sulphur ligands in order
to further the‘understanding of iron sulphur chemistry and hence
eventually hope to provide suitable model compounds for the ;fudy of
the non-haem iron proteins. ’

1.6. The present work.

The complexes we have studied cover a wide variety

of oxidation states and spin states. The principal physical techniques



Table 1.

Stavocehomigtees
2o OO CC T ST

and/or coordirnation

i hor
6-coordinate

5—-coordinate

square pyramidal
'tetrahedral’
S5-coordinate
approx. cubic

6-coordinate

probably tetragonal

*fetrahedral?
octahedral

S5=-coordinate

? square pyramidal

5-coordinate

sguare pyramidal

tetrahedral

G~coordinate

? trigonal

6-coordinate

@]

it

h

1!

i

1/2

1/2
1/2

1/2

3/2

5/2
5/2

((CZHS)zNCS

Lorplex

(Fe(CO)BSMe)é

) Feli0

2°2

nl ST
(CSHBLe(CO)u“e)2

(R2NCS2)2ﬂe

FeS, (pyrites)

(cysteine)2re(CO)2
T s )Y
(CSLSAe(CO)S“e)2

T (= T?
(C2h50002)3¢e

W { hy 'i. 2—
(Le\cg)s4c4(cr3)4)

)

((c.u

N ™
St \CS2)21eCl

2

KFeS2

T NOQ g}
(;Ch2)4hCu2)3;e

P
(FeS606(CN)6)

Some complexes of iron with sulphur containine licards




used have bcen M¥ssbauer spectroscopy and electron paramagnetic
resonance cpectroscopy (epr). The former technicue has developed over
the last decade or so into a useful tool for physical and chemical
studies(le—zs)
the M3scbauver nucleii are influenced by its environment. The results
obtained are often complementary‘to those obtained by the more widely
krown technique of epr. The value of epr in the study of paramagnetic
transition metal complexes has been appreciated for some considerable
time. Useful informaetion on a variety of materials has been obtained
from epr measurements(24-27). The theory gnd experiment§1 methods of
tnese pnhysical techniques is presented in Chapter Two.

The results obtained from our study of iron-sulphur
complexes have been presented in three parts. Firstly, a detailed
Ii8ssbauer Effect investigation of some complexes of iron with
dialkyldithiocarbamate ligands has been carried oui. The resulis and
discussion of the iron dialkyldithiocarbamate complexes are presented
in Chapter Three.

Chapter Four contains an account of investigations
of the properties of a number of complexes wnich have been proposgd as
model systems for the non-haem iron proteins.

Some complexes of iron with 2-substituted pyridine

ligands are dealt with in Chapter Tive. The Z-substituent has been

varied to give a wide range of sulphur donor atom, the pyridine

and yields valuable information on how the properties of

10



nitrogen ator remaining constant as the other ligating atom of the
bidentate ligand. A number of novel complexes have been prepared.
The preparations, characterisations and results from physical
neasurenents are presented and discussed.

Chapter Six summarises the important results
and emphasises the nature of the valuable information obtainable
ﬁ?chnique to epr spectroscopy. The value of.the work in.meeting our

original objective is assessed.

Trom M8ssbauer spectroscopy especially when used as a complementary

11
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CHAPTER TWO. PHYSICAL IMETHODS.

PART OME. Theorctical considerations. |,

2.1. lM8ssbauer spectroscooy.

M8ssbauer spectroscopy is the study of the pecoil
free absorption of gamma rays between nuclear ground and excited states.
The recoil free emission and resonant absorption of gamma rays was
discovered in 1957(28) since when the technique has been widely applied
by scientists of many disciplines in a variety of investigations ranging
from the detection of the gravitational red shift(zg) to detailed

(30) |

studies of biochemicals R

The ¥ ssbauver Effect.

Vhen an isolated atom emits a gamma ray the total

momentum of the system remains constant. The atom undergoes recoil, the

~

recoil momentum being equal to the momentum of the gamma ray. For an h

emitted gamma ray:
2
By =~ By=_Ey (1)

2Mc2

wnere Eo is the energy of the excited state of the decaying nucleus, Ey
is the energy of the gamma ray, M is the mass of the atom and ¢ is the

velocity of light. For an absorbed gamma ray:

2 .
. 2Me



If the atom is tichtly bound in the lattice so that the recoil energy is
less than the characteristic energy of the lattice vibrations, transfer
of the recoil energy to the lattice is Pgt possible and a fraction of
essentially recoilless emissions or absorptions result.

If the absorber is in a chemically different
environment to the emitter the energy separation between the ground and
excited states will be different. The energy of the gamma rays can be
mocdulated by moving the emitter at a velocity v' relative to the source.
Ey is altéred by the Doppler Effect by an amount Eov'/c. By adjusting
the velocity of the source the Doppler shift in the energy of the gamma
rays can be varied until absorption occurs. The MYssbauer spectrum is
thus obtained as a plot of gamma ray counts as a function of source
velocity.

2.2. The line width

The energy of the gamma ray is very precisely defined,\
a fact of grecat importance iﬁ ghysical experiments. The value of the
M8ssbauer Effect as a chemical technique is found in the narrow line-
widths of the transitions. The linewidth is smaller than the values of
the magnetic dipole and electric quadrupole interactions of the nuclei
with their environments. Thus the MYssbauer Effect provides a sensitive
probe for the investigation of these interactions.

The minimum line width that can be observed is that

of the emitting state. Broadening of the line can occur in a number of

13
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vays of which two are important:
i) Broadening due to a magnectic field at the mucleus
that is insufficiently strong for the appearance of magnetic hyperfine

(31)

interactions .

ii) Broadening due to a scatter of isomer shifts or

quadrupole splittings. Thus Wertheim found that the MYssbauer spectrum
57 |

of “'Fe in stainless steel gave a broadened line due to the wide range

of nearest environments in the alloy(32).

Non—~fundamental sources of broadening which can be
reduced by careful experimentation include the use of thick absorbers,
the presence of mechanical vibrations aﬁd instrumentalveffects due to a

finite solid angle between the source and the absorber.

2.3 The intencity.

The intensity of the MYssbauer Effect depends on
the Debye-Waller factors of the source and absorber. The Debye—Waller\
factor expresses the fraction of gamma ray transitions that take place

/

without recoil and is given by:

2, 2
f.—.—exp(-(4“<x))) (3)
2 N
where {x°) 1is the mean square amplitude of the vibration in the
direction of the emission of the gamma ray averaged over an interval

equal to the lifetime of the excited nuclear level, and A is the

wavelength of the scattered radiation. Using a Debye approximation it



can be shown that:

f=exp| -5, 3 % °T° where T << oy
ke |2 2
D OD

Er is the recoil energy and ©_ is thescharacteristic Debye temperature

D
defined by hw _ = kO_.
nax

D
For a given source the intensity is a measure of the

strenoth of binding of tho absorber nucleus. Intensity meacurcments have
boen used to estimate the proportions of absorber nuclei in different
lattice sites(33).

It is evident from eq. (4) that the M¥ssbauer Effect
is limited to low energy (<L 150keV) gamma rays. Other considerations
for the facile study of M3ssbauer spectroscopy include the natural
-abundance of the absorber isotope, the half life of the source and the
width of the abrorption lines.

5756

2.4.
MBssbaue;.Effect studies are possible for all nuclei

having a low energy excited state and a small internal conversion

coefficient. To date the l'8ssbauer Effect has been observed for over

70 isotopes. Of these 57Fe is by far the most widely investigated. It is

a convenient isotope to study since the line width is narrow, the source

57

used,” "Co,is quite easily prepared and has a convenient half life of

270 days. Furthermore, the natural abundance of 57Fe although only 2%

is sufficiently high for many compounds to be studied without resorting

15

(4)



to isotopic enrichment and the Debye-Waller factor for 57Fe in its alloys

and compounds is often high enough for measurements at high temperatures

(»300°K) to be made without difficulty.

The decay scheme for 57Co —> 57Fe is shown in '
Fig. 2.1. 57Co decays by electron capture through a highly excited state
which decays in 91% of the cases to the first excited state of 27pe.

This level has a nuclear spin of 3/2. It decays to the ground state of

nuclear spin 1/2 with the emission of a 14.4 keV gamma ray.

16

Figure 2.1.

5700
5/2-
917 N
. -7
14.4 10 s 3/2-
0 [ Y 1/2-
57Fe
Decay scheme for 5700 — 57Fe
The recoilless absorption of the 14.4 keV gamma ray
by the 57Fe nuclci of the absorber results in the MYssbauer spectrum, the

parameters of which will now be considered.



2.5. The isoner chift.

If a M8ssbaucer experiment involves a single line
source and absorver, resonance will not in general occur at zero velocity.
The nucleus has a finite volume which interacts with the electron density
at the nucleus. As the ground and excited states of the nucleus have
different radii the interactions are different for the two states. The
difference between the energies of the transition for the source and
absorber is the isomer shift. The resonance condition is restored by
moving the source relative to the absorber so that the energy of the
gamma ray is shifted by an amount Exv/c, and absorption is then
observed at some velocity v (Fig. 2.2). For the 57Fe 14.4 keV gamma ray

- -8
a velocity of 1 mm. sec.l corresponds to an energy of 4.8 x 10 = eV or

17

0.0038 o
Figure 2.2.
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The M3ssbauer spectrum

Isomer shift

If Z is the nuclear charge, Re and R_are the radii

of the excited and ground states respectively and LP(O)s and \P(O)a. are the
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electronic wave functions at the origins of the source and absorber

nuclei respectively, then the isomer shift is given by(34):
2 2
§ = 2 ze°r°(R° - R ){kf)(o) 2_ {0 % (5)
5 e . & a s

The isomer shift is therefore proportional to the
difference in electron density between the source and absorber nuclei.
Since only s-electrons have a finite probabilify of beiné at the nucleus,
the isomer shift is a measure of the s-electron density at the nucleus
of the absorber with respect to the source.

For 57Fe the first excited state is of smaller radius

3 (35))’

than the ground state, ( (Re - Rg)/Rg = -1.4 x 10 so that an
increase in isomer shift corresponds to a decrease in s-electron density
at the nucleus of the absorber.

The isomer shift is proportioal to the sum of the
contributions to the s-electron density at the nucleus from the 1s, 2s,
3s and 4s electrons. The contributions from the ls and 2s electrons are
large but constant, whereas the contributions from the 3s and 4s electrons
are small but variable. The 3d shell is penetrated by the 3s and 4s
shells and consequently the 3s and 4s electrons will be screened from the
nucleus by the 3d electrons. The isomer shift will therefore depend on
the oxidation state of the iron atom, contributions of 4s bonding and

(36)

indirect contributions from 3d bonding .

The isomer shift can be used to establish the electron
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configuration in conjunction with a correlation plot of the Walker,

i 4
Wertheim and Jaccarino type(/7), but such assignments are rarely
unambiguous. ..
Erickson(38) has reviewed many of the theories

advanced to account for the isomer shift systematics of iron compounds.
Extended agreecment between data and theory is not found, mainly because
the theory has been forced to a limit where its approximations become
invalid. The limited success of empirical correlations of isomer shift
with fof example, electronegativity or with the spectrochemichal or
nephelauxetic series,is probably due to to ﬁhe fact that isomer shifts
depend on electron density distributions whereas the other gquantities
depend on electronic energy level differences. There is usually no simple
rclationship between these two quantities.

However, isomer shifts can and do provide useful
information. In conjunction with other data an assignment of coordination
number, ;pin and oxidation ééate can often be made. Furthermore, in a
series of related compounds,variations in isomer shifts can enable at
least qualitative discussions of the bonding to be made in terms of
s- electron loss or gain.

All the isomer shifts we have measured are quoted
with respect to a metallic iron absorber as standard. Data quoted from

other sources have been adjusted where necessary to conform with our

standard.



2.6. The temperature devendence of the shift.

The measured isomer shift contains a temperature

dependent contribution resulting from the second order Doppler Effect due

' (39),

to lattice vibrations. The second order Doppler shift is given by

T

Sp = CdBy = -1 T .Cp T
Ey 2Mc Jo

where E yis the energy of the gamma ray transition, CL is the lattice
specific heat and M is the atomic mass.

The second order Doppler Effect shifts the centre of
absorption for a typical ferric compound by about 0.2 mm.sec-.'l between
300°K and 0°K. The shift is towards higher velocity. All substances do
not have the same temperature dependence of the shift. It is important
to take account of this fact when shifts are compared. Isomer shifts
should be compared at high temperatures, of the order of 0.6 OD’ when the
temperature dependent contribution bepomes the same for all substances.

2.7. The guadrupole splitting&

A nucleus with spin I 2, 1 possesses a quadrupole
moment, Q. Interaction of the nuclear quadrupole moment with an electric
field gradient Tesulting from an anisotropic electrostatic environment,

causes the (2I 4+ 1) degeneracy of the nuclear levels to be partially

lifted. The first excited state of 2

Fe has a nuclear spin I = 3/2,
Interaction with an electric field gradient splits the excited state into

two levels. Transitions from the ground state to either of these levels
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is now possible, giving a two line spectrum (Fig.2.2)

Figure 2.2.

£3/2

/ 1
counts “—AE>
>

+1/2 S e

1/2 i o —
source absorber velocity o
q#0 The MYssbauer spectrum

The quadrupole splittine

The quadrupole moment is a measure of the distortion

of the nuclear volume from spherical symmetry and is defined(4o):

eQ = fﬁrz(kos‘?o - 1)av. ” 1)
where/p is the ch;rge density in a volume element dv inside the nucl;ﬁs
at a distance r from the ceﬁt;e and at an angle © between the radial )
coordinate and nuclear spin axes.

The electric field gradient is a tensor quantity but
can be reduced to diagonal form in the proper coordinate system and be
completely specified by the two independent components VZZ » the second
derivative of the electrostatic potential V in the z direction, and 1?

XX Yy

sz = eq, 5o that the sign of the major component of the electric field

an asymmetry parameter defined by'7 = (v -v )/sz. For axial symmetry



22

gradient tensor is opposite to that of the actual gradient of the
electrostatic field.

The interaction enegy between the quadrupole moment

(40),

and the electric field gradient is described by the Hamiltonian

Foo = o

where 1 is the nuclear spin and Ix’ I and IZ are its resolved components
y

along the x, y and z axes. The energy levels are given by:

(31 7(I -1 ) ) (8)

21 ( I - 1)

1
B, = £+ eqq (1+2%7 (9)
: 3

The quadrupole splitting is then:

2 2\F
DBy = By = +7eQ (1 +%) (10)

When the coupling e2Qq is positive the I = :3/2 states have the higher
energy, as in Fig.2.2. When it is negative the I = 11/2 states ha&e the

higher energy. -

The magnitude 'of the electric field gradient, and
hence of the quadrupole splitting, is governed by a number of factors(4l)
The principal component, q, of the electric field gradient is given by:

qQ = gy ¥ q +q, (11)
where 495 9 and q, are the contributions from the lattice, the valence

electrons and the core electrons respectively. 4; is given by:

eq, = Z 7. (3c0520 = 1) (12)
1 i 74

2
Ti
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where r and @ are polar coordinates and Z.le is the charge on the ith ion.

qy is given by:

0, = Zva<‘f'l§§cg52@3- DY) (13)

where ‘ip is the wave function of the particular orbital. The magnitude of
i . 2 < -3>
q, depends on the expectation value of (3cos™® - 1), Values of {r q,

and ZV are given in Table 2.1. for some orbital wave functions.

Table 2.1,

(e

d_2 ~4/7 0

a2 _ 2,4 x4/7 0
axz ’dyz -2/ E

Py Py ¥2/5 3

P, | -4/5 0

The value of the electric field gradient at the
atomic site can be calculated from qq and q The electric field gradient
at the nuclear site however, is greatly modified by the atoms own
electrons whose wave functions are distorted by interacti?n with the
external and internal electric field gradient and as a result create

(42)

electric field gradients of their own which are proportional to dy and g, .
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Eq. (11) then becomes:

q = (1- R)qV + (1 - Y“’)ql (14)
where R and X;,are the Sternheimer shiglding and antishielding factors.
The magnitude of q then depends on the relative magnitudes of R and Y .
For octahedral ferrous high-spin compounds q is dominated by the term
in Qe For high-spin ferric compounds, which have a 68 ground state, qq
is zero and the lattice contribution to the electric field gradient is
dominant. In low-spin ferrous compounds with the configuration t2g§ there
will be ﬁo contribution to 4y although now the effects of covalency may
become important. Anisotropic ¢ and vr bonding will give rise to a
smaller <:r73‘> for some 3d orbitals than for others. The resulting
distortion of the 3d electron distribution will give rise to a large
electric field gradient. In low-spin ferric compounds the term in q, is
important but contributions to the electric field gradient from the
lattice and from bonding electrons will be significant and may dominate.

The factéés contributing to the values of isomer
shifts and quadrupole splittings for different iron compounds may enable
the electronic configuratioh of the compound'éo be assigned. A plot of
isomer shift vs. quadrupole splitting has been used for this purpose(43)
and is illustrated in Fig. 2.3.

The temperature dependence of the quadrupole splitting

may allow information to be obtained about the nature and population of

orbital excited states close to the ground state.
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2.8. The sien of the quadrupole splitting.

™~

If one ofpthe 1lines of the quadrupole split pair can
be assigned to a transition from the ground state (mI =.tl/2) to either
of the excited states (mI = ¥3/2 or 41/2), the sign of the quadrupole
splitting will bé known and hence the sign of the major component of the
electric field gradient tensor. A number of methods are available for

(44)

detcrmining this sigm . In this work the sign of the quadrupole

splitting has in all cascs been cstabliched from an inspection of the
magnetic hyperfine interactions in the MYssbauer spectrum and will

therefore be considered in the section on magnetic hyperfine interactions.



One method that can be used to determine the sign
of the quadrupole splitting is of interest however. This is the
convenient cxperimental method of single crystal measurcments. The
ratio of the intensities of the two lines of the quadrupole split pair
depends on the angle between the gamma ray direction and the field
gradient axis. If a source of unpolarised gamma radiation is used and

a single crystal, in which the major axis of the electric field gradient

at each atom is identically aligned, is the absorber, then for the two

transitions the probabilities and angular dependencies are(45):
Transition Probability Anmular dependence

¥3/2 —> 31/2 1 3/2( 1 + cos0 )
+1/2 —>x1/2 1 (1 +3/2 sin% )

where 0 is the-.angle from the axis of symmetry. Thus when 0 = 0° the
ratio is 3:1 and when 6 = 90° it is 3:5. The assignment of the two
transitions is thus straightforwaqd.

For a poﬁdered specimen the ratio of the two lines
should be 1:1. A ratio of 1:1 is often not observed and this may be due
to a number of reasons:

i) The powder may not be perfectly randomly oriented.

ii) Magnetic effects may be present.

iii) The recoil free fraction may have an angular

dependence if the atom is bound more strongly in one direction than in

the other. This effect - the so-called Gol'danskii Effect - produces a

26



temperature dependent anisotropy of line intensities, the anisotropy

(46)

becomning less marked as the temperature is lowered . Although often

proposed to explain anisotropic line intensities, the Gol'danskii Effect

‘ (47)

-

has rarcly been showvn to be the unequivocal cause of this

2.9. IMarneotic hyperfine interactions.

The third important intcraction that provides
valuable information in a 8ssbauer spectroscopic experiment is that
resulting from the Zeeman splitting of the nuclear levels in a magnetic
field. The Hamiltonian describing the magmetic hyperfine interactions
between the nucleus and its electrons is:

H = -pr
= =& L-B

where e.is the magnetic moment of the nucleus, H is the magnetic field

U

at the nucleus,}%lisrthe nuclear magneton and &, is the nuclear

gyromagnetic ratio. I'or a nucleus of spin quantum number I, the'energy

levels are'given by

By o= - E%ﬂf = -anhHmI

where me = I, I-1, .... -L.

Tor o7

Fe the ground state, I = 1/2, splits into two
and the first excited state, I = 3/2, splits into four leVéls. For

magnetic dipole transitions the selection rules are 4m = 0, -1 so that

sizx transitions are observed.(Fig.2.4.)

(15)

(16)
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Figure 2.4.
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I"arnctic hyperfine interactions.

The intensities of the transitions depend on the

angle © between the gamma ray direction and the axis of magnetisation

and are given by(48);
Transition Relative Iﬁt?’nsity
_z; :i{;Q} ' .9/4( 1 + cos0 ) \
_ig :: _l,{;g} 3 §ino
—i;§ —_-: 2452} 3/4( 1 « cos0 )

Thus when © = OO the ratios of the six lines are 3:0:1:1:0:3, and when
6 = 90° the ratios are 3:4:1:1:4:3. When O is averaged over a sphere the
intensities become 3:2:1:1:2:3.

The splitting of the nuclear levels depends on the

size of the magnetic field but is independent of its origin. The hyperfine



(49),

field can be considered to be the sum of three contributions
H = H +H +H (17)

Hl is the contribution from the interaction between the nucleus and the

-

orbital magnetic moment of the electrons:

L - 2/3(g-2) Q‘j S | (18)

where /? is the Bohr magnéton, g is the electron gyromagnetic ratio, r is
the radial coordinate of the 3d electron and S is the spin. Hd is the
contribution from the dipolar field arising from the dipolar interaction
of the nucleus with the moment of the electron spin:

H = 2ﬂ<3coszg -1, <57 )y s (19)
where 6 is the angular coordinate of the 3d electron. Hs is the
contribution due to the Fermi contact interaction. This is the interaction

between the nuclear and electron spins and is usually the major

contribution. It may be expressed by:

f, = -.e_g_r./s.Z'{l‘f’:(oﬁz- lY’f(o)P} (20)

where ,%ﬁ(O)lz and )%2?(0)[2 are the s-electron spin densities at the
nucleus for s-electrons with up and down spin respectively. Differences
in spin up and spin down charge densities can appear even in filled
s-shells if the atom contains a partially filled magnetic shell(so).
Interactions of the outer electrons with the core electrons will depend

on the electron spin. The Fermi contact interaction field from one

s-electron in iron is hundreds of megagauss so that even a small



difference in fields of opposite sign created by the action of s-electron
pairs in internal shells can account for the appearance of fields of

hundreds of kilecgauss.

-
L]

Thus large magnetic fields are present at the nucleus
as a result of electronic interactions. The nuclear spin will couple with
this field. If the electron spin relaxation time is much shorter than the
Larmor frequency of the nucleus, then the time averaged value of the
internal magnetic field at the nucleus will be zero.

However, in antiferromagnetic or ferromagnetic compounds
where the electronic structures of all the atoms are spatially aligned,
magnetic hyperfine interactions will be observed. lMagnetic hyperfine
interactions can also be observed in paramagnetic compounds. The application
of an external magnetic field to a paramagnetic sample with fast relaxation
rates can facilitate the observation of magneti; hyperfine interactions.

The extermal magnetic field will tend to align the electron spins in é\\
preferred orientation so that'fhe time averaged value of the internal field
is no longer zero. For these cases the effective magnetic field at the
nucleus is proportional to the magnetisation.

Magnetic hyperfine interactions will also be observed
in paramagnetic compounds when the electron spin relaxation time is long
compared to the Larmor frequency of the nucleus. A well resolved spectrum

may be observed by applying a magnetic field large enough to decouple the

electron and nuclear spins. In this case the effective field at the mucleus
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is not proportional to the magnetisation.

2.10. Combined marmetic and electric quadrupole interactions.

When an electric qu%drupole interaction is present as
well as magnetic hyperfine interactions, the position of the hyperfine
energy levels depends on the ratio of the magnetic to the electric
interaction energies, the symmetry of the electric field gradicnt and the
angle between the principal axis of the electric field gradient tensor
and the direction of the magnetic field. The splitting of the excited
state is given by:

H. = pHE, +//Q (I = 3/2) (21)

and that of the ground state by:

#g = & AH, (I =1/2) (22)
vhere g, and gp are the nuclear g factors of the excited and ground states
respectively. If z is the direction of the magnetic field and a principal

axis of the electric field gradient also lies along the z direction, the

energies of the hyperfine levels can be determined. They are given by(sl);
lg £ Hz le“q (1 g2 +72|*
Ege/an bt T8 B -
1.2
E = 5€ Qq (23)
e ) 5 s
%ge/gan:%:e q (I'-ge/gnH) +?3
4.2
7e°Qq

The ground state splits into two levels with energies:

= L 2
Eg = = 2ggﬂnH ( 4)



LT the energy scparations of the excited statc levels are I, L. &id

s —

E., and trat of the ground state is G, (Fig. 2.5.), then :

3 :
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(25)

- +(® "

geﬂnH —‘ 2(2‘1 *:“"3)

G = E 26

G ggﬁn (26)

A 2 L(w 2 - n ™ 2

2¢ Qq. = 4 (‘-’l + E2) ("‘2 + i"3) (27)
ﬁ Y 232 o (2 +£)d) - 2 (28
and (B2)° = (8, +5,)° + (8, +E)7) - (B, +E)° (28)

—_— - e e - =
Timure 2.5.
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Combined magnetic and electric quadrupole interactions.

If the electric field gradient tensor is axially

symmetric with its symmetry axis parallel to the magnetic field the
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energy levels are given, from eq. (23) by

o - Ty iml + '12' 2 O
Le = —Oepnﬂ.m:[ + (-l) 1 e Zﬂ (ZJ

All four magnetic sub-levels are disﬁiacéd by the same amount. This is
illustrated in Fig. 2.6 for the case where the major axis of the electric

field gradient tensor is positive.

Tigure 2.6.
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For the case of an axially symmetric electric field

gradient with a symmetry axis at an angle © with respect to the magnetic
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vinen the symmetry exis of the electric' field gradient is perpendicular

to the axis of magnetisation, the above equation ( eq. (30)) becomes:

2,

o V(J

lal e 2z
8

Ee = —°e/3nHmI + (-1)

The quadrupole splitting observed in a perpendicular magnetic field will

therefore be of opposite sign and half the magnitude of the splitting
obcerved in zero field. For a powder specimen geometrical conditions
favour the magnetic field to be perpendicular to the symmetry axis of

the ligand field.

The relative separations of the absorption lines of

the six line spectrum depend on the ratio of the magnetic field to the
electric field gradient and have been evaluated for the Fe5'7 nucleus

for the cace where the symmetry ax;s of the electric field gradient is
perpendicular to the axis of'ﬁagnetisation(sz). This is illustrated in

Fig. 2.7.
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2.11. Blectron paramasnetic resonance.

Epr is a powerful tool for the study of paramagnetic
complexes. The method has been applied‘where possible to the investigation
of the iron-sulphur complexes that wé have prepared. Results from other
sources are also discussed. A brief consideration of the pfinciples and

methods of epr spectroscopy is therefore given here.

2.12. Introduction.

When an isolated paramagnetic ion is placed in a
magnetic-field of strength H, its energy levels are split by the Zeeman
affect, and the energy of the resulting levels is given by:

5 = gAHL (32)
where g is the Lande g-factor defined by:

- -/ - N ol iy .o O
T = Lo+ Jig i) S a1~ AT 4 T Py

where L and S are the orbital and spin angular momentum gquantum numbers,
J is the total angular momentum quantum number and MJ is the component

of J along the field acting on the ion. Transitions between levels

o
can be induced by subjecting the sample to electromagnetic radiation of
the appropiate frequency. The resonance condition is:

hv = gRH (34)
and the selection rule is A Mo o= 1.

For a free electron g = 2.0023 and epr transitions at

values of ¥ and H corresponding to wvalues of g close to the free electron
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value are conmonly observed in orgaric free radical species. In transition
nctal compounds however, the situation is coﬁsidefably modifiec as other
perturovations apart frow the first drq§r Zéeman Effect are important in
determining the number and energies of the elect:on spin states. The

important interactions are those due to i) exchange interactions, ii) the

ligacd field and iii) hyperfine interactions due to nuclear spin.

i) Exchanze interactions

Magnetic dipolar coupling and euxchange effects between
neighboufing paramasnetic species may dramatically alter the nature of the
lovest electronic levels. The information obtained from the epr spectrum
on the properties of discrete molecules is then of limited value. Hence
epr measurements are carried out in dilute solution (n/10°3M) or in
aiaraznetic solids doped with a small quantity of the paramagmet.

ii) The lizand field

When an atom is placed in a chemical environmentv the
orbital motion of its electr&gs is-strongly perturbed. Zpr transitions
are then observed at experimentally deteruined g-values such that:

g = hv/BE (35)

The orbital degeneracy of an isclated transition metal
ion is partly lifted when the ion is placed in a ligand field. If the
dugeneracy were completely removed, the orbital angular momentum would be

completely guenched and an isotropic g-value of 2 would always be observed.

However, spin-orbit coupling opposes the quenching as it tends to sustain

-
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the orbital angular momentum by coupling it with the spin angular momentum.
The g-value tnen differs ifrom 2 by an amount related to the spin-orbit

coupling.

-
-

If the metal ion is in a field of non-cubic symmetry

the g-value will also be anisotropic; The splitting of the-Mj levels will

vary with direction and the measured g-value will depend on the orientation
of the couvlex with resp=sct to the maznetic field.

A further consequence of.ligand field components of
low symmetry is thaw the degeneraéy of the HJ levels may be lifted, even in
the absence of a magnetic‘f;eld. This zero field splittinz is a corgeousyee

~

iy ~ * - h ol
oracr S0L0-

ct

of a second order spir~orvit coupling perturbation. The firs
orvit coupling interaction, described above, leads to deviations of the

g-value from the spin only value. The second order interaction changes the

energies of the MJ levels. The situation is illustrated for the high spin

ferric ion which has a 6Al ground state. In cubic symmetry, the degeneracy

of the M. levels is lifted. Tﬁe energy levels diverge linearly with field

J
strength. The five possible transitions occur at the same energy and a
single line spectrum is observed (Fig. 2.8.). When a small axial field
is present the degeneracy of the M. levels is lifted. When the magnetic

field is applied the energy levels no longer diverge linearly with

increasing field and all five transitions may be detected (Fig. 2.9.).
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iii) fyperfine snlittin-

If the metal ion which contains unpaired electrons
also possesses a nuclear spin 1, each QJ level is (2I + 1)-fold degenerate
with respect to the nuclear spin. In a magnetic field this degeneracy is
removed and transitions can occur in the epr spectrum according to the
selection rules A, = % 1, A.MI = 0. Hyperfine splitting may also arise
from the interaction of unpaired electrons with the ligand nuclei, if the
unpaired electron‘has a finite probability density at fhe'ligand nucleus.
A considerable amount of information about the unpaired electron

distribution can be obtained Irom the hyperfine splitting.

2.13. The complementary nature of ‘dgsbauer svectroscony anc anr.

The value and scope oI tie techiiguen OO L Jsnunusy
spectroscopy and epr spectroscopy may be realised oy cousidsring vual

expression used to describe the energy of the electron and nuclear

interactions. The general llamiltonian is given by(53);
4 & % O LT LT L
H = Ay +Hp g 175+ Yol g ety (36)

whereaéfo is that part of the Hamiltonian of the free ion that depends
only on the configurational variables of the electrons and not on their
spins; )QgLF is the part describing the effect of the ligand field;

-
a%éyLS describes the magnetic interactions between the electron spins and

the orbital moments; éﬁ gg describes the mutual interaction between the

73
masnetic moments due to electron spin;‘fgig describes the interaction

between the magnetic moment of the nucleus and the magnetic field
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resulting from the orbital and spin moments of the electrons;[{Q is

the term describin> the interaction between the electrons and the nuclear

/
quadrupole momcnt;ofé .~ describes the interaction of the electrons with
-4

-
-

R
an external field and Ugﬁn describes the direct interaction of the nuclear
moment with the extermal field.

The isomer shift observed in the I8ssbauer speciroscopic

. d
)

. S . .
experiment depends on J?”o essentially, although further perturbations,

:' * ,"
/l k] . L3 - ) 3
S pp and 7719 especially, may also be important. The juadrupole

splitting pararmeter depends on ;iﬂlQ. The effective field observed at the
9/,/
- JIssbaver nucleus due to the Termi contact “erm depends on JLb I in

”

s Ossvauer experiments conducted in applied magnetic fields ;%(H and ‘;%fh
ray become important.

“he total Hamiltonian is in general very complex. For
the interpretation of epr experiments ibragam and Pryce(ss) develorped a
perturbation procedure for the calculation of the splittings within the
ground state of the paramagnéiic ion. The method employs the so-called
spin-Hamiltonian whicih is the sum of those terms of the total Bamiltonian

involving spin operators.

2.14. The spin-Hamiltonian.

The lowest energy levels between which transitions are
observed in in an epr experiment are usually well separated from all
higher lying levels. The spin-Hamiltonian is a perturbing potential which

when applied to the wave functions of the levels concerned yields their



energies. It provides a standard phenomenological way in which the epr
spectrum can be aescribed in terms of a2 small number of constants. Once
values for the constants have been defermined from experiment, calculations
relating them back to the energy states of the ion are possible, althouzgh
this may prove to be very diificult.

The spin-liamiltonian for the case where the ground

state is an orbital singlet is given by(sz):
77?' = ~SH.g S, +8.D. .5, + S AT, + I, P L. (37,
55 25181575 T Pi%15°5 1375 0 7143
NHiI
where g.., D.., A,. and P, are components of the tensor quantities
13- 137 13 1J

-, D, 4, ana P. g is the spectroscopic splitting factor determined from

-—?

experiment accordinz to eq. (35), and containing contributions from

nicner states asc well as the spin only value. Di' describes the zero field

-

r s /"/
-f
splitting of the ground state and arises from terms in 713 and /q
l/‘

as well as /! / e A

SS

characterises the magnetic interactions bvetween

the electrons and the nucleus and arises from ;fn .+ and P, J_describes the

Yo

- a
quadrupole interaction,bjéiQ. The last term in eq. (37) is equivalent
to 7, of the total Hamiltonian,

The value that S takes in the spin-Hamiltonian is
that of a fictitious spin characterising the (25 + 1) levels between
epr transitions are observed. It may or may not equal the free ion spin.
The spin-Hamiltonian has been used in the interpretation

. i . . N 54) as well as
of the magnetic hyperfine interactions of IUssbauer spectra( )



being widely apnlied to epr. In the consideration of the epr spectra
of iron compounds the term A3.1 may usually be neglected since hyperfine

splitiing is rarely observed in the epr spectrum of unenriched iron

-
-

compounds. In a !'8ssbhauer experiment, however, this term is important

N v ,
since it is the “'Fe nucleus \Ig =1/2, I, = 3/2) that gives rise to the
8ssbauer spectrun.

The application of the princivles above Lo the coses

that particularly concern us, namely the high-spin and low-spin feriwc

ions, will rov be considered.

2.15. The hicn-spin ferric ion.

In a weak octahedral field the ground state of the

-

.. . © . . . . . .
ferric ion is Al. ligher order interactions than spin-orbit coupling

and the crystal field, together with an azial field split the §A1 state

into three Kramers doublets. The spin-Iamiltonian for a complex of

\
orthorhombic or lower symmetry is(55/: -

4 2
; o

where D is the axial fine structure term and E is the rhombic fine

= gfH.S % D(Si -s(s+1)/3) + E(sft - S

structure teru.

Fig. 2.10 illustrates the situations when different
terms in the Hamiltonian are dominant. If the Zeeman term, gf?H, is much

larger than D and E the Hamiltonian becomes:

73

Y = ephs

The energy levels are *l/ 2.g/3 H, =h3/ 2 g‘:? H and i5/ 2 g3 H so that an
{

(38)

(39)
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\L____ g' = (Or C, l;’)
DYy gfH, B Ty g' = (0, 0, 6)

-”\‘2\ g' = (63 6’ 2)

\L g' = (0.61, 9.7, 0.86)

l&

E> gRH, D = % &' = 4.29

= (9.7, 0.61, 0.86)

>H

Fnergv levels and-apparent g-values vwhen éifferent terms are dominant

in the high-spin ferric ion spin-Yamiltonian.

4
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AY

(56)

isotropic g of 2 ig ouserved . “nen D or I are much larger than the
magnetic field energy it is possible to use a spin-Hamiltonian with

Tictitious spin S' of L/2 for the lowest doublet. “hen D is dominant and

positive, 3y = 2and g, = 6(57); vnen Z 1s large, apparent g-values

correspondinz to an isotropic transition at g = 4.29 and to two

anisotropic transitions with g-values ranging from 0.61 to 9.7 are

(55)

observed .

~

Z2.15. "he low-cnin ferric ion.

The epr spectra of low-spin d5 ions have been treated

.
theoretically by Stevens(59> and discussed by Griffith(00>.

In strong crystal fields the ground state of the

. .2 5 o . . ;
ferric ion is “T7_.. The t2o configuration can be considered to ve a hLole
(=]

in the closed t

o subshell. If the symmetry is cubic, this state is

R O

six-fold degenerate {orbital x spin). Under the influence of axial and
rhombic distortions the degeneracy is lifted and the one hole real
functions, ¥ (xy), n (xz) and E (yz,, have energies 3V, ==V and A
respectively. (Fig. 2.11.)
A general form is assumed for the ground doublet:
WL 1YY e acla®)
Wis a7y -nl1T) e o
where T or represents spin up or down respectively and
\17 =-(q+1i¥)//2
-1 = (rz-i%)/\/z

(40)
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The energy of each state and the coefficients of
eq. (40) are found from the eigenvalues of the perturbation matrix

waich describes the coupling of the basis wave functions. Tre interaction

with the magnetic field is represented by /3(giH£ + gyﬁy +-gZHZ) where:

g, = 2(2aC - 32 4 x3(C - 4)/2) (41)
& = 2(2aC + 52 4 K3(C + 4)J/2) {42)
g, = 2(a% - B2 4 ¢ 4+ k(4% - ¢?)) (43)

Fad

where k is an orbital reduction factor that takes account of covalency.
From the experimental g-values i{ may be possible to

evaluate A,B,C and k and hence calculate the energy of the states.

However, the process may be extremely complex and may have more than one

solution. Good agreement has been found for epr measurements on

-



KBFe(CN) ¢ diluted in KBCo(CIG)6(6l> , and more recently the method

outlined above has been applied to a number of measurements on low-

spin d” complexes of metals of the secqnd and third transition

series(sz).

47
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~Oscpauer spectrosconv.

I’0ssbauer spectra were recorded using the facilities
et AULR.T., Carwell. . dizgram of the apparatus is shown in Fig. 2.12.

2. 17. “he sonrce.

Tne sources used wvere 5700 difluced into caromawn
or pallaciua foil. 'ihcy were supplied by the Radiochemical Centre, Amershan.
Source strengths ranged up to 100me. Typical line widths ol these sources
I -1
were of the order of 0.24 mu.sec.

.18. Zlectronics.

Y

The source was moved by a vibrator system described

(63)

by Cranshaw . The motion of the source and a plot of source velocity

vs. time is shown in Tig. 2.13.

The gamma radiation from the source, afier passing
through the absorber entered an argon filled proportional counter. The
pulses from'the_counter were';mplified and stored in a multichannel
analyser. 4 single channel pulse height analyser was used to set a
'window' on the 14.4keV gamma ray peak, thus ensuring that the spectrum
observed was that due to the 14.4keV gamma raye.

The spectrun of counts vs. velocity was stored in 256
channels of the multichannel analyser. fach cnannel corresponded to 1/256th

of the velocity sweep. Synchronism between the mechanical motion of the

source znd the rate at which the multichannel analyser stepped through
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its channelc wos maintained by a pulse from the waveform cenerator which
trigsered the analyser at the start of the velocity sweep.

The spectrum was displayed on the oscilloscope screen.
The data frou the store was read out on to cards using an IBM card punch
unit.

2.19. Dewars 2and nainets.

The szzples were novntved between two pieces of
aluriniuz foil which was fixed with grease over a small hole in 1/16"
thick leéd sheet. For room temperature measurements the cell was
suspended over the end window of the counter. Source and counter were
then aligned to give as hign a count rate as possible while keeping a
small solid angle between the source and the counter.

For measurements at T7 K and 195°K the sample holder
was clamped into a brass fitting attached by a thick copper rod to the
bottom of a Dewar. Refrigerants used were ligquid nitrogen and acetone/dry
ice. Pressures of lo-smm. Eg were maintained inside the Dewar, thus
restricting evaporation of the refrigerant and reducing vibrations cue to
this. It was assumed that the sample was at the temperature of ihe
refrigerant, having been allowed to cool for an hour or so before
neasurexzent of the spectrun was started.

The Devar used for measurements at liquid helium
terperatures is illustrated in Fig. 2.14. It was constiructed to enalle

~den aa ~ o~ -

pumping on the liquid heliuwm %o be effecict and onineratures ol Lo

50
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1.1%¢ could thus be obtained. Yemperatures were estimated by the use
of pressure to temperature conversion tables.

A few measurementg‘were nade at temperatures just
above that of liguid helium. Yor this a variable temperature device
designed by Dr. B. “indow was used. The sample was contained in a
vacuun tight chamber which was immersed in liquid helium. 4 small heater
coil enabled the sample to be warmed ebove the temperature of liquid
heliuva. The temperature was measured by a copper-constantan thermocouple
and could be held constant to within 0.5°.

Ilagnetic fields of up to 5kG could be applied to the
samples in the nitrogen and heliun Dewars by placing an electromagnet
about the tailpiece of the Dewar. Tre marmetic field was perpendicular
to the direction of the gamna ray beam. Larger magnetic fields were
applied in a special Dewar containing a superconducting magnet. The
absorber was immersed in liquid helium and surrounded by the magnet coils.
The axis of the superconducfigg solenoid was perpendicular to the gauma
ray direction. Fields of up to 30kG could be applied to samples in this
apparatus.

2.20 The method of obtaining the parameters.

The ¥ssbauer parameters quoted in this thesis are

with respect to iron metal as standard. The positions of the six lines

of the iron spectrum have been accurately determined(64). The centre of

the spectrum at room temperature is taken as zero velocity. This

-

52
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standard has the advantages that it is readily available and reproducible,
the quoted shifts are indepehdent of" the source used, since the same

source is used for calibration, and the six line spectrun enables the

linearity of the.source wotion to be chicaied.

The parameters were obtaincd by corpuiciiocn of the
data. The data for the required spectrum were fed into an IB.. 360/65
computer together with a calibration spectrum of metallic iron seker
shortly before or after the required spectrum, on the same apparatus in
as nearly as possible the same geometry. The positions of the lines of
the iron spectrum was dete;pined by the computer and hence the zero
velocity point and scale of the spectrum was determined. A plot of
the percentage effect vs. velocity was then carried out. This program
was written by Dr. M. S. Ridout.

Other progzrams were used to obtain accurate values
of peak positions . Approximate values of peak position, width and
intensity were given. Line shépes were assumed -to be Lorentzian and a
least squares analysis was carried out for each line. Programs devised

by Dr. B. Window and Dr. i{. S. Ridout have been used for this analysis.

. -1
The accuracy of the fitted parameters is estimated as #0.02 mm.sec.
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2.21, lectron marcnmasmetic resorarce. Liymeritental details.

upr spectra were recorded on a Japan Tlectronics

Uptics Laboratory J1S-3uX spectrometer operating at a freguency of

'VQZOO hes. with 100 Ics. modulation. A block diagram of the instruzent
is shown in ig. 2.15.

The sample was placed in a silica tube which was
placed between tze noles o the elcctrozaznet in the resonance cavity.
The sample was then subjected to electromagnetic radiation of microwave
frequency. "he radiation originated from a klystron and was transferred
to the cavity by means of a waveguide. The fregquency of tuoc roadiaiion
was constant. 4 magnetic field was applied perpendicular to the
radiation direction and was varied by varying the electromagnet current.
When the resonance condition was satisfied some of the radiation was
absorbed. The absorption of the radiation was detected, amplified and
recorded on chart paper. & plot of the first derivative of the absorption
curve vs. the magaetic field's%rength was ovtained.

The spectrum was calibrated by the use of a
y . : | (65)
diphenylpicrylhydrazyl (DPPH) marker. [PPH resonates sharply at g = 2.0036 .
Splittings éould be calibrated by the use of a nuclear magnetic resonance
marker.

Spectra could be recorded at temperatures between
3000K and 100°% by cooling the sample using a variable temperature

attachment. This device allowed a stream of cold nitrogen gas 1o be
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passed through the cavity containing the sample. The gas flow was
generated by the evaporation of liquid nitrogen using an electric
heater. The temperature was measured using a copper-constantan
thermocouple.

“easurements at 4.2°¢ required the use of a
special cavity which was incorporated into a liquid heliun Dewar.
These measurements were carried out at 80 cs. modulation.

Some epr'measurements were also carried out on
a Varian'epr spectrometer at Imperial College London by kind

perxmission of, and with the assistance of Dr. J.F. Gibson.
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3.1. Introcuction. -

-

The dialikyldithiocarbamic acids, . RR'LCS

66 | '
( o), but they are stabilised by complex formation
(67)(68)

2H, are
unstable compounds
with many metals . Iron formé a number of different types of
complex with these ligands covering a vériety of oxidation states and
spin states.

Ferrous salts react with the sodium salts of
dialicyldithiocarbamic acids to give pale green complexes, Fe(dtc)2.
These have been shown to be five coordinate in the solid state(69) but
little other work has been reported on these complexes.

The iron(III) W,N dialkyldithiocarbamates have been
extensively stﬁdied due to their unusual magnetic properties. They have
been assumed to have the structure shown in Figure 3.1, where coordination
to the metal atom occurs vié the sulphur étoms. Cobalt(III) ,¥ diethyl-
dithiocarbamate, which is isomorphous with iron(III) ¥, diethyldithio-
carbamafé(7o), kas a structure closely similar to that shown(7l). Iron(ITI)
N,H di-n-butyldithiocarbamate, which has many anomalous properties aud 1s

not isomorphous with its cobalt(III) anélogue has the unusually distorted
structure.shown in Figure 3. (72).
One of the dialkyldithiocarbamate ligands of the

iron(III) tris complexes can be replaced by a halide ion to give the
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(73)

five coordinate bis(i,I ¢ialkyldithiocarbamato)iron(III) halides

(Figure 3.3). These complexes have —agnetic moments corresponding to a

spin S of 3/2.

-
-

A related complex is nitrosyliroz bis(ii,I diethyl-

dithiocarbamate), which has the structure shown in TFigure 3;4(74).
A (76)
Infra red(75) and epr(76’ measurcnents indicate that the formal oxidation

state of the iron in this complex is one.

‘e have investigated the IYssbauer spectra of
rgpresentétive complexes of all the types described above, except the
poorly characterised iron(II) complexes. The measurements provide
information on thé propertieé of ifon in the several oiidation states,
spin states and ;tereochemistries found in the dialkyldithiocarbamate
complexres.

2.2. The iron(III) ,N dialkvlditiiocarbersics.

Cambi and his co-workers first obscrvow thav .o
magnetic moments of the iron(III) N, dialkyldithiocartamates hod volies
intermediate between the values expected for typical high-spin or low-spin

(77). The magnetic moment depended on the alkyl

(78)

ferric complexes

substituent and was also found to be temperature dependent . It was

proposed that an equilibriunm existed between ‘isomeric formis of different

(79) and Ewald et al.(8o)

magnetic properties'. White et al. verified
Cambi's originél results and showed that the anomalous behaviour was not

due to any kind of intermolecular interaction. It was further shown that
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the pressure dependence of the magnetic rcments and the temperature

dependence of the d <« d transitions in the near infra red, were consistent

with the concept of a high-spin, low-spin eouilibrium.

-

A number of workers have investigated the ! dssbzuer
5 . 14 - wr . . .
spectra of the iron(III) i.,N¥ dialkyldithiocarbamates. The results

obtained have noi always been consistent and have been subject to a

(81)

wide variety of interpretations. Wickmann and Trozzolo first

reported measurcments on these complexes, but later reported that the

(82)

complexes they had studied were of the type (R2NCS FeCl .

(83)

2>2
Frank and Abeledo reported room temperature
I'dssbauver spectra of a number of iron(III) N,N dialkyldithiocarbamates,
Correlations between the isomer shifts, quadrupole splitting and magnetic
morments were made but were limited by lack of data at lower temperatures.

(84)

Vainstein et al. carried out measurements over
a wider temperature range. The qugdrupole splittings observed in the
dimethyl and diethyl derivati%es were ascribed to a non-equivalence of
the iron-sulphur bonds. The temperature dependence of the quadrupole
splitting was interpreted in terms of an equilibrium between two or three
isomers. As the temperature decreased the egquilibrium was presuzed to
shift towards that isomer having a spin intermediate between 1/2 and 5/2.
Goiding and Whitfield(85) measured the Yssbauer

spectra of some iron(III) N-phenyl,li-alkyldithiocarbamates over a limited

temperature range. The values of the quadrupole splittings that they
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observed were explained in terms of a model in which the iron ziom was in
en intermciiate crystal field of slightly distorted octahedral symmetry.
luclear ragnetic resonance studies by the same group have been interpreted
. .. (86)
in terms of a similar model.
Another Fissb tros i tu 1
A LOssbauer spectroscopic study of these

(87)

couplexes has recently been published . The increase in quadrupole
cplitting with decreasing temperature is qualitatively interpreted in
terms of the depopulation of the 6Al, high-spin, state. llo unusual
temperature dependence of the isomer shift was observed.

It was decided that a thorough investigation of the
I8ssbauer spectra of some iron(III) I, dialkyldithiocarbamates was
merited, in order to understand more fully both the spin equilibrium, and
the nature of the iron-sulphur bond in a system in which the iron atom
is coordinated to six sulphur atoms. Heasurements were made over a wide
temperature range, particular attention being paid to measurements at low
temperatures and in external Aagnetic fields, when valuable information

on the magnetic properties of the complexes can be obtained.

3.%3. The present worik.

The following work will be described in this chapter:
iBssbauer Effect measurements have been carried out for four iron(III) I,N
dialkyldithiocarbamates, for which detailed magnetic data is available(So).

These were the pyrrolidyl, dimethyl, di-iso-butyl and di-n-butyl

derivatives. Plots of the magnetic morents of these complexes vs.
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temperature arc shown in fizure 3.9. Durin~ the work it was Felt <ias
the study of a derivative with bullty alkyl grou:s would be useful in

understanding the relaxation effects at low temperatures. The dicyclo-

hexyl derivative was therefore prevared and studied. The results obtained
are given in Table 3.1. Some of the spectra are illustrated in Figures
3.6 - 3.10. ‘Some of the preliminary experimental results for this work
were obtained in 1966 - 1967 and described in a dissertation submitted
to fulil the requirements of the Final Honour School of Ilatural Science,
Chemistry Part II. The discussion was necessarily brief since the results
availcole then were limited€88)

Preliminary results from the studies on iron(III)
pyrrolidyldithiocarbamate indicated that this high-spin complex
exhibited unusual relaxation properties. Purther F8ssbauer Effect
measurenents have been carried out at temperatures from 1°%¢ - 12% to
investigate the mechanism of the relaxation. The spectra obtained are
shown in Figures 3.11 and 3.12.

It was interesting to compare the lMissbauer spectra
of iron(Iii) pyrrolidyldithiocarbamate with those of the five coordinate
complexes, bis(N,N diéthyldithiocarbamato)iron chloride and bis(¥,N di-
isopropyldithiocarbamato)iron chloride. At low temperatures the '8ssbauer
spectra of all these compounds showed magnetic hyperfine interactions.

Experiments have been carried out to establish the nature of the iuteraction

producing the magnetic field at the iron nuclei in the difierent compounds.
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are shown in Figures 3.15 and 3.14.

As a further extqn;}on of our work on the complexes
oY iron wifh dialkyldithiocarvamate ligands, a detailed I‘8scbauver Effect
investigation of nitrosyliron bis(N,N diethyldithiocarbamate) has been
carried out. The results obtained are given in Table 3.4. Some of the
spectra are illustrated in IFigures 3.15-and 3.16.

It was hoped that we should be able to complement
our lM8ssbauer spectroscopic results on the iron(III) N,N dialkyldithio-
carbamates with data from electron paramagnetic resonance studies.
Previous attempts to detect epr in these complexes had been unsuccessfulS89)
A sample of cobalt(III) X,H dimethyldithiocarbamate containing 1% of
iron(III) ®, dimethyldithiocarbamate was prepared for this purpose.-
Toe epr specfrum obtained at 4.2°K is shown in Figure 3.17. The F8ssbauer
spectrun of a similar sample containing 57Fe has been measured. The
parameters are given in Table 5.2. The spectra obtained at low temperatures

are shown in Figure 3.18.

3.4, Freparative methods.

(i) Iron(ITI) N,¥ dialkyldithiocarbamates.

These complexes were prepared by the méthod of Hhite\79).

A slight excess of freshly precipitated ferric hydroxide was suspended in
absolute ethanol. The appropiate secondary amine was added and the mixture

stifred. Carbon disulphide, in amounts equimolar with the amine,wvas adced
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dropwise. The solution darkened and after about five minutes the reaction

was complete. After filtration, the product was purifiedlby dissolving in

chlofoform, filtering and reprecipitatigg by the gradual addition of

absolute ethanol. The crystals were filtered off and dried in an oven

at SOOC. The complexes tend to decompose in air and were freshly prepared

shortly before use. i -

ipalyses : Tron(III) pyrrolidyldithiocarbamate, Found: C = 36.55 H = 5.2%

N = 8.47. Cale. for ((CH2)4NCS2)3Fe, C = 36.45 1 = 5.00 N = 8.5%.
Iron(III) N,N dimethyldithiocarbamate, Found: C = 26.5% H = 4.4

N = 10.%5. Cale. for ((cn3)2mcsz)3
Iron(III) X, diisobutyldithiocarbam;te, Tound: C = 48.7% E = 8.4%

Fe, C = 26.04 H = 4.4/ N = 10.14.

=

6.3.. Calc. for ((ic4§9)2ucsz)3pe, C = 48.6% H = 8.1% W = 6.%5.

Iron(III) I, di-r-butyldithiocarbamate, Found: C = 48.5% 1 = 8.4%
¥ = 6.2%. Cale. for ((nC4H9)2NCS2)3Fe, C=48.60H =28.1% % = 6.7,

| Iron(III) N, dicyclohexyldithiocarbamate, Found: C = 56.8% H = 7.9
N = 5.4%., Calc. for ((06311)2ﬁ052)3pe, C=56.85H=28.1% 1% = 5.1%.

(i1) 1¢ iron(III) II,N dimethyldithiocarbamate in cobalt(III) N,¥ dimethyl-

dithiocarvamate.

Cobalt(III) ¥,N dimethyldithiocarbamate was prepared
by the addition of sodium dimethyldithiocarbamate (4.3g) in absolute

ethanol (50ml) to Co(XNO .6H2O (3.4z) in absolute ethanol (50ml). The

3)2

solution was stirred vigorously for two hours. The product was filtered

off, recrystallised from chloroform/ethanol and dried in vacuo.
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. Covalt(III) and iron(III) N,¥ dimethyldithiocarbamates
were weighéd out in 1C00:1 ratio and dissolved in the minimum cuantity of
chloroform. The solution was warmed and absolute ethanol was added. On
coolinz, crystals of the cobalt complex containing some iron complex were
deposited. Tuese were filtered of, washed thoroughly with absolute ethanol
and dried in vacuo.

A sample containi3@ 5730 wog eimilarly wneenoral. 7 Fo
a3 obtained from the Ilectronzzueiic Zoporaticn Groun, L.l C., Harmeitl.

It was c¢issolved in concentrated ritric zcid.
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to pi 5. Addition of excess sodiun dimethylcithiocarbamate precipated the
iron(III) complex which was thoroughly washed with absolute ethanol and

dried in an oven at 50°C.

(iii) Bis(ﬁ,N dialkvldithiocarbanato)iron{IIT) chlorides.

These comﬁlexes were prepared by the method of Hartin
and White(73). The appropriate iron(III) 1, dizalkyldithiocarbamate was
dissolved in benzene. Concentrated hydrochloric acid was added dropwise.
"he mixture was shaken vigorously and the product precipitated. The

product was filtered off, recrystallised from chloroform/dhrbon

tetrachloride and dried in vacuo.

Bis(,2 diethyldithiocarbamato)iron(III) chloride, m.p. 254-255°C

(73)

(1it. 250-255°C).



s [~ ‘s .y . . erm O
Bis(i,n diisopropyldithiocarbamato)iron(IIT chloride, m.p. 259=-%00 C

(73)

(1it. 300°C)

(iv) Citrosyliron bis(N,} diethvldithiocarbamate).
9

-

This compound was prepared by the method of Adans

(90)

and Raynor + FeS0,.TH,0 (5g) was dissolved in dilute sulphuric
écid (25ml, ). Nal\IO2 (l.Sg) and sodium diethyldithiocarbamate (lOg)
vere added and the mixture was stirred vigorouély for five minutes.
The product was extracted with chloroform, from which it was also
recrystallised. It was dried in vacuo.

Analysis : Found C = 31.8% H = 10.7% N = 5.0%. Cale. for ((CZHS)ZNCSZ)zFeNO,

C=31.47 HE = 10.25 N = 5.%.



3.5. Results.

Table 3.1.

M8ssbaver Effect data for some ironQIII) 1,1 dialkyldithiocarbemates.

Compound { Temperature | Isomer shift l Quadrupole splitting
| °k S mm c*ec"l3 Axp -
! e o e ! -LJO mnm, secCe.
! 1
. | '
H 300 i 0040 0036
((Cn2)4NCSZ)3Fe.
Pyrrolidyl ;' 77 ; _ 0.51 0.42
! 4.2 0.53 0.20
(Cr) e - 300 w 0.41 0.26
((CH;) NCS,) Fe L |
Dimethyl 195 0.43 | 0.47 |
7 ; 0.42 0.71
4‘2 0049 0078
. i
i . 300 ; 0.39 0.33 !
(( C4B) JHCS,) Fe | .
195 0.43 0.49
Di- isobutyl ' |
7 % 0.46 0.59
i
n 300 | - -
(( C4H§)2NC82)3Fe §
Di-n-butyl’ 253 { 0.4 -
195 0.4 . 0 :
|
11 0.44 ; 0.66 |
;
S 300 0.37 | 0.56
((CgHy, ) HCS,) Fe
Dicyclohexyl 135 0.43 .66
7 0.47 0.74
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Table 3.2.

T
T C‘Q}\!‘: L T e~ oD > . ‘_7 - . R T} . - oI\ - -
WBesbaver voranetars Tor iron cimethvldithiocarheratse {(390) S+ artat+

dimethyldithiocartanate.

T mp.(OK Szmn.secjl AL mm.sec?l
- o
200 0.42 - 0.2
195 0.40 ' 0.46
7 0.41 : 0.71 ’

Table 3.3.

I‘8ssbaver parameters for bis(N,N dialkyldithiocarbamato)iron(III) chlorides.

Temp. (°K $ . secTt VAN . sec T
B — Q
Ethyl 4.2 0.53 2.68
Isopropyl 4.2 0.55 2.70
Table 3%.4.

V8ssbaver parameters for nitrosyliron bis(X, K diethvldithiocarbamate).

Temp. (°K S mm, §ec'.-,:L AN Eerm' s?c':l
- 300 0.28 0.89

7 0.34 0.87

4.2 0.35 | 0.89

1.3 C.38 1.03
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Figure 3.8.
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Figure 3.14;. .
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3.6. Discunsion,

(i) The iron(III) N,Y diallyldithiocarbamates.

Before discussing in detail the results of the
M8ssbauer spectroscopic measurements on the iron(III) N,N dialkyldithio-
carbamates, it will be useful to consider the conditions under which an
equilibrium between high-spin and low-spin forms of the same complex
can arise. |

The crossover situation.

The magnetic moment,}u, of a transition metal
complex with a d5 electron configuration will depend on the symmetry
and strength of the ligand field. The Tanabe-Sugano diagram(gl) for a

5

d” ion in an octahedral field, (Figure 3.19), shows that the symnetry

and spin of the‘ground state changes from §Al to 2T2 when the strength
of the ligand field, Zﬁ, passes through a certain value, often called
the mean pairing energy, TT. In most ferric compounds £\ has a value
much greater, or much less th;n Il , and magnetic moments of ~2.0p; or
5'%PB are observed, corresponding to one or five unpaired electrons
respectively. In complexes having Z& close to T , the low-spin and
high-spin states will have nearly equal energies. The equilibrium

between the two spin states will be revealed by anomalous magnetic

behaviour.

This simplified picture must be elaborated in order

to obtain a better description of the conditions under which a spin

-



Fimure 3.19.

Tanabe-Sugano diasram for a d5 ion in an octahedral field. Only the

lower energy levels are shown.

Figure 3.20.
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Plots of total molecular energy as a function of metal=-ligand distance.
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equilibrium may occur. The Tanabe-Sugano diagram is of limited use
since the molecular states in their equilibriun geometries do not have
the same value of A . The transfer of fu.u electron from the t2g to the
eg orbitals results in an increase in the metal-ligand bond length and
a consequent decrease in A\ (92) - To predict the properties of systems
involving equilibria between states, estimates of the total molecular
energies must be made.

(93)

Jgrgensen has calculated approximate potential

energy curves for the d5 configuration in the crossover region. The

ligands are considered to be point charges, of magnitude proportional

to a quantity q. The energies of the metal d-electrons in the octahedral

field are superimposed on a potential of the form k'rrg - k"rrl, to

yield total molecular potential energy functions. As q increases the

2T2 state supplants the §Al state as the ground state(Figure 3.20).

It is to be noted that for octahe@ral symmetry the 4T1 state never lies
(94) a

lowest.

A necessary and sufficient condition for the
existence of equienergetic ground states is that:
A\ (high~spin) < A x < A(low-spin)
where the A\ values refer to the complex in its equilibrium geometries
and Ax is the value of A\ at which the 6Al and 2T2 terms interact.

A 4 B2y be identified with the mean pairing energy T (&0) 80 that:

A (high-spin) < 1T < A(low-spin) .
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Ewald et al.(BO) have shown that values of A(6Al), JAN (2T2) and M,
independently obtained, satisfy the above inequality for the case of

the iron(III) N,N dialkyldithiocarbamates. The value of T was
calculated using the Racah parameters appropriate to the complexed
iron(III) species. The ligand exhibits a pronounced nephelauxetic
effect which reduces the value of T to about one half of its
estimated value in the free ion.

The same authors also found that the effects of
temperature, pressure and minor modifications of the ligand molecule
upon the magnetic and spectral properties of the iron(III) N,N dialkyl-
dithiocarbamates were qualitatively in accord with theoretical
predictions. The quantitative agreement of the temperature dependence
of the magnetism with that calculated from the Van Vleck equation,
was not good, however. The energy levels forAthe d5 configuration in
the crossover region may be drawn as in Figure 3.21. The Van Vleck
equation applied to this sitﬁ#tion gives:

},_2 _ 3.2, 105e-(1 * E/3)x « 8x 1(1 - 9_31/2) (44)

1+ 29-3x/2 e 39-(1 + B/8)x

where x = § /kT and E is the separation between the zero point levels
of the two states. Z is the one electron spin-orbit coupling constant
and g is a parameter taking account of the interaction with terms of
higher energy. A comparison of the experimental temperature dependence

of the magnetic moment of iron(III) N,N dimethyldithiocarbamate with
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Figure 3.21.
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that calculated from eq.(44) is shown in Figure 3.22, Golding and

de Lisle(95) found thnat a marked improvement between theory and

experiment was obtained when the effects of spin-orbit mixing of the

-
-

4Tl state was taken into account. The inclusion of configurational

mixing further improved the agreement (See Figure 3.22).

A Moure 3.22.

| N
0.5 0> K1z

Experimental temperature dependence of the magnetic moment of iron(III)

N,N dimethyldithiocarbamate (a). The calculated results using the Van

Vleck formula (b), including spin-orbit coupling (c), and including (4)

configurational mixing,are also shown.



The M8ssbauer specirsa.

All the iron{III) 1,Ii dialkyldithiocarbamates that

we have studied showed a single il8ssbauer spectrum at all temperatures,

L]
-

and not a spectrum which could be analysed as a suverposition of the two
spectira expccted for a wixture of a high-spin and a low-spin ferric
compound. Studies by other workers have shown similar results(83)(85),
althougn Vainstein et al.(84) attempted to interpret their spectra in
terms of contributions from different species. The time of change from
one spin state to the other must therefore be faster than 1.5 x 10-7sec.,
the lifetime of the 57Fe excited state. The observed isomer shifts and
quadrupole splittings are therefore averages depending on the proportions
of high-spin and low-spin states in equilibrium at the temperature of
reasuremnent. iOssbauer studies of ferrous compounds with similar
anomalous magnetic properties have, however, given spectra in which both

(96)(97) | 14 would seem that in

high-spin and low-spin forms are evident
the latter case the anomalous behaviour is associated with a phase change,
the low-spin species adopting a different crystal structure to that of
the high-spin species. A cooperative collapse of the lattice presumably
occurs at the crossover point(7o). There is no evidence for this being
the case in the iron(III) X,N dialkyldithiocarbamates.

The observation of an average lN8ssbauer spectrum

may be explained as follows. In a ligand field of perfect cubic symmetry

the 6A and 2T levels simply cross, and as there is no interaction

1 2

€9
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between the states and the observed li8ssbaver spectrum would be a
superposition of the spectira of the two individual states. However,
when the ligand field has lower than cubic symmetry and spin-orbit

counling is teken into account, there are interactions between the

6A and the 2T states, via the 4Tl state, which cause the energy

1 2
levels to split and repel each other and which mix the states(gs).
Eecause of the mixing there will be a rapid exchange between the states
and the observed spectrum at high temperatures is a single averaged
spectrun.

In general the spectra observed at room temperature
consisted of a quadrupole split pair of lines. At lower temperatures
the line widths increased as the electron spin relaxation times became
comparable to the Larmor frequency of the nucleus. Due to the anomalous
magnetic properties of the iron(III) N,N dialkyldithiocarbamates the
li8ssbauver parameters show unusual variations with temperature. The

general features common to all the compounds will first be discussed.

More detailed considerations of the spectra of the individual compounds

£

will be dealt with later.

The recoilless fraciion.

All the compounds showed a large increase, by a
factor of between four and eight, in the intensity of the l'8ssbauer Effect
o . s s as .
on lowering the temperature from 300°K to 77 K. This is indicative of a

low effective Debye temperature for iron in these compounds. In Figure 3.24
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is plotted the calculated dependence of the recoilless fraction, f, on
temperature for certain values of the Debye temperature, OD. The
intensity is proportional to the recoilless fraction. The large variation
of intensity with temperature observed in these compounds is consistent
with QD values of fVlSOOK. In comparison @D for metallic iron has been
estinated from [.8ssbauer spectroscopy to be 4909K(99>. It was not
considered worthwhile to evaluate OD any more accurately. It is sufficient
to note that the low Debye temperatures reflect the weak nature of the
binding of the iron in these compounds, and that the temperature
dependence of the intensity of the spectrum of the high-spin pyrrolidyl
compound is similar to that of the other derivatives.

The di-n-butyl derivative was remarkable in that
there was no effect observable at room temperature, whilst at 77°K the
intensity of its lissbauer spectrum was comparable to those of the other

compounds.

Ficure %.24.

o
Temperature( K) 300

Plot of recoilless fraction vs. temperature for various values of GD‘




The isomer shnift.

Typical isomer shift values for high-spin iron(III)
complexes are about 0.5 mm.sec?l, and for low-spin ferric complexes about

1 ! .
(43) | the values of the isomer shifts at 300% for all the

0.1 mm.sec.
iron(III) N,N dialkyldithiocarbamates studied are close to 0.40 mm. seC
and differ barely significantly for the high-spin pyrrolidyl derivative
and for the other compounds, which contain varying admixtures of the
low-spin state. The isomer shifts in these compounds are therefore much
closer to the weak ligand field case than to the strong field situation.
The temperature dependence of the shifts is
interesting. The pyrrolidyl compound shows a decrease in shift of
C.11 mm.sec'.'l on raising the temperature from 77QK to BOOOK, which is
close to the increase expected from the second order Doppler Effect.
The decrease in the shifts of the diisobutyl and dicyclohexyl compounds
is slightly smaller. Both these compounds have magnetic moments at room
temperature 'V;PB greater théﬁ the expected value for a low-spin ferric
compound. The decrease in the shift of the dimethyl compound over the
same temperature range is only 0.0l mm.;ecfl At 3000K the magnetic
moment of this compound is 4.17PB. It seems that the expected decrease
in shift due to the second order Doppler Effect is offset %y population
of the high-spin state with its higher isomer shifi. Unfortunately, the

di-n~-butyl compound, which has an even higher magnetic moment at room

o) X
teuperature (ybff = 5.32yB), did not show a spectrum at 300 K, so that



this point could not be conclusively established.

The magnetic properties of the iron(III) N,ii dialkyl-
dithiocarbamates should be sensitive tQ pressure, which should shift
the equilibriu: fowards the state of lower molecular volume. Ewald et
al. investisated this pressure dependence and estimated that there is
a decrease in volume of 0.7% during the transition §A1 - 2T2 for
iron(III) N, di—npbutyldithiocarbamate(80). Pound, Benedek and Drever(
have investirated the pressure dependence of the isomer shift. A volune
decrease ol 0.77 would -ive rise to a decrease in shi®t of 0.0l mm.sec'.'l
according to their measurements. This effect is too small to be of
importance in the present measurementé.

The high value of the isomer shift implies a low
s—-electron densilty at the iron nucleus. The bonding of the ferric ion
with the cifhiocarbamate ligands can affect the isomer shift in two ways.
Firstly, donation of electrons from the ligand o~orbitals into the

metal e orbitals will increase the d-electron density. The increased

shielding of the metal s-electrons from the nucleus will result in an

»

increased icomer shift. Secondly, delocalisation of the metal d-electrons
into empty ligand W-orbitals will decrease the shielding of the
s-electrons from the nucleus and give rise to a decreased isomer shift.

In the present case the first interaction is evidently the dominant one.

93

00)
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Tne mametic irmerfine interactions.

The effects of electron spin relaxation are
important and are best considered befor? a detailed discussion of the
quadrupole splitting is given, since it is generally necessary to take
the marmetic hyverfine interactions into account in order to determine
the valucs of the quadrupole splitting.

As described in Chapter 2, magnetic hyperfine
interactions may be observed in paramagnetic compounds, even in the
absence of an external magnetic field, if the electron spin relaxation
rates are slow relative to the nuclear precession frequency. These
rates may be decreased by lowering the temperature, when the spin
lattice relaxation time becomes long, or by using materials in which
the interionic separations are large, when the spin-spin relaxation
time becomes long.

Relaxation efﬁects are seen in all the compounds
studied. The pyrrolidyl compoﬁnd shows a broadened and asymmetric
spectrum at SOOOK and 770K. At 4.2OK the hyperfine field is fully
resolved into six lines (Figure 3.6(c)). The spectra are not
unexpected since the complex contains only high-spin ferric ions for
which the spin-lattice relaxation times are long even at high
temperatures. For the remaining compounds, which are low-spin at OOK,

o
no relaxation broadening is observed at 300 XK. It develops as the

0. .
temperature is lowered to 77°K and 4.2 K. The dicyclohexyl compound
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shows the lar-est broadening at 77OK suzzesting that the long
relaxation times may be associated with the large alkyl groups and
consequent large interionic separation. The dimethyl compound showed
no line broadening even at 4.20K, wnich is consistent with the smaller
iron - iron cistance resulting from the packing of the relétively
small methyl groups.

The application of an external magnetic field
to the samples at low temperatures enables additional information
on the oiperfine interactions to be obtained. This will be discussed
more fully later. It is sufficient now to consider that the hyperfine
interactions observed in the ?resence of an external magnetic field
may arise from one of two mechanisms. For fast relaxation rates,
as observed in the dimethyl compound, the effective magnetic field
at the ruclei is proportional to the magnetisation, H/T. In a magnetic
field of %0 kG at 4.20K a six ling spectrum is observed (Figure 3.7(f)).
The lines are broad as the spécimen.is a polycrystalline material
with an anisotropic susceptibility tensor and quadrupole effect, so that
the observed spectrum is a superpositioi of many similar six line spectra.

When the relaxation rates are slower, as in the
dicyclohexyl compound, so that hyperfine broadening appears in zero
magnetic field, a six line spectrum is observed when the applied field

is strong enough to decouple the eleciron and nuclear spins. In this

case the effective field at the nucleus is not proportional to the
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na‘netisation. An even better example of this is provided by the
specta of the iron dimethyl compound diluted in cobalt(III) N,N
dimethyldithiocarbamate. In zero field %t 4.2°K a broad six line
spectrum is observed, (Figure 3.18(a)): as the large iron - iromn
distance resulls in very slow spin-spin relaxation times. An applied
field of 500 rcauss is sufficient to decouple the electron and nuclear
spins and produce a well resolved six line spectrum, (Figure 3.18(b)).

A field of 20 kG does not alter the magnitude of the internal field.

The quacrupole splitting.

A high-spin ferric ion in a cubic environment
shows zZero quadrupole splitting. The spectrum of iron(III) pyrrolidyl-
dithiocarbamate at 300°K and T7°K is a single broad line, (Figures 3.6(a)
and 3.6(b)), which is resolved by a computer fit of the data into a
quadrupole split line. The splitting is 0.36 1. sec.: and 0.40 mm.secst
respectively. These small values p;esumably arise from charges on the
neighbouring atoms and indicaté that the environment of the iron atom
is not exactly cubic. The quadrupole splitting is also more or less
independent of temperature, as is expec%ed when the contributions to the
electric field gradient come from the lattice. At 4.2%K a six line
spectrum is observed, (Figure 3.6(c)). The separation between the lowest
velocity pair of lines is greater than that betweenlthe highest velocity

pair of lines. The quadrupole interaction therefore raises the *1/2

levels and the component of the electric field gradient in the direction



of the field & negative. The manitude of the quadrupole splitting
3
at 4.2°% is 0.20 wi.sec.

The remaining compounds are low-spin at low

.2 .
temperatures. The ground state is T2. An electric field gradient

arises fron the raising of the degeneracy of the 2T state by the

2

combined effect of the ligand field and spin-orbit coupling, (Figz.2.11),
and is larzcst at low temperatures when only one doublet is populated.
is the temperature is increased other orbital states become populated
and the quadrupole coupling decreases. The situation has been treated

(101)

quantitatively by Golding . The wave functions of the three

doublets of Figure 2.11 are written (eq.40):
R R
v Ai]-l') ALY +cill'>

where i - 1, 2 or 3. The quadrupole splitting is then:

<
[}

7 ) -E./kT

- 20N S

DBy = 4 DEye d (45)
:};4 e-bi/kT
1

where: .
AEy = z Q1 - ¥ ) ) (s 4 )
and |
s, = Bi2 - %(Af + ci)
5 = ‘/3Aici

If the g~values are known, the values of A, B and C can be determined

97



and the gualrupole splitting cen be calculated. When the g-values are
uniknown, it may be showvm that eq.(45) can be expressed in terms of

a covalency parameter, ol , and a distortion parameter, § . Then:

A EQ = ezq(l - ¥..) <r-3> o 22; Aie-Ei/kT

14
Z\e"'E:'L/kT
i
where:
; -1
A = 1 - 3(% - 3x)X
A, = 1+ 30k - 30X
A, = =
5 = =2
E, =-(L+x+x))\
4 2 2
Eg ==(L+z-X))
4 2 2

t = oo/l 5/4 - 3z - 95°)
X = S/}\

A is given by &

/
constant and }\ is the spin orbit coupling constant of the complexed

species. 5 is the splitting of the 2T_ levels caused by the ligand

2

/
field in the absence of spin orbit coupling. The values of >\ and 8

depend on the coefficients of eq. (44).
The dependence of the quadrupole splitting upon
temperature for various ratios of 5/>\ is plotted in Figure 3.25.

In Figure 3.26 is plotted the calculated curve for g/)\ = 0.25

98

(46)

/ .
)‘/ Y where )\ is the free ion spin orbit coupling

with X = 300 cm-.'l which fits the data best for iron(III) N,N dimethyl-

-
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Figure 3.25.
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Ficure 3.26.
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The solid line is the theoretical curve for a low spin compound with
AB = 0.78 m.sec.” at 4.2°K, with 9/\-+ and \ = 300 cm.® The
éxperimental points (X) are for iron(III) N,N dimethyldithiocarbamate.
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ditriocarbvancte at low temperatures. Tie experimental points are

also plotted. It is seen that they lie well below the caleulated

curve at high temperatures. The large d?crease in quadrupole splitting

observed as the temperature increases; evidently cannot be satisfactorily

explained simply by considering the 2T2 levels. As the temperature

increases the high-spin, 631, state becomes populated. We have already
seen in the pyrrolidyl compound that this state has a small electric
field gradient compared to the low-spin compounds, and hence the
abnormally large decrease in quadrupole splitting can be explained.

4 sizilar decrease is found in the other compounds, but the effect is

greatest in the dimethyl compound which has the greatest increase in

Pore 2 that is, the greatest population of the 6A1 state at room

temperature,

The position of the eguilibriurn.

Ewald et al.(89) have pointed out the difficulties
in estimating the relative pdﬁulations of the two spin states from the
magnetic measurcuments, due principally to the uncertainty in estimating
a magnetic moment for the low-spin species. e had hoped that Yssbauer
spectroscopic measurements might be useful in resolving this problem.
However, since only an averaged spectrum was observed the estimation
of relative concentrations from intensity measurements is not possible.
The temperature dependence of the quadrupole splitting correlates well

with the temperature dependence of the magnetic moment, but in
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attempting to determine the population of the high~ and low-spin
states the problem arises of estimating the quadrupole splitting for
the low-spin species. This is essentia%}y the same problem as
estimating Péff since unknown contributions to both quantities from
spin-orbit coupling are important. lore hope would seem to 1lis with
isomer shift nucasurements, but as we have seen the temperature
dencndence of the shift due to the second order Doppler Effect, must
then be taken into account. Furthermore the temperature dependence of
the isomer shift is very small, and the accuracy of its determination
is limited by instrumental factors. The position of the equilibrium
can therefore be estimated only very approximately from our
measurements.

e have seen qualitatively how the }M¥ssbauer
parameters are affected by the high-spin, low-spin equilibrium, and
have shown how they yield confirmation for this phenomenon. Ve
shall now examine in more detail the iYssbauer spectra observed at
low temperatures and in external magnetic fields. Important information
abouv the ground state of the iron(III)'N,N dialkyldithiocarbamates is
obtained. ‘e shall concentrate our attention on two compounds, the
typical low-spin compound, (at low temperatures), iron(III) N,N
dimethyldithiocarbamate, and the high-spin iron(III) pyrrolidyl-

dithiocarbanate.
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N e e e Ly~ ae .
Iron(III) L0 dimethvidithiocarbamate.

Information on the ground state of this compound
can be obtained from the electric field gradient data. Inspection of
the i‘8ssbauer spectrum of this compound at 4.29K and in a 30 kG
external field, (Figure 3.7(f)), shows that the sign of the major
component of the electric field gradient is positive and perpendicular
1o the direction of magnetisation. If the electric field gradient

produced by the lattice is neglected, the quadrupole splitting is

given by:
Am 1 2 2
IfV + .

%<’ V&y and sz are the components along the principal axes of
the ligand field of the second derivative of the electrostatic
potential, V, then:

2 \2|%
eq = VZZ + (VXX - VH) (48)
3
V ,V and V. may be expressed in terms of A, B, and C, the
xx’ ¥y 22
coefficients of eq.(40).
v 22 2|
ZZ z
7
- 2GR v D) (49)
7 .
Y [0
LA A 2<z \{/'L++L_H’>
7
= 6AC
Since V_+V = =V

XX vy z2
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V= +(-2) <) (48 - 287 4 ¢?) + eac) (50)
7

and Vyy = (-2 <r"3>((A2 - 232 . 02) - 6AC) (51)
7

Ve also use taz fact that for a pure d-orbi tal the electric field
rediert is 4/ <’-?> s )

~redient is 4/7( ¢ and the quadrupole splitting may bve taken
as 2.54mm.secfl(101)

The g-values are given by egs.(41),(42) and (43).

Taking the orbital reduction factor, k, as one for simplicity, we have:

g, = 2(° -89
g, = 2021+ B)(/2¢ - B)
&, = 2(/2a + B)(/2C + B)
If p = /24 + B then:
2 2 2 2 2 2
4 - - o -
4p°(4 - %) = s re te, = Je

At low temperatures we may take 8,y a5 2 (corresponding to‘peff =\/3).
The effective direction of magnetisation of a
polycrystalline sample in a magnefic field will tend to be perpendicular
to the symmetry axis of the ligand field, unless the g-values are
highly anisotropic,(or nmore strictly, the product an where Hn is the

magnetic hyperfine field tenmsor), with gz;£> &gr By - The observed

spectrum, (igure 3.7(f)), shows that the average magnetisation

tends to be perpendicular to z, the symmetry axis of the ligand field.
Therefore g and Hn are almost certainly not very anisotropic,
corresponding to only small distortions of the molecule. g, and g& are

not necessarily the maximum g-values but they will not be much less than 8, -
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‘e can now attempt tovfit our data to the theory.
Tre data we require to fit are:

(i) the magnitude and sign of the quadrupole
coupling; ‘

(ii) the observation that the component of the
electric field gradient is‘negative in the direction of magnetisation
of a polycrystalline sample in.a magnetic field, that is , Vix is
negative;

(iii) the average value of g.

No set of values of A, B and C can be found to
simultaneously account for all these data. A reasonable fit is
obtained when 4 = 0.822, B = 0.570 and C = 0, corresponding to.a
small distortion giving a ground state consisting of equal amounts
of |xz) and [yz) with slightly less of [xy) . This satisfies all
the above conditions except that the magnitude of the quadrupole
splitting ( 0.04 mm.secfl) is much smaller than that observed. The
calculated g-values are close to 2,being 8y = gy = 1.975, 8, = 2.05.

Difficulties have been encountered by other
workers attempting to interpret measurements on low-spin ferric

- complexes. Bleaney and O'Brien(102) found that the values 6f A, B and
C that accounted for the anisotropy of the g-tensor in K3 Fe(CN)6
gave values which were too large. In a Missbauer study of the sanme

complex, Qosterhuis, Lang and deBenedetti were unable to account for
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the temperature dependence of the quadrupole splitting over the
whole range from 4.2°K to 3OOOK§103)

The discrepencies a?é presumably associated with
the neglect of the lattice contributi;;s to the electric field
gradient, and with the assumption of pure d-functions. In this

compound the neglect of the nearby excited §A1 state may also be

important,

In order to study further the ground state of this
compound, & specimen of iron(III) N,N dimethyldithiocarbamate doped in

cobalt(III) N,N dimethyldithiocarbamate was prepared and studied.
Iron(IiI) ¥,¥ dimethyldithiocarbamate diluted in cobalt(III) N,N

diretnvldithiocarbamate.

MYssbauer spectra.

In attempting to establish further information
about fhe ground state of iron(III) N,N dimethyldithiocarbamate from
the ¥ssbauer and epr spectra’'of éhe diluted complex, it was
important firstly to ensure that the energy levels of the complex
were not perturbed when it was doped into the host lattice of
cobalt(III) N,N dimethyldithiocarbamate.
| The M¥ssbauer spectrum of the sample of the
diluted complex containing 57iron(III) N,N dimethyldithiocarbamate
was measured at BOOOK,195°K and 779K. The values of the isomer shift

and quedrupole splitting were found to be equal within experimental
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error to the values observed in the concentrated sample (Table 3.2).

The spin equilioriun would therefore seem to persist in the diluted

-
-

sample, whichk is perhaps surprising due to the minor structural
modifications that are required to shift the position of the
equilibrium. TMurthermore, at low temperatures and in external magnetic
fields, the transitions in the MBssbauer spectra showing magnetic
Lyperfine interactions occur at the same energies as in the concentrated
sample. It is therefore justifiable to apply the results from our
measurenents on this sample to a discussion of the nature of the

cround state of iron(III) X,N dimethyldithiocarbamate.

At 4.2°%% the electron spin relaxation times are
long for this sample, (Figure 3.18(a)), and a field of 500 gauss
applied perpendicularly to the gamma ray beam is sufficient to
decouple the electron and nuclear spins and produce a spectrum showing
well resolved magnetic hyperfine interactions (Figure %.18(b)). The
lines are now much sharper than those observed in the spectrum of the
concentrated sample at 4.2°K in a 30 kG field (Figure 3.7(f)), where
the sample is actually magnetised. The intensities of the six lines
are approximately in the ratio 3:4:1:1:4:3. When é small field is
inducea parallel to the gamma ray beam the intensities of the lines
change, those of the second and fifth lines decreasing. The expected

ratio of 3:0:1:1:0:3 is not observed, however.
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I ectron para nrmetic resorance.

Previous attempts to detect the epr spectra of

iron(III) N,N dimethyldithiocarbanates have not been successful, even

wvacn the measurements have been conducted at 4.2°K(89). Je were unable
to detect an epr spectrum in our sample at high temperatures ( > lOOoK).
This mey be due to the presence of the nearby excited 6A1 state
giving rise to fast relaxation rates. For a sample of (unenriched)
iron(III) ¥,V dimethyldithiocarbamate diluted in cobalt(III) N,N di-
methyldithiocarbamate'the epr spectrum shown in Figure 3.17 was
observed at 4.2°K. The g-values are:

£, = 2.015, g, = 2.076, g5 = 2.111 ( ¢+ 0.005)

An attempt to observe hyperfine interactions due to the 57Fe, I-= 1/2,

57

was unsuccessful. The sample enriched with “ 'Fe showed broad lines in
its epr spectrum, presumably arising from exchange interactions. The
epr and ldssbauer data that we have obtained,have therefore come from
different ;amples

The g-values can be fitted to egs.(41)(42)(43),
taking the vélues A =0.825, B = O.595,hC = 0.0035 and the orbital

reduction factor, k¥ = 1. These values give excellent agreement with

experiment, giving g, = 2.015, g, = 2.077 and g& = 2.112, although the
. 2 2 2
normalisation condition is not exactly satisfied since A" + 3 4+ C =

1.03. The values of A, B, and C are also in good agreement with

those estimated earlier from the electric field gradient data.
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The matrix of the spin-orbit coupling and the low symmetry field is
given by(6o>:
| (177 oy \-1">
(or |-17 ) . (or =157 ) (or \17))
|15 (or |-17) ) N - F W2 v
197 (o =157 a2 A o (52
;’-l+>{or l“> ) =V ' 0 -42-\
The secular equations associated with this matrix are:
(ZA-EAa+EtN2B+4C = 0
N4 + (& - E)B _ 0 (53)
A+ (5N -B)C = 0
which can be solved for A /X and V/ X\ , giving in this case 0.302 and _
-0.0043 respectively. Taking A\ as 200 cm-l, the orbital separations
associated with the single hole are 91 éﬁfl and 1.2 cm * respectively.
The distortion from cubic symmetry is indeed very small.
The calcﬁiated quadrupole splitting is 0.03 mm.sec‘.-l
-in poor agreement with experiment. Contributions from covalency, the

lattice and the effects of the excited 6Al state are evidently important

in determining the magnitude of the quadrupole splitting.
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Iron(III) -vrrolidyvidithiocarbamate.

e have already seen that this complex shows
slow electron spin relaxation rates a§‘4.29K, resulting in the
observation of magnetic hyperfine splittings in its I8ssbauer spectrum.

The structure of the complex has not yet been
cetermined, 'but the metal - metal distance is expected to be small
ag it ic in related compounds. ror example, the Co - Co distance in
cobalt({III) ¥, diethyldithiocarbazate is only about 5.3 &7+,
Spir-spin relaxation times are therefore expected to be short. Spin-
lattice relaxation times will be long however, since the compound
contairs only nigsi~-spin ferric ions.

The IM8ssbauer spectrum at 4.2°K shows six
absorption lines, (Figure 3.11(d)), and the effective field at the
nucleus is 440 -5 kG. At 1.3%, (Figure 3.11(e)), the spectrum is
slightly different, the effective K field having increased to 460 -5 kG
over this small temperature.range. As the temperature is increased to
6%k, (Figure 3.11(c)), and 9°K, (Figure 3.11(b)), the lines of the
spectrum become increasingly broad and*ét 12°k, (Figure 3.11(a)), they
have collapsed to a single broad line.

The observed effects can be,explained.by the
variation of the spin-spin relaxation time with temperature. The
spectra in the temwperature range 1.3OK - 4.2OK can be interpreted on

6
a model with a large zero field splitting, D, of the 'S state



accordin~ To the spin-Hamiltonian:
('//ﬂ ./ 2 .
> = o8 - 35/12) + 45,
“oen D is negative the xrazers doublet | |+ 5/2>1ies lowest and the

Tl

separations of tle Iramers doublets are as shown in Figure 3.26.

re 3.26.

ri

E

|2 1/2)

|+ 3/2)

| £ 5/2

If 4!Di/k is greater than 4.2°k only the lowest doublet will be
populated at helium temperatures. Transitions between the (+ 5/2>>

and the l- 5/2>1eve1s are forbidden so that the spectrum observed is

a superposition of two identical six line spectra with Heff = SA/Zgh/gn

The situation may be compared with the case of

dilute Fe3+ in.Al2O3(lO4f Again relaxation times are long, but now

D is small so that all the levels are populated and three separate

spectra for the l‘-‘i 5/27 ’ ,-‘-‘ 3/27 and li l/2>levels are observed.
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In iron(ITI) pyrrolidyldithiocarbamate, at 1.3K
the occupation of the \i'3/2j7 and.lt 1/277 levels is negligible,
but as the toaverature is raised to 4.2.°K the |* 3/2) levels
become populated to a small extent. Réiaxation between the \4-5/é>
and |+ 3/2) and the |- 5/2) and|-3/2)) lovels is now possible
since transitions are allowed between the two components of this
deublet. The effective field averages out between these pairs of
states and decreases with increasing temperature as observed. As the
temperature is further raised the \* 1/2)’ levels eventually become
appreciasly populated. The relaxation rate then increases rapidly

with temperature and the i8ssbauer spectrum collapses to a single

broad line.

The explanation of the relaxation mechanism is
supported by other observations. Firstly, we were unable to detect
an epr spectrum for this compound at 4.29K, consistent with the
concept of a large zero field'splitting with the ]i 5/2>levels lying
lowest. Secondly, an applied magnetic field has a negligible efiect

on the i.bssbauer spectrun at 1.3%K (Figure 3.12). If the | £ 3/2>

and |* 1/2:7 levels were quite close in energy to the Yi'5/2;> levels

the splitting of these states in a magnetic field should result in

some population of these states and the consequent appearance of

extra lines in the spectrum(BO). This is not seen. The slignt

0., 0, .
‘broadcnine observed in the spectrum at 4.2 K compared to 1.5 K is
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attributable to second order effects\los).

The l8ssbauer spectra of this coumplex enable us
to estimate the value of D from a comparison of the effective magnetic
field at 4.2°7 and 1.3°K. Since the population of the |¥ 1/2) doublet

is negligible, we can write:

() S+ 2 q -4\D\ /T (0)
Bogr = 2 2 Eots (54)
21+ -4Dl/kT )

. m
where Heff<*) is the effective field at TOK. From our data 4|D\/k is

estimated as 9.3°K, taking H, (0) as 470 kGC.

ff
The large value of D may be associated with the

presence in this complex of a nearby excited 2T state. Large values

2

of D are also found in some haemoglobin compounds where there is also

{1086)
a close approach of higher states .

The component of the electric field gradient
tensor in the direction of the maznetic field is negative. The majér
components of the electric field gradient and zero field splitting
tensors will have the same axes. Since the SZ = ¥ 5/2 states lie
lowest, the major component of the electric field gradient will be
parallel to the axis of magnetisation. If the molecule is‘assumed to
be subject to a trigonal distortion, the negative sign of the major

component of the electric field gradient corresponds to-an elongatiom.
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bt ot

Iron(4“¢; UL, ci-n-rtutvldithiocarcanate.

Tnis compound has many ano.:lous properties.
Its moometic monent vs. Temperature curve shows a wmarked and

e e . N o . . .
reproducitle discontinuity at about 140 K ( see Figure 3.5 ), which

7
i

- - [ R : Al - EJO .
bees zssociated witl: & phase change' ). Also, unlike most of

n

e
PeYeS

¢ ctier derivavives, its magnetic moment in solution is appreciably

(79,

"
lover t.:zm in is in the solid state

We have also observed peculiarities in its
s8dscoaver spectra. Althoun prolonzed runs were made at room
temperature with several dirferent samples of this compound, we were
unable ©to detect a M3ssbauer Effect. Only small effects were
observable at 253°K and 195°%, but at 77°% the intensity of the
spectrum was comparable to that of the other compounds.

It has recently been siowm that the compound can
exist in two crystalline forms. It is interesting to note that the

spin equilibrium is present in both forms, although the position of

(70) |

the equilibrium is not the same e consider that the absence

™

- o, . -
of a .Jdssbauer Lffect at 300K is a consequence of a low Debye -

Waller factor associated with the crystalline modification stable
at room temperature.
It was also impossible to obtain well resolved

. o, .
megnetic hyperfine interactions for this compound, even at 1.2 K in

an external maznetic field of 30 kG.



ii) Iz retic hvnerfine interactions in bis{1,I dialkyldithio—

. N . ! e . -
cart “matsjiron(Iil) chlorides.

The magnetic field ?t the Bssbauer nucleus may
egrise in a number of ways. Thus ferromagnetic, antiferromagnetic and
paraczagnetic compounds mey in suitable circumstances all show similar
si3gsbauer spectra. It was interesting to compare the spectra obtained
at low temperatures for iron(III) pyrrolidyldithiocarbamate with
sinilar spectra obtained for bis(H,N diethyldithiocarbamato)iron(III)
chloride.

Magnetic susceptibility and magnetisation
neasurements on bis(¥,¥ diethyldithiocarbamato)iron(III) chloride
have shown it to be a S = 3/2 ferromagnet with a Curie tempegature
of 2.505(107). Previous !‘8ssbauer Effect measurements showed line

‘broadening due to relaxation effects, and did not distinguish between
this ferromagnet and some slowly relaxing paramagnets of similar

(108)(109). We havé carried out l.8ssbauer Effect

structure
measurezcnts on this compound at low temperatures and in external
magnetic fields, and the spectra that we have obtained confirm that
the compound is ferromagnetic. For comparison, similar experimenis
were performed on the related paramagnetic compound bis(N,N diiso-
propyldithiocarbamato)iron(III) chloride.

The spectrun obtained for the diethyl compound at

4.20K ( Table 3.3 - ), was identical to that reported previously

(107)

115
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0. _
At 1.6 a six line spectrum was observed, (Figure 3.13(2)), from
which the value of the effective field at the.iron nmucleus was

eztinated as 322 *5 kG. In order to confirm that the sample was ferro-

rasnetic, the spectrum was then measured in an externally applied
field of 50 kG.

"nen an external magnetic field is applied to a
ferromagnetic absorber the Missbauer spectrum is perturbed in two
wvays. rirstly, the relative line intensities change from 3:2:1:1#2:3
to 3:4:1:1:4:3 when the field is applied perpendicular to the gamma
ray direction, as the atomie spins of the ferromagnet align
thcrselves parallel to the external field. In the spectrum of
bis{N,1 diethyldithiocarbamato)iron(III) chloride, the intensities
of lines 2 and 5 increase relative to lines 1 and 6 when the external
field is applied (Figure 3.13(b)). As the absorber is polycrystalline,

57

of finite thickness and the environment of the”'Pe atoms is not

exactly cubic, the changes in intensity are not exactly as predicted.

“he second effect of the extermal field is to
alter the value of the effective field"at the iron nucleus, Heff"
Heff is given by:

foge = (D - F - (55)

where H is the saturation value of the hyperfine field, H is the
n
external field and S is the spin. The application of a 30 kG field

at 1.6°K reduces the value of lHeffl,to 300 5 kG. The internal
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field is thexcfore negative. It is 2lso field dependent; one would
expect 1t to decrease by 70 kG instead of 22 kG. This behaviour can

be understood with reference to the plot of H .. against temperature
. eff

shovn in Myure 3.27, which has been compiled from the data of
Jickoremm et al.(lo7) together with our data. A temperature of 1.6%K
is not Iar telow the Curie point for this compound, and at this
temperature the value of the internal field has not attained the
savuration value Hn. Tac expectation value of the magnetic moment,
<p> , 1s estimated frox our data as about 2.8 FB at 1.6°K. From
the magnetic data of Yickmann et a14(1072 (Figure 3.28), <31:7 at
5/T = 30/1.6 XG/°K is estimated as about 2.9 P+ When the external
field is applied therefore ,<)¢;> is increased from 2.8}1B to

249}{8 and the decrecace in He is not equal and opposite to the

ff
applied field.,

Both the changes in intensity of the absorption
lines, and the field and temberature dependence of Heff are
consistent with the compound being ferromagnetic and are not
consistent with antiferromagnetism or ‘paramagnetism.

For comparison the I‘¥ssbauer spectra of the
diisopropyl compound may be.considered. At l.BQK it show$ a six line
spectrum typical of magnetic ordering (Figure 3.14(a)). The effect

of an externally applied field on this spectrum is however quite

different from the previous ferromagnetic case. Epr studies on this
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Plot of effective f&eld at the iron nucleus vs. temperature for (EtﬁNCS2lnFeCl.
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compound have shown that the zero field splitting of the two Kramer's

doublets is -4.0 = O:BOK(llO). The = 3/2>> doublet lies lowest

and at 1.3°K the |% 1/2) doublet is not populated. The application
of an external field of 5kG splits the Kramer's levels and sone
population of the \i 1/2:> levels is now possible. Extra transitions

can now occur, resulting in the observed broadening of the lines of

the r8ssbauer spectrum (Figure 3.14(b)).



120

iii) Fitrosviiron bis(l,l diethvldithiocarbanate).

As a continuation of the study of complexes of
iron with dielkyldithiocarbamate ligan@a, the l8ssbauver Effect in
nitrosyliron bis(N,n diethyldithiocarbanate) was investigated. The
crystal and molecular structure of this complex has been established(74),
and the electronic structure has been discussed. On the basis of
absorntion spectrbSCOpic measurements and epr data Gray, Bernal and
Billig(lll) have proposed the molecular scheme shovn in Figure 3.29.
The epr spectrum nas also been investigated by other workers(76)(ll2).
ne complex may bve considefed to be an ifon(I) complex, indeed epr
measurements on the 57Fe enriched complex show that the unpaired

(76). MYssbauer Effect

(113).

electron is about &% localised on the iron atom
measurements at room temperature have been reported previously

The l.dssbauver snectrum.

The spectrum between 300°K and 1.3°K consisted of
a quadrupole split pair of linés of ﬁnequal intensity. The anisotropy
of the line intensities was presuvmably due to.preférred“orientation
of the crystals in the sample, and not dﬁe‘to relaxation phenomena or
to the Gol'danskii Effect, as it was tempé:ature independent and could
be reduced by finely powdering the sample. However, it was not possible
to obtain line intensities that were exactly equal, (Figure 3.15).

The intensity of the absorption increased by a

o, . ae .
factor of about six on cooling from 3000K to 77T K, indicating a low
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cifective Lelye temperature for iron in this compound, as in the
other dithiocarbemate cowplexes investigated.

’ne isomer shi -,

-
. -

The isomer shift increased from 0.28 mz.sec at
500°K to 0.34 mm.sec?l at 77OK, vaich is about the increase expected
from taec second order Doppler Zffect. The value of the isomer shift
is quite similer to the values found in the iron(III) N,N dialkyl-
dithiocarbamates (compare Tables 3.1 and 3.4). The similar values
can be accounted for if the metal d~orbitals are considered to have
- considerable ligand character. Cccupation of these orbitals by eléctrons
will then affect relatively little the s-electron density at the iron
vocleus.,

“he oundrupole solittinge,

The quadrupole splitting is 0.89 mi.secTT at 300°K
and has the same value at 4.2OK, showing little dependence on
temperature over the whole témperature range. On the application of a
magnetic field of 15 kG or more at 4.2°K, the left hand line of the
quadrupole split pair splits into three components and the right hand
line splits into two (Figure 3. 16).

(114) £i1ct showed that the sign of

Ruby and Flinn
the quadrupole splitting can be defermined by magnetically verturbing

2
the energy levels. Collins('4) has given a fuller treatment for

the case of ferrocene. It is assumed that the symmetry is axial and
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that ¥ rv 23 an angle 6 with the z-axis, which is also the principal
axis of the electric field gradient. Thic masnetic Hamiltonian (eq.(lS)),

then becomes:

A

Gl = g0 H(Izcosg + IxsinGcos¢ + Iysin@sin¢) (56)

vhere the projection of I on to the xy plane makes an angle g with the
x-axic. The matrix associated with the magnetic and quadrupole

ariiltonian for the excited state is:

%+ 34cosd /3as1n6( cosg-ising) 0 0
2 2
V34sine(cosfrising) ~E + acosé otsind(cosf-ising) 0
2 2
0 otsing(cosg+ising) - E -xcos®  3%sind(cosf-ising)
2 2
0 0 3asind(cosf+isingd) B - 3 cose
2 2
2

kN

veere B o= -;e g and X = ge}.lnH. /
Neglecting the mixing in of |3/2,3/2 with|3/2,1/2) and of
;’3/2,-3/2>_ with 13/2,-1/ 2> , the energy levels and wave functions

of the excited state become:

B + Jencost |3/2,3/2)
“E + 92:_\/(4 - 3c05°0) |3/2,
L - _Zi.\/(a, - 3c05%0) \3/2, -

E - 3ot cosd |3/2, -3/27

2
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vhere |3/2, +7

- sin$3/2, -1/2) ¥ cos$\5/2, 1/2>
13/2, =) = c0s§|3/2, -1/2) + sin$}3/2, 1/2

N

and,

-

tan S = \-(4 - 300329)? - COS9 _‘3’-
|, il
(4 - 3cos29)7 + cos@ J

The energy levels and wave functions for the ground state are:

- g8 wH
Srin cosd \1/2,1/2> + singl1/2, -1/2)
>

o 2
8oyt - simd |1/2,1/ 2> + cosg |1/2, -1/ 2>
2 2 .

The energy levels and wave functions of the'various states are
illustrated in Figure 3.70.

The selection rules are AmI = 0, #1, so that
now there are four possible transitions from the ground state to
the |3/2, i3/2>7 states and sixteen from the ground state to the
states arising from the !3/2,'11/2:7 states. The transition
probabilities have been detefﬁined by Collins(44). To obtain the
powder spectrum the transitions must be weighted by the solid angle
d6, and the complete summation carried éut over all angles. 1t is
found that the line due to the‘i3/2 states is broadened into a
doublet and that due to the *1/2 states is broadened into 2
triplet(44)(115). The two lines of the zero field spectrum can
thus be identified and the sign of the major component of the

electric field gradient can be established.
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Ficure 3.30.
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Perturbation of the quadrupole enersy levels by an external magmetic field.




Therefore, froa tﬁe'spectra observed in extcrnal
masnetic fields for bis(i, diethyldithiocarbamate), we can ascribe
the higher veloeity line to the 11/2, 21/2) - |3/2, £3/2)
transition. The major component of the electric field gradient
tensor is therefore positive in sign.'If it can be assuméd that
the mejor contricution to tiae electric field gradient comes from
electrons localiced on the metal, so that:

Q= - <3cos2® - 1> < r-3>
then the d7 electron confizuration corresponding to the positive
sien would be (diz)z(dyz)z(dxy)2(dx2 _ yz)l, the order of‘the levels
being the same as that proposed by Gray(lll).

However, since the metal and ligand orbitals
of tiis compound are iikely to be well mixed, contributions to the
electric field gradient from bonding electrons ﬁill be appreciable.
Furthermore, the metal ion is not_centrosymﬁetric in the complex
so that lattice contributions'to the electric field gradient may
also be appreciable. The orbital ground state is thus not readily

ascertained solely from a consideration of the sign of q.

Marmetic hyperfine interactions.

i.agnetic hyperfine interactions are observed

in the i#ssbauer spectrum of this compound in external magnetic

fields at temperatures of 4.2°K and below (Figure 3.16). In Figure

3.31vare plotted the values of the effective hyperfine field at
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Zioore 3,31, .

- 1380

80 =

Hef il (6)

I | H

0 5 10 15 20
H/T (kG/°K)

Plot of the effective field at the iron nucleus vs. H/T for (BtQECSﬁ}CFeKO.

The solid lire is I B, (pl/kT) where H is -110kG.
5 ) o9
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the iron nucleus, Heff’ obtained from the I¥ssbauer specira, against
H/T, where & is the applied field and T is the absolute temperature.

The values can be fitted to a relation of the form: °

Hoor = 2B ( ME/XT) - B (57)

vhere m is the umagnetic noment and BS(‘pB/kT) is the Brillouin

function for spin S. Agreement is found when S = 1/2, that is when:
3% ( P-H/kT) = tanh(/LH/kT)
The solid line in Zigure 3.31 is the theoretical curve. The sign
of the hyperfine field has been assumed to be negative. it low
values of H/T the value of Heff is proportional to the value of
5/7. This indicates that interactionsvbetween ions are small and
trat the susceptibility of the compound at low temperatures is
tuat expected for a compound with a free spin S of 1/2, a fact
wiich has not yet been established by classical magnetic susceptibility
seasurements. 4s H/T increases the val;e'of Heff approaches the
saturation value Hn of 110 =5 kG.
The orbital contribution to the hyperfine field
will be negligivle since the g-values for this complex are close |
to 20122) ppo major contribution to the effoctive field at the

nucleus must therefore arise from Hs’ the Fermi contact térm and

from H_ the dipolar field. Calculated unrestricted Hartree Fock

——

values of the hyperfine field for Fe(III) (S = 5/2) and for Fe(II)

(116)

S = 2) are =630 kG and -550 kG respectively . Experimental

N
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values conriri {incse calculated values. The low value of H is
therelfore of ithe order expected for S = 1/2 and. confirms that the
oxidation siate ¥e(I) adequately describes the nature of the iron
in nitrosyliron bis(X¥,x diethyldithiocarbamate).

'The orbital ~round state.

In the presence of an external masnetic field,
H, the . serfine interaction between the nucleus and the

surrounding electrons is described by the Hamiltonian:
H,y = Enfn BL+ AST+AST +4S5T « f{Q (58)
wiere Ax’ Ay and Az are the components of the magnetic hyperfine

interaction tensor parallel to the x, y and z axes, and are related

to the coumponents Hni of the hyperfine field tensor by:

gnﬁ g = 45 (59)
where 1 = X, y or z. S and I are the electron and nuclear spin

operators , g, is the nuclear gyromagnetic ratio and /ng is the

A4 | '
nuclear magneton. ;éi is the quadrupole Eamiltonian. The values

Q
of A, Ay and A are strongly influenced by the spatial

distribution of the spin, since they are in part determined by
the angular dependent dipolar and orbital terms. From egs.(17) and
(59), neglecting LL, the hyperfine interactiqn' for a single

orbitals is given by:
g

A, = 20,20 (X 24/ 3> (60)

VA

A= 2gn /g /n ¢ F2f 7)<I' (61)

X

electron outside filled T

-



the upper or lowver sizn depending on viether the ground state wave
iunction is € 2 or 4 2 2 respectively.
2 X -7
r. G. Larg calculated the [‘Yssbauer spectra

-

Zfor the compound in a 30kG external field at temperatures of 4.2°K
P o-r O BN b : bt . . . -

and 1.67%, fom the above spin-Zamiltonian, assuming different
electronic configurations. 4 computer program was used which averaged
for a polycrystalline specimen over all possible directions of the
raznetic field. Tie experimental g-values and quadrupole splitting

(54)

were used and X was taken as 0.35 . Assuming the unpaired electron
occunied the dx2_y2 orbital, and taking values for the ground state.
of AZQ/EB' = 3.8 mm.sec?l and quﬁix = Ayc/E = 0.3 mm. secs - gave
poor acreement with éxperiment; Tor an electron in the dx2_ 2 orbital
the ceffective field would act varallel to the xy plane. The resulting
lines in the powder i Yssbauer spectrum will be broad in contrast to
the observations.

Excellent agreement with the experimental
spectra was obtained for a d 2 configuration, with AXC/EY = Ayc/EX =
2.8 mn.sec.> and AZC/E = -0.9 mm. sec™ For the d 2 orbital the
anisotropy of the hyperfine interaction causes the effective field to
act close to the xy plane, which is the direction favoured by geometry,
and hence roiutivuly shorp Linos are obscyved in tho nebauns cpeelrun,
The'calculafed and the observed spectra are compared in Figure 3.32.

The agreement is good, except that the sign of the quadrupole splitting



used in thae crlculadion is opposite to that obscrved experimentally.

An cxoloanstion compatible with the observations is that the electronic

? vith a d_2 hole, but this is obviously untenable.

-

configuration is 4
I%t seems therefore that the observed sign of q differs from the
calculated sign due to contributions from'the lattice and bonding

electrons. e conclude that the orbital ground state corresponds to

the unpaired electron occupying the d22 orbital.
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SLoure 3,.%2

Counts

Velocity(mm.sec?l)
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Velocity(mm.secfl)

Calculated ( ) and experimental svectra for nitrosyliron pis(?, N

diethvlditniocarhamate), (a) at 4.2 7 in 20ke, (b) at 1.6 ¥ in 3017,




CEAPTER FOUR. STUDIES OF 801l ITON=SULPITY 01 2177ms PROPOST

DELS FOR Tl FOU-FAED TR0W ZROTTING,

4.1. Introduction.

The use of simple metallo-organic compounds cs
mcdel systems for complex biological molecules is well estabiished.
?he model is chosen so that it repro&uces some physical or chemical
propefty of the system. From investigations of the model it may be
possible to relate information to the properties of the more
complicated biological system. luch success has been achieved in

this field, particularly in the study of metal porpayrin ccinlexes

(117) (113)

and vitamin B. 12 .

as models for haemoglobin compounds
Jor the non-haem iron proteins the situation is less hopeful, for
the reasons discussed in Chapter One. Several simple model complexes
have, however, been proposed. /e have studied a number of them,
restricting our investigations to complexes of iron iith sulphur

ligands.

4.2. The systems studied.

The proposal that that the iron atoms of the
non-haem iron proteins possess sulohur ligands, arising iroux t;e
cysteine résidues of the protein, has stimulated the search Ifor
stable model compounds wiica contain Fe-S-Rr, Fe-S-S-R and Je-Z-I-l'¢

(119)

groupings.Coucouvanls has prepared some coxplexes containing
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tne Fe-5-S-R linkage. These arc Six coorcirncte, Low-ssin irer(III
complexes of the ligands thio-p-tolucyidisuinhide, 023-06u4-683
(1D), and ¢_thio-p-toluate, C'"3 6u4 oPD). The sliucture ou
the complex FG(TTD)(DTT)Q has been solved(izo); and is shown in
Pigure 4.1,

e have prepared the complexes be(--u)g(jrl)
EG(TTD)(DTT)z anc FC(DTT>3. The results of the lidssbauer speciroscopic

neasurenents made on these complexes are given in Table <.1l. Some of

the [Ussbauer spectra are clhiovn in Figurcs 4.3 - 4.5. The cpr specira

Pyl

/

1077 31 chloroforn solutions of e e(Ts) \'ﬂ‘a) and Fe{TTD)(_i7) , were

Y . : . Y e .
measured at 100 K. The srectra are illustrated in Tigures 4.5 and 4.7.

ST e n o s -y .) o~ T | (121) A
Knaucr, Hermmerich and van Voorst Dreparic a

. . . e , \ .. .
coumplex of iron witn ditiloacetylacctone (sacsac), wiich was believed
, hy g Foea = S
F Y coordination shown in ioure 4.2. Dizsolution

to contain the

in weaikly acid solution and reduction with sodiuvix dithionite yielced

the low-spin ferric complex, Fe(sacsac), :

5 ¢

e(sacsac) 4 — T 4 4017 2(sacsacy+
~3
P+ + 3(sacsac)+ G E‘C(sacsac)3
' N328204

The formal oxidation state of thne iroa is increased on recuciion of
the complex. The system was proposel as a model Tor tie non—. I 1ron
proteins, in which the characteristic epr specvtrum apnears culy on

reduction of the complex, bvut is velieved o belong to low-enin



—ay
Pronssed structure of Mz{ zaceac) C1

Siture 4,0

! A
Structure of Dol gm!
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iron(III; atoms.

Tae Essbauer studics of Fe(saceac) Cl. ivn.ited
here indicate that the initially proposed structure is LhCOTTcCh.
~<wscbauer Iffect measurerents on the related complex Ie(ll G 7IS
rave also been carried out. The reuults from both these seis of

neasurenents are given in Table 4.2. The spectra are shown in

i‘l;\lreo 40\)0 C~‘AC. 4- 9

ihere have been severcl attempis to duplicate

other properities of the non-hzen iron nroteins. The crarccieristic

epr spectirum, with g€, less then 2 and two principal g-volues beoow 2,

”
, . s . 122 .
Les been one obvious targev. Rcder and ﬁayer( ) have snowa ©That an
epr svectrum, siwmilar to thet of recduced plant ferredoxin, can be
obtained from solutions coutaiiing crsteine methyl ester, suljhur aud

(123)

iron(III), under suitablc conditioms. Turton' "7/ aiternied %o isclate
The epr active species cut was uisiuccessful, wmainly because Tie

oo, ~

. - - A un R P
oJserved epr spectrum in fact arises from only~Zw of the wotel ron

L,

sresent. ossbauer studies on The s7sten in frozen solution were also
unsuccessful.
An eonr spectrul qualitatively similar (o that of

[

the reduced non-haem iron »roteins, arnd showing a vTemperaiire

dependence of intensity very like tnat of the non-haem iron drotceiis,

Wi
.J.«i‘{“)

vas observed by Cotton anc Gibson " for the comnlex tristetrenienyi-—

phosphoniwi trisdicyano-1,2-citiioleneiron. "Je have carried outl a
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NEN
3

IR ¢

a »3d8soaulr spectroscopic investizaticn of this

m -\ N ":'/‘\'." Q 3 - m 1 ol DA hrtaite') jTids ol r‘" ST, Y oa- R e
are vreseatved in Table 4.3, and .8 specira are soowa 1o LLiurne £.10.

o r NS e e A N = et e
< “L.R\, l.\.-d (Ore] L/.t.‘_."u. ool a CO“._/J. i SET LS

y . Pl 0 !, . a1
~ - )"\l"\’)‘\ ~ an « - - - oo TN ) -~
peen prepercd and cieracteriged DY previous worisrs, but s catcn hes
) —~r SRR Y o -~ PO N S data ;v e T s S . :
not been suwuiied before as a milel Tor the nom~azen iron proteiznc.

The complex ( u5j5Fe(CO)SEe) =7/ i3 rendily oxidised to ihe

N

vaich caa be isoioted cs

9]

paramac'ne vic SDCC c

the hexafluoroantimoznaie sait . Thls parcragretic cormmlenr

S N v T et rn -l . I
apoears to be a prowising molel sysitem. LT Lios gome surucwaral
and 42 ! et n_Tme T i 2 AT 1A e dew ———-
sirilarities to the non-haex iron wrcteins, having a Two iron atom

T~ o~
L0 LLE0

DETIIES uv'"' ¢ centre and contaliil

> - - e SO S AN T 2 .
Sa0Ws &n €0 speciiiiiil sizlliar o oint of the roduecsd non~iocl iyon
KR PRy S R, RIS B~ SR JU AU e e
Procvelils. Ll Hdssvavexr DITELCLCT3 050 E1ACh L0 TL CoOLLLc &g

giver in Table 4.4. Tae hilssbausr specira are sLov:

Toe epr spectrun obieined Irom L 10 I acetone solution ¢l Tae complex

a% _OJ i is illustravted in Jigore Leile

L.3. Preparative mev.i0l S,

(i) The 'persvinride! cormvleres.

Te(TID) (J“* o5 prepazed by the metaol of
.o {11 \ a . . m e e e LN
Coucouvanls( 9)by the reacoion of Zerric chloride with Zm\(Tlo) .

T amy R AU e R T PIR, I -~ -
2 {57D) . was prepared by tie melhod of Facklier end ves

recrotallised from carbon ¢¢u__ao/aauo*'" gtnancl,



1 N > e rmegm Yans D o, - irN - N {700 O N
CL to Zn(Ti’D) 2 (1.08) ln N laJ."\.A:.J \J. O—’-— LA L'«*Jy. (JO:;_:..) Y ..1..»1.\} UJ..-’;A.‘:--—_ S-.:'

-

PN X R < R S B T e = . RPN Wy K,
wrecivitate was filtered ofl, weood with metiznol and wecrystalllsed

from carbon disulphide/petrolews ether. Lt wes Gricd in Vacus.

- R 2 14 o T o VL gt T
Aanalysiss Found C = 40.50 = = J448,0. Cale, C = 40,40 5 = 347500,

Coucouvanis -repared tils complex by troating
ie found that 1t veas cidiicalt

Fe(71D) (.)‘ T) weth trivhezyinhossiine.

T e See e Ta 3 NP " P, I A Nt . -~ g
to obtain a pure product by this methlod oz some Fe(Dll). sze also

- 1

LA Lo AouhT S apaT A el = A o P e ey
forneli. 4 Couble Cecomnosivion metaed sivtlzar ©to tnat uscae Tor

.

-TA -~ ore g / ~ .. o~ g ey el B T
+ c"’-"-r-jo (WP O Ve 5b> .ha.?. e ;.»L"'—‘ O.L (.L.Uu.....) HOTGER R oTeRCIVEENIe
Fad

uliil‘) (1 5g) in tetraayircivran (,u“T). Addition of wmetwoieun

ether precipitated a nurpiiga solicd which was repeatedly wecrystell

=S el mn AR eV anta s A [ U S S B
Trom corbon disalphide/petroicun ether and dried in vacuo.
[ DR e PO Y | N = ~ T o~ e - o
‘l.;l;«l.)fSJ.S: LOUA U — 4'9.L:/J L= 909./_/0. ’\Ja-’—c. C — ér\)o _/,9 il AR /do
/
3 W
J:GKDJ_E\!,:,
)
A"‘lu ! e vrm e A3 e d Sem AT A A T ~oom
Fel(WlD Z\J;_ HES scolved im chniorolori. An
Srynal yrod cmnd £ e Ay - Tl e n e jded., and Tae Soluoics oon.cl
eguaL wWellitl oL oL Q oyL ')L.uu LS TAs aqled, &l wile gL oioll SULLCl

S

cm Ay air et N e A RPN S, .
for 10 mirutes. The soluticn wurned daric green and wHcn acdivtion 0OF

-~ '\-mr.\-

a little petroleum ether anc alloninzg 1o cocl, carik green stals
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4.4, itesults.

Table 4.1,

-sesvauver Effect data for the 'persulphide! complexes

Compound

o,
}b

Fe(TTD)z(DTT) . 300
77

4.2

1.3

300
77
4.2

1.3

Fe(DTT)3.CH013 300
TT
4.2

1.3

Temperature

-
-

Isomer shift

S mm.sectt
0.17
0029
0.%51

0.33

0031
0.31

0.31

0.37
: 0037

0.37

Quadrupole splitting
AEq ma.sectt
1083
1.86
1.86

1.82

1.73
1.74

1.73

140
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Table 4.2.

o

~ssbauer Iffect data for the dithioacetylacetonatoiron complexes

Complex Temperature Isomer shift Quadrupole splitting
° $ mm. sec. > ZlEQ . 860 -
Fe( sacsac) 1, 300 0.90 1.48
17 1.02 2.99
4.2 1.11 3.18
] .94, 0. 2.10, 1.32
Fe(Ph203F82)2014 300 0.94, 0.93 y 1.3
195 1.05, 1.05 2.67, 2.04
7 1.20 2.96

4.2 1.21 3.04
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Table 4.73.

[8ssbauer Tffect data for tristetraphenylpliosphonium trisdicyano—

1,2-ditiolene iron

Temperature Isormer shift Quadrupole splitting Relative intensity

°k ) mm.sec-.-l A EQ mm.sec-.':L
250 0.29 ‘ 1.65 1.04
195 0.38 1.69 . Q.58
77 0.41 1.85 0.53
T7T 5kG 0.41 1.84 0.87
4.2 0.43 1.82 0.51
1.3 0.42 1.82 0.54
Table 4.4.
i¥ssbauer parameters for ( CSH,J_Fe(CQ)SHe)zst6
Temperature Isomer shift Quadrupole splitting
- -1
OK Szmn.sec.; . [SEQ mm.sgﬁ,/
200 ' 0.18 , 1.76
77 0.27 1.79

4.2 0.30 1.78
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“Jssbauer spectra of Fe(TTD)ZLpTT) (a) at 300%k, (b) at 77°%, (¢) at £.2°%K,

(&) at 4.2°K in 30KG field.
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Figure 4.4.
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Hmare 4.6,

i
g = 2.088

g = 2.036

¥ield increasing

Bpr spectrum of 1072 If chloroform solution of Fe(TTD)Z(DTT) at 100°K.
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Ficure 4.7.

g = 2.156
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fg = 2.018
P

Field increasing

Ipr snectrum of 10-.3 11 solution of Fe(TTD)(DT?) . in chloroform, at 100°%.
<
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Figure 4.10.
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4.5, Discussion.

(1) The 'versulnhide' cormlexes

The ‘Yssbaver spectra .

The three complexes Fe(TTD)z(DTT), Fe(‘I‘TD)(DTT)2
and Fe(DTI)3 all gave similar MYssbauer spectra with values of isomer
shifts and quadrupole splittings about those expected for distorted
low-cpin ferric complexes. Relaxation effects are not seen, even at
low temperatures, consistent with small iron - iron distances in these
compounds. The intensity of the l8ssbauer Effect for all three complexes
was strongly temperature dependent; no effect was observed at room
temperature for the compounds Fe(TTD)(DTT)2 and Fe(DTT)3.

The isomer shift

The isomer shift for Fe(TTD)z(DTT)_showed the
dependence on temperature expected from the second order Doppler
Effect.

The isomer shift of Fe(DIT). at 77°K is

3
significantly greater than the shifts of the other two complexes
(Table 4.1). This implies that the ability of the DTT ligand to
accept electrons from the metal by back donation, and thus reduce
the isomer shift by reducing the shielding of the s-electrons from
the nucleus,is not as great as that of the TTD ligand. This may

mainly be a consequence of the geometry of the complexes. Thus the

) . o
S - Fe - S angle for the DTT ligand in Fe('I'TD)(DTT)2 is 76.0°,
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whereas for the TTD ligand the S - Fe - S angle is 92.60(120). A
greater degree of metal - ligand overlap, and hence of electron

delocalisation, is therefore possible for the latter ligand.

The quadrupole svlitting

Thé quadrupole splittings observed for these
couplexes are large, reflecting the large distortions of the
molecules from cubic symmetry. There is little significant difference
in the values for the different compounds. The sign of the quadrupole
splitting is not the same in each compound, however.

The application of a 30kG external magnetic field
" to the sample at 4.2°7 ensbles the sign of the major component of the
electric field gradient to be determined from the M3ssbauer spectra.
For FG(DTT)3 this sign is positive; for the other compounds it is
nesative ( see Figures 4.3, 4.4 and 4.5). In low-spin iron(III)

complexes, when the distortions are large so that the ground state

is almost a pure xy hole, a lérge negative electric field gradient

is expected. The observations for Fe(TTD) 2(DTT) and Fe(TTD)(DTT) 5

are therefore explicable. However, it is difficult to explain both
the sign and the magnitude of the electric field gradient in Fe(DTT)3.
For the low-spin iron(III) N,N dialkyldithiocarbamates, as for
Fe(DTT)3,the sign of the major component of the electric field |
gradient is positive. In this case the pdsitive sign is a consequence

of a ground state which is a mixture of almost equal amounts of xz
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end yz noles, with slizntly less of xy. However, this ground state
produces oniy a small quadrupoie shlitting, so that this ground state
dces not seem to explain satisfactorily the behaviour of the Fe(DTT)3
complex. The discrepancy may possibly.ﬂé a consequence of the
chlorofor: of crystallisation thought to be present in the

coordirztion sphere(llg).

Magnetic hyperfine interactions

ragnetic hyperfine interactions are observed in
the iJssbauer spectra of all three compounds, but only in large
external nmagnetic fields at low temperatures. Values of the effective

field at the iron nucleus, Heff; at 4.29K are estimated as:

Fe(TTD) 2(D‘I‘T) -105kG
Fe(TTD) (DTT) 5 -90kG
Fe(D‘I‘T)B -95KG )

Heff has been assumed to be negative. Poorly resolved spectra were
observed at 1.7%K in a 30kG external field, except for Fe(DTT)3 for

which He increases by about 1lO0kG over the small temperature range.

ff
The values are of the order expected for low-spin
ferric compounds,(see Chapter Six), but since there will be large
contributions from the dipolar field, the contribution from the Fermi
contact term will be much less than the empirically expected value

of ~ =110kG, reflecting the strong covalent metal - ligand interactions

in these complexes. The value of the hyperfine field and its'relation
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to the covalency of the complex is discussed in more detail in
Chapter oiz.

Electron nera-n-netic resonance

-

The epr spectra of Fe(TTD) 2(DTT) and Fe(T’I‘D)(DT‘I‘)2
were measured in frozen chloroform solution at 100°K, and are

illustrated in Tigures 4.6 and 4.7. The g-values were found to be:

Fe(T1D),(002) g = 2.036 g, = 85 = 2,088 ( *0.005)
Fe(TTD)(DTT)2 g = 2.018 g, =2.097 gy = 2.156 ( £ 0.005)
fo epr spectrum could be detected for Fe(DTT)B. |
The observation of three principal g-values for
re(TTD) ETT)2 is expecfed, since the molecule has no symmetry. The

observation of only two principal g-values for Fe(TTD)z(DTT)

sugsests that there is a symmetry axis and the structure could bes

-~ 57N\ —R
R\C ,/"",S~_/~~ /
< T /’S
\517\ ci\//
f«S‘ . symmetry axis
s |
C,
AN
\S/ =

The observed g-values can be used in the application
of the method of Griffith(6o) to a study of the ground state of the
complexes. Tor Fe(TTD)Z(DTT) no real solutions can be found for A, B

and C that fit the experimental values, even when the orbital reduction
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factor, k, is used to take account of covélency. The failure to find
agreement exposes the limitations of the theory, and indicates that

the assumption that the g-values are associated with the ground

-
-

doublet alone is invalid.Presumably agreement could be found if spin-
orbit coupling of higher states was taken into account. We can,
however, obtain a more qualitative description of the ground state

by this method. The best values of A,B and C are found to be
A = 0,020, B=0.9995, C =0, with k = 1. These values satisfy the
.normalisatioh.condition exactly and give for the g-values g, = 1.994,
8y = gy = 2.083. The calculated quadrupole splitting is in reasonable
agreement with experiment, being - 2.5mm.secfl, the discrepancy
is presumed to be a result of the neglect of the lattice contributions.
The values of the coeificients of the ground state wave function
correséond to a ground state that is almost a pure xy hole, separated
by large energies from the next highest state, which is what we
should predict from the quadrupole‘splitting data.

| For Fe(TTD)(DTT)2 the agreement is less good. The
g-values can be fitted approximately with A = 0.710, B = 0.014 and
C=0.727, giving €, = 2.016, g, = 2.064 and gy = 2.120 and
corresponding to a ground state which is essentially a.yz hole. The
calculated quadrupole splitting is about zero. Considering the similarity
of the compounds Fe(TTD),(DIT) and Fe(TTD)(DTT)Z and the similar

nature of their !'¥ssbauer spectra, we feel that the ground state of
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the latter compound is better described by the coefficients A = 0.0%0,
B = 0.999 arc C = 0.001, corresponding to an xy hole as the ground

state. The agreement with the I¥ssbauer spectra is good, the
H

-
-

calculated quadrupole splitting being -~ 2.4 mm;secjl, but the calculated
.g-values are in poor agreement with experiment with g, = 1.994,

gi = 2.081 and g& = 2.084.
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(ii) The dithioacetylacetonatoiron complexes.

The isomer shift and quadrupole splitting of

“e(sacsac;2014 clearly indicate that the state of the iron atom in

-

this complex is high-spin ferrous.The most marked feature of the
I'8ssbauer spectrum of this complex is the strong temperature
depencence of the quadrupole splitting which increases from 1.48 mm.sed:l
at 300°% to 3.29 ym.sec.® at 4.2°K.

Ingalls(4l) has éonsidered the temperature
dependence of the quadrupole splitting for a high-spin ferrous ionﬁ
in a distorted octahedral enviromment. The three t2g orbitals are no
lonzer degenerate and at finite temperatures will be populated to an
extent that depends on the relative energy separations between them.
‘At very higzh temperatures the levels will be equally populated and the
quadrupole splitting will be zZero. At temperatures small compared to
the separatién between the two lowest levels only the lowest level
will be populated and the maximum quadrupole splitting will be

observed. The temperature dependence of the quadrupole splitting is

glven by(4l):

AE 2(0) [i + € 2"/T-+ e'2l2/T ‘Ti/T - e—T;/T - e-(T;+ T&)/T]-%

Q(T) i 14 6T /T -T-z/'l‘

(62) .
where A EQ(T) is the quadrupole splitting at a ftemperature T, and T,,

T, are the separations between the three t2g levels.

A good fit to tais curve is obtained for our data
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if T. is talken as 240°7 and T

1 is taken as 4800K. The calculated curve

2

and experinental points are shown in Iigure 4.13. The values of 'I'l

and T2 » however, are szz2ll compared to those found in other high-

-

spin ferrous complexes§41}(l29);

Ty T, (in %K )
FeSO 1 TH,0 800 1600
Fell . 1000 .
Te 5 4H20 2000
Te(a S . 30 760
e 4)2( 04)2 6H20 3
o1 €00 1200
reC 0 s 21,0

If the pronosed structure is correct (Figure 452), a large tetragonal
distortion would be expected and correspondingly large values of Tl and
T2 are expected.

The large variation of the quadrupole splitting
vith temperature is more satisfactorily explained if the high-spin

1%0)

ferrous ion is assumed to be in a tetrahedral environment. Edwards(
has observed a largc dependenée on temperature of the quadrupole
splitting of tetrahaloferrate ions, with the energy separations
between the e orbitals being found to be 100 — 470 ezt (i.e. 144 -
680°K). The formula of Ingalls for the temperature dependence of the
quadrupole splitting of octahedral ferrous ions,(eq.(62)), is readily

adapted to the case of tetrahedral ferrous ions, with the result:

l ~ e-i\/T
Y (63)

l+e

DEny = 2o 0)
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Fioure 4.13.

Zﬁﬁ (mm.sec:l)

1 |

0 100 200 300
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Temnorature dependence of the quadrupole splitting of Fe(gacsac)2gL¢L

The so0lid line is that calculated from the formula of Ingalls, for a

tetragonally distorted octahedral complex with T. = 240°K and T, = 480°FK.
[

1



162

where .' is the separation betwecn the two e orvitals. From our

neasurenents this separation is estimated as 315°K, in good agreement
with the results of Eawards\ ) for the FeCli- ion.

On the basis of these results it seems probable

that the couplex does not have the structure originally proposed but
O
4 [ 4
obtained by determining the sign of the quadrupole splitting. A 30kG

is in fact (Sacsac+)2FeCl Further support for this conclusion was
field was applied to the specimen at 4.2°K. The left hand line of the
quadrupole split pair split into two components and the right hand
line split into three components (Figure 4.8). The sign of the major
component of the electric field gradient is therefore negative,
corresponding to a dz2 orbital state as the ground state, as was
found for other‘compounds containing the FeCli’ ion(lBO).

X-ray structural investigations have since
confirmed our assignment of the structure(131)(l32).

The related complex (Ph2CBHSZ)2FeCl4 was also
briefly investigated in an attempt to resolve some difficulties
encountered during crystallographic studies. The spectrum shows two
pairs of quadrupole split lines at temperatures of 200°K and 195°K,
but only a single pair of lines is seen at 77°K and 4.2°K (Figure 4.9).
The isomer shifts and quadrupole splittings.suggest that the spectra

arise from high-spin ferrous ions. The probable explanation is that at

high temperatures the FeCli_ ion in this complex can adopt one of two
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orientations. it low temperatures 2ll the iron atoms have identical

environments, there being a phase change between 195°K and 77°K.



(1iii) Tristetrasienylphosohonium trisdicvano-1,2-dithiolere iron,

Transition metal complexes of 1,2-dithiolenes

have been the subject of much interest due to their electronic

(133)(134)’ and to the ease with which they undergo electron

(135)

transfer reactions . Tristetraphenylphosphonium trisdicyano-l,2-

structures

dithiolene iron, (Ph&P)B(re(S2C2(CN)2)3), was first prepared by
(136)

‘cCleverty et al. , who invectigated its magnetic, spectral and

voliammetric properties. The magnetic moment was found to be 2.50 Py

at room temperature, decreasing to 2.28 P‘B at 90°K. The epr spectrum

of the solid, and of a dickloromethane solution of the complex, was
investigated by Cotton and Gibson(124), Previous ¥ssbauver Effect
measure.ents have only been made over a limited temperature range(l37).

The "8ssbauer snectrun

Intensity, line widths and relative line intensities

The intensity of the 8ssbauver Effect increased
about eightfold on cooling fromJBdooK to 779K, indicating a low
effective Debye temperature for the compound.

At all temperatures, in zero external magnetic
field, the spectrum consisted of a quadrupole split pair of lines.
The temperature dependence of the relative line intensities provides
some insight intq the relaxation properties of the compound.

At 300°K the intensities and widths of both lines

are approximately equal (Figure 4.10). On decreasing the temperature

164
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the left hand line broadens as the electron spin relaxation rate

. becomes slow compared to the lifetime of the‘57

Pe, I = 3/2, excited
state. The teroperature dependence of the line widths and intensities

can be understood in terms of the relative magnitudes of the spin-

lattice relaxation time T,, and the spin-spin relaxation time T

1’ 2°

At room temperature the spin-lattice relaxation
time is shbrt.'However, it is temperature dependent, and at 195°K and
telow it has becéme long (i.e. >>10-7sec.). The spin-spin relaxation
time, which is temverature independent, must be of the order of 10-7sec.
.uce well ‘resolved magnetic hyperfine interactions are not observed

in Zero field, even at very low temperatures. Thus at high temperatures

'Tl dominates the relaxation process. At low temperatures T2 is dominant,
The effect of a small externmal magnetic field on

the !8ssbauver spectrum of this compbund at 77OK is of interest. It

is seen (Figure 4.10) that the application of a 5kG field causes the

left hand line to become narf&wer and more intense. The effect of the

' field is to increase the relaxation rate: A possible explanation for

(138)

this phenomenon is found in some work of Orbach . It was shown

that the relaxation rate l/Tl is given by:

2
1 g2 +'PB§ + Zp'H_.
T, < NAS %P' dip (64)
2 2 .2
B+ By ¥ Paip

where i is the external field, thp is the hyperfine field, and H

dip
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is the dipolar field. p and p' are terms dependent on the orbit
lattice parancters. p' is also dependent on temperature and concentration.

Generally }l< 1l and B =2, s0 that if .H dip is small compared to th‘p

-

it is evident that the effect of an applied magnetic field is to -

increase the spin-lattice relaxation rate.

The isomer shift

. The shift of the centre of the quadrupole split
pair of lines increases from 0.29 mn. secTt at 300°%K to 0.41 mm.sec'.'l
at 77°K, which is about the increase expected from the second order
Doppler Effect. The magnitude of the shift is comparable with the
values observed in the iron(III) W,N dialkyldithiocarbamates, and is
again a consequence of electron donation from the ligand orbitals
into the metal d-orbitals, with little contribution from back donation

from the metal orbitals into empty ligand fF~orbitals.

"~ The quadruvnole splitting

There is & sméll but significant increase in the
quadrupole splitting on cooling the sample from 300°K to 7f°K, This
is parallelled by a decrease in the magnetic moment over the same
temperature range. The observations may»be explained qualitatively as
follows. The degeneracy of the 2T2 state is lifted by the.combined
effects of spin - orbit coupling and the ligand field. The
resultant eleciric field gradient will be temperature dependent and

will be largest at low temperatures. The magnetic moment vill



similarly be temperature dependent, but will be largest at high

temperatures.

We can attempt to put the correlation between the

temperature cependence of the magnetic moment and of the quadrupole

(139) has calculated

splitting on a more quantitative basis. Figgis
the effective magnetic moment arising from the 2T2 terms of a
transition metal.complex, where the'degeneracj has been lifted by
both an axial ligand field component and by spin orbit coupling. The
results are expressed in terms of the parameters EQC\' and k, where
$ ic the sepsration between the orbital levels of the %, temn
created by the axial ligand field componeht in the absence of spin-

]
orbit coupling, )\ is the spin-orbit coupling constant for the

complexed species ans k is the orbital reduction factor. The best

agreement that can be obtained between this theory and the experimental

data(l%) is when we take 8/}\ as unity, k = 1, and }\ = 400 cm.l

The calculated curve and the éxperimental points are showvn in Figure
4.14. The agreement is unremarkable and is especially poor at the
lower end of the temperature scale.

Using a similar empirical approach we can attempt

to fit the quadrupole splitting data to the theory of Golding(IOI)

( seo paga 97 ). Good ngrcement 1o found in this cano botwecn thoory

and experiment when S/ A is taken as 0.42, ( A is the one electron

i
. -1
spin~-orbit coupling constant), and )\ is taken as 300 cz.” The
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Figure 4.14.

263

2.2

| |

100 200 200
Temperature (°K)

2.0

. . URTPERINEN
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The solid line is calculated after Figodds, assuming 5/)\ = 1 and A - 400cm,




theoretical curve and experizental points are shown in Figure 4.15.

Assuming A to be 435 cm'.'l we should predict
to be much smaller from the quadrupE)Ie splitting data alone, than

from the magnetic data alone. The limitations of the theory become

apparent whén it is rerlised that $/)\ can be estimated, in the

case of a good fit, only to within 0.5 or £25/. Similarly, the

temperature dependence of the quadrupole splitting does mnot vary

greatly over quite a wide range of .o/ A .

“acnetic hyperfine interactions

The broadening of the left hand line of the
quadrupole split pair as the temperature is lowered, (Figure 4.10),

cuggests that this line arises from the |E 1/2> - 113/2>

treonaition., confirvation of this is obtained when an external mnagnetic

field is applied to the sample at 4.20K and 1.6OK. The left hand line
splits into two components and the right hand line splits into three.
The sign of the major component of t.he electric field gradient is
‘therefore negative. The splitting of the liné due to the | 1/2>
— %3/ 2> transition, in the magnetic field,i‘s gi'eater than that
of the line due to the [T 1/2> — |x l/2> transition. The
direction of magnetisation is therefore parallel to the direction

of the major component of the electric field gradient, which accounts
for the poorly resolved spectra observed in magnetic fields.

Despite the poor resolution it is possible. to

169
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ricure 4.15.

DE, (ma. secs?) -
A

1.8

1.7

1.6 —

0 100 200 300
" Temperature (°K)

Temperature devendence of the gquadrupole svnlitting of (Ph4l_3_)_3@es(§6( ) ).

. \¢ -
The so0lid line is calculated after Golding, assuming S/)\ = 0,472 and A ’5000m.1
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estimate values for the effective field at the iron nucleus. Taking

the internsl field to be negative, values for H of ~70kG and -95kG

u eff
are obtained at 4.2OK and 1.6°K respectively. These values fit the
relation:

Iieff = Hn Bs (}uH/kT) -
for S = 1/2, i.e. when:

B

i
Zz

( /uH/kT) = tanh ( pH/KT).
The value of the saturation hyperfine field Hn is estimated as -110kG.

The orbital ground state

The hyperfine interaction between the nucleus
and its surrounding electrons in the presence of an external magnetic

field H, ic described by the Hamiltonian:
: 7

T/
o]
e

= gﬁﬁlH;I - A“ S“ I\:\ + A_LS..LI_L + ;{Q

vhere Ay and A: are the components of the magnetic hyperfine

.

interaction tensor parallel and perpendicular to the principal axis
of the ligand fieid. The hypérfine interactions are given by:
Ay = 2€n/§,’/5n (-% -4/1){x™°>

‘ (65)
A 2, 8/3, (-K +2/7)<I'_3>

——

1]

Since the direction of magnetisation for our polycrystalline sample is
parallel to the direction of the major component of the eiectric
field gradient, Ay j) AJ;._From eqs.(65), therefore, we expect the
sign of the major compdnent of the elctric field gradient to be

nezative as is indeed observed. Thus lattice contributions to the



electric field gradient are not important in determining its sign.
The negative sign corresponds to a dxy hole as the orbital ground state.

The same conclusion as to the nature of the

-
-

orbital ground state is reached from a consideration of the epr data

of Cotton and Gibson(l24), The observed g-values are:

gy = 1.936 g, = 2.114 and g3 = 2.225
These values can be fitted to egs.(41)(42)(43) when A = 0.059,
"B = 0.952 and C = 0.019 with k = 1. The values of V/\ and A/A
obtained on solution of the secular equations(SB) are 9.35 and 13.90
respectively, reflecting the large distortion from cubic symmetry.
The calculated quadrupole splitting is -2.4 mm.secfl, in good
agreement with experiment, since we have neglected lattice contributions
which will probably be of the opposite sign(41>. The orbital ground

state thus corresponds to a dxy hole, well separated from higher states.
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(iv) (11-05g Fe(c0)slte) ,SbF,

A large number of organometallic compounds

containing bridging thiol groups are known(l4o)

« A polarographic
study of a number of these compounds indicated that in many cases
stable species were formed on their oxidation(l4l). In particﬁlar
(T\'-CSHSFe(CO)SMe)2 is readily oxidised; it can be oxidised by Ag™.
The oxidised species can be isolated as the hexafluorocantimonnate
salt, (T -CSHSFe(CO)SMG)2SbF6(126) . Previous studies of this compound
have shown it to be paramagnetic with a magnetic moment of 2.3;pB

at 296°K. Its solution epr spectrum showed an average g-value of

(126)

1.998 . The compound appeared to us to be a promising model for

a number of reasons. It contains two iron atoms linked by sulphur
bridging groups. It has a spin of %, and the iron atoms may be
considered to be in the Fe(II) and Fe(III) oxidation states, which
are the oxidation states postulated as occurring in the reduced non-
haem iron proteins(l3). Finally, like the reduced non-haem iron
proteins, its epr spectrum has an average g-value less than the free
electron value. We have therefore carried out epr and M8ssbauer
spectroscopic studies of this complex.

The MYssbauer spectrum

The spectrum observed in zero field, at all

temperatures, consisted of a single pair of quadrupole split lines

(Figure 4.11). Both iron atoms are therefore in identical environments.
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The unpaired electron is shared equally by both iron atoms, the rate

at which it hops between the iron atoms must be faster than 1.5 x 10”7

sec., the lifetime of the ° Fe excited state.

The isomer shift

The isomer shift shows the temperature dependence
expected from the second order Doppler Effect. The value of the isomer
shift at 77X is 0.27 um.sec. T which may be compared with the value
SHSFe(CO)SMe)2(142). The removal

of one d-electron decreases the shielding of the s-electrons from

of 0.45 mm, sec'.-l found for (41 -C

the nucleus and results in a decrease in the isomer shift.

The gquadrupole splitting

The quadrupole splitting shows little dependence
on temperature,consistent with large separations of excited states
above the orbital ground state.

In several previous examples we have seen that
the application of a large magnetic field to a sample at low
temperatures can enable the sign of the quadrupole splitting to be
determined. When a 30kG field is applied to a sample of
(TT-CSHSFe(CO)SMe)zstG at 4.2°K,both lines of the quadrupole split

pair are split into three components. This is because the asymmetry

parameter, 12 , is close to unity. Then,since:
{

V +V +V = 0 and
XX vy ZZ

’z: 1l = VXX VY'Y ’

22
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Vix = 0 and sz = -V&y, and we are unable to distinguish a me jor
component of the electric field gradient.

Magnetic hyperfine interactions

Values for the effective field at the iron

nucleus, H can be estimated from the MYssbauer spectra observed

eff?
in external magnetic fields. The splitting observed for this complex

(141)

at 4.2°K in a 30kG external field is equivalent to 36kG The

values of H_.. obtained are plotted against H/T in Figure 4.16. H pe
has been assumed to be negative. We have also assumed that there is
a linear relation between the splitting and the value of the
hyperfine field. The saturation value of the hyperfine field, Hn,

is estimated from Figure 4.16 to be =72 *5kG. This value is very
small, almost half the value expected for a low-spin ferric ion in a
non-cubic environment, and is presumably a consequence of the

unpaired electron being distributed over both iron atoms.

Electron paramagnetic resonance

The epr spectrum of a 1077 M acetone solution of
the complex was measured at 100°K and is ilustrated in Figure 4.12.
The g-values were found to be:
g =1.940, g,=2.010, g = 2.041 ( £ 0.005)
These g-values can be used in the application of
two different models, in an attempt to describe the nature of the

orbital ground state of the complex.
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Figure 4.16.
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Firstly, we shall consider the g~values as though
they arose simply from a single low-spin ferric ion. Then, using the
method of Griffith(6o) that we have previously used for low-spin
ferric complexes, we find that the ground state wave functions may be
characterised by the coeffitients:

A=0.810 B=0.586 C=0.007

g-iving energy separations for the one hole orbitals as A = 0.051 )\

and V= 7 x 10-5 A » and corresponding to extremely small distortions
from cubic symmetry. Agreement is also found for the condition that:
TZ :Vn-v 3 2-6AC2 2 310
v A" -2B 4+ C

z2
Secondly, we shall apply a treatment developed by
Gibson et a1§14) for describing the epr spectrum of reduced spinach
ferredoxin. The two iron atoms are considered to interact through
the ligands and the complex is described by:
Fe™* (5 = 5/2) — (S ligands) — Fe2¥(s = 2)
Antiferromagnetic exchange couples the spins to give a total spin

S of 1/2 for the ground state.

If a spin Sl with g-value 8y is coupled with a spin

S2 with g-value gé, the effective g-value of the coupled state with

spin S is given by:
i
2 25(S + 1)

(sl(s1 +1) - 32(32 + 1)

177

(66)
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For anisotropic g-values eq.(66) holds for the separate components
of g, if the principal axes of gl and g2 are the same.

For S; = 5/2, S,=2ands=1/2:
g = (Te, - 48,)/3 (67)
Gibson et al. then choose an orbital energy level

scheme in order to fit the g-values in detail. Following them we

shall assume an isotropic g-value for the high-spin ferric ion and

take gl as 2.019. For the high-spin ferous ion the scheme shown in

Figure 4.17 may be used for which the g-values are:

8 = &g
g, =6, +3N2 (E -E2)
g, =8,-3N2 (B -E2)

where 8e is the free electron value, >\ is the spin orbit coupling

constant and Ei is the energy of the ith state.
Letting g = 8, + A g Wwe then have:

g, =8, +Thg - 2>\/(Eyz - EZZ)

3
g = & +:.7£_gl - 2)\/(sz - Ezz)
3 ) :
8, =g+ TA2
3 ‘

We take g = 1.940, g = 2.010 and g, = 2.041. (Note that this
corresponds to a different choice of axes than in the previous case.)

Solving the equations gives the energies of Eyz and Exz relative to
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EZZ. Talkking )\as 3000m:1 the orbital separations are found to be as
shown in Figure 4.17

Moure 4.17.

Energy (cmrl)

7 4 .,
Xz 4 15200
1
yz 1 5900
2 2 )
x" -y 4 !
2> 1) 0
1V

Orbital separations in (T -C B _Fe(CO)SMe)” estimated by the method
55 2

of Gibson et al.




CHAPTTR TIVE. SOMT COMPLEAES OF IRON WITH 2-SUBSTITUTED PYRIDINES.

5.1. Introduction.

In the study of complexes of iron with sulphur
ligands it would be useful if we could assess how a variation in the

nature of the sulphur ligand atom affects the physical and chemical
properties of the complexes. We have attempted to pursue this idea
by preparing complexes of iron with 2-substituted pyridines as
ligands. The 2-substituent is varied tq give a wide range of sulphur
ligand atom, while the nitrogen atom of the pyridine remains constant
as the other ligand atom of a bidentate chelate. We report in this
chapter the preparation and investigation of complexes of a number of

2-substituted pyridines. The ligands investigated are listed in

Table 5.1.
Table 5.1.

Ligand Formula Abbreviation used
Thiopicolinic acid anilide @ §s‘ = NH= Y TRCA
Thiopi i i TPC

hiopicolinamide @ C—NH,
L
Pyridine-2-aldehyde thio- PTSC
semicarbazone if:D”CH’N‘N**ﬁ'N*h
S
2-lercaptomethylpyridine Q cH,SH P

Di-2,2'-picolyldisulphide ﬁf‘&v DPD
N2 TCR S SO
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The complex formed between ferrous ion and o-aminobenzenethiol, ﬁ:ISH

ABT, was also investigated, to compare its behaviour with that of the
complex of MMP.

Of the above ligands TPCA, TPC, PTSC, and ABT
have been investigated previously as forming complexes with iron, but
the complexes formed have often not been isolated, or have been

inadequately characterised. IMP has been used to form complexes with

a number of transition metals, but its reactions with iron salts have

not been described before€144)

5.2. Experimental.

The starting materials used in the following
preparations were obtained as follows: 2-cyanopyridine and pyridine-2-
aldehyde, Aldrich Chemical Co.; o-aminobenzenethiol, picolylchioride
hydrochloride and thiosemicarbazide, Koch Light, Ltd.; aniline,
o{=picoline, pyridine, triethylamine, AnalaR ferrous sulphate
heptahydrate and AnalaR ferric chloride sexahydrate, British Drug
Houses; tetrahydrofuran and thiourea, Harrington Bros. All chemicals
were normal commercial purity unless otherwise stated. Ferrous
(145)’

perchlorate hexahydrate was prepared by the literature method

recrystallised from air free water and stored under nitrogen.

Ligand preparations

(146)

Thiovicolinic acid anilide

o/-Picoline (90g), sulphur (45g) and aniline (45g)
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were refluxed together for 48hrs. The mixture was then steam
disfilled to remove excess aniline and -picoline. The residuc was
extracted twice with warm KOE solution (300ml. 3K). Acidification
gave the crude product, which was recrystallised from methanol.
m.p. 52°C (lit.(l46) 52°¢).

Thiopicolinamide(l47)

2-Cyanopyridine was dissolved in an equal weight

of pyridine. An equimolar amount of triethylamine was added. Dry H2S
was passed in a steady stream for 3hrs. The solution was then poured
into water to precipitate the product, which was filtered off and
recrystallised from ethanol.

mp. 135°% (11t.(147) 135 - 1379

Eyridine-2—aldehydethiosemicarbazone(148)

A fine suspension of sodium acetate (4g) and
thiosemicarbazide (10g) in ethanol (100ml), was slowly treated with
water until it was all dissolved. Pyridine—Z—aldehyde (lOg) was added
and the solution heated for 30 mins. on a water bath. The product
separated out as long needles that were filtered off, washed with
ethanol and dried in air.

m.p. 209° (1it.(248) 20

2-Mercaptomethylpyridine

2-Picolylchloride hydrochloride (33g) in ethanol

(100ml) was treated with thiourea (16g). The mixture was refluxed for
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1 hr. The S-alkylthiuronium salt wiich was formed, was filtered off,
and refluxed with NaOH solution (200ml.20%) for 1 hr. After cooling,

the solution was neutralised with CO2 and the product extracted with

ether. Distillation of the ethereal extract in vacuo yielded the

product as a colourless liquid.

(149)

b.p. 40°C / 0.8 mm. (1it. 89°¢ / 10mm.)

Di-2,2'=picolyldisulphide

Attempts to prepare this compound by the
literature method of oxidation of the thiol with iodine(149) gave a
yellow crystalline product of composition (Py;CHZSH)I. An alternative
method was developed.

2-lercaptomethylpyridine was dissolved in dilute
ammonia solution and treated with 5%3K3Fe(6N)6 solution until the
solution was yellow in colour. The oil obtained was extracted witih

ether. After drying over anhydrous Na2804, excess ether was

evaporated off, and the remaining o0il was purified by low temperature

crystallisation from ether/petroleum ether.

(149)

m.p. 39°¢ (1it. 38.5°¢C)

Reactions of the ligands

Complexes of thiopicolinic acid anilide (TPCA)

Bahr and Scholtz(lso) reported the preparation
of two iron(II) complexes of thiopicolinic acid anilide, tetramethyl-
ammonium tris(thiopicolinic acid anilido)iron(II), Fe(TPCA) ;e , and

vis(thiopicolinic acid anilido)iron(II), Fe(TPCA)Z. It seemed -ossible



184

that the ligand could also function as a neutral ligand and we have
prepared the novel complex tris(thiopicolinic acid anilide)iron(II)

perchlorate, Fe(TPCA)3(ClO4)2.

Fe(TPCA) . IMe
4

Thiopicolinic acid anilide (7g) was dissolved in

dilute NaOH solution (150ml.%%). SnCl -28,0 (2g) suspended in water (10ml)

2

was added. A solution of FeS0,.7H0 (2g) in water (50ml) cont ining

4
SnC12.2H29 (O.5g) and a little concentrated hydrochloric acid was also
prepared. Both solutions were warmed and the iron(II) solution was
added to the alkaline ligand solution. After cooling for 30 min. the

solution was filtered throuzh a sintered glass funnel and then heated

N.OH (30ml.3N) was slowly added with

to boiling. A solution of He4

stirring. The solution was allowed to cool while being stirred. Dark

blue crystals of the product were deposited and dried in vacuo.

Analysis: Found C = 61.7% H = 5.36 4 N = 12.2%. Calc. C = 62.1% H = 5.49%
N = 12.6%.

Fe(TPCA) ,.EtOH

Fe(‘I‘PCA)3NMe4 (3.3g) was dissolved in 50% ethanol
(100ml). Dilute sulphuric acid (50m1.0.1N) was added. The solution
turned green and was decanted from the slimy precipitate which was
washed with ethanol and then bvoiled with ethanol until crystalline.

(150).

The dark green crystals contain ethanol of crystallisation
Analysis: Found C = 58.%% H = 4.11% ¥ = 10.5%. Calc. C = 58.8% H = 4.5T%

N = 10.6%.
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FefTPCA)ajggdr)_z
| Fe(C10 4) 5+ 63,0 (1.92) in acetone (20ml) was
added to a solution of thiopicolinic acid aﬁilide (3.6g2) in acetone
(%0ml).Addition of ether to the green solution precipitated the
product, which was washed several times with ether and dried in vacuo.
Analysis: Found C = 47.70 H = 3.35%6 N = 9.40%. Calc. C = 48.1% E = 3.35%
N = 9.36%

Complexes of thiopicolinamide (TPC)

Sutton(lSI) has investigated the transition
metal complexes of this ligand and has reported the preparation of
tris(thiopicolinamide)iron(III) perchlorate, Fe(TPC)B(ClO4)3. A1l our
attempts to prepare this complex were totally unsuccessful. It was
possible, however, to carry out reactions analogous to those above

and the novel complexes Fe(TPC)BNHe and Fe(TPC)B(ClO4)2 were obtained.

4

Fe(TPC) _Niie
4

Thiopicolinamide (5g) was dissolved with XOH (7g)
in the minimum quantity of cold ethanol. Fe(Cl0 4)2.613?0 (1.6g) in
ethanol was added. Me4N.OH (8.2g) in ethanol (20ml)‘was added and the

i
solution was filtered. Addition of ether precipitated a dark blue

solid which was filtered off, washed with a little ethanol and ether
and dried in vacuo. The product is much less stable than Fe(TPCA)BNMe 4
especially when moist. It may be purified by repeatedly dissolving

in ethanol and precipitating with ether.



Analysis: Found C = 48.0% H = 5.257 N = 17.5% Cale. C = 48.5% H = 5.56
N = 18.0%

Fe(ATPC).j(CIOArlQ |

Fe(C104)2.6H20 (1.92) in acetone (20ml) was added

to a solution of thiopicolinamide (2.1g) in ether (50ml). The product
is immediately precipitated as a green solid and is filtered off,
washed with acetone and ether and dried in vacuo.
Analysis: Found C = 32.80 H = 2.919 N = 12,1% Cl = 10.6% Calc.

C = 32.36H = 2.765 ¥ = 12,5% C1 = 10.6%.

Comnlexes of pyridine-2-aldehvdethiosemicarbazone (PTSC)

The complexing ability of pyridine-2-aldehyde-

thiosemicarbazone has been investigated to some extent by Hemmerich,

(148)

Prijs and Zrlenmeyer , Who reported that it formed red and gréen
complexes with iron(II). The complexes were not isolated but were

ascribed the formulae shown:

s
c=S N
I
NH ‘* ‘
|
} \ Fe —
ijt/N é§ N\\?l
> S c<
red complex green complex NH;

Je have isolated a red and a green complex. 'The
complexes are bis(pyridine-2-aldehydethiosenicarbazono)iron(II)
perchlorate, Fe(PTSC) 2( C10 4) rand bis(pyridine-2-aldehydethiosemi~

carbazono)iron(II), Fe(PTSC)2, respectively.
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Fe(PTSC)2(C10412

Fe(ClO4)2.6H20 (0.71g) in tetrahydrofuran ( 10ml )
was added to a solution of the ligand (0.72g) in tetrahydrofuran (25ml).
The solution became dari red in colour. Addition of ether while
stirring the solution precipitated a dark red solid, which was
recrystallised from acetone/dichloromethane and dried in wvacuo.

Analysis: Found C = 26.9% E = 3.11% N = 18.% Calc. C = 27.%% H = 2.76%
N = 18.2%.
Fe{PTSC}2

Fe(PTSC)Z(ClO4)2 was dissolved in 50% ethanol. Dilute
sodiun hydroxide solution (2N) was added with stirring until the solution
became dark green in colour. The product was extracted into dichloro-
methane. The extract was dried over CaCl2 and thé dichloromethane
removed to leave a dark green solid which was recfystallised from
dichloromethane/ether and dried in vacuo.

Analysis: Found C = 39.7% H = 3.61% N = 26.%5 Calc. C = 40.26'H = 3.87%
N = 27.0%

Reaction of iron(III) with TPCL, TPC, and PTSC

Attemots to form iron(III) complexes with the
ligands thiopicolinic acid anilide, thiopicolinamide and pyridine-2-
aldehydethioscmicarbazone, were unsuccessful. In alkaline solution
~ Fe(mC)
5 TelC,

neutral or aecid aqueous solution, or in organic solvents, complex

the complexes Fe(TPCA) and Fe(PTSC)2 were obtained. In
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reactions appeared to occur. In the first case it is protable that

oxidation of the ligand to 2,2'pyridylbenzothiazole occurred:
| Fe}r C[Nw
—_ /
@‘ﬁ—NH‘Q s/ M
)

since ferric ion is known to oxidise thioanilides to thiazoles(152)w
T@g product may complex with ferric or ferrous ions present in
solution, but no detailed investigation of this reaction was carried
6ut, since it was beyond the scope of this work.

Ferric ion is also known to oxidise thioamides(153)
and thiosemicarbazones(1542 to thiadiazoles, and these reactions
presumably account for the faiiure to obtain iron(III) complexes of

these ligands. For PTSC the reaction is probably:

N—N

N— NH ; '
QL S RNy

giving 2-pyridyl-l,3,4-thiadiazole.

Complexes of o-aminobenzenethiol (ABT)

It was decided to investigate the reactions of

ferrous and ferric ions with ABT before studying fthe similar ligand

Z-mercaptomethyloyridine, .since previous workers have investigated the

188

transition metal complexes of the former ligand quite thoroughly(155)(156}

Larkworthy, Murphy and Phillips<155) have previously prepared and

characterised bis(o-aminobenzenethiolato)iron(II), Fe(ABT)z.

Fe( ABT

(155)

The procedure of Larkworthy was found to be
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unsatisfactory in preparing this complex and an alternative nmethod
was developed. The complex is extremely air sensitive, so air must
be rigorously excluded douring.and after the preparation, which was
carried out in a glove bag under nitrogen.

Fe(Cl0 4)2.6H2o (1.8g) in degassed ethanol (10ml)
was treated with 2 ml. o-aminobenzenethiol. Degassed water (BOml)

was added to the solution immediately. The yellow precipitate was
filtered off and washed with degassed water, ethanol and ether. It
was dried in a stream of nitrogen and stored in a sealed tube under

nitrogen.

Analysis: Found C = 47.6% H = 4.04% X = 9.%5 Calec. C = 47.%5 H = 3.9%%

N b 902/-’/0

The reaction of iron{ITI) with o-aminobenzenethiol

The reaction of ferric salts with o-aminobenzene-
thiol in aqueous solution results in the formation of Fe(ABT)2 and
some disulphide, which precipitates out. The Fe(ABT)2 complex is

rapidly oxidised in the air. When the reaction is carried out in

ethanolic solution an intense red colour develops. This is probably

due to a reaction analogous to those known for o-phenylenediamine

and o-aminophenol:

O B OO o

4 N NH,
Ny Fe LTLT
(::Borx > Q:j:i::o ©
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gilving in this case a phenothiazine, H::Z:s , Which

may be susceptible to further oxidation.

Complexes of 2-mercaptomethylpyridine (}}TQ

The novel coamplex bis(2-mercaptomethylpyridino)-

iron(II), Fe(hﬁ?)z was prepared in an analogous way to Fe(ABT)Z.

Fe(C10 1) +62,0 (1.8¢) in degassed ethanol (10m1)
was treated, under nitrogen, with a solution of 2-mercaptomethyl-
pyridine (1.3g) in degassed ethanol (10ml). The yellow brown
precipitate was filtered off, washed with air free ethanol and ether
and dried in a stream of nitrogen. It was stored under nitrogen.

The complex is extremely air sensitive and may decompose explosively

in air.

Analysis: Found C = 46.5% H = 3.40% N = 8.8% Calc. C = 47.2% H = 3.9%%
N=9.%

The reaction between ferric ion and 2-mercapto-

- methylpyridine is complex. In the absence of air Fe(I‘ﬁI&P)2 and
di-2,2'-picolyldisulvhide are formed. In thg presence of air fu#ther
reactions occur. If FeClB.6H20 is used the final product is
FG(DPD)013 ( see next section ). The reactions occurring may be

explained by the scheme:
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Fe(MMP)3 (?) Fe™ 4+ DPD

\ l 1P

Fe(1ZP), + DPD Fe(1®),,

Feo* 4+ DPD —ﬁl—;..Fe(DPD)m3

Comvlexes of di~2,2'-picolyldisulphide

No reaction occurs between ferrous ion and this

ligand. An iron(III) complex is formed, however. The complex is the

novel disulphide complex Fe(DPD)Cl3.

Fe(DPD)C1
3

Equimolar quantities of FeCl .6H20 and di-2,2'-

3
picolyldisulphide were dissolved in ethanol. The solutions were mixed
and shaken vigorously for 10Omin. Brown crystals of the product were

deposited. They were filtered off, washed with ethanol and dried in

vacuo.

Analysis: Found C = 35.2 H = 3.2%5% N = 6.%5 C1 = 25.7% Calc. C = 35.1%

H=2.9%% N=6.86CL=25.9

5¢3e Results.

The i8ssbauer parameters obtained for the conplexes

described above are given in Table 5.2. Some of the more interesting

spectra are shown in figures 5.1 - 5.4.
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Table 5.2.
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I'Ossbauer data for some iron complexes of 2-substituted vpyridines.

Comnlex
Fe(TPCA) 3NMe A

Fe(TPCA) 5

Pe(TPCA) 5(€10,),,
Fe(TPC) 3NMe 4
l?e(TPC)3(Clo 4) 5

Fe(PTSC) 2( C10 4) 5

Fe(PTSC) 5

g au
Fe(ABT) 5
Fe(10P) 5

Fe(DPD) 013

Temperature(°K)

300
7

200
7

200
17

200
7

300
17

200
7

300
1

7
T
300

i
4.2

_§Lﬁmm.secfl)

0.28
0.%2

0.42
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5.4. Discussion.

The most noticeable characteristic of the series
of complexes of 2-substituted pyridines described above, is that with
one exception, o iron(III) complexes have been able to be prepared.
The ressons for this are described in the experimental section. The
dominant feature of the preparative chemistry of these complexes is
the ease vith vhich the ligand is oxidised by ferric ion, and with
cuuvstituted pyridines, oxidative cyclisation to more exotic
heterocyclic cozpounds occurs. The exception to the above is the
.complex formed between ferric chloride and di-2,2'-picolyldisulphide.
This is, to our knowledge, the first disulphide complex of iron that
has been characterised. Disulphide complexes of other metals are not

well known, the best characterised example being CuCl.Et 82, wnich

2
has a volymeric structure containing bridging chloride and disulphide
eroupst 159

The discuséion of the compléxes of 2-substituted
pyridines may conveniently be divided into three sections, the low-
spin ferrous complexes, the high-spin ferrous complexes, and the 1oﬁ~

spin Terric complex.

(i) The low-spin ferrous complexes

The l¥ssbauver parameters of all the complexes of
TPCA, TPC and PTISC clearly show that they are low-spin. Since all

xnown four coordinate complexes of iron(II) are high-spin complexes,
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none-of these cozplexes can be four coordinate. In Fe(PTSC)z(C104)2,
therefore,it is probable that vyridine-?-aldehydethiosemicarbazide
acts as a tridentate lisand, and not as a bidentate ligand as

(142

proposed by llemacricl, Prije and Irlennmeyer . Pe(TPCA)? fiOWS a

Y.
pe

large cuaciuncle snlitting, of the order exvecicd Tor a hih-spin

ferrour couplew, ihe igomer shift of 0.26 mm.secfl at 77°K, however,
1o kst expected for a low-spin ferrous complex, which implies that
the complex cannot be four coordinate as its erirical formula would
svooest. “ne ethanol of crystallisation and another molecule of the
coinlex presumably complete the coordination sphere.

Thiopicolic acid anilide and thiopicolinamide

are bidentate ligancs., Coordination is assumed to occur via the pyridine

nitrogen atcn a2nd the thiocamide sulpbur atom. This assumption is

~fied for tne case of T2CA since here the alternative of

cr

Jus

coordination via the amide nitrogen atom is sterically impossible due
to the phenyl substituent. The chemical and physical properties of the

TPC and TPCA complexes are very similar suggesting that the mode of
coordination od the TPC ligand is the same as that of TPCA.

The complexes Fe(TPCA).Nie, and Fe(TPC)3NEG4

have lower isomer shifts than Fe(TPCA)3(ClO and Fe(TPC)B(ClO4)2.

2

The ligand in the latter case is the neutral species,

@c——NHR
N

»

o~

o



vhereas in the former case it is negatively charged:

Qﬁ— = NR < | Qc——-ﬂ?

i

Ui~
»

The lower isomer shift can be associated with.the greater o=donor
pover oI the negatively charged ligand. The formation of o=bonds with
partial metal 4s .character increases the s-electron density at the
nucleus. The concentration of electron density between the metal and
the ligeacd should also lead to an increase in the electric field
gradient, and indeed lérger quadrupole splittings are observed for
Fe(TPCA)BNL-Ze

and Fe(TPC)BIQI-Ie than for Fe(T’PCA)3(C10 4) , and

4
Fe(TPC)B(ClO 4)» o

4

An alternative explanation for the differences
in isomer shifts can be proposed. The negatively charged ligand may
be a better T-acceptor than the ngutral ligand. Then the delocalisation
of the d-electrons from the métal on to the ligand would lead to a
decreased shielding of the s-electrons from the iron nucleus and to a
lower isomer shift. However, the delocalisation of the d-electrons
would lead to a reduction in the value of <<;-3:>fd and to a smaller
quadrupole splitting (see eg.(13)) which is not observed. '

The thiopicolinamide complexes have isomer shifts
lower thén the analogous thio?icolinic acid anilide compiexes, wnich
is consistent with the greater electron withdrawing power oI the

phenyl substituent; making TPCA a weaker o-donor than TPC.
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The same dependence of isomer shift and

quadrupole splitiing on the charge of the ligand is not observed

for the PTSC complexes. The lack of correlation in this case may

-
-

be due to significant structural differences. Thus, whereas it is
probacle that in Fe(PTSC)2 the ligand is coordinated via two nitrogen

ztoms and the sulphur atoms

it is possible that Fe(PTSC)2(Cl04)2 is coordinated by six nitrogen

atoms from the two PTSC ligands:



(ii) The high-rnin ferrous compleves

The ¥scbauer parsmeters for Fe(ABT)2 and Fe(MMP)z

coniirm that tiese complexes are high-spin. The isomer shifts are

-
-

0.90 and 0,91 rm.sectt respectively at T7°K, and are at the lower end

O

of the ranse observed for high-spin ferrous complexes. Itlhas been'.
observed by other workers that the isomer shifts of four coordinate
high-spin ferrous complexes are lower than those of six coordinate
higr-soHir ferrous complexes with the sanme 1igands(130),

The quadrupole splittings are large for both
comnlezes,indeed the splitting of 4.06 zn.sec. observed for Fe(ABT)2
at T7°K is the largest quadrﬁpole splitting observed to date for an
ircn compound. It is presuwably a conseguence principally, of a largs
contribution to the electric field gradient from the valence electrons.
“Jere the cozplex purely square planar, however, this contribution
would be cancelled out to some extent by a lattice contribution to
the electric field gradient of opéosite sign(16o). It therefore seems

likely that the complex has a polymeric structure with bridging

sulphur atoms, as is known to occur in other square planar iron-

(161) (155)

sulphur complexes Larkworthy, lMurphy and Phillips have found

that the absorption spectrum of the complex in the solid state is

consictent with this structure, which is illustrated belows
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The same workers have also investigated the
samactic susceptibility of Fe(AET)Z, and find that it is antiferro-
masnetic with a lleel poinf at 138°, Qur H8szbauer measuggments are
10t entirely consistent with this result. At 77°¢ the M¥ssbauer
spectrum is a simple quadrupole split pair of lines, (Figure 5.2(a)),

indicating the absence of antiferromagnetism at this temperature. At

4.2°¢ the spectrum shown in Figure 5.2(b) is obtained. The spectrum
now clearly showé the existen;e of a magnetic field at the iron
nucleus. In order to confirm that the sample was antiferromagnetic,
the spectrum was measured in an external field of 20kG at 4.2°%.

The spectrum then cbserved is shown in Figure 5.2(c). The only effect
of the external field is to broaden the lines. For an'antiferromagnet
there is no net momént wita which the externsal field‘can interact.

The internal field at the iron nucleus is increased in half the iron

atoms and decreased in the others, depending on the orientz%tion of tiac



atomic spnin. The lines are broadened due.to the distribution of
internal Tields, but the wocition of the linecs remains the same.
Fc(!ﬁP)z shoﬁs a similar spectrum to Fe(ABT)2 at
77% (Ti~es 3.%{a)}, with a large quadrupole splitting. On lowering
The te.oeratare to 4.20K, the spectrum broadens and gives the
appearance of a spectrum exvected for a slowly relaxing paramagnet,
(Figure 5.%7(b))..T%is is most urusual for a high-spin ferrous complex,
and the only similar example is‘found in the spectrum of oxygenated
haemoglobin{?0) | Tne effect of an axial field and spin-orbit coupling
voon the-STZ state of the high-s»ir ferrous ion, is tc remove the
cegeneracy of the state and to leave a state with effective spin S of
zero os the lowest state. Magnetic hyperfine interactiones are not
ciicrelore expected to be observed in ferrous complexes. The spectrum
of oxyrenated haemoglobin is explained as beinz due to the occurence
o7 a small uyperfine ficld at the iron nucleus due to thae paramagnétic
oxygen molegule. This explanation obviously cannot be extended to the
comnlex FG(HKP)Q.By analogy with Fe(ABT)2, the spectrum may be a
consequence of a small hyperfine field‘arising at the iron nucleus

due to weak antiferromagnetism between Fe(MIP)z moieties that are

bridged'by sulphur atons.
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The anzlytical resulis for tais compound confirm

teay ite emnpirdcal forrula is ‘GKDPD)C‘s. The solubility properties

-

of The comnlex su~ent that it is lonic; thus it is soluble in

5.

solvents of Iigh dielectric constant, such as water, alconol and

irevhylacetonide, wut it is incoluble in non-polar solvents, such as

plhzenc and ether. When an aqueous solution of the commlex is treated
wita silver nitrate solution all the chlorine in the complex is
arecipitated as silver chloride.

The magmetic suscevntibility of the complex was

~7

X L, o
ceagurec by the Gouy zetioc at 293K, on z lewmory Instruments Gouy

slibrated with j;Co(”CS)4 The nagnctic suscentibilty was

,
J -1 Ponh » -
1415 x 10 v cm3 mole ~. ‘e magnevic moment is therefore

{¢laaagnetic correction = =189 x 10“6 cm3 nole 1(162))

'.J

M.

The iYssbauer parameterc confirm that the

Fy

counlex contains low—spin iron(ITI) (see Table 5.2). The valuee o
the quadrupole splitting and toe eerctlve field at the iron nucleus
(Misure 5.4) are those expected for a low-spin ferric couplex in =
Costorted octahedral environment. Tac isomer shift shows the teaserature

dependence expected from the second order Doppler Eifect.

quadrupole splitting is virtuaily temperature 1ndependent indicatirz
+he absence of nearby excited levels.

—3 13 L. [ ~
The epr spectrum of a 10 ” H solution of the comolex
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in dimethylacetainide was measured at IOOOK, and is illustrated in
FYigure 5.5. The g-values were found to be:

£ = 1.956 8, = 2011 g5 = 2,042 ( -0.005)
The spectrun sxowed very broad lines, but no hyperfine splittings were
resolved. Additicn of sodium dithionite to the solution caused it to
cdevelop an zhiicnze reddish colour. The appearance of this coloration
vas accounaried by the disappearance of the epr signal.

Trne g~values are close to those observed for
(M= = 2{00)S.e) SHF

5 5 2 6

P S A
EY4LCUIY. L

(see page 175) and correspond to almost cubic
Yssbauer spectrum shows, however, that in the solid
state the symuetry of the iron atom is far from cubic. It seems
nrobable that some dissociation of tihe complex occurs on dissolution

in the nolar solvent,

By comparison with CuCl.Et2S2 a possible structure

for the complex in the solid state is:

] SN N N
N, 8 s .. /8 S
Fe—— (1l — 8¢ —— (l—— Fé ——C1—Fe —C1
— s N\ 87 s s/ N\ x Ns__
~—~" S SN
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Ficure 5.5,

rield increasing

-3

. o 5 SN L3 b_-
Spr snectii of 10 7 1 DiA solution of Te(DPD)CL_ at 100 XK.
- 7
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Antiferromagnetic interactions between the iron atoms, via the

bridging chloride groups, could account for the low value observed

for the wasnetic woment. Whe polymeric structure is expected to break

cowr in solution as for CuCl.Et282<159). Further investigations of

this novel covnlex are merited before its structure and properties

are fully undcrstood.
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Ir. the previous chaoters we have accumulated and

-
-

discuczed a consicerablc amount of irnformation on a variety of iron-
plexcs. In thie chapter we attenst to swrarise sone oé—the
roee drmporurnt aspects ol the data that we have obtained from the
T8sshaier and Cor Spectroscopic studies. The information obtained has
beer of Tuo ldnls, that concerning the molecular structure of the

comoiexes and that concerning their electronic structures.

6.1. IMlecuine structura.

In the diagnosis of molecular structure both
mdsstauer spectroscopy and epr have a limited value. Their use as
fingersrinticy techniques is restricted, since only a few transitions
ar: observed. e have, however, been able to draw some conclusions
about the syzietry and molecular structure of soze of the coumplexes

studied. Ior example, epr measurements have shown the complex

Fe(TTD)z(DTT) to have axial symmetry, whereas the related complex
FG(TTD)(DTT)Z has orthorhombic or lower symmetry. From M3ssbauer
¥fect invectications we have shown that the originally proposed

structure for Fe(sacsac) was incorrect, and that the probable

2Cl4

structure is (FeClj")(sacsac*)Z. The assignment of spin state by

~‘3asbauer spectroscopy may also enable conclusions to be drawn about

the molecular structure. Thus since the complex Fe(PTSC)2(81 4)2



contains low-spin ferrous ions it must be six coordinate.

Further information may be obtained from the
‘i8ssbaver snectrum when the time scale of the experiment is

considered. Tne lifetime of the 57“e ex01ted state is 1.5 x 10 7seC.
The aopearance of a single svectrum for the iron(III)N,N dialkyl—i

dithigocarbamates reveals that the rate of change of spin state is

’v

Taster than 1.5 x 107000.l The single pair of quadrupole split lines

observed for tae comnlex (- Le(CO)u.b) SPF is a consequence of

6
the wnpzired electron being shared equally by both iron atoms, at

! A g ¢ h) 57 ’ » ‘l
lcast over the lifetime of the ” Fe excited state. On the other hand,

tie apvearance of two pairs of quadrupole split lines in the

I'8sstaver spectrum of (Ph203HS2)2Fe01 indicates that two types of

4

n atom are present in this complex.

5.2. Tlectronic structure of molecules.

The paucity of the information obtainable from
ZUssbauer spectroscopy and epr abéut molecular structure is in contrast
to the wealth of information that can be acquired concerning tae
electronic structure of molecules. Since the electrons in the orbitals
of highest energy are those essentially associated with the metal,.

both the physical techniques used are able to provide data associatec
with the properties of these electrons. IN8ssbauer spectroscopy also

has the advantage that it yields information on complexes which ar

not suitable for studies by magnetic resonance mevthods, which require

209
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the presence of unvaired spin density.

Je shall consider the main parameters obtained

fron the i¥sstaver spectrum in turn,. to see the kinds of chemically

L]
-

immortant information that can be derived.

_nteneities ang lire dths

The temperature devendence of the iJssbauer
spectrum enables avoroximate estimates of effective Debye temperatures
to te .ade. It hés been found that iron-sulphur complexes generally
show low vaiues for GD‘ “ore important, however, is the information
that can be obtained in favourable cases from an investigation of the

L)‘&

teunerature devendence of the relative line intensities. Thus the

-
&

temperature dependence of the ¥ssbauer spectrum of tristetraphenyl-
piosphoniwn trisdicyano-l,2-dithiolene iron has veen interpreted in
erms of the relative magnitudes of the épin—lattice and spin-spin
rclaxation tines. Similarly,.the appearance of line broadening in
the spectra of the iron(III) 1,1 dialkyldithiocarbamates has becn

" related to the size of the alkyl substituent and consequent separation

of the iron nuclei, which affects the spin-spin relaxation times.

The isomer shift

The isomer shift provides a measure ¢’ the
s-electron density at the nucleus of tie absorber. For all the
complexes we have studied, except the iron(III) N,N dialkyldithio-

}carbamates, the isomer shift showed the temperature devendence



expected from the second order Dopnler Effect. The discrepancy
observed for ihe iron(III) N,I dialkyldittiocarbamates can be
explained as obecings due to the spin equilibriuvm.,

Isormer shift values have been discussed by many

(36)(37)(38)

sushors' » and related to chemical bonding parameters such
as electronezativity, iornicity and the nephelauxetic series. The
cifficulties encountered in attemntinz to find extended agreement in
thcze correlations have’been mentioned in Chanter Two.

The isomer shift of the frece ion will be
mocified Ly bonding with ligands. The ways in waich the s-electron
cenzity at the nucleus can be affected by metal-ligané bonding are
Threefolid: (;) en increase of 4s electron density may occur as a
rezuadlt of the partial occupation of the iron 4s orbitals by ligand
electrons; (ii) donation of electrons from tre lizaad into the metal

%3 orbitals will increase the 3d electron censity and increzse the

of “he s-electrons from the nucleus; (iii) delocalisation

of metal d-electrons on to the ligands, by -bonding of the metal
d-orvitals with empty ligand orbitals, will decrease the shielding
of s—electrons from the mucleus. Mechanisms (i) and (iii) result in

PRI NN

a decrease of the isomer shift, (ii) increases the isomer chifi.

The difficulty in interpreting isomer shift values in terms of subtle

changes of metal-ligand bonding can readily be recognised.
The only high-spin ferric complex that we have

studied, iron(III) pyrrolidylditniocarbamate, lLas an isomer shiit at

211
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o S . .
,OO . of O. 40 mi.SecC. , wWihich 18 appreciably lower than the isomer
shifts ovserved for otuer hish-spin ferric complexes, e.g. FeF3,

-1 -
0.75 mm.sec.”; Pe (SO ) .TH O 0.67 mn, sec.l; Fe, 0., 0.63 mm.sec.l;

3’
'(;1 Cw 6( - -1(3 ) b I .
FeCly. Z.0, 0.2C mi.sec. . zere the correlation between
<
cecrensing icomer shift, decreasing electronegativity, increasing
worarisability and increasing tendency to form covalent bonds, is
very satislactory, and may be explained in terms of increasing
occuwnancy of tre iron 4s orbitals by electrons from the ligands.
Tor the low-spin ferric complexcs the agreement

o loose satisfyin haniesns (ij d (iis3 b
10 lese catisfying. Doth mechanisms (ii) and (iii) above are now
overating. The shifts observed for the low-spin FeSG compounds are
considerebly higher than those observed in many other low-spin

[~ -1 i

ferric couniexss, e.g. L. Fe(v )6,-0 16 mm.sec. (Fe(ophen)2(um)2)N03,

0.10 m..sec.l(lép/

e conclude that for these complexes the
cec .1e1d1nﬂ effects of “{-back bonding are outweighed by the covalency
elrects between the filled liéand orbitals and the metal c-orbitals.
for low-spin ferrous complexes the variations in
isomer shift provide aluost the only information about thne electroric
structures of the complexes. The Value of this information is
‘illustrated by the data obtained and ¢iscussed in Chapter Tive.
The isomer shift provides information which is
unique to the Ii¥ssbauer experizent. It is unfortunate that full

investigations of the relatiorsiiy or the isomer shift to otzer



chemical -omii~~ sroverties have yet to be carried out satisfactorily.

The ovsdiuncle golitting

The quadrupole spliviting is closely relatéd to the
syiiretry ol the counlex and can, as mé;tioned earlier, assist in the
diagnosis of mslecular structure. The magnitude of the quadrupole
spliteirnc is dilficult to interpret satisfactorily, since it is so
intinntely associazted with the electronic structure as well as with
Lo crystal and molecular siructure. We'have.found only approxiuate
agreciznt between the observed quadrupole splittings of iron{ZII; i,
dimethyldithiocarbamate, the 'persulphide' complexes, and of
- (Ph4p)5(?es6c6(cn) ), and with thelquadrppole splittings calculated
on the basis of orbital sevarations deduced from the results of
measurcinents of magnetic hyverfine interactions and epr. To attempt
the reverse, and calculate orbital separations from the observed
quadrupole splittings_is not generally possible.

Héwever,'ﬁhe determination of the sign of the
guadrupole splitting and of its temnmerature dependence, can provide
knowledge of the nature of the orbital ground state, and of its
separation from higher states. Thus we have shown that for

(Fe01§‘)(sacsac*)9 the d 2 orbital is the lowest lying orbital, and
z VA

that it is separated by 315 K from the dx2 _ y2 orbital. For the

other comnlexes investigated the results are less strai-utforward.
For nitrosyliron bis(¥,N diethyldithiocarbamate) contribvutions

-

213



from the latllce and from covalency are important in determining the
sizn of the quadrupole splitting. We must then resort to the complex

procedure of calculating the [Jssbauver spectrum,

-
-

In the low-spin ferric complexes the use of epr

measurcments in conjunction with the i¥ssbauer data enables the

nature of the orbital ground state to be ascertained. “Je have not

-

alvays Tound total agreement between the epr and the idssbauer data.
Sze tacory tanat we have used to explain the epr spectra assumes that
Toe 2T2 state is well separated from higher states. This is certainly
not the case For the iron(III) ¥,N dialkyldithiocarbamates. Further,
the theory neglects sovin-orbit counling with.excited states, This
enproximavion may not be valid in iron-sulphur complexes. A refinement
of the theory introduces the orbital reduction factor, k, to take
account of covalency. Ve have found that taking k as less than one
does not improve the agreement between theory and experiment to any
great extent. Strictly, different‘values for k should be taken in each
of the equations (41),(42) and (43), but this makes solution of the
equations impossible., Despite the limitations of the theory we have
been able to §btain realistic semi-quantitative descriptions of the
ground states of the low-spin ferric complexes.

Tron(III) 17,11 dimethyldithiocarbamate possesses
alm&st cubic symmetry, with a ground state qonsisting of equal

amounts of |xz) and [yz) with slightly less of |xy) . The

214
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teiocrature deneadence of tue quadrupole splitting deviates from that

exvected for thiz ground state, due to the population of the nearby

(@)

exciteac A state,

—_— -

the remaining low-spin Iferric complexes that we

have investifated are grossly distorted from cubic symnetry.

Pe(mD), (“”T), Le(”’))(f.i)z and (Ph4P)3(FeS6C6(CN)6) have ground states
that are alnost pure xy holes, sevarated by large energies from the
next aohest state; The quadrupole splitting is expected to be
Virtezliy tanserature independent, although this is not found to be

tae case for the latter complex.

’l

a-meotic hynerfine interactions

The magnetic hyperfine interactions observed in
I.%zebauer spectroscopy are capable of providing valuable chemical
inforzation, althouzh many previous workers in this field have

ne;lected to investigate them, presumably due to the experimental

dificulties.

The measurexnent of !'‘Yssbauer spectra at low
temoeratures and in external zagnetic fields has enabied us to
observe magnetic hyperfine interactions in a number of complexes. Ve
have also been able to establish the nature of the interaction causing

the effective field at the nucleus, and have found examples of

ferromagnetic, ( ((C ) (1CS ) FeCl ), anti? erromagﬁetlc, ( ‘e(uzt‘ ),

and paramagnetic, (e.g. ((C? ) 1iCS )3Fe ), complexes.
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Yo

zonetic hyperfine interaction spectrum enables

£

The ”
si:m of the major comnonent of the electric field gradient to be

IS U
ey
-

19
LTSS S
-

¢stzoliched. Information on the ground state of a comnlex has also
d by investigatinz the field and temmerature denendence

scen obtainc
or tre resmetlic hyperfine interactions. Thus, for iron(III) pyrrolidyl

cithiocarbamate, we have shown the zero field splitting to be large

ezative, and have estimated its value (4D) as - 9.3OK, in good
1(164)

ith the measured value of - 8.4 cm.
The magnetic susceptibility of a complex may also

reencnt wita
be studied bty the [¥Wscbauer Effect. We have found that the dependence

effective field at the mucleus, H_.., upon /T for nitrosyliron

.
Tha

e
ol Tlz

cis(1,7 diethyldithiocarbamate), follows the Brillouin function for
S = 1/2, thus providing the first low temperature susceptibility

data Tor this complex, nnd coniirmingz the asoimmment of the apin state.
value of the effective field at the nucleus

-

L.l

can al<o provide information.'™e have discussed the contributions to

the saturation hyperfine field, in Chapter Two. The largest
g» and is

198
contribution usually arises from the Termi contact term , H
a meacure of the spin density at the nucleus. Calculated unrestricted
~
3 .
(S-= 2) ions

Hartree-Tock values for H for F03+ (5 = 5/2) and Fe
are —650xG and =-550kG rospectively. These values result from the
~olarisation of s—electrons by the unpaired d-electrons, so that ve

e ~inele unpaired é-clectron to give rise to a contribuitioan of
exnect a zing T )

about —120kG to the hyperfine fielc. ‘aen the iron atom is placed in
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a ligand field, interactions between the ion and the ligands result

in the d-electrons beconinzg delocalised on to the ligands to some

extent. The hyverfine field wili cecrense as the nolarisation of the

-
-

s-clectirons bty “he wivaired d-electrons decreéses, and we may expect

& correlavion vetweeon the masmitude of the hyperfine field and the’

covalency oFf the neval-lizend interactior. Some experimental values

Tor vhe Lyperdine fields of sonc high-spin Terric compounds are given
in Table 6,1. ‘he values are in good agreement with the calculated

P T

Table 6.1,

Coomound Eh (kG) C?ordination Reference
for, ~622 61 165

= S0 ML) S0 ,.24H 0 =582 62 0 166
e o 3( np 04+ 245, 2

i ~540 60 1e7
I‘e203 | |

TeCl, ~487 - 6c1” 163

The correlation between the maenitude of Hn and
covalency appears excellent, althoush it is limited by the few
measurements that have bteen made on high~snin ferric complexzes. The
value of i for iron(III) vyrrolidyldithiocartasate is 470320

reflecting the covalency of the iron-sulvhur bond in this couplex.

The correlation ‘can be extended o otier coznliexes
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ferent spin statesz, but now Hn may contain contributions from
the orbital term and i, the dipolar term.

Trom the ISssbauer snectra of nitrosyliron bis(N,N

-
-

dietnyldithiocarvanate) X has been estimated as -110kG. The
i

-

contribuiion from the orbitgl tern will be nsgligible since g::v2<ll2).
Lhe dinolar rield produced by a single electron is given by:
. Hd o -/SQ_ (68)
The perneadicular conponent of Hd is given by:
Hy, = —+f3q (69)

et

ard Zor this complex has a value of -16kG. The value of Hs is therefore
-C4:G, appreciably reduced by covalency from the expected value of
~ =170xG.

For bis(17, diethyldithiocarbamato)iron(III)
ciailerice, wrich has three unpaired electrons, the relationship (68)
is no longer valid. Tic dipolar field can, however, be estimated if
| (107)

the ordering of the 3 orbitals is known. Vickmann give thae

electronic configuration of this complex as:
= \ 2 1, 1 1 0
(a2 _ 20738, )7 (36,)7(3¢,2)7(34_ )
Martin and Uhite(73) suggest that the ordering of the energies of the

Zd orbitals iss
3d . 2d 2 2
dey <: *%z’ 3dzy < 34,2 <:- xr -y
I+ can be secen from Table 2,1 that both theseelectromic configurationc

would zive rise to a zero electric field gradient and the large
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quadrupole snlitting must then originatelfrom lattice contributions,
which seems very unlikely. The magnitude and sign of the quadrupole

splitting can be accountcd For il the electronic configuration is

-
-

vostulated as veing:

-

2/ 0. vl 1 1 0
(582 _ 2)%(3a, )54 )"(3a )*(34,2)

2 1 1 1, 0
d s ZA
(3, )%z 2 2)7(za )7(3¢ )7(34,2)
inen, vor the electrons localised on the metal:

- 8y
7

In this casge tic dipolar field, which is given by

= 1 ﬁ\(L - 2)(s)) (70)
is zero. i is again newllflble since g = 2(110) H for bis(X,N
diethyldithiocarbamato)iron(III) chloride is therefore -340kG. It is
somevliat surprising that in this S = 3/2 complex, the contribution
to tae Jermicontact term per unpaired electron is larger, at -llBkG,\
than in the S - 5/2 complex ifon(III)pyrrolidyldithiocarbamate,
wnere it is -94kG,

The low-spin ferriélcomplexes that we have
investigated are of two kinds, those which have nearly cubic
symmetry; such as the low-spin iron(III) N, N dialkyldithiécarbamates,
and those which are highly distorted from cubic symmetry, such as

the 'persulphide' complexes and tristetraphenylphosphonium tris-

dicyano-1,2-dithiolene iron. The g-values in"both cases lie near to

-



the free electron value, a situation which can arise either from a
nearly cuwolce cavironaent, or from a higily distorted environment

vhcn tic clectron (or hole) is isolated on the energy scale. In the

o . ]

oG Llarze quacdrunole sHhlittings are observed. The values of Hn
coserved are ol the ordecr of 300kG and -100kG respectively. The
difierence in the namnitudes of Hn is due to tpe orbital contribution
to the ayoerfine field, ZL. HL is given bys _

5, = 2p <Y ()
Zou cuclce symﬂetfy <:7 >? # 0, so that HL is not negligible. Hd
willi be grall and . may be taken as —100kG. HL is then -200kG or
400kZ, depending on the sign of Hn‘ Unfortuhately we have not been
avle to estaolish the sién of Hn for these complexes.

ror the remaining low-spin ferric complexes
<:?;:> = 0, so that only the dipolar and Férmi contact contributions

to = are significant. ror tristetraphenylphosphonium trisdicyano-1,2-

dithiolene iron Hn - —=110kG. Hd is estimated as -33kG, giving HS as
~77kG. 2eliable estimates of HS cannot be obtained for the other
comnlexes but it is evident that they are of the same order of

| magnitude. These values are much smaller than expected for a single

unpaired d-elcctron and rellect the strong covalent iron-sulvphur

interactions in these complexes.



6.3. Iror—sulvhur complezes and T2 nov-haen iron proteins.

In conclu«io:n, we chall briefly consider the

)

s to tire study of the non-haem iron

-
-

relevarnce of some of our resuk
proteras, Lhe structurc, Sunction and physical vproperties of the

f,:“*doxlns wers concidcred in Chanter Ore., The Vdsobauer spectra of

a voovcoentative bwhhsle, arlena ferredoxin, will now be considered
in wuoe detnil, Whe soecira are shown in Fisures 6.1 and 6.2, and
oy e fnterareved as follows(lB),

In the oxidiced state the ! %ssbauer spectruﬁ
consisis of a quadrupole split vair of lines (Figure 6.1(a)). At 77°K
©.¢ vaiues of the isomer snift and quadrunole snlitting are 0.22 mm.
22Tt and 0.65 mm.secfl respectively. The quadrupole splitting is

-

Lolisenaent of Temmerature over the range 1. 397 - 77OK_ S

ne
sohlication bf a %G masmetic Tfield to the samle at 4.2%% produces
a =zlitting of 0kl (Figure 6.1(b)) indicating that the iron atoms are
in a non-magnetic state. The major component of the electric field
cradient is positive in sign.

The spectrum of the reduced form is more complex,
(Tizure 6.2). At low temneratures in zero field and in small megnetic
rields all the iron atoms give the sawe :Jssbtauer spectrum, indicatingz
th2t the single unpaired electron is shared equally by the two iron

centre of the molecule. The effective magnetic field, Hn’ at <he

nuclei is 180k, about half that expected for a typical low-spin

221
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Fi{mreé 6.1l & 6.2.
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ferric ion in a cubic environment, and could be a result of the
_unpalreu electron being shared equsllw by the two -iron atoms. The

cormonent of tie clcetric field gradian in the direction of the

o ~e

megnetic ricld is negative. At hish temperatures the spectrun

O

ollapses To ~ve o cuadrincle doublets ‘which ére believed to be
a cohsecxcnce of the umpairced electron jumping between the iron atoms
at & raio slower than 1.5 x 107 sec-..1

None of the complexes that we have studied, that’
eve becn provosed as nodels for the non-haem iron proteins, show
fidesbaver spectra cimilar to those of licure 6.2. The spectra of
1ron{IIT) ¥, dimethyldithiocarbamate diluted in cobalt(III) Ii,N
c¢imeltiyldithiocarcenate (»;'u e 3.18) are most similar. The relaxation
tires are of the ccme order and the snectra also show a similar field
Cependence, The hyverfine Iield is,'howeﬁer,,about twice as large
ne in reduced lucolena ferredbxin.

<

(pa P) (Fe5 ¢ (c1) ) and the 'persulnaide’ commlexes
4 "3 6 0 6

- srow larger quadrupole splitfings and have values for the effective

meometic Tield at the nucleus of about -100kG. Their suitability as

rodel compounds for the interpretation of the MJssbauer svectra of

the ferredoxins is therefore linited. - ‘

The nrovosal that the single unpaired electron

being equally shared by totn iron atoms, gives rise to a value of X

14
-

1a1f that expected for a single low-spin ferric ion, is sizilar to
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the exvlanation that we have put forward to explain the small value

of H_observed in (;,—C-§5Pe(03)8’ )2 7. in Chapter Four. In the
S

latter cnne, nowvever, the environmment of the iron atoms is non-cubic.

Cur results are certainly consistent with the
interpretation of the 'Yssbauer spectrum of reduced Buglena ferrédoxin,
and may Zelwn tarow iizat on further investigations of the non-haem
iron »roteins., Obviously there is considerable scope for further

studies in wie field of iron-sulphur comnlexes and their use as

zodel comnlexes.
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