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Abstract

- A number of thiourea complexes of divalent metals
have been prepared, many of them being new compounds. _
The far infrared spectra (400 - 130 cm_l) of these com-
pounds have been measured and the results correlated
with the structural information obtained from other
physical studies. In all cases the coordination of the
thiourea is through the sulphur atom. Fundamental vib-
rations having mainly metal-sulphur stretching character
have been observed in the range 320 - 180 em ™t in al1
‘cases, Their position within this range has been shown
tc give useful structural information for the compounds,
A number of metal-halide and metal-oxygen stretching modes

‘have also been observed in these compounds,

‘Studies have been made of the infrared, far
infrared, and electronic spectra, and the magnetic pro-
perties of a series of compounds with metal -~ thiourea -
metal bridges and of a number of anhydrous divalent metal
thiocyanates. The results are interpreted in terms of
their known or probable stereochemistry and the nature of

the bonding.
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The electronid and molecular structures of some
new thioacetamide complexes of divalent metals have been
studied and the results compared with those obtained for

the thiourea complexes,

The infrared, faf infrared, and electronic spectra,
and the magnetic properties of some complekes of cobalt(II),
nickel(II), and copper{(II) with chelating alkyl sulphides
have been measured and the.results discussed with refer-
ence to their probable electronic and molecular structures.
In certain cases adducts of the compounds with molecular
dodine have been prepared and the nature of the bonding
of the ibdine to the complexes has been inveétigated by

the above physical techniques.
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ABBREVIATIONS
Ligands
tu thiourea (H2N)2CS
exan diethylxanthate (02H5)2N052
dtp” diethyldithiophosphate (CzH5°)2PS£
st - ralkyl sulphide
Py pyridine CSHSN
tam thiocacetamide CHBCSNHZ
DTH 2:5 dithiahexane (CHBSCHZ)Z
IPTE 1:2 bis{isopropylthio)- ((CHB)ZCHSCHZ)z‘

ethane

The following abbreviations will be used in descyibing

spectra

S strong
™ medium

w weak

v very

sh shoulder
ép sharp

br broad
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The notationﬂ%ﬁi ﬂV;: ’};: etc. that will be used
for labelling vibrational modes is that given by K,
Nakamoto in "Infrared- Spectra of Inorganic and Coordination
Compounds'y John Wiley, 1963; excebt for the point
group Déh where the notation of P. J. Hendra, Nature,

(1966) 19, 37, will be used.

The notation ”}g: ’Yg, /};t etc, that will be used
for labelling the spin-allowed transitions in electronic
spectra is such that, for a weak field complex, the

subscripts increase as the energy of the tramsitiem increases.

For convenience, a summary of this notation is

given below.

II, IT | e IT
.Co in Td Co in Oh | Ni in 0h
ligand field ligand field = ligand field
b,k u 4 3 3
1 hAz -—asz Tlg(F) —1 ng‘ Azg——)— ng
. b L L 3 3
2 4A2 --ath(F) Tlg(F)-——>hA2g A2g-——) Tlg(F)
. L 3 ) '
3 Ay~ Ty (P) "7 (F) =1, (P) ~Aa, —47T, (P)
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CHAPTER ONE

Introduction

" Metal complexes of nitrogen and oxygen donating

" ligands have been extensively studied in recent years and
considerable data is also available for arsenic and phos-
phorus donating ligands, buf until very recently sﬁlphur-—
containing ligands had received relatively little attention.
The studies described in this thesis were carried out with
three main aims. Firstly to identify metal - sulphur
stretching frequencies in some metal complexes and investigate
how these frequencies are affected by changes in the metal,
the symmetry of the coordination sphere,and the nature of
the other ligand atoms. Secondly, using this data and other
techniques, to investigate the electronic and molecular
structures of some metal complexes of sulphur-containing
ligands, Thirdly, to study the magnetic interactions Qaused

by metal - sulphur - metal bridges.

k3

Livingstone (1) has recently reviewsd the complexes
formed by the wvarious types of sulphur-containing ligand
and therefore a general description of the different
structures and types of coordination will not be given here.
The previous work on the compounds studied in this work will

be described in the relevant chapters,
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At this point it will be convenient to discuss .
three of the general features of the chemistry of sulphur-~

ligand complexes which are referred to later in this thesis,

(a) Ahrland - Chatt - Davies "B" Character

After an extensive survey of the available data on
the relative affinities of ligand atoms for metals, Ahrland,
Chatt and Davies (2) divided metals into two classes: .
(A) those which form the most stable complexes with the first
ligand atom of each group of thé periodic table and (B)
those which form the most stable complexes with the second
or subsequent atom of the group. Thus for class A metals

24+

(such as Ca and A13+) the order of stability for donor

atoms is 0) S) Se ) Te, whilst for class B metals (Ag' Pt2+'
etc.) the order is S)>»0 but any seqﬁence of S, Se and Te may
occur., Class B metals form a diffuse area round platinum

in the periodic table;’the border between A and B character
is not_clearly defined, metals such as copper, zinc and
cadmium having neither pronounced A nor pronounced B
character., The oxidation state of the metal can effect

the degree of B character, this being greatest for the lower

states.

The classification was based on a relatively small
-number of equilibrium constant determinzatiocns plus the

consideration of a large number of qualitative observations.,



In borderline cases the equilibrium constants can be
misleading as a measufe of metal = ligand bond strength
due to variations in the entropy contribution. However,
for typicai A or B behaviour, the equilibrium constants
for oxygen and sulphur donors are sufficiently differeﬁt

for them to be indicative of the relative bond strengths.,.

B character has been attributed to the presence of
non-bonding d electrons on the metal Which are capable of
forming dTT— df or d7r~ p;{ﬁonds with the empty ligand
orbitals. This explains the tendency of class B metals_fb
occur at the end of the transition series. The approximate
order of increasing B character of the metal ions considered
in this work is Mn (II)€ Fe (II)< Co (II)€ Ni (I1){2Zn (II)

{cu (1I) ca (II)€ Cu (I){Pd (II){ Pt (II).

(b) The Ligand Field Splitting Parameter of Sulphur - Donating
Ligands. '

Measurement of the ligand field strepgth parameter
10Dq of a large number of complexes of a given metal with
the same donor atom (but chemically different ligands) and
the Same'stereochemistry show that the range of 10Dq under

(3)

these conditions is rather small, Thus if a spectro-
chemical series containing a very large number of ligands
was drawn up it would be found that most of the‘oxygen

donors would be found in the same part of the series and’

similarly for the nitrogen donors.
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Sulphur donors, however, would be scattered fﬁroughout
the series, maleonitriledithiolate (NC-—S-—S_)Z) and
diethyl dithiophosphate coming towards the low end of

the series and sulphite at the high end.

Jﬁrgensen(B) has explained these facts by inter-
preting 10Dq as the difference between the § and T
-~ antibonding effects of the ligands on the partly filled
shell, Ligands such as ammbnia which have only one lone
pair on the donor atom are primarily&'~bonded,Tf~bonding
from the metal to higher empty orbitals on the ligand atoms
-being neglected. However, when low energy lone pairs are
present on the donor atom, bonding from filled ligand
orbitals to the metal d orbitals can decrease the value
of 10Dq. Aséuming that the major determining the extént
of thié?ﬂbonding is the number of available lone pairsy -
then it would be anticipated that the 10Dgq vélue produced
by a sulphur donor will be inversely related to the number
of lone pairs on the sulphur atom. This conclusion is
well supported by the experimental results.(B' 4, 5)
(For‘abbreviationSysee page 8)
10Dqg Value detp—< exan < tu (R28 <SO§—
lone pair electrons ~6 ) ~5.5 > ~5) L >«
However the ligand field produced by a given type of
sulphur-containing ligand would not be expected to be
completely indgpendent of the particular ligand for two

reasons.



(c)
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Firstly, the steric requirements of the ligand may result in
an increase in the metal-ligand bond distance which would
cause a decrease in 10Dq by reducing the magnitude of all

interactions (assuming the )W effect is small compared with

'theé?effect) and secondly,the nature of the other atoms

attached to the sulphur atom in the ligand will cause changes

~in both itsg4 andT donor ability.. -

This theory accounts for the much‘greater obéerved
variation in 10Dq fof sulphur donors than for ofher ligands
since complexes of ligands with such a wide variation in
the number of avéilable lone pair electrons are not well
known for these donors; One examble of this effect for

nitrogen donors is the relatively weak field produced by

+the azide ion,(6’ 7) which has about. four donor electrons

available on the terminal/nitrogen atoms,compared to that

by amines which have only two available electrons.

The Nephelauxetic Effect

Jﬁrgensen(s) has published a compfehensiﬁe review of
the‘nephelaxetic effect so that no attempt will be made to ¢
give a detailed acédﬁnt of this bhenomenom; instead atéention
will be drawn to its most important aspects as they affeét,

complexes of sulphur donors,
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Calculation of the Racah parameter B from the
observed electronic (d-d) spectra of transition metal
complexes from the determinants of Tanabe and Sugano (9)
usually gives a value somewhat below the value for the free
(gaseous) ion found from atomic spectroscopy. It is
convenient to define b‘a 'parameterg (the nephelauxetic ratio)
such that |

Bcomplex :BB free don
Complexes of divalent first réw transition elements with
halide, oxygen or nitrogen donors usually haveB values in
the range 0.75 - 0.95 but, as first pointed out by Schif-

(10) (3)

fer and later emphasized by Jérgensen, some sulphur
‘donors cause a much stronger nephalauxetic effect, the value

being reduced to 0.6 or lower.

The estimation of the numerj:cal values ofB from
measured spectra is sﬁbject to considerable erfor.due to the
width of the,spectral bands and the effects of spin—orbit *
coupling. Another source of error is that caused by treating
real complexes as if they have idealized Td or Oh symmetry.
Even when the distortion is too small to produce observable
band splittings, the experimental band positions may deviatg
from the values calculated %aking average values of the

1 ,
(l ) Thirdly, the calculated B

ligand field paramefers.
values suffer from the intrinsic errors in the Tanabe -

Sugano method (e.g. the assumption that "1" = 2 and that the
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same radial function can be used for both t2 and e orbitals.

Jﬁrgensen(s)following Koide and Pryce,(lz)defines the
terms’gsj'ﬁ 35’,355 which take account of the different
expansions of the & and’irantibonding metal orbitals,BBB’

, ﬁg 55 being calculated in appropriate cases from the spin-
forbidden intrasubshell transitions andﬁ:35 from the spin-
allowed transitions. All the nephelauxetic ratios in this

thesis areB 35

The explanation of the nepheiauxetic effect is
usually considered from tﬁo directions; firstly, that covalency
will cause a reduction of the positive charge on the metal
to roughly one unit and secondly, the partly»filled anti-
bonding molecular orbitals involving fhe metal electrons
extend out into the ligands where they overlap with the
1igahd orbitals. 1In either case the electronic radial
function of the menl is expanded with a consequent reduction

in the electronic repulsion constants.

The magnitude of the nephelauxetic effect for sulphur
donors is then partly due to the polarizability of the sulphur
atom but more significantly to the presence of low-lying
orbitals in the donor. This explanation accounts for the
fact that the pronounced nephelauxetic effect is characteristic
of ligands which contain the sulphur atom as part of a

delocalized system. Ligands which do not have low lying‘Tr
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: *
orbitals, e.g. alkyl sulphides, in which the n-W transitions

do not occur below 45,000 cm"l, do not show this effect.

A detailed introduction to all of the techniques
used in this work would be long and is unnecessary as many

excellent books and review articles dealing with electronic
(13,14,15) (16,17)

magnetic measurements,
(18,19,20)

spectroscopy,
vibrational spectroscopy, and_Mgssbéuer spectro-
scopy(Zl)are available. There is, however, no general
account of the use of faf infrared spectroscopy in
inorganic chemistry and as applications of this technique

form a major part of this thesis a brief introduction to the

material described in later chapters will be given,

Far Infrared Spectroscopy

Direct observation of metal-ligand strétching modes
is potentially capable of giving detailed information on the
bonding in, and the stereochemistry of, metal complexes; but
~until recently these vibrations had been observed in only
a few complexes. Except when the ligand i% very light

- 2-
(e.g. H, O

, F7, CO and CN" ) or when the metal-ligand
force constant is exceptionally high (e.g. in complexes of
metals in high oxidation states‘orvwhen formal multiple
bonding occurs) metal - ligand stretching vibrations occur

below 400 em™! and therefore beyond the range of nost

spectrometers,
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Research in far infrared spectroscopy (for convenience
in this thesis the term far infrared will be reser#ed for
the spectral region below 400 cm_l and infrared for the
region 4000 - 400 cm—l) has been carried out for many years
using specially designed and consfructed instruments. The
availability of replica echelette gratings and sensitive
detectors in the 1950's gave considerable impetus to this
work. However, it was not until commercial instruments
capable of giving high performance down to at least 200 cm-l

became available in the early 1960's that metal complexés

were studied in any detail.

The low frequently vibrations of~a number of metal
complexes have been studied by Raman spectroscopy, but this
technique is usually limited to concentrated solutions of
lightly coloured materials. The method has the advantage
that polarization studies are possible without the need to
align the molecules along a particular axis and the selection
rules governing the interaction of the molecular vibrations
with the incident radiation are different from those govern-
ing infrared spectroscopy.(18> Raman spectroscopy can
provide useful information in addition té that available
from far infrared spectréscopy but its application is at -
present seﬂerely limited. Very recently,very high performancé

Raman spectrometers using lasar sources have become available.



(a)

(b)
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These instruments ehable good low frequency spectra to
be obtained on dark solids (22) and it seems probable that
in the next few years Raman spectroscdpy will be used

increasingly to complement far infrared data.

The instrumental difficulties in far infrared
spectroscopy have now been largely solved - at least down
to about 100 cm—l— and the resolution and signal to nod ke
ratio obtainable. is adequate for most applications to
metal cohplekeé. There are, however, certain difficulties

which arise from the nature of the sample.

There are no satisfactory‘solvents available for
far infrared studies on many metal complexes. Hexane,
benzene; pyridine and methyl cyanide have large regions of
transmittance but the complexes studied in this work are

either not sufficiently soluble in, or are decomposed by

these solvents. It was therefore necessary to examine micro-

crystalline mulls, the absorption due to a thin film of

nujol being negligible.

Spectra taken in the soclid states are'likely to show
vibrational frequencies correspénding to translations or
rotations of discrete molecules or ions in the crystal
lattice; however, for ions and molecules with a mass of a
few hundfed atomic units or more these modes do not, in

-1
general, occur above 100 cm .
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In order to avoid interference from lattice modes in cases
where there is a relatively light molecule or ion in the
lattice, these complexes have been studied as far as

possible with two different light ions present, e.g.

(N..l?('t.\.t)s)(NOB)z and (Ni(tu),)Br,.

The predicted number of metal - ligand stretching
modes for the various stereochemistries and symmetries and
whether they are infrared active, or Raman active or both
is readily obtained by the methods described in references
18 and 20. The results of these calcuiations for the more

common symmetries are given in Table I.

It will be convenient tb use the terms octahedral,
tetrahedral and square planar to describe the steriochemical
type which corresponds roughly to these spatial arrangements
of not necessarily identical ligands. The Schoenflies

symbols Oh’ T, and th will be used to describe these

d

precise symmetries. Frequently it will be necessary to

use the terms approximately C etc. to describe a complex

3v

which is closer to the stated symmetry than it is to any

3

to have tetrahedral stereochemistry and to have a coordin-

comparably high symmetry. Thus Co(tu)BOSO will be said

ation sphere of approximately C symmetry, although the

3v

true symmetry will be very low.
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TABLE I

Predicted Numbers of Metal - Ligand Stretching Modes in

Varicus Stereochemistries

Stereochemical Symmetry IR .ctive Strs.
type (ideal) M - L M- X
Tetrahedral MLL‘ 'Td _ T2 .
"
MLBX C3v E + Al Al
n
ML2X2 C2v ' Al+ Bl Al+B2
" MLM D2d B2+ E -
Planar ML4 th Eu -
" MLh CL’V E +A1 -
"
MLBX sz A1+Bl Al
" :
cis ML2X2 C2v A1+B2 A1+Bl
.o" transML2X2 D2h B3u B2u
Octahedral ML6 Oh Tlu -
1"
) ML5X CL‘V E +Al Al
" cis MLL’X2 C2v 2A1+B1+B2 A1+Bl
" transMLL’X2 th Eu . A2u
1® = ; . v
cis ML3X3 C3v E + Al E + Al
1 e
transML3X3 sz ' 2A1+B2 2A1+B2

21.

Raman Active‘Strs.

M - L

A1+T2

E +Al

A1+Bl

B2+E+Al_

A. +B,

g "2sg
E +AlfBz
A1+Bl

A1+B2

A
g
E _+A
g 1lg
E +A
g £
E +Al

2A1+B1+B2

A. +B
18" e

E + Al

2A1+B2

M- X

A.+B

=
%)

E + A

2 B
Al+
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Examination of Table I shows that in many complexes
there will be two or more stretching modes of the same
symmetry and in certa;n cases the energies of these bands
will be similar. Under these conditions extensive inter-
action between these two vibrational modes will occur
resulting in éach acquiring some of the character of the
other and the two vibrational modes moving apart.(ls).
This.complication,'however, apparently does not prevent meaning
ful assignments of the majority of spectra; experience
suggesté that it is only in those cases where the inter-
acting modes lie very close togéther that the interactiaqn
causes a marked difference between the ogserved spectrum
and that which would have been anticipated in thebabsence
of any such interaction. (One of the aims of the present
study was to determine to what extent the far infrared
spectra of complexes of low symmetry could be interpreted
without performing a complete vibrational analysis.)
Even for the most symmetrical molecules many of the normal
vibrations involve both bond stretching and angle

(20) the relative amounts depending on the atomic

bending,
masses and the detailed structure involved, In the case
of thethiourea complexes which are discussed in Chapters two

and three the C - S - Metal bond angle is about 1200,
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. ghe skeletal vibrations of the complex which occur in

the far infrared must therefore involve appreciable

amounts of both bond stretching and angle bending character,
However the spectra of a large number of thiourea complexes
show a band or bands which vary in the same way as metal-
halide stretcheP on changing the metal atom or the
stereochemistry. It thérefore'seems reasonable to call
these metal—sulphur_stretching modes or, more simply,

metal - sulphur stretches, although they must involve

some bending'charaQter. In‘addition, at lower energies,
bands are sometimes observed which appear to have the
properties of'pending modes, these will be termed metal-
sﬁlphur bending modes. | It may be mentioned heré that the
normal vibrational modes of a polyatomic species involve
the relative motion of every atom in the species(ls) and
therefore, for example, the energy of the M - X modes in

a complex species ML are dependent on the nature of L.

2X2
Again, experience suggests that, in mest.cases, the
energies of the M - X stretching modes are sufficiently
constant for different L to enable assignments of observed

spectral bands to vibration largely located in the M - X

bonds, (23)
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4t the time this work was started only metal - halide,

(24,25,26) metal - ammonia,(27’28) metal - pyridine{(29)
-metal - isocyanate,(Bo) metal - thiocyanate,(Bl) metal -
isothiocyanate,(Bz) and metal - isoselenocyanate(ss) modes

had been studied in any detail, Nakamoto et al. had
carried out vibrational anagysis of some metal acetylace-

(34) (35)

tonates, and metal - oxalato complexes, and of
dithioxalatoplatinum (II) (19) and bisdithiocarbonato-
platinum (II) (36) but in these compounds the‘metal -~ ligand
stretching modes involve ring deformation. Since then, a
number of papers dealing with far infrared spectra of |

metal - complexes‘have appeared, but few systematic studies
on other types of donor have been reported., 0f the latter,
oh N . (37) (58)
ose dealing with metal ~ nitrate and metal -~ sulphate

modes are the most relevant to this work.

Apart from the above mentioned studies, the only
metal-sulphur stretching frequencies to have been
unambiguously assigned as those associated with the thican-
ions such as (AsSh)B— (symmetric stretch 386 cm—l, “
asyrmetric stretch 380 cm_l).(39) These frequencies
effectively form the upber limit for metal - sulphur

stretching frequencies in complexes of metals in all but

the highest valency states,
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Complexes'of thiourea were selected for the
~initial study of metal-sulphur stretching modes for three
reasons. Firstly, this ligand is relatively light and

is one of the few non-chelating sulphur donors that forms
stable compounds with first row transition metals.
Secondly, there is a considerablevémount of structural
information available for thiourea complexes. Thirdly,
there are no fundamental vibrations of the free thiourea

1 (35) :

molecule below about 400 cm .
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CHAPTER _ TWO

Metal;Sﬁ}phur and Metal-Halogen Stretching Frequencies in

Some_ Complexes of Divalent Metals with Thiourea

In this chépter the magnetic propérties, electronic
spectra, infrared spectra and X-ray powder patterns of
some thiourea complexes of divalent metals are discussed,
and where possible, their structures are deduced from this
data, The far infrared spectra (400-130 Cm—l) of these
compounds are then interpreted in ferms of their known or

probaeble structures.

Infrared Spectra of Thiourea and its Complexes

There has been much discussion of.the aésignments
of the infrafed absorption bands of thiourea and related
' molecules.(hl) Extensiveyinteraction occurs betweén the
NH2 wagging mode, the C - N stretching modes, and the C - S
stretching mode so that simple assignments of the obse;ved

bands to motion largely restricted to one bond or angle

cannot be made,

Stewart(uo) has studied the infrared spectrum of
thiourea over the range 4000 -~ 270 cm»l and has attempted
a complete interpretation; all 18 fundamentals are assigned
to bands above 400 cm”l so that no bands should be observed

in the far infrared region (except for lattice vibrations).
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The far infrared spectrum of thiourea in the solid étate

1

has been measured to 135 cm — in this work and no bands were

observed, Stewart's assignments are largely confirmed by

(42)

the normal coordinate analysis of Yamaguchi et al,

The infrared spectra of thiourea complexes have
been extepsively studied ~ mainl& with a view to deciding
whether.ooordination ocecurs thrb&gh the sulphur or
‘nitrogen atoﬁs. Yamaguchi et al.(hz) have studied the
infrared'speotra of some metal thiéurea complexes to

270 c:m-'l

and have assigned the observed frequencies in terms
of the fundamental vibrations of the thiourea molecule.
They conclude that thiourea coordinates through the sulphur

atom in the complexes they have studied.

The infrared spectra of the‘thiourea complexes
described in this work have been measured. They are
rather similar to those reported by Yémaguohi, thus
indioatipg that thiourea is coordinated through the sulphur
atom in these compounds too., This cdnclusion is supported
by the observed strong néphelauxetio effect in the cobalt
and nickel oomplexes,(43) In addition, all reported
crystal structure detérminations on thiourea complexes show

that the thiourea coordinates through the sulphur atom,
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The reason that thiourea usually coordinates
through the sulphur atom probably ldes in the capacity of
the nitrogén atoms to donate electrons to the sulphur atom
via the ysystem.

N 9
HZN\ @HZ HZNL\ /;NH 2
’ za ie.e. ‘E{S
The nitrégen atoms then become relatively positive as the
positive acceptor approaches the sulphur atom, thus
strengthening the sulphur-acceptor bond, Tﬁis effect is
illustrated by the fact that in the salts of thiourea with
strong acids the hydrogen is attached to the sulphur atom(?h)
It has, however, been recently reported that the neutral |

acceptér'boron trifluoride forms adducts with thiourea

in which coordination occurs through the nitrogen atom.(hs)

X-ray Structural Data for Thiourea and its Complexes

¥

The X-ray crystal structire determinations on the

compounds considered in this chapter are summarised below.

THIOUREA(46)

The molecule is accurately planar with C - S
distance 1.71 A,° Single ecrystal nuclear magnetic resonance

studies indicate that the hydrogen atoms lie in the plane.(h7)
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Zn(tu)2012(”8) N

The zinc atom is tetrahedrally coordinated with
Zn - C1l = 2,32 A°, and Zn - S = 2,35 A,° The C - S
distance,- 1.78 A° is significantly longer than in free
thiourea, The C — S - Zn angle is 108.6.° The maximum

molecular symmetry is 02§, but the site symmetry is only Cy .
(49)
Cd(tu)2012’
The cadmium atom is tetrahedrally coordinated with
Cd - CL = 2,5L A®, and Cd -~ S = 2,45 A,° The C - S distance,

1.64 Ao, is remarkably short. The maximum molecular

symmetry is Cé.

(50)
‘Ni(tu)hClz
The nickel atom is trans-octahedrally coordinated
with Ni - C1 ='2.40, 2.52 A°, Ni - S = 2,46 A°, C - S - Ni -
angle = 113.9%, ¢ — 5 = 1.73 4%, The Ni - Cl distances

are significantly different.

Cu(tu)301(51)

The cuprous ion is tetrahedraliy coordinated by
two bridging thiourea'moleculés and two non-bridging
thiourea molecules., The chloride ion is ionic.

Cu-S (bridging) = 2.42, 2.38 A%, Cu ~ S (non-bridging)

= 2'-35, 2,31 AO.
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C -8 =1.81 4 °(for all thiourea molecules w1thnexper1mental

error) The maximum molecular symmetry about the Cu is Chye

(52)
Pd(tu)4012
The coordination about the palladium is square
planar with Pd-S = 2,33, 2.35 A°; S - Pd -~ S angle = 82°,

85°, 97°; Pd - S - C angle = 107%; ¢ ~ S = 1.72, 1.78 A°

quare Planar Compounds

The compounds Ni(tu)uxou. MeOH.(X = S, Se) are
diamagnetic and their reflectance spectra (Table 2), |
consisting of one fairly intense, broad band in the yeliow,
are‘eimilar to those of the square planar nickel (II)
complexes with substituted thiourea donors.(56) In the
infrared spectra of the anions, the triply degenerate
asymmetric stretch is only slightly Spllt and the
symmetrlc stretch is very weak. The anions are therefore
‘considered to be ionic. The two compounds have similar
X~ray powder patterﬁs (Table 3) indicating that they.are
structurally similar, The lattice dimehsions are slightly
larger for the selenate, The methanol in the nickel sulphate
cqmplex could not be‘driven off by heating the compound at
;ho° in vacuo for 24 hours and the selenate complex

decomposes before the methanol is removed. .



Table 2

31,

Electronic Absorption Spectra

Compound

Co(tu)2C12
CO(tg)ZBr2

Co(tu)212

CO(tu)212

Ni(tu)usou. MeOH
Ni(tu)ASeo;.MeOH

Ni(tu)6(N03)2

Ni(tu)éBrz

Phase

Solid

Solid

Solid

Solution in
acetone

xw?p30.0029m)

¢é0.029m)

. Solid.

- 8o0lid

Solid

Solid

Band Maxima (cm—l)

16,500;15,500;13,700;
7440; 5810; below 4500

©16,100sh;15,150;13,200;

6730; 5600;3;below 4500

15,600sh; 14,500;13,000;
6800; 5350;:;below 4500

15,100sh; 18, 500 (630);*
13,800 5790&; 13, 600sh;

12,800 (710);7300 (114);
6250 (110); 5100 (93)
17,200

17,200

'20,200sh;14,500; 12,700s

8650

20,000sh; 13,900;
13,000sh; 8600

* Molar extinction coefficients in parentheses



- *
Interplanar Spacings

Ni(tu)hsoh.MeOH
7.07 A° m
6.50 m
4.72 s
5.19' W
h.OZ w
3.66 m
3.58 m
3.52 m
3,12 m
2.90 w
.2.86 w

Table

3

for Ni(tu),Xo,.

32.

MeOH (X=S,Se)

Ni(tu)hSeoh.MeOH
7.13 A° m
6.58 m
4.79 s
4,29 m
4.08 w
3.72 m
3.62 m
3.57v m
3.14 m
2,90 w
2.86 W

* Most prominent lines only.
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Attempts_to Prepare a nickel sulphate~thiourea complex
from dimethyl sulphoxide gave green (octahedrally
coordinated)'producfs froﬁ which only part of the

dimethyl sulphoxide could be removed by heating at 140°

in vacuo to give another octahedral product., These products
had analyses which indicated that they were mixtures of
bompounds of several stoichiometries and they were not
‘characterised, The methanol in the Ni(tu)axoh.MeOH
compounds is presumably hydrogen bonded.into the crystal
lattice and its presence is respﬁnsible, at least in part,
for the stability of the'square planar form of the complex.
No other mnickel - thiourea complexes with square planar.
coordination could be prepared in this work., These

square planar complexes do not add ligands in the axial
positions at all readily; they are insoluble in cold
pyridine and are completely decomposed on boiling in

pyridine.

The yellow complexes ~M(tu)uX2 _(M( = Pd, Pt; X = %soh:
M = Pt, X = Cl) are probably aqﬁare planar, this being the
usual stereochemistry for these metals in the divalent
state. The sulphate groups are shown by their infrared

spectra to be ionic.
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The far infrared spectra of all six square planar
compounds (Table 4) each show a medium strength band in
the region 311 - 272 cm™ Y. This is readily assigned as
due to the infréred active metal sulphur stretching.
vibration by comparison with the Pd(SCN)i— and
Pt(SCN)i-ions (31’53) where the corresponding modes
occur at 286 and 283 cm - respectively. The nickel and
platinum compounds both show a strong band at about
200 cm"l, the band being split in the nickel.compounds
and broad in the platinum complexes., This band is
assigned as a metal - sulphur bending mode related to the
E (infrared active) in - plane bending mode of a D,, ML,
species.u (This mode occurs at 194 cm~l‘in‘K2(Pd01h) and’
and 190.5 em ™t in K2(Pt01h).(5h)) The corfesponding
band in the palladium compounds is split intb thrée
components, the highest energy band being the weakesﬁ.
In view of the large number of low frequency vibfational
modes expected for a square planar M(tu)i+ éation;

detailed assignments of the spectra below 200 em™ ! cannot

be given,



Table 4

Ni(tu)usou.MeOH 311lm

Ni(tu)uSeou.MeOH 310m

Far‘Infrared Absorption Frequencies *_(cm~l)
Compound M-5 stretches M-X stretches Other Bands
Co(tu)2C12 278sh, 249 314, 292
“Co(tu)zBrz 274, 251 235, 227sh
Co(tu)zlz 269, 242 200, 159w
Zn(tu)2c12 - (266, 255-235, see text)
Zn(tu)zBrZ 259, 2ho 200, 185
Zn(tu),I, 256, 227 166, 150m
Cd(tu)2c12, (225,204, 185, see text)
Cd(tu)zBrz 222, 212 163, " 150m
' Cd(tu)zx2 231 194 140
_Pd(tu)u(n2 275m 202w,190,181
150
Pd(tu)usou 279m 258vw,206wsh
195br,180br
150br
Pt(tu)uClz 275 250vwbr, 200
180wbr.
Pt(tu)uSOu ' - 275 200br, 180wbr

254wm,204,197
156m

256m,207sh,
198, 156m
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Table 4 (continued)

Compound M-S stretches " M-X stretches Other Bands
Ni(tu)éBrz | 216 163
Ni(tu)6(N03)2 222br 172m, 156
Ni(tu)4012 200br ? 220sh ? 170,158sh
Mn(tu)uCLz 186, 1827? 2207 158,128

* All bands are strong unless otherwise stated,
The query (?) indicates doubt in the assignment, not

the presence, ofa band,
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Since the overall symmetry of the complex
cation§ will be very low, it.might be expectéd that the
T{(Alg) andﬂ%é(Bzg) stretching modes, which are
infrared inactive iﬁ th symmetry, would become weakly
allowed. The spectra of the nickel compounds show a
weak band at about 255 cm"l which may Cbrrespond to
one of these modes. The corresponding frequencies

for the square planar anion‘PdC1i— are (22,54)

-1 . 21 . -1
vg (E,) 332 em™™, v (4, ) 310 cm » V5 (By,) 275 em
‘The weak, broad band at 250 - 258 cm © in the palladium

complexes may have a similar explanation.

’Tetrqpedral~00mplexes thu)zzz-

The reflectance spectra (Table 2) of Co(tu)2X2
(X = €1, Br) indicate that tﬁey retain in the solid staté
the tetrahedralbstructure that they have in solutuion(MB)
The reflectance spectruﬁ of Co(tu)212 is closely
similar to thosé of the énalogous chloride and bromide

thus indicating a tetrahedral structure for this

compound.
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The high molar extinction coefficients of the solution
of the complex in acetone and the value of the magnetic

moment Q«(:W.MB B.M.,9 =-4 2 after correction for
<% (55)

(17) are

temperature independent paramagnetism of 600 x 10
cgs and diamagnetism of - 190 x 1Of6 cgs units

in agreement with this, Treatment of these results
according to the procedure used by Cotton et al. (6)and
taking?%: 6,000 cm"1 and?é:lh,OOO cm'_l gives the para-

L. B=640 cm"%k= 120 cm™ ', These values

meters Dq=-345 cm
are reasonable for a Co(tu)212 tetrahedron, (Using the
same averaging procedure to obtainl}/2 andq/3 for the
bromide and chloride complexes a4 was used fér the iodide
the values of Dq and B obtained are 350 cm_1 and 680 cm"1

for the bromide; and 360 cm™ L and 700 em™t for the chloride.)}

In a C2V ML2X2 complex two metal-X and two metal-
sulphur stretches would be expected (Table 1.) In the
nine complexes considered here (M=Co,Zn,Cd; X- Cl1, Br,I)
four bands are'oﬁserved (Fig 1) except in those cases
where they would be expected to lie very close together
and partially obscure each other, and one case (Cd(tu)2I2)
where the lowest energy band would be expected to lie
below the limit of the measurements. The spectra of the

zinc and cadmium bromide and iodide complexes are

generally similar to those of the corresponding cobalt
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Far Infrared Spectra of CS(tu)zxg Compounds

Absorption——y)

4 i N L. { o |
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-1

A Co(tu)gCly
Co (tu ) 291‘2 ‘
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compounds, after allowing for the usual shift to lower
energy of the metal ligand stretching frequencies along

(24-29)

the series; Co, Zn, Cd. These compounds are

therefore considered to have a tetrahedral structure.

The'metél-sulphur stretches are assigned on the
basis that, for a given metal in a given stereocﬁemistryg
their position would not change greatly with change of
the anionie 1ligand. Small changes would be expected
because of the motion of the other atoms in the.molecule
during the vibration, interaction between vibrational modes,
and differenges in the detailed structures. Metal-halogen
stretching‘frequencies are assigned by comparison with the

(2h,25,26) and the tetrahedral Mpy X, SPeCiesv(zg)

2~
MXh ions
The spectre of the iodide complexes, in which the metal-
halogen stretching vibrations occur at much lower energy

than the metal-sulphur stretching frequencies, permitted a

clear assignment of the vibrational modes.

The spectra of Zn(tu)2C1 and Cd(tu)2012 are not

2
clearly resolved due to the close proximity of the metal-
sulphur and the metal-chloride stretching frequencies.
Consideration of the frequencies of these modes in fhe
othervcompounds leads to the conélusion that all four

bands will occur close to 210 em™! in the cadmium complex.,
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and close to 250 cm"1 in the zinc complex.

Under these conditions assignment of the observed absorption
bands to vibrafions involving a specified ligand is not
justified. A similar situation probably occurs in
Co(tu)zBr2 but in this case the interaction appears to be
less and it seems reasonable to assign the two higher energy
bands as predominantly metal-sulphur stretching vibPfations

and the lower one as a predominantly metal-bromine stretch-

ing mode.

The far infrared spectrum of Cu(tu)301 showed no
band above 130 cm~l. The metal=-sulphur stretching
frequencies f£for this complex probably lie below the limits

of the measurements.

Octahedral Complexes

The reflectance spectra of the compounds Ni(tu)6(N03)2

and Ni(tu)éBr2 are similar and can be interpreted

in terms of octahedral stereochemistry with 10Dg=8600 em~t

and B=530 — (lg=o.h9). The shoulder on the low energy
side of )r, is probably caused by a spin-forbidden
transition; using Tanabe and Sugano!s determinants, the
above parameters, and assuming C=4B, the 1A1g’state is

1

predicted to cross the 3T,  state at about 13,500 cm .

lg

These two states can interact through spin oxrbit coupling,

resulting in the singlet level acquiring some triplet
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character and therefore the optical transition from the
ground state to the "singlet" level gains some intensity.
No splitting of4, is observed. The difference between
the electronic reflectance spectrum of Ni(tu)6(N03)2 and

(43)

the solution spectrum in acetone is caused by solvolysis

of the complex.(56) The magnetic moment of Ni(tu)6(N03)2
(43)

at room temperature is 3,09 B.M.

The far infrared spectra pf these two compounds are
rather similar, both consisting of broad bands at about
220 cm"l and 160 cm T, The lower band is split into twé
componerts in the nitrate. Since metal-thiourea
stretches occur in very roughly the same’position as
métal—pyridine stretches in tetrahedral and planar
compounds, it is reasonable to suppose that the same will
be true of the octahedral compounds., The 220 cm_l band
is then assigned as the octahedral metal-sulphur stretch
and the lower band as a bending mode, The Ni-S-C bond
angle will be less than 180° (probably about 1100) and
the highest'symmetry about the nickel atom is then 86.

In this point group the Tlu strefch in Oh symmetry splits
into A and E stretches which are both infrared active.

It is possible that the two bands observed are these two
stretchihg modes but the splitting seems very large at such

low energies.
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The far infrared spectrum of Ni(tu)hCl2 is similar
to that of the Ni(tu)§+ jon with the addition of a strong
band at 200 cm .(Fig 2) It is therefore reasonable to
assign this band to the Ni-Cl stretching frequency, this
involves having a metal sulphur stretch at higher energy
than a metal-chlorine stretch which is contrary to the
situation in the tetrahedral compounds but the symmetries
of the wvibrations in the‘two cases ére gquite different.
This assignment also involves a very low metal-chlorine
stretch compared to that in Nipy,Cl, (2ke6 cm_l). (29)

In Ghapter'Fife, the thioacetamide analogues of the
compounds discussed in this chapter wili be described;

it will be shown that, in tetrahedral M(tam)2X2 compounds,
the metal-sulphur stretching frequency comes lower than
in the thiourea complexes.whereas the metal-halogen |
stretches are higher. If this can be extended to the
octéhedral'compounds, then examination of the spectra
leads to the conclusion that the above assignments
should be reversed and the 220 cm © banﬁ assigned as

the metal-chlorine stretch. This assignment removes

the previous objections and is in agreement with the
trepd that metal-ligand stretching freqﬁencies are higher
in catiénic species than they are in neutral species,(29)
but does not account for the relative weakness of the

band due to the metal-chlorine stretch.
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Far Infrared Spectra of some Octahedral Thiourea Complexes
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240 220 200 180 160 140 om~1

A Ni(tu)g(NOgz)g
B Ni(tu),Cl,
C Mn(tu),Cly
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The assignment of the far infrared spectrum of Mn(tu)hcl2
(which-is isomorphous with the nickel compound)(57) is
most readily méde in terms of this latter assignment, the
metal-chlorine stretch coming at the same energy asvin
the nickel compound, but the metal-sulphur stretch is
appreoiably lower, These shifts are similar to those
observed in the trans-octahedral M(tu)z(NCS)2 compounds
(Chapter Four) and possibly reflect the greater B

character of nickel relative to that of manganese,

Conclusions.

Vibrational modes involving mainly metal-sulphur
stretching character have been observed for a numbef of
tﬁiourea complexes of divaleﬂt metals in the readily
accessible spectral region 320—1800m~1. In some cases
bending modes have also been observed. These complexes
show the same variation in metal—ligand stretching
frequency with stereochemistry that has been found for
complexes with othef ligands; i.e. those with tetrahedral
geometry have frequencies which are higher than those
of octahedral, but lower than those of planar,complexes.
For the tetrahedral complexes the cobalt-sulphur stretches
are 10-20 cm_1 higher than ziﬂc-sulphur,stretches and
hO—SO-thl higher than the cadmium—sulphurlstretching

frequencies.
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This ?ecrease is somewhat less than is found for the
metal-halide stretches and this may reflect the increase
in B character of the metai along the series Co, Zn, Cd.
The differences between the metal-sulphur stretching
frequencies for the complexes of planar, tetrahedral and
octahedral stereochemistry are such that their position
is a useful indication of the stereochemistry of
compounds for which other data is not available or is
ambiguous, providing that the nature of the metal atom ié

taken into account,

It is of interest that the metal-halide stretching

frequencies are very similar to those of the tetrahalogeno-

(23, 24, 25) and distinctiy lower than

(29)

metallate ions
those of the corresponding pyridine and thioacetamide
complexes, Clark and Williams(29) have suggested that the
mefal—ligand stretching frequencies for a given metal and
ligand, and in a given stereochemistry move fo higher
frequencies with increasing positive charge on the species.
This would suggest that the sulphur atom in the tetrahedral
thiourea complexes is acting like a negatively charged
species, possibly as a result of the effect mentioned

on page 28 and/or the<9fdonor effect of the sulphur lone

pairs.
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The ratios ¥ (M-Br)/ V(M - c1) and V(i - 1)/ ¥ (M - c1)

are about 0.77 and 0.65 respectively, as is found for

the Mxi—ions(25) and the pyridine cqmplexes.(29)
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CHAPTER THREE

Metal—Sulphur‘and Metal-Oxvgen Stretching Frequencies in

some Thiourea Complexes of Divalent Metals.,

In the previous‘chapfer it was shown that divalent
metal-thiourea stretching modes occur in a readily
accessible region of thé far infrared spectrum and that,
from the poéition of these modes within this region it is

possible, in principle, to distinguish betﬁéen octahedral,
tetrahedral, and planar compounds. In this chapter the
extension of this work to some more complicated thiouréa

complexes containing oxyanions is‘desdribed.

This study was carried out with three main aims,

" Firstly, in order to determine, whether the presence of

metal-oxygen stretching vibrations and other modes
associated with the polyatomic anions would so ocomplicate
the far infrared spectra that little chemical information
could be obtained without performing a thorough vibrational
ahalysis. Secondly, it was hoped to determine the position
of some metal-bxygen stretching vibrations, thére.being |
little informatioﬁ available on these modes in this type
of complex. Thirdly, it was »heped to obtain some
information concerning the structﬁre of the compound

‘Co(tu)u(NOB)2 for which previous measurements of the
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magnetic susceptibility and electronic spectrum did not
permit a clear distinction between tetrahedrai,and

octahedral stereochemistries.(AB)

Acetato Complexes M(tu)z(CHBCOO)Z

The complexes M(tu)z(CHBCOO)2 (M=Co,2Zn) are
isomorphous.(58) A recent X-ray structure determigqtion
of the zinc compound shows that the zinc atom is tetrah-
edrally coordinated by two sulphur atoms at 2.33 and 2.26 Ao,

and two oxygen atoms from different acetate groups at 1.97

and 1,95 A The two remaining oxygen atoms are at 3.00
and 2,89 A® from the zinc atom. The Zn-S-C angles are
about 101° and the Zn-0-C angles about 118°, (59) The

results of this crystal structure determination were not

(60)

available at the time this work was carried out.

The reflectance spectrum of the cobalt compound

(Table 5) is readily interpreted in terms of this

. L 4 A
tetrahedral structure. Taking the Aé»Tl(F) (fké)

transition at 7,700 cm™ ' and the 4A2%FT1(P) (1/5) transition

at 16,900 cm*;, the ligand field parameters are ca;gu;ated
as 10Dgq = 4,500 cem™ ' and B=740 cm_l (ﬁ3=0.76); _Thesev
values are feasonable for a Co(tu)202 tetrahedron. The
quﬂFTz transition would be expected to occur as ; spl?t
band at~ 4,500 cm_l; this transitiqn accounts for the

observed ‘absorption at 4000-5000 om~ L.



Table 5

Electronic Spectra of the Cobalt Complexés

Complex Phase Absorption Maxima (cm-l)
1% Ve
'Co(tu)z(CHBCOO)z Solid '~ 17,800,16,700 8700,6490
: 15 »y050 '
Co(tu)z(CHBCOO)Z MeOH sat,with ~17,900sh,16,130(430)* 8500sh
' tu at 309 14,750(258) 6680(92)
Co(tu)30503 Solid 16,700,15,400 . 7810, 6450
Co(tu) ;0Se0,, Solid . 16,600,15,700 7810, 6580
~ 13,900sh ' o
Co(tu)3(5203) Solid 16,700,14,400 ~A-8700sh, 7400
13,500 ~
Co(tu)3(5203).H20 Solid 16,000,14,400 ~ 8700sh, 6370

13,800



Complex

Co(tu), (N0,),(4)
Co(tu), (0,),(B)
Co(tu), (¥0,),(C)
Co(tu), (¥0,),

Co(tu)h(NOB)z

+ These compounds have more absorption in the region 5000-3700 cm—l
reasonably be assigned to’va or to vibrational overtones.

Phase
Solid

Solid
Solid
Solid

5% in
Zn(tu)h(NOB)2

Table 5 (cont.)

V5

16,300, 14,700,14,100

17,000, 16,100,
14,700, 13,100

16,300, 14,600,

13,300

16,700sh, 14,800

16,050, 14,450,13,650

n-BuOH sat,.,with 16,000sh,14,530(585),

tu at 28°

13,800(535)

* Molar extinction coefficients in parentheses

Absorption Maxima Lﬁy

~1
)

2

8000

8050, 6120

8000, 6140

8970,6450,
5100sh

8050, 6030
?

6950(129
6700(127

7520%121

Y1

than can
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The complex is insoluble in, or solvolysed by,
most organic solvents. The solution of the compound in
methanol is violet, indicating considerable solvolysis.
Addition of large quantities of thiourea causes the
solution to become blue, but the changé is incomplete when
the solution is saturated with thiourea (ca.l.5 molar).
The visible-near infrared spectrum ;f this saturated
solution is similér to the reflectance spectrum of
Co(tu)z(CHBCOO)2 and the extinction coefficients of the
bands are similar to fhose found for tetrahedral cobalt (IT)

species,

The magnetic susceptibility of this §ompound obeys
a Curie - Weiss 1aw‘over the temperature range 350-80°K
and the magnetic moment is typical of tetrahedrally
coordinated cobalt (II). (Table 10) After allowing for
a temperature independent paramagnetism »f 465 x 10—6 (55)
cgs units and a diamagnetism of -163 x 10—6 cgs unité,
and using the relationship given by Cottong55) the value
of the spin-orbit COﬁpling constant is calculated as

1

135 cm” ~, This value is similar to that obtained for the

complexes of type Co(tu)zxz. (Chapter Two and ref.lt3)

A CoS,0, tetrahedron (C2v symmetry) will have two
metal-sulphur stretching frequencies and two metal—oxygen

stretches (Table I). The metal-thiourea stretching
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modes would be expected to lie in the same spectral region

9 halide complexes i.e, 280-240 em™t and the

metal-oxygen stretches probably at rather higher energy.

as in the C

The strength of the absorption bands due to metal-sulphur
stretching vibrations in the cobalt halide complexes is

L 3

comparable to that of the absorption due to the Bending
vibrations of coordinated thiourea in the region 600-400 cm_l.
The two bands at 299 and 270 cm © in the spectrum of
Co(tu)2(0H3000)2 are very much stronger than this énd it

' seems réésonabie to assign them as predominately metal-
.acetate streﬁching modeé. The band at 240 cm"1 is then
assigned as a metal-thiourea stretch, the other perhaps
being obscured by the stronger metal-acetate band at

270 cm™Y, Similarly, the two very strong bands at 287 cm '
and 270 cm ' in the spectrum of Zn(tu)z(CHBCOO)2 are

assigned as predominately =zinc-oxygen stretching modes and

the band at 248 cm—1 as a zinc-sulphur stretch. N

No definite assignments can be given for the bands
below 200 cmnll(Table 6) in these compounds., The spectra
of the two compounds are rather similar, but different
from those of tetrahedral thiourea complexes not containing
acetate groups. This suggests that these bands are‘due to
torsions or bends associated with the coordinated acetate

group.



Compound

Co(tu)z(CHBCOO)Z
Zn(tu)z(CHBCOO)Z
Cd(tu)z(CHBCOO)Z

Co(tu)30803

5
3
Co(tu)BOSeO

Zn(tu)BOSO

Cd(tu)Boso

3

3
Co(tu)B(SZOB).HZO

Zn(tu)BOSeO

Co(tu)j(SZOB)

Zn(tu)B(SZOB).Hzo
Zn\tu)B(SZOB)

Cd(tu)B(SZOB)

Table 6
Far Infrared Spectra 400-130 cm~

M-thiourea stretches

240
248
(238,
279, 260
249
(228,
284, 265sh
270, 251sh
(275,
(276,
(255,
(254,
(236,

228,

218,

259,

255,

233)

235)
219)

la

" M-~anion stretches

7299vé, 270vs

 287vs, 270vs

221sh)b

297.

269
200) :

259

245
252)°
241)

353m,

358w,

other bands

191, 180sh, 159
198, 159

C
179br, 135
176br, 135

130
169, 133
169, 134

358w, 323w,
162w, 130

177w,

323w, 176w

166m, 134w
176w, 166w
.325vw, ©C

327vw, 165



Compound
Co(tu)h(cloh)z
'Zn(tu)4(01oh)2
Cd(tu)u(_cmu)2
Co(tu)u(NOS)z (a)

Co(tu)u(N03)2~(B)

Co(tu)u(NOS)z (c)

Zn(tu)u(NOS)Z

Cd(tu)u(NOS)z

All bands strong unless otherwise stated

The bands shown in brackets probably arise from

Table .6 (cont.)

M-thiourea stretches

284, 266m
250, 238m
237, 209

294, 278, 256

300, 255

305, 271, 253
258, 238m
237

and metal-anion stretching character.

M=anion stretches

1

Other bands

163wsh, 139

157wsh, 134

148wsh, 136

169, 149, 137, 131
166, 139

B, A
169, 130

215—195wbr;160br\~
138.

modes having both metal-thiourea

Appreciable absorption im the range 180-130 cm —~, but no maxima resolved.
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The infrared spectrum of Cd(tu)z(CH3000)2 is
somewhat different from the other acetate compounds and
it may have a different structure. The far infrared
spectrum shows one multicomponent band in the region
where cadmium;thiouréa and cadmium-acetate stretching
vibrations would be expected for a tetrahedral complex;
but in the absence of further structural data definite

conclusions are not justified.

Sulphate and Selenate Complexes

Cotton, Faut and Mague(uB) have measured the
electronic (reflectance) spectrum, the infrared spectrum
and the magnetic susceptibility of Co(tu)BSOu and conclude
t" at the complex is tetrahedral with monodentate sulphate'
ions.

The complexes M(tu)SOXOS-(M = Co, Zn; X = S, Se)
‘are isomorphous (Table 7) the lattice parameters being
‘rather larger for the Selemates. The electronic spectrum
of Cd(tu)BOSeOB is very similar to that of the sulphato-

complex.

The infrared spectrum of coordinated selenate does
not appear to have been previously reported. The Se-0

asymmetric stretch, which occurs at 875 cm—l in the Raman
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Table 7

. * -
Interplanar Spacings for M(tu)30X03 (M=Co,Zn; X = S, Se)

Co(tu)30803 Zn(tu)30803 Co(tu)305é03 z_n(tu)305e03
770 A® m 7.71 A° m 7.89 A% m 7.89 A® m
6.37 w 6.38 w - 6.48  w 6.48 w
5.87 s 5.89 s 5.94 s 5.93 s
5.23 W 5.23 w 5.26 w 5.26 w
k.91 m 4,92  m .99 m k.99 m
k.33 s 4,35 s 4,38 s 4,39 s
4,01 m 4,91 m 4,06 m 4,06 m
3.91 vw ‘:‘3.91 vw 3.93 vw '3-93 vw
3.47 w | 3.47 w 3.52 w . 3.52 w
3.40 w 3.40 w 3.45 w 3.45 w
3.27 w 3.27 w 3.28 W 3.28 W

| 3.18 w . 3.19 w 3.23 w 3.23 w
3.12 m 3.14 m 3.16 m 3.16 ' m
3.07 w 3.07 w 3.11 W 3.10 w
2.98 s 3.00 s .3.04 s 3.04 s
2,94 m 2.94 m 2.98 m 2,98 . m
2.7  w 2.71 W 2,76 w 2,76 w

* 'Most prominent lines only
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(61)

spectrum of the free ion in aqueous solution splits
into three components in these complexes and the
symmetric stretch (833 cm“l in the Raman speétrum of

the free ion in aqueous solution, infrared inactive)
appears strongly and moves down somewhat. (Fig.3, Table 8).
In C3v symmetry it is predicted that the symmetric
stretch will become allowed and the asymmetric stretch
(Tl in T, symmetry) will split into two components

(E and Al). The splitting, however, closely parallels
that of the sulphato complexes and possibly reflects the
low overall symmetry of the coordinated anion as a result

of the M~0-X0, angle being less than 180.,° Alternatively;

3
the weakest of the three bands in the asymmetric stretching
region may be an overtone of a bending mode which gains

intensity by interaction with one of the fundamental

stretching modes.

The selenate complexes show a weak band or shoulder
at 345 cm"l which may be assigned as the symmetric
bending mode of the coordinated ion. The corresponding

vibration of the free ion occurs at 335 cm—l.

The zinc and cobalt complexes have a first coordin-

ation sphere of approximately C symmetry and would

3v
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| | Plg. 3 89.
Infraved Spectra (950 - 750 cm"l) of Selenate Cdmﬁlekes

A [ ' AL -1

950 900 850 800 cm
A Wi(tu),Se0,. MeOH |
B Go(tu)z0860



Table 8

60.

Internal Modes of the Sulphate,; Selenate and Thiosulphate

‘Compound

Co(tu)30803

'Zn(tulgoso3

Cd(th)BOSOB

SeOi— ion

Co(tu)BOSeO3

Zn(tu)BQSéOB

szog"ion§64;

- (64
CH,S807
Co(tu)B(SQOB).H?_O

Co(tu)j(SZOB);

Zn(tu)3(8203)%£)11715;11435

Zn(tu)3<3203)

Cd(tu)3(8203)

Anions ’
Asymmetric Strs. Sym Str.
1151vs, 1082m, 936vs
1025vs
1143vs, 1088m 959vs
1034vs
1124vs, 1033vs .969vs’
875 (833)
- 893vs, 879m 792s
: 849vs.
892vs, 879m 805s
847vs
1125 1002
1203-1215 1026-1032
1170s,1143s 1004s
lllSsh,lO7Qsh
1172s,1125s 1000s
1105s,1065sh
1006s
1120sh, 1073w
1161s,1133s 1003s
1079w
1170sh,1153s, 999s

1127s,1110sh,
1079w

*
Bends

335
346vw

672, 339

653,
644m, 358w

321

651m, 361w
323w

646m, 358w
651m, 359w,
325vw

645m, 354w
327vw

* Bends in the range 600~400 c:m-'1 are obscured by

thiouréa absorption,
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therefore be expected to have two metal-thiourea stretching
frequencies (Table 1) in the range 280-240 em™t (for the
cobalt complexes) or 260-230 cmﬂl (for the zinc complexes),
together with a metal-oxygen stretch. Cobalt-sulphate
stretching frequencies have been observed in the region
280-260 cm T in some octahedral compounds with bridging
sulphate groups,(62) but cobalt-monodentate Sulphate
stretches have not been reported. A Raman spectral study
of aqueous iridium (IITI) sulphate solutions shows the
presence of monodentately bonded éulphate groups and a

band at 255 cm * which is assigned as the (H20)51:1~—oso3
stretch.(63) Since octahedral iridium (III)-pyridine
stretches have been observed to occur in roughly the same
spectral position as tetrahedral cqbalt—pyridine stretchess 9)
it would be expected that tetrahedral cobalt-sulphate
stretching modes would’also occur at about 255 cm-l. The

normal vibrational modes of the M(tu)SOXO complexes that

3
involvé chiefiy metal-ligand stretching character would
therefore bé expected to have both metal-sulphur and metal-
oxygen stretéhing character. Examination of the spectra
(Fig 4, Table 6) suggests that it is reasonable to assign
the two bands at 279 and 260 cm - in CO(tu)30503 as

predominantly metal-thiourea stretching modes and the very
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Far Infrared Spectra (340 - 130 cm
Compounds

) of some M(tu)aoxos,

Absorption—

) A , ) a - .
o -1

300 260 220 180, 140 cm

A Co(tu),0804 ¢ 2n(%u)z0805

B Co(tn);08e0, D Zn(tu),08e0,



63-

strong band at 297 cm~l as the metal - oxygen stretch.‘ In
the corresponding selenatoécomplex the strongest band moves
down by 38 cm T relative to the sulphate, whilst the other
two bands appear at slightly higher énergies. This is in

good agreement with the suggested assignments.

The far infrared spectrum of the compound

1

Zn(tu)BOSO has only two bands between 300 and 200 cm .

3
Following the assignments for the cobalt complexzr, it is
reasonable to assign the strongef band as due to the zinc-
oxygen étretch and the weaker as the lower of the two
zinc—sulphur stretches. The other zinc — sulphur stretch
is probably obecured by the stronger metal — oxygen
stretching band., Again, the spectrum of the selenate
complex supports these assignments;‘all three bands are

seen, the strongest, at 245 cm*l, being assigned as the

metal — oxygen stretch,.

The position of the metal ~ sulphéte and mefal -
selenate stretching frequencies supports the assignments
of the spectra of the acetato complexes. The infrared
spectrum of Cd(tu)BSOI4 is so similar to those of the cobalt
énd zinc compounds as to suggest that this complex also has
a tetrahedral structure. The fzmr infrared spectrum has a
complex absorption band with at least three components in

1

the region 200 -~ 230 cm ~. It is likely that all three metal

ligand stretching vibrations occur in this region and the
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position tends to confirm the tetrahedral structure,

Attempts to prepare the corresponding selenato complex

failed to give a pure product.

It is of interest that, whereas the metal—sulphate
stretch comes higher than the metal-thiourea stretches in

Co(tu)BOSO the three infrared active metal-ligand

3!
stretching modes occur very close together in the corres-~
ponding zincand cadmiun:éompounds. This may reflect the

greater B character 6f the a'° ions.

The cobalt and zinc sulphato complexes both show

a broad band at 176-177 cm L which moves down to 171 — 169 cm™

in the selenato complexes, The energy of the band and its
independence of the nature of the metal suggests that the
vibration doés not have much metal—ligand'sfretching
character, A corresponding band is not observed in the
halide complexes, and the magnitude of the shift from
sulphate to selenate suggests that this band is a torsion
about the M — O bond or a bend associated with the
cobrdinated anion, There is considerable absorptién below
180 cm™ 1 in the fér infrared spectrum of Cd(tu)30803 but

no definite band is resolved.

A1l the sulphate and selenate complexes show a

band at the limit of the measurements. This is probably

1
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a bending mode associated with the metal-thiourea bond

(c.f, the perchlorate compounds).

Thiosulphato Complexes

In order to clarify the band assignments in the
sulphato complexes the compounds M(tu)38203 (M = Co,Zn, cd)

and M(tu) H,0 (M = Co, Zn) were studied. Comparison

3S203. 2
of the ihfrared spectra of the compounds with those of
the halide complexes permitted a clear assignment of the
bands due to the thiosulphate group (Table 8). It was
not possible to»observe the bands due to the thiosulphate
group in the range 600 - 400 cm“l because of the strong
absorption due to bending modes of thiourea in this region.
The infrared bands due to the thiosulphate group are rather
similar in the five compounds. The S - 0 asymmetric
stretchf}z moves up from the, free ion value (64) and is
broadened, whilst the E 0-S—0 bend /i/5 is lowered. These
changes are similar to those observed in S -~ alkyl
thiosulphates and suggest that the thiosulphate ion is
monodentate through the sulphur in both the hydrated and
fhe anhydrous complexes. This type of coordination occurs
in most palladiup, platinum and cobalt (III) complexes.(65’66)
The symmetric O ~ S -~ O bending mode'wg (Al symmetry) will

interact appreciably with‘}g, the S -~ S stretch (A1 symmetry)
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and the lowering of/)g probably reflects the lowering of

’ﬁg'as a result of coordination of the sulphur, All the

1

compounds show a weak to medium band at 353—358 cm — and

the anhydrous compounds also have a weak band at about

325 cm7t

(This band may be too weak to be obsexrved in
the hydrated compounds; these giving somewhat poorer
spectra.) These absorptions probably represent the

components of’}g (E in CBV) split by the low overall

symmetry of the coordinated anion.

The electronic spectra of Co(tu)35203 and .
CO(tu)B'szoB.Hzo are virtually identical and typical of
cobalt (II) in a tetrahedral environment. Analysis of
the spectra by the usual method gives 10Dgq = 4,000 cm_l,

B = 700 cm™t indicating that thiosulphate lies near

thiourea in the spectrochemical series as would be
anticipated from the effective number of electrons available
for 7¥— donation to the metal from the sulphur atom. However,
since it only contributes about one quarter of the ligand

field, the exact position of thiosulphate in this series

cannot be determined.

The far infrared spectra of the two cobalt compounds
are rather similar, each having three bands in the metal-

sulphur stretching region. These are presumably the
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three metal-ligand étretching modes predicted in C3v
symmetry, but assignments of individual bands to specific
metal%ligand modes canno? be given. However, the
similarity of the spectra confirms that the water molecule
is not present in the first coordination sphere of the
cobalt ion in Co(tu)3 2 3 HZO and the absence of a band
above 280 cmwl supports the assignments of the sulphato
compounds, The zinc and cadmium compounds show only two
bands in this region, presumably due to the overlap of the
three infrared active stretching modes, The assignments

of the lower energy bands follow those of the sﬁlphqto

complexes,

Perchlorate complexes M(tu)h(Cloh)2

The compound Co(tu)h(Clou) has been shown by its
magnetlc susceptibility and electronic spectrum to contain
an essentially tetrahedral Co(tu)4+ion. The infrared
spectrum shows that the perchlorate group is ionic(?B)

The magnetic moment of the sample of this compound
prepared in this work was very similar to that found by
Cotton,(hj) but the position of‘?% in the electronic

reflectance spectrum found here is appreciably different
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from that given for the mull spectrum by Cotton, and agrees
more closely with the solution spectrum, although there is

still some discrepency (Table 5).

For a CoSu grouping of Td symmetry, only one infrared
active cobalt - sulphur stretching frequency would be |
expected, whereas the far infrared spectrum.of Co(tu)h(Clou)2
shows two bands in the cobalt - sulphur stretching region,
one at 284 cm™! and a rather weaker one at 266 cmf} This
may be explained by the do -~ S - C angle being less than
180° (probably about 110° as is observed in other
tetrahedral thiourea complexes) and the environment of
the cobalt atom when the carbdn atoms are considered will
therefore have a symmetry lower than Td‘

The reflectance spectrum of the compound.shows
‘much stronger absorption near to I&OOOch_l than does the
corresponding zinc complex although no definite maximum can
be seen on account of the vibrational bands in this region.
This absorption is due to the hA2“9uT2 transition (1{)
which is very weak in T_, symmetry but which is normally

d
(67)

seen when distortion of the tetrahedron causes one
or more of its components to become electric dipole

allowed.
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The compounds 1~/1(1;u)4(0104)2 (M - Zn, Cd), although
not isomorphous with the cobalt complex, have closely
similar infrefed and far infrared spectra, both showing
two metal-thiourea stretching modes in the region expected
for tetrahedral compounds. They probably also have a
tetrahedral structure,

‘ All three perchlorate complexes show a strong band
at 134 - 139 cm_l. A band in this region is found for all
tetrahedral complexes which have three or four molecules
of fhiourea coordiﬁated tp the metal ion, and it is
probably‘due'tq a bending mode of the M - S - CNth
grouping.e The corresponding'mode in the M(tu)2X2
compounds presuﬁably comes below the limit . of the

measurements,

The Raman spectra of concentrated (about 2 molar)»k
aqueous solutions ef Zn(tu)h(Cloh)2 and Cd(tu_)h(Cloh)2
each show one strong, polarized band in the tetrahedral
metel—thiourea stretching region., (at 242 and 228 em™t |
respectively). The Raman spectra of a series of aqueous
solutions containing zinc perchlorate and thiourea.in‘
ratiosvfrom 1 : 6.5 to 1 ; 10 were measured using zinc

concentrations of 2 molar (for the lower ratios) or

0.5 molar., In each case the spectra consisted of one
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symmetrical polarized band at 242 cm—l, the strength of
the band increasing rapidly with‘increasing thiourea
concentration at constant zinc concentration. The rate
of increase showed no detectable tendency to decrease at
the highest ratios. The spectra indicate that only one
'tetrahedralspeoies is present in appreciable concentration
over a thiourea concentration range of 20 : 1. Stability
constant determinations(68) indicate that the predominant’
species present in aqueous acetone solutions of thiourea
and zinc perchlorate over a wide range of thiourea
concentratiohs is Zn(tu)i+ and the apparent tendency to
form higher thiourea complexes decreases with decreasing
concentration of acetone. The 242 cm~l band is therefore
assigned as the symmetric zinc - thiourea stretching mode
of the Zn(tu)i+ cation. No band due to the asymmetric
stretching mode could be detected, but the band due to
this vibration is usually much weaker‘than that due to the
symmetric stretch in the Raman spectra of tetrahedral
species.(69) The préferential fogmation of the 4 : 1
gpecies over the lower complexesnmay be a result of the

4 : 1 compound being tetrahedral whilst the others are

octahedral. No bands due to an octahedral species were

observed in the Raman spectra, but these would occur
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below 200 cm—1 where the rising background from the

exciting line makes observation of weak bands difficult.

Nitrate Complexes M(tu)41N03)2 ;(M = Co, Zn, Cd)

| The infrared spectra of the compounds‘M(tu)u(NOB)2
cannot be used to determine whether the nitrate groups are
coordinated since the regions around 1600 and 1400 cmml
are obscured by strong absorption of thiourea. @i of
the nitrate groups (infrared'inactive in the free ion)
occurs with weak to medium intensity at about 1050 cmml

but the band is appreciably weaker than in compounds with

coordinated nitrate ions (e.g. Cd(tam)u(ONoz)z, Chapter five)

The complex Zn(tu)u(NOB)2 has a far infrared spectrum
similar to that of the zinc perchlorate complex, indicating
that it has a tetrahedral structure. The greater separation
of the two zinc -sulphur stretching vibrations suggests a
greater deViafion from T, symmetry. The cadmium nitrate
complex also has a far infrared spectrum that is most
readily interpreted in terms of the presence of a

tetrahedral‘Cd(tu)i+ ion,

The Raman spectra of saturated aqueous solutions

of M(tu)u(NOB)2 (M = Zn, Cd) are identical to those of the
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perchlorate complexes, thus indicating the presence of

the M(tu)} ion in solution.

The compound of stoichiometry.Co(tu)h(NOB)2
exists in at least threé different crystalline modifications
which are readily distinguished by their X - ray powder
patterns (Table 9.) and far infrared spectra in the range
320 - 240 cm—l(Fig.5) For convenience the forms are
labelled A, B, and C, All three forms were obtained by
fhe procedure described by Cotton et al.(43) although they
were not recrystallized from ethyl acétate on account of
their low solubility in this solvent. A small sample
which was recrystallised from ethyl acetate had an X ; ray
powder pattern and far infrared spectrum very similar to
form C, The factors influencing the form obtained could
not be elucidated; variation of the ratio of thiourea to
cobalt nitrate appeared not to affect this. When the
preparation was carried ouf using acetone as solvent, a
brighf blue crystalline solid was initially obtained, but
when filtered off the crystals rapidly crumbled to a |
blue~green solid identical with form A, This change was
equally rapid‘in an open vessel,in a sealed tube and in

vacuo and was not accompanied by any change in weight.
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Table 9

Interplapar Spacings*for M(tu)h(NOB)z (M = Co, Zn)

M = Zn M = Co (Form A) M = Co (Form B) M = Co (Form C)
11.17 A® w 11.09,A°vw 8.75 A° w 7.23 A® w

645  m 6.45 m - 8.58  w 6.49 m
5.59 s 5.71 s 6.48  w 6.10 w
4.80 s b.,79 m 5.13 .Vw 5.60 \J
b, 42 w I, hh W 5.01 m 4,91 m
4,10 m - 4,08 m 4.09 W | 4,82  w
3.94 w 3}9h oW 4,05 s - L,50 w
3.60 m 3.59 m 3.90 W b2y - w
3.52 s 3.53 s 3.72 s k.05 w
3.22 m- 3.22 m 3.45 W 3.90 w
3,10 w 3.10 m 3.39 w 3.72 W
3.04 m 3.04 m 3.26 m 3.60 m
2,95 m 2.96 m 3.20 w 3.51 m
2,62 W 2.61 W 2.92 W 3.46 m

2.44 m 2,43 m 2.59 w 3.26 w

* Most prominent lines only.



| | 74.
Flg. &
Far Infrared Spectra (320 - 240 em™t)-of the Different

Forms of Co(tu)4(N05)2

Absorption —_—

. Y L | ‘_L 3 .

. 320 300 280 , 260 - 240
A Form A
B Torm B

¢ Form O.

em™L:



75

. . 0
Form B:.was also obtained by the procedure of Rosenhelm.(7 )
™ Form A gives an X - ray powder pattern very

similar to that of Zn(tu)h(NO indicating that they

3)2
must be structurally very similar. The magnetic moments
(Table 10), and intense reflectance spectra of forms A
and B are similar fo those of C°(t“)h(01oh)2 except that
the ligand field bands are broader for the nitrates.

The far infrared spectrum of form B is also similar to
that of the perchlorate, having two bands in the
tetrahedral cobalt-thiourea stretching region, but the
energy difference between them is much greater. Form B

- was stable for some months when crystalline, but when
finely powdered it changed in a few days to form A, Form
A has three bands in the 320-240 cm - region. The
spectrum is similar to that of Co(tu)BOSOB, except

that the highest energy band is the weakest, and can be
interpreted in terms of the étructure (Co(tu)30N02)+.

tu. NOE; Alternatively, the spectrum can be rationalized
in terms of a distorted tetrahedral structure if the
triply degenerate asymmefric streteh is split into tﬁo

components and the symmetric stretch becomes allowed. The

magnetic and electronic spectral properties of the complex

3

(Co(tu)BONOZ).tu. NO, might be very similar to those of the
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Table 10

Magnetic Results for the Complexes

*
Compound ’Ueff o

Co(tu)Z(CHBCOO)Z 4,4y - 9°
Co(tu)h(0104)2 4,63 -14°
Co(tu)u(NOB)z A 4,68 ~-10°
Co(tu),(N0,), B 4.66 ~12°
c:o(tu)4(1\703)2 c 4,99 -11°

1
¥ Calculated from the relationship Meff = 2.8#(?((’1‘ -9)*

where?c is corrected for diamagnetism but not for
temperature independant paramagnetism. All the
compounds obeyed the Curie - Weiss law over the

temperature range 80 - BOOOK.
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tetrahedral Co(tu)i+ion. The former structure seems
unlikely, however, for four reasons:

The electronic reflectance spectrum of A - Co(tu)h(NOB)2
in the charge transfer region is much more like that of
Co(tu)h(Cloh)z than that of‘Co(tu)BOSOB.

This form can be obtained in good yield from butanol
solutions containing thiourea and cobalt nitrate in the
molar ratio 2 : 1., The érystallization of a 4 : 1 complex
with included thiourea is unlikely under these conditions,
The strength and pdsition of a band due to a metal-nitrate
stretching modé would Be expected to be similar to that of
a metal -~ acetate stretching mode (i.e. much strqnger,

and at higher energy than a band due to a metal - thiourea
stretching mode). All three bands in the metal - thiourea

stretching region for A - Co(tu)h(NOB)2 are of comparable

/ intensity and assignment of the strongest band as a metal-

ﬁitrate stretching mode would envolve a metal - oxygen
stretch at lower energy than a metal -~ thiourea stretch..
This is contrary to the situation in the acetato complexes.
The presence of uncoordinated thiourea in the compound '
would be expeéted to give bands at about 1083 and 730 om™t

in the infrared spectrum.(hz) These bands are not observed,

i
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It appeafs therefore that the properties of both A
and B forms are most feadily rationalized by assuming that -

they contain the distorted tetrahedral Co(tu)i+ grouping.

_ The nature of form C is more obscure. It has a
distimnctly higher magnetic moment than forms A and B, which
would most readily be explained in terms of an octahedral
structure, The reflectanqe spectrup, however, is similar
both in band position and intensity to that of the other
two forms: although the bands are somewhat broader. The
electronic absorption which is present below 5000 é;_l in
forms A and B is not oéserved in form C, instead the band
that would be’VI in an octahedral compound is broadened
to lower energy. Assigning the electronic spectrum in
terms of octahedral.stereochemistry with thg_aengat
7,100 cm™t and L’Tl .;"1‘ (P') at 15,500 cm‘l, the derived

g 18
spectral parameters are 10Dg = 8,000 cm_l, B = 620 cm t
which are reasonable values for a Co(tu)u(ONdz)2 octahedron.
However, the‘compound gives a much more intense absorption‘
in the visible reflectance spectrum than is usual for
octahedral cobalt compounds, the spectrum being similar in

intensity to the tetrahedral cobalt compounds studied in

this work. (Intensity measurements baséd on reflectance
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spectra depeﬁd on the physical nature of the sample and
referenqe as well as on the oscillator:strength\of the
transition. However, in practice it is found that, provided
finely ground sémples are used, and the conditions of
measufement are constant, then tetrahedral cobalt compounds
invariably have stronger absorption bands in the wvisible

. than octahedral compounds of siﬁilar cobalt content. In
this wérk it was found that the measured maximum absorption
in the visible for all of the tetrahedral cobalt compounds
corresponded to én optical density of 1.5 - l.7 whereas

for the octahedral cobalt compounds the maximum absorption
corresponded to an optical density of less than 0.9. An
octahedral Co(tu‘)hx2 compound could not be prepared in a
pure state to effect a direct comparison on inténsities,
However, a sample of trans —’octahedral‘(7l) Co(tu),C1,

containing about 5% Co(tu)201 had a maximum absorption

2
in the visible corresponding to 0.8 on the optical density
scale, The strength of the absorption bands in the

octahedral nickel-thiourea complexes is similar to that

observed in other octahedral nickel'compounds.)

The electronic spectrum can also be interpreted in

terms of tetrahedral stereochemistry by assigning 1é‘at

7,100 cm T and ’)f; at 15,500 cm T giving 10Dq = 4,200 cm ©
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and B = 670 cm*l. The values are similar to those

obtained from the reflectance spectrum of Co(tu)u(Cth)z

c

Form C has three bands in the region 240 -~ 320 em™ 1

but the spread is even greater than in form A, In
octahedral sterecochemistry one metal - nitrate st;etching
ffequency would be expected at about 255 cm—l by analogy
with the other octahedral nitrato comple#es(37) and the
highest metal - thiourea stretch at about 200 cm*l as in
Ni(tu)4012. This structure therefore does not explain

the far infrared spectrum. It is possible to explain the
far infrared spectrum by assuming that the éomplex is
basically tetrahedral but with a distortion similar to

that present in form A but somewhat larger in magnitude.

The average energy of the three bands (taking intengities
into consideration) being comparable to that of the two
bands in thé cobalt - thiourea stretching region of
Co(tu)u(Cloh)zL The distortion must, however, be very
large to produce such a marked effect on the magnetic moment
of the compound. There is a possibility of five coordin-
ation; but so few examples of this type are available for
comparison that no firm conclusions can be drawn. Figgis(ss)

has considered the effect of a small distortion along the

02 axis on the magnetism of tetrahedral cobalt CQmpounds;
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He predicts that such a distortion will give rise to an
appreciable negative@value. .The (negative) Qvalues for
the nitrate complexes are smaller than‘that of the
perchlorate complex, all four values being éimilar to
those usually observed in complexes of approximately Td
symmetry. The treatment of Figgis is thus not abplicable

to the distortions present in these compounds.

All three forms are soluble in organic solvents
onty with extensive solvolysis; the solutions ﬁeiﬁg violet
in coiour. Addition of excess thiourea to solutions of
the compound in n - butanol gives a blue solution, but
even when the solution is saturated with thiourea the
extinction coefficients have not reached a limiting value;
The electronic spectrum of this blue solution is similar
to that of Co(tu)h(Clou)2 in acetone containingvthiourea(AB)

indicating that most of the cobalt is present as the

tetrahedral Co(tu)i+ion.

The existance of three forms of Co(tu)u(NOB)Z_
may explain the rather wide spread in the magnetic

(43)

results for this compound reported by Cotton et al.
Three of the pairs off(,g'values reported are rather similar
to those found here for forms A and B, but the remaining

two cannot be accounted for by any of the forms, or by
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mixtures of the forms, prepared in this work,

Conclusions

Metal - acetate, metal - sulphate, metal -~ selenate and
metal’— thiosulphate stretching modes occur in the\range
300 ~ 200 cm~l in a number of tetrahedral complexes of
cobalt, zinc, and cadmium,

Although metal - oxygen stretching vibrations occur in
roughly the same position as metal-thiourea stretches in
a number of thiourea complexes with coordinated oxyanions,
this does not preclude useful structural information being
obtained from the far infrared spectfa of these compounds,

Co(tu)h(NOB)2 exists in at least three different forms;
two of these have a distorted tetrahedral structure, but
the properties of the third cannot be rationalised in

terms of either octahedral or tetrahedral coordination.
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CHAPTER_ FOUR

Compounds with Bridgihg Sulphur Atoms

Nardelld ahd his coworkers have prepared the
isomorphous series of compounds M(tﬁ)z(NCS)2 |
(M = Ni,‘Cd, Fe, Mn,'Cd)(72) and have carried out an
X-ray crystal structure determination on the nickel.
compound.(73’7h) The éoordination polyhedron of the
nickel atom approximates to D

kh

chains of bridging sulphur atoms from the thiourea in

symmetry, with infinite

the plane, and nitrogen bonded thiocyanate groups in
the axial posiﬁions. The nickel-thiocyanate bond
distance, 1.99 A%, is one of the shortest known(7%)
whereas the metal-sulphur distances (2.56, 2,53 A®)
are éppreciably longer thén in.Ni(tu)uCl2 (z.46 Ao).(SO)
In view of the unusual structure of these compounds, a

study of their electronic spectra, magnetic properties,

infrared and far infrared spectra was undertaken.

Assuming that the metal is octahedrally coordinated,
anhydrous divalent metal thiocyanates will also have an
NZSQ coordination sphere with bridging sulphur atoms.
Previous work on these compounds is limited and of

doubtful reliability. A parallel study of some of these
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thiocyanates was therefore carried out. In certain cases
the methanol and ethanol complexes M(ROH)Z(NCS)2

were isqlated as intermediates in the preparation
of these ahhydrous thiocyanates, Complexes with
coordinated alcohols have received little attention,and

therefore the properties. of these compounds were studied.

Thiourea Compounds
Infrared and Far Infrared Spectra

The C-~N and C-S stretching frequencies and the
N-C-S bending frequencies of the thiocyanate groups
(Table 11) are in the range normally found for nitrogen

bonded thiocyanate(53).

The C-N stretching frequencies
ﬁay have more than the usual error as the bands showed
a marked Christiansen effect even when great care was

taken with the mull preparation. The infrared spectrum
of the cobalt compound has been briefly discussed;(so)
vibrational modes of the thiourea molecule involving

-C~8 stretching character are moved slightly to lower

frequencies relative to non-bridging, coordinated

thiourea.

The far infrared spectrum of Ni(tu)Z(NCS)2

(Fig. 6., Table 12) has a strong band at 303 cm™ ' which
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Internal Vibrational Modes of the Thiocyanato Groups

Compound

Ni(tu)z(NCS)z
Co(tu),(NCS),
Fe(tu)z(NCS)z
Mn(tu)z(NCS)g

‘Cd(tu)z(NCS)g

Zn(tu)z(Ncs)g
Ni(Ncs)2
Co(Ncs)2

Mn(NCS)2

Zn(Ncs)2

ca(nes),

Co(NCS)z.%Hgo

C - N Str.

2090s
2065sh

2070s
2055s
2060s

2060s

2107s
2099s

2165s
2117w

2100s
2085s
2031s
2139s

2170s

+2153s
c 21448

2155s

Cc - S Str.

81hw
815w
813w
813w

800w

816w
767w
778w

778w
787w

756w

774w

N - ¢ - S Bend Others

481w, k70w,

Lelw

481w,
Lélw

482w, 469w,

Léow

482w, 470w,

Lélw
obscured

obscured

459sh, 454s

453m

459s, 455s
holhs, bh7s

Li7s, Lils

453w

47iw

881(2 x 453)7?
800vw

949vw{2x474;?
895w (2x447)?
625w, 606w

893w(2x4h47)?



Absorption —)

Far Infrared Spectra of M(tu)y(NCS), Compounds

300 250 200 180 om-1
A Fi(tu)g(NCS), D Mn(tu),(NCS),
B Co(tu)y(NCS), E -cd(tu)s(NC8)y

C  PFo(tu)s(NOS)g.



Table 12

Far Infrared Spectra (400 - 200 cm

Compound M - NCS Str.

87.

_1)

Other Bands

* The spectra of'these’compouhds were also measured

200 - 130 om™ T,

140m

Ni(tu) (Ncs)2 303ms 230s, 206m, 170m
Co(tu) (NCS) 297ms 208s,. 194m, 162m, 146m
Fe(tu) (Ncs)2 293ms 198s, 173m, 148m
Mn(tu) (NCS) 286brms 189s, 181s, 166m,
ca(tu),(NCS), %x 226br 181s |
,Zn(tu) (NCS) (297s,269s5,2245,190w - see text)
Nl(NCS) ~ 295s 226m

Co(Ncs)2 - 293br <200

Mn(Ncs)2 , 283s

Zn(Ncs)2 270br, 251s

Cd(NCS)2 200

Co(NCS)z.%HZO 291s

Ni(MeOH)Z(NCS)z 282s 340brw
Ni(EtOH)z(NCS)z 285s

Co(MeOH)Z(NCS)z 284s 400brw, 340brw, {200
Co(EtOH)z(NCS)z 273s , '
Mn(MeOH)2(NCS)2 268s 4oobrw
Mn(EtOH)Z(NCS)z 261s
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is readily,assiéned as the nickel - thiocyanate stretching
frequency by comparison ﬁith other isoth;ocyanatovcomplexes£32
The enefgy of this band is sligﬁtly higher than it is in
other anodentate nickel - isothiocyanato complexes.

This probably reflects the short Ni — NCS bond length.

The cobalt, ferrous and manganese compounds eéch show a
strong band in the region 297 - 286 cm_l which is

immediately assignable as the metal - thiocyanate stretch,

the corresponding band in the cadmium compound occurs‘at‘

226 cm—l. The decrease in metal - thiocyanate stretching

frequency along the series Ni, Co, Fe, Mn is less than

is usually observed for these metals.

M (M - NCS) in M(tu),(NCS), (M - NCS) in M(py)u(NCS)éjz
Ni ; 303 _ 285 |
Co 297 | 270
Fe 293 267
Mn 286 | 253

The strong baﬁd at 230 em™t in the spectrum of
Ni‘(tu)-z(NCS)2 is assigned as due to a vibrational mode
hgving metal - sulphur stretching chafacter. This band
‘shifts 22 cm * to lower energy in the cobaltAcompoﬁnd and
further small shifts are observed on going to the ferrous,

manganese and cadmium compounds.
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The lowest frequency bands probably represent further
metal -~ sulphur stretching and bending modes since metal -
thiocyanate bending modes are not observed above 130 cm“l
in Ni(py)h(NCS)2(75)or Ni(NCS)é_.(i})v The explanation of
tﬁe relative magnitudes of these shifts is as follows:

‘The metal ligand distances in the nickel compounq show

that the metal is relatively weakly coordinated to four
sulphur atoms in the plane and more strongly coordinated to
the two axial thiocyanate groups. The strength of the
in-plane bonding decreases along the series Ni, Co, Fe, Mn,
partly as a result of the ﬁsual change in metal—ligahd
bond strength and partly as a result of the decreases in

B character along this series. The decrease in in-plane
bond strength is accompanied by an increase in the axial
field and this largely offsets the normal decrease in the
metal - thiocyanate forde constant alohg the series. This
explanation is supported by the analysis of the electronic

spectra.

Electronic Spectra
‘The electronic energy levels of tetragonally

distorted octahedral complexes have been of considerable
interest in the literature. Following the methods used

to describe complexes with cubic symmetry, the splitting
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of the octahedral energy levels in a tetragonal field

has béen treated by both crystal field and molecular
orbital methods. In the crystal field approximation; two
parameters, Ds and Dt are requiredv(in addition to Dq)

to cglculate the energy levels in the th complex. Ds
and Dt measure the splitting of the octahedral energy
levels due to the second énd fourth order terms of the
tetragonal potential in the same way as Dg measures the
splitting of the free ion terms due to an octahedral field.
The perturbation of the one electrén orbitals due to the
tetragonal potential can then be calculated as linear
combinations of Ds and Dt, and hence the splittings of
the energy levels on going from 0h to th s&mmetry can
‘be calculated. Full details of the calculation are given

in references 15 and 76.

In the molecular orbital method the interaction
of the ligand ¥-orbitals with the metal t2g orbitals and
the ligand ¢"~orbitals with the metal . orbitals are
conéidered. The one electron orbital displacements are
evaluated in terms of the differences in the ¢ and ;4
antibonding eneréies of the ligands,gﬁﬁnuiSTL The band

splittings for the various terms from each configuration

are then calculated. Full details are given in reference 77.
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8plittings of the Energy Levels of Octahedral complexes
1n D

!bﬁ

--Fb(iI)

’Ni(II)

Co(iI)

% Sign Convention, .

| V:ST]_R( 'b2 =)

5 3)

3 5.9

smlg(t24e4)v

5¢2
Tlg(t2 )

4 5‘
ng(t2 8?)

4h

Energy Level in
0, Symmetry

BEé ,(1:2595 )

Symmetry:

Energy Levela in
D4h Symmetry

5
,Algﬁ Blg

5g 4 5p
Eh 2g

3 3
Eg+ AZz

B o B
E,+ SBpy

sl 3
‘ Eg'f’ A2g

4384~4A

4p +4p
g 2g

Energy of degenerate level is positive.

BplittingK

8/58"
-4Ds - 5Dt

-28#
3Ds .- 5Dt

- 28w + 2§¢

9,Dt - 6Ds

26y - 28¢
35Dt

28 .
3Ds - 5Dt‘

-28r -:28&

-94Dt  6Ds

-25
| g 4Dt

Energy of non-degenerate level mlnus

The se calcﬁlations do not’include any allowance for

interaction between the E states arising from the split T

levels or for mixing of. eonfilgurations.
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The calculated splittings in terms of both sets
of parameters are given in Table 13, No‘account has been
tak§n of the interaction between the E states arising from
the split T levels, or of the interaction between T terms
coming from different configurations. Comparison of the
results in Table 13 shows that the two treatments are

identical and the parameters are related by:-

_ .3 15
26 = - /2Ds - /8Dt
A= —3/2Ds +5/ Dt
2
The energy levels in this work will be discussed in terms
of §c’and $7r as these parameters are more easily related to

the chemical properties of the ligands.

Fe(tu)z(NCS)2

(78)

Burbridge, Goodgame and Goodgame have given
expressions which relate the observed quadrupole splitting
in the M8ssbauer spectrum of a tetragonal iron (II)

complex with the splitting of the 5’I‘2g level. Fe(tu)z(NCS)2
gave an excellent Mgssbauer spectrum with a quadrupole
splitting of 2.08+0,04 mm/sec. and an isomer shift of
1.01*0.04 mm/sec. The magnetic susceptibility of

Fe(tu)Z(NCS)2 follows a Curie-Weiss law over the temperature

. o . _ , _ o
range 80 - 360 K WlthNeﬁ.— 5.51 B.M., (9— P
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From the graph of guadrupole splitting against the

'splitting of the T level in reference 78, the ground.

g
state splitting in Fe(tu)z(NCS)z is found to be either

~300 cm™t or ~4000 cm™t with the B level lowest.

28
The measured quadrupole splitting is slightly in excess
of the maximum possible Yalue for the Eg level lowest,
The magnetic moment of the compound is only slightly
lower than the value (5;66 B.M.) calculated assuming

no splitting of the 5

ng ground state, thus indicating
that ground state splitting must bg small (certainly
much less than 4000 cm—l). In addition, the magnetic
moment and the quadrupole splitting fit the calculated
(79)

curve of Golding, Mok, and Duncan. Their calculations
are based on a model in which the BZg level is the ground
state, and the agreement between the experimental values
and the theoretical curve suggests that this must be

the oase in Fe(tu)z(NCS)z. The ground state splitting

is therefore about 300 cm_l in this compound; the exact
value of this parameter is dependent on the values chosen
for a number of constants in reference 78, but is

almost certainly of the correct order of magnitude.

sTfis therefore equal to approximately + 150 cmnl.

The splitting of the excited state (Eg in 0h

symmetry) of Fe(tu)z(NCS)2 is given by the electronic



Table 14

Electronic Spectra

Compound Absorption Maxima (cmgl),
Fe(tu)z(Ncs)2 \ 10,800; 5420
Fe(Ncs)2 12,500; 7100
Co(tu)z(NCS)z 19,200sh; 18,500; 15,0003 9430: 6250
CO(NCS)Z C.T. 16,000; 15,150sh; 6670
CO(NCS)Z.%HZO C.T. ' 15,600; 10,000; 6370
Ni(tu)z(NCS)z C.T. ‘ 14,800; 8400; 6200sh
Ni(NCS)z C.T. _ 15,4003 ~ 9600; 7000sh
Mn(tu)z(NCS)z 26,800 22,5003 18,606
Mn(NCS), 25,8003 22,3503 | 21,000sh

* C,T, indicates.that”{; is obscured by charge transfer absorption



Compound

Co(MeOH)z(NCS)z
Co(EtOH)a(NCS)a
Ni(MeOH)a(NCS)z
Ni(EtOH)z(NCS)z
Mn(MeOH)z(Ncs)2

Mn(EtOH)z(NCS)z

Absorption Maxima (cm

21,000;

22,0003
25,000sh;
éh;SOO;
26,000;

25,900

Table 14 (cont.)

-_‘]_)
19,2004 17,900;
19,530; 18,200;
15,400; 13,000sh;
15,500; 12,700sh;
24 ,100;

23,900

97003
9800;
88003

90003

6400
7090
6500sh

6500sh
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Elootronic Spectra of Fe(tu),(NCS), and Fe(NC8),

~Absorption —>

’ ¢ - ¥
14,000 10,000 8000 6000 -

A Anhydrous Fe(NCS),
B Fe(tu)y(NCS),

=--=-« Vibrational bands
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N

spectrum (Fig.7, Table 14) as 5,400 cm_l; hence &= 2,000 om™t

As a result of their symmetry, the energy difference

between the BZg(de) and Blg(dxiﬁﬁgk*;.levels will be
independent of the axial field and therefore the energy
of the Bzé% Blg tfansition gives the in—plene field.,

'The far infrared spectrum and the positions of thiocyanate
and thiourea in the spectrochemical series indicate that
the lowest energy band in the‘electronic spectrum corres-—
ponds-to this transition, The in-plane field is

therefore equal to 5400 cm_l. The axial field is then
given ﬁy'the average ligand field approkimation as

1

3($#(5400 + 10800) - 200 - 2/ . 5400) = 12,900 cm .

3
The weak in-plane field (comparable to that of bridging

(

bromide 81)) and the strong axial field (a more typical
value of the ligand field produced by the isothiocyanate
group in octahedral complexes of divalent first transition

series ions is 10,000 cm_l.) are in agreement with the

interpretation of the far infrared spectra

[N

Nl(tu)Z(NCS)Z
In tetragonal nickel (II) compounds, the BAZé% 3B2g
transition corresponds to an electron being transferred
(81)

from the d orbital to the d 2 -~ 2 ofbital.
Xy x--y
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Table 15
Magpetic Properties of Compounds Following a Curie - Weiss Law

Compound Temp.Range pB.M. g°

: of C - W law

Fe(tu),(NCS), 80 - 360 °k 5.51 -4
Co(tu)z(NCS)z 80 - 360 4,99 -7
Ni(tu),(NCS)," 170 - 370 3.27 +40
Mn(t@z(Ncs)z* 170 - 370 | 5,81 -1
Co(EtOH)2(NCS)2 80 -~ 330 4,75 -18
Mn(EtOH)z(NCS)Z 80 - 320 6.00 -30
Co(NCS)z* 130 - 360 4,69 +38
Co(NCS)Z.%HzO 90 - 360 5.59 -46
Ni(NCS)z* 200 - 370 3.08 +50
Mn(NCS), 80 - 360 5.78 -86

¥ Further data is given in Table 16

+ Further data is given in Table 19
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As in the ferrous compounds, this transition has an en?rgy
equal to the strength of the iﬁ—plane field. The

shoulder at ~6,200 cm_'1 in the electronic spectrum of
Ni(tu)z(Ncs)z(Ncs)z(Fig.s) corresponds to this transition,
The exact position of this shoulder is in some doubt

(£ 200kcm-1) since the first overtones of the N - H
stretching vibrations of the coordinated thiourea occur
in this region, but it indicates that the in-plane field
is appreciably stronger than in the ferrous compound. The
value of 10Dq from the position of’}i is 7,700 cm’l, or
rather similar to that of the ferrous compound. Hence

the axial field (approximately 10,800 cm*l) is weaker

than in the ferrous compound, and is équal to, or4slightly
greafer than, the ligand fieldld produced by the
isothiocyanate group in other octahedral nickel complexes.
These differences between the nickel and ferrous compounds

are in agreement with the interpretation of the far

infrared spectra,

For octahedral nickel complexes it is possible, in
principle, to calculate the values ofﬁc’andg?ffrom the

splittings of WE and'\ﬁ. There is, however, appreciable
3

interaction between the two ~T levels arising from the

lg
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configuations t5e3 and thehléo that the excited states

~

fa

The splitting offyg will therefore be intermediate between

those calculated for the "ﬁure“ terms 3Tlg(tSeB) and

of and’Y; have some character from both configurations,

BTlg(theh). The mixing coefficients for these levels
(76)

have been given by Ballhausen and Hare. However, no

splitting of the’Vé band is seen in Ni(tu)z(NCS)z,

although it is somewhat broader than in other, more
symmetrical, nickel complexes, .The only information that
can be obtained from the spectrum is that the splitting

of ?g is between +2000 and -2000 em L and therefore
numerical values of go’and ¥ cannot be calculated for

this compound. The splitting of‘Vi and the pqsition of

the lower energy component are, however, consistent with
thiourea being a stronger g-donor and a stronger-f-acceptor
relative to thiocyanate in Ni(tu)z(NCS)z than it is in

Fe(tu)z(NCS)z.

Calculation of the Racah B parameter from the
‘position of xéxand the Tanaﬁe - Sugano determinant, taking‘
lODq'as 7,700 cm-'l gives a.value considerably greater
than the free ion value. The possible error in the
positions of'w/'and'vg cannot account for this. It seems

1
probable that the assumptions of the Tanabe - Sugano
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method (particularly the assumption of the same wave

function for the t,, and e, sets) are not justified in

2g

this case,

The susceptibility of Ni(tu),(NCS), follows a
Curie-Weiss 1aﬁ over the temperature range 370 - 1700 with
fers = 3.27 B.M. and O= +40°, thus indicating appreciable
ferromagnetic interaction through the sulphur afoms. Below
170° the susceptibility is lower than that predicted by

the above values., (Fig. 9 Table 16).

Co(tu)z(NCS)z

The electronic spectrum of Co(tu)z(NCS)2 has been
interpreted as indicating the presence of a tetrahedral

(80) 1

species in addition to the octahedral structure.
was suggested that'the compound consisted of short chains
of octahedral units with tetrahedral end groups. Carefﬁl
measurements of the reflectance spectrum of the COmpound;
in the region around 15,000 cm"1 did not reveal the fine
structure normally associated withﬁquof tetrahedral
cobalt (II). The electronic spectra of Co(tu)z(Ncs)2

and Co(NCS)z.%ﬁZO are closely similar excepf in the charge

" transfer region. It seems unlikely that both of these

compounds would contain comparable amounts of a tetrahedral
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Megnetic Susceptibility (200- 80°K) of Co(NCS),,.Ni(tu)y(NC8)y'

 1.20

(Kuara)
for B

- 80

-40

-40 0 40 80 120 160 200 T°K

A Anhydrous Co(NCS),
B Ni{tu)p(NcS),.

¥ pmole (0sg' 8. units) corrected for diamsgnetism
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Table 16

Magnetic Susceptibility of M(tu)z(NCS)z (M = Ni,Mn)

M = X5 M = M¥n
Temp. °K ?émole +}L Temp. °K ,'7€m01e /{+
x 1072  B.M. x 1072  B.M.
367 4,08 3.48 362 11.50 5.79
332 .5k 3.51 325 12.79 5.79
298. 5.14 3.52 302 13.82 5.80
252,5 6.23 3.56 292 14,27 5.79
226 7.13 3.61 247 16.87 5.79
203.5 8.11 3.65 222 18.69 5.79
182 9233 3.70 202 20.61 5.79
161.5 10.82 3.76 190’ 21.88 5.79
147.5 12,12 3.79 184 22,60 5.79
138 13.15 3.82 174 23.80 5.78
127 14.60 3.87 161 25.18 5.72
115 16.38  3.90 148.5  26.45  5.63
102 19.23 3.98 145 26.75 5.59 .
9l 21.28 L,01 127 29.40 5.49
88 23.15 k.05 112 33.10 5.47
77 27.30 4,12 95 ' 38,6 5.4
83.5 h2 .2 5.33
78 k5.5 5.34

. .
Magnetic Susceptibility per mole, corrected for diamagnetism

+ Calculated from the Curie Law.
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form giving absorption maxima at similar energies.
It is therefore necessary to explain all the electronic
absorption bands in terms of the snorgy levels of an

octahedral species.

The splitting of the lowest energy electronic
band in Co(tu)z(NCS)2 (JﬂBLlsw) is clearly resolved (Fig 10)
with the weaker component, assigned as the transition to

4 B
the B level, highest, Taking the second band as the

1g
two electron transition uTlgﬁ?AAzg(ll) the position of
all three bands can be fitted for an octahedral model
by taking 10Dgq = 8,200 em™t and B = 850 cm™ 1 and these
are reasonable values for this complex, The agreement
is surprisingly good, since taking wvalues of‘SOEnd S?f
similar to those found for sthe iron complex, avsplitting
of the ground state of some thousands of wavenumbers
would be predicted, It would appear that the splitting
of%the ground state must be small, for otherwise'Wi would
be expected to be much higher than is observed. The
splitting offyi can be accounted for'by taking values of
gG’andﬁ?fsimilar to those found for the ferrous compopnd.
However, in order to account for a ground state splitting

of less than 1000 cm—l as well, Sc’must be ~1000 cm“:l~ and

S7WV~6OO cm—l. These values are so different from those



Fig. 10 - 106.

' Electronic Spectra of Co(NCS),, Co(NCS),.3Hg0 and Co(tu)y(Nes),
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B Co($u)g(NC8)5; .~ ees ~ vibrational bands
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found for the ferrous compunund that considerable doubt

is cast on the validity of the treatment (particularly

the neglect of the interaction between the two E states
L

from the Tlg and ng states.

The magnetic susceptibility of Co(tu)Z(NCS)Z
obeys a Curie-Weiss law over the temperature range
360 - 80°K with Popp = 499 B.M., &= -7.° This value
» eff
OffLeff is somewhat higher than would be expected for an
A ground state with no other level within several

thousand wavelengths,

Mn(tu)z(NCS)z |

The electronic spectrum of Mn(tu)z(NCS)z_is
superficially similap to those of other octahedral
manganese ¢ompounds,(ll) three bands being detected before
the onset of charge transfer absorption. No splitting of
the lowest energy band is observed, although this band
is split in the reflectance spectrum of any2012.(83)
If the three bands are identified with the transitions

o

6 ,
from the Alg(6S)« ground state to the Z‘Tlg(l‘G), the
_gng(hG), and the b'Eg, L‘Alg(z‘e) excited states as is
usual with octahedral manganese (II) compounds, it is
not possible to account for their positions by values of

10Dg and B similar to those found for the nickel and iron

complexes,
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It is clear, therefore, that Mn(tu)z(NCS)2 is so
distorted that the simple assignment of the bands to
energy levels of an octahedral complex is not Jjustified.
(The far infrared spectra indicate that this complex is

even more distorted than the ferrous compound.)

The magnetic susceptibility of Mn(tu),(NCS),

: . . . - ’ i_ 10
follows a Cur}e ~ Weiss law w1thf¢eff- 5.81 B.M.,Q- 1
over the temperature range 370 - 170.° Below 170° the
susceptibility is lower than would be predicted by these

values., (Table 16)

The most interesting feature of the magnefic
studies on this series of compounds is the difference
in behaviouf for the different metals. The coﬁplexes
with T ground states obey the Curie - Weiss law over
the entire temperature range whereas the tﬁo with
A ground states, i.e. those with only filled or half-
filled sub-shells, show negative deviations (i.e. the
presence of antiferromagnetic interactions) at low |
temperatures, In additioh the nickel compound  shows a
ferromagnetic interaction. ?oodenough(Sh) has consideréd
the magnetic interaction between metal atoms with 90°
metal ~ ligand -~ metal angles in terms of the overiap'

of (a) two half-filled metal orbitals, which produces
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negative coupling; (b) one half-filled and one empty.
orbital, producing positive coupling and (c) one filled
and one'halfnfilled orbital, producing positive coupling.
He concludes that ferromagnetic interaction is most

likely to occur in nickel complexes. Detailed calculations
of thé susceptibility of infinite chains of positively

coupled ions have not been made.

Zn(tu),, (NCS
2 2
This compound is not isomorphous with the other

(72)

compounds., The far infrared spectrum indicates that
it has a tetrahedral structure, but the normal vibrations
of the species occur so close together that assignment

of the observed bands to vibrations of a particular ligand

is not justified.
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Anhydrous Divalent Metal Thiocyanates and their Ethanol

and Methanol Adductsl'

Concentration of solutions of cobalt, manganese
and nickel thiocyanates in anhydrous methanol or ethanol
gave crystalline precipitates of the alcohol complexes
M(ROH)z(NCS)z. The alcohol in the cobalt and manganese
complexes is rather strongly held, prolonged pumping at
room temperature causing no loss in weight. The alcohol,
however, is rapidly removed by heating the complexes at
100° in vacuo over phosphorus pentoxide, The cobalt
complexes are rapidly decomposed by moist air to give
the hemihydrate Co(NCS)z.%HZO, under the same conditions
the manganese¢ compounds deligquesce., The nickel
compounds are much less stable than the cobalt compounds.
The alcohol is readily removed by pumping at room

temperature or by heating to about 40°.

Relatively few complexes of first transition
series metals with coordinated simple alcohols have been
reported and no complete infrared spectra of these
complexes have been published. The measured infrared
absorption bands for the six compounds are therefore
given in Tables 17 and 18, The infrared spectra of the

three methanol complexes are virtually identical,
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Table 1
Infrared Spectra of M(MeOH)2(‘NCS)2 Compounds

Assignment(85) Free MeOH(85) M = Co M=Mn M= Ni

0 - H stretch 3683 3335s 3354s  335ks
3208sh
, 2992m 2989m 2988m
C - H stretch 2978 2950m 2953m 2946m
2924m 2924m 2914m
2905sh  2900sh
C - H stretch 2845 _ 2844m 2848m 2844m
2310m
2268m 2290m
C - N stretch 2133vs .
| 2088sh 2115vs 21h42s
C - H bend 1477 1L465m 1468m  1467m
1461sh
C - H bend 1455 1451m 1450m  1452m
1443m  1442sh
1340 1366m ©1367m 1360m
1321w
1272w
0 - H bend (1034) 1120m 1113m  1116m
C - 0 stretch 1034 1008s 1004s 1009s
(2 x 476etc.)? } olU7w 9lilyw 951w
(2 x 458etc.)? 919w 922w 920w
C - S stretch 777msp 781imsp 791lmsp
. 476m 475m 478m
N - C - S bend L7liw L69m 458m

458m L59w 452m
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Table 18

Infrared Spectra of M(EtOH)Z(NCS)2 Compounds

M = Co M = Mn M = Ni
3320sbr 3320sbr 3345sbr
2973s 2990s 2984sh
2946m - 2980s 2976s
2927mw 2952mw 2044m
291 7mw 2935mw 2927m
2890m 2920m
% % 2890m %
2133vsbr 2119vsbr 2130vsbr
1466m 1466m 1462m
1460sh 1445m 1441w
1437w 1438w 1434w
1400m 1397sh 1394s
1388sh 1389s 1385sh
1376s 1376s 1373s
1350m 1350s 1345m
1260m 1261m 1264m
1086s 1083s 1069m
lOBZs 1038 1037s
* * *
940w, 933w, 940owbr,,
906w 909w 900wbr
880s 876s 874s
* * »*
799m, 799m, 809m
776m 779m
765s
526sbr 503svbr
% * 500vbr
L71s L4L67s
L63s L55s
kli7s L438s 455br
L4184 L1y

* Bands due to the thiocyanate group

417wbr
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suggesting that they have closely similar structures. The
bands due to the thiocyanate group occur at 2130, 785, and
4801— 450 em™ L suggesting that the thiocyanate is acting
as a bridgng grup in these compounds. Monodentate(N)
thiocyanate usually has the C - N stretch below 2100 em™ L
and the C - S stretch above 800 cm—l. The strong, broad
band at ~3350 cm T in the infrared spectra of the methanol
complexes is readily assigned as the 0 - H stretching
frequency of the coordinated methanol, the lowering of

the band from its position in the free (gaseous) methanol
moleculé(85) being due to the ordination of the oxygen
atom (compare ammino complexes), or to hydrogen bonding,
or béth. The group of four or five bands in the rahge
2850 -~ 3000 — correspond to the C -~ H stretching
frequencies of the methanol. The number of bands in this
region suggests that either two or more different types

of methanol are present or, more probably, that some of

the bands are ovortones of the C - H bending modes gaining
rintensity from C - H stretching modes by Fermi resonance.
The very strong band at ~1000 cm“l in the complexes is
assigned to thé C -0 stretching.mode, this band shifting
25 - 30 c:m-'1 to lower energy on coordination. The only
bands above 200 cm_1 which can réasonably be assigned to
the metal - oxygen stretching vibrations are the very

weak, broad bands at 410 - 330 —_——
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Assignments of the remaining bands are given in Table 17.

Thevinfrared spectra of the cobalt and manganese
ethanol complexes‘are very similar, but that of the nickel
complex is appreciably different from these. The baﬁds
due to the thiocyanate group occur at 2120, 776 - 809vand
438 - 471 r.:m-gl and are indicative of bridging thiocyanate
in all three comﬁounds. The 0 - H stretching frequency
moves down considerably from its bositioh in the free
molecule (3660 cm—l) (86) as occuré in the methanol complexes.
Assignment of the C - O stretching frequenéy is complicated
by the interaction of this vibration with the C - C stfetch

(86) but the two bands at about 1080 and

and other modes,
1037 cm'"l are related to the two bands in free ethanol
at 1104 and ‘1070 cm—l and probébly involve this mode..
The C -~ C - O bend in ethanol iat 453 cm_l) moves down
slightly on coordinétion. The assignments of the other

low frequency vibrations in the ethanol molecule are

obscure,

The electronic spectra of the etﬁanol and methanol
complexes (Table 14) for a given metal are virtually identical,
ethanol producing a mérginally stronger field. The
electronic spectra of thevmanganese complexes are more
like those of tetrahedral complexes than octahedral

complexes in that they show no appreciable absorption
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below 20,000 cm Y, but the infrared spectra definitely

indicate that the compounds are structurally similar to
the octahedral cobalt complexes. No interpretation of
the electronic spectra of the manganese compounds'can be
given, The positions and splittings of the Q{,bands in
the cobalt and nickel compounds are similar to those
observed in the thiourea compounds suggesting that these
complexes also have an essentially D), ligand field with
the axial field (presumably due to two nitrogens of the
thiocyanate group) much stronger than the \in— plane field
(oxygen donors and -SCN are both faiyly low in the
spectrochemical series). More detailed analysis of the
spectra of the cobalt compounds is not possible due to
the complexity of the absorption spectra and energy level
diagram in the region above 17,000 cmhl. The electronic
spectra of the nickel complexes can be accounted for only
rather approximately by the energy levels calculated from
the Tanabe - Sugano determinants. The best fit is given

by 10Dq = 8,500 and B = 1000 cm T. The shoulder on the

low energy side of'}% is probably due to the spin

forbidden transition 3Az-—}lEg(D) gaining intensity from‘@é,

since if the splitting were due to the low symmetry field
the 3Eg level from 3T1g would be expected to lie at lower
3

A level.

energy than the 2g
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The magnetic measurements on the cobalt and
mangariese compounds gave values of /“eff similar to those
found in other octahedral compounds, the negative 2
values indicating some antiferromagnetic coupling through

the thiocyanate bridges.

Removal of the alcohol from these adducts by heating
at 110° in vacuo gives the anhydrous thiocyanates.
Anhydrous cobalt thiocyanate (green) very readily picks
up water { to give the hemihydrate) and it is necessary
to remove the alcohol over phosphorus pentoxide in a
thoroughly baked out, all glass apparatus to obtain a
pure product. The hemihydrate was conveniently prepared
by exposing the anhydrous compound to the laboratory air
for a few minutes and then heating the brown solid at
110° in vacuo ovér phosphorus pentoxide. The hemihydrate
is somewhat hygroscopic, but no stoichiometric higher
hydrate could be obtained by exposing it to moist air
and the additional water thus picked up could be readily
‘removed, Cobalt thiocyanate hemihydrate could not be
dehydrated by heting at 1500 in vacuo over phosphorus

pentoxide for 24 hours.

Zinc and ferrous thiocyanates were prepared by
evaporating their ethanolic solutions to dryness in vacuo

and heating the resultant solid at 110° in vacuo over
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phosphorus pentoxide, No evidence for the formation of
an athencl adduct’ was obtained in either case. The ferroﬁs
cempound-could not be obtained completely free from ferric
iron due to atmospheric oxidation. ' Cadmium thiocyanate
crystallised difectly as the anhydrous compound from
concentrated agueous solutions. No evidence for the
existence of hemihydrates other than of the cobalt
compound was obtained, although the manganese and nickel

thiocyanates are hygroscopic,

The C - N stretch of all the anhydrous thiocyanates
except Co(NCS)2 occurs in the range 2140 - 2170 cm~l,
i.e. rather higher than this vibration in briding (N,S)
thiocyanate compounds, This can be attributed to the
further stabilization of the canonical form (II) of the

thiocyanate ion by the proximity‘bf a second positive

metal ion to the sulphur atom.

"N=C=35 NEZC -5
(1) (1)
Co(NCS)Z.%HZO also has the C - N stretch in this range.
The C - S stretching vibration and the N - C - S bend
of the anhydrous thiocyanates occur in the range normally
found for bridging thiocyanate.(87) ‘“The metal - nitrogen
1

stretching vibration occurs at about 290 cm © in the

cobalt and nickel compounds and at 283 cm"l in the
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manganese compound but below 200 cm‘l in thée cadmium
compound.(Table 12) These shifts are similar to those
observed in the thiourea thiocyanate complexes and probably
have a similar explanation. The far infrared spectrum

of Zn(NCS)2 has two bands in the zinc - thiocyanate
stretching region. These two bands probably correspond

to the two N — C - S bends (Table 11) and suggest that
there are two distinct types of thiocyanate group in

the compound.

The similarity of the electronic spectra of the
anhydrous ferrous and nickel thiocyanates to those of
the corresponding M(tu)z(NCS)2 compounds suggests that

they have a similar NZS4 trans-octahedral structure.

The M#Bssbauer spectrum of the sample of ferrous
thiocyanate had four bands. The outer pair had an
isomer shift of 1,08.mm/sec and a quadrupole splitt;ng of
3.27 mm/sec; and the inner, weaker, pair had an isomer
shift of 0.35 mm/sec and a quadrupole splittihg of
0.61 mm/sec. The values for the inner pair of bands are
similar to those observed in ferric compounds and théy
are therefore assigned to an oxidation product of ferrous
thiocyanate.- In order to confirm this, a sample of ferrous
thioc&anate was exposed to the air for a week and the

MBssbauer spectrum redetermined.
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The outer pair of bands were not present in this spectrum,.
but the inner pair was obsérved in the same position as
in the original spectrum. The quadrupole splitting of

compound corresponds to a splitting

Lh v
R -1 (78) . .
of the ng levels of 600 cm with the dxy orbital:

lowest. The spectral parameters for Fe(NCS)z, calculated

3.29 mm/sec in a D

as for Fe(tu)z(NCS)z, are; 10Dgq = 9,100 cm“l, in-~-plane
field = 7,100 cm Y, axial field = 14,000 cm™Y, Go-

= 2,000 cm~1, 2W= 300 cm-l. The axial and in-plane
fields are both stronger than in the thiourea. compound
but the difference between them is rather similar. The
relatively greater ligand field strength produced by
the nitrogenbof bridging thiocyanate compared to
monodehtate (N) thiocyanate has been observed in other

(75)‘

groups of compounds

The position and splitting of ¥, for Ni(NCS),
gives 10Dq = 8730 cm™ Y, in-plane field = 7,000 em™ L,
axial field = 12,000 c¢m >, No splitting of Y, is
observed, but due to rising charge transfer absorption
in this region, a weak component on the high energy'side

would not be observed, Values of ao’and Svr cannot therefore

be calculated.
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The magnetic properties of Ni(NCS)2 (Table'19)
are rather similar to those of Ni(tu)z(NSS)z. A Curie -~ Weiss
law is followed over the temperature range 370 - 200° ¥
with = 3.08 B.M.,6‘=+5OO. At lower temperatures
Meff
the susceptibility is rather less than is given by this

law,

in contrasﬁ to the case«wlth the nickel and ferrous
compounds, the electronic reflectance spectrum of
anhydrous cobalt thiocyanate is not similar to that of
Co(tu)z(NCS)z.(Fig 10) No splitting of‘wa is observed
although the band is asymmetric. The spectrum indicates
that the cobalt is octahedrally coordinated, but, due to
the presence of strong charge transfer absorption above
18,000 cm-l, a detailed interpretation of the spectrum
cannot be given. The electronic spectrum of Co(NCS)zg%HZO
’is quite different from that of the anhydrous compound,
but closely resembles th;t of Co(tu)z(NCS)2 (Fing,Table lh)‘
Thevmagnetic susceptibilities of the anhydrous salt and
the hemihydrate are quite different. Co(NCS)2 follows
a Curie - Weiss law over the range 360 — 130°K with
f‘eff:5‘59 B.M., &=--46°, The difference between the
susceptibilities of these compounds is such that a very
small amount of water in the extremely hygroscopic
anhydrous éompound causes a significant increase in the

measured susceptibility.
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Table 19 | )

Magnetic Susceptibility of Anhydrous Thiocyanates

Ni(Ncs)2 . Co(NCS)Z
Temp, °K ?é * /1 Temp. °K * *
mole._3 B,M, mole_3 B.M.
x 10 x 10
368 3.69 3.31 343 7.18 L4,45
353.5 3.87 3.32 296 8.15 4, h2
341 L.,o3 3.33 238 9.80 L,34
327 . h,25 3.35 207 11,12 4,31
310,5 Lh,51 3.36 182.5 12.33 L4.25
294 4,79 3.37 165 13.45 4,23
285 4.97 3.38 146 14,70 L.16
'263.5 5.46 3.41 126.5 16,60 Lh,12
243 5.80 3.h1 113.5 17.65 4,02
217 6.84 3.46 107 18.33 3.98
201 7 .42 3.47 102 18.80 3.93
187 8.25 3.53 96.5 19.55 - 3.90
167.5 9,48 3.58 88 20.90 3.86
149.5 10.82 3.61 775 23.35 3.82
137 11.98 3.64
118,5 ° 14 .41 3.71 )
103 17.04 3.77
92 19.80 3.83
78 24,9 3.96

x

* Magnetic susceptibility per mole, corrected for diamagnetism

+ Calculated from the Curie Law
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The results given in Table correspond to the lowest
magnetic moment observed out of a total of four separate
preparations and magnetic "runs". The four measured
values of the room temperature (295 - 300°K) Curie laﬁ

susceptibility were 4.72, 4.61, 4.55 and 4.42 B.M.

The relationéhip between the structures of

Co(NCS)Z axd c-:(NCS)Z.—,{;H 0 is not clear. The infrared

2
spectrum of Co(NCS)2 can be interpreted as indicating
that the sulphur atom of the thiocyanafe group does not
interact strongly with the cobalt atom, and the position
of the metal - nitrogen stretch indicates a fairly strong
metal -~ nitrogen bond, On the other hand the electronic
spectrum (in particular the absence of any marked
splitting of’L{) is most easily interpreted in terms of

a fairly weak, approximately ocfahedral, ligand field.

The properties of Co(NCS)z.%H 0 are, however, readily

2
rationalized in terms of a trans~octahedral sth
coordination sphere similar to that present in Co(tu)Z(NCS)Z.
There is no evidence that the water molecules are
coordinated to the metal, It can be concluded that a
trans-octahedral structure such as that adopted by

Ni(NCS)2 is unstable in the case of the cobalt salt

and a different structure is adopted, but that the
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presende'of half a molecule of water in the lattice

stabilizes the trans-~octahedral structurec,.

As is the case with the other manganese compounds
described in this chapter, no detailed interpretation of
the electfonic spectrum of Mn(NCS)2 can' be given. The
spectrum is not well resolved and, like the Mn(ROH)z(NCS)2

compounds, shows no definite absorption below 20,000 cm—l.

‘The magnetic susceptibility obeys a Curie - Weiss law

over the temperature range 360 - 80°K with./ueff = 5.78 B,M,.

v9=—86°. The antiferromagnetic interaction is clearly

much stronger than in Mn(tu)z(NCS)z.

Conclusions

The electronic spéctra of the octahedral compounds
M(tu)z(NCS)2 (M = Fe, Co, Ni, Mn) indicate the presence
of_a.tetragonal field with the axial field much stroenger
than the in-plane field, The far infrared spectra of
these complexes also indicates strong axial bonding.

The difference between the strength of the axial bonding
and the.in—plane bonding increases along fhe series

Cd, Ni, Co, Fe, Mn. The explanation of these changes in
terms of the({ and M-effects of the ligands is complicated
by difficulties in the interpretation of the electronic

spectra,
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The complexes M(ROH)Z(NCS)2 (M = Ni, Co, Mn: R = methyl,
ethyl) have an octahedral coordination sphere with briding
thiocyanate groups and coordinated alcohols. There is a

weak antiferromagnetic interaction between the metal atoms,.

The compounds-Fe(NCS)Z, Ni(NCS)2 and Co(NCS)Z.%HZO have
a trans-octahedral structure similar to that of the
thiourea-thiocyanate complexes and they have similar
électronic spectra. Co(NCS)2 probably has a different

structure,

The magnetic properties of'Co(tu)z(NCS)2 and
Fe(tu)z(NCS)2 are normal, but there is an antiferromagnetic
interaction in Mn(tu),(NCS),, Mn(NCS),, Co(NCS),.3H,0:
and Co(NCS)2 and a ferromagnetic interaction in Ni(NCS)2

and Ni(tu)z(NCS)z.
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CHAPTER FIVE

Some Metal Complexes of Thioacetamide

In Chapters Two, Three, and Fpur,.the infrared,
far infrared'and electronic spectra, and the'magnetié
properties of some complexes of thiourea with divalent
metals were discussed, As ah extensioh of thié work,v
some complexes of the isoelectronic ligand thioacetamide
with divalent metals have been studied. Previous work
on these compouhds has been limited to the preparation
and crystallographio properties of some complexes of
metal chlorides(88) and thiocyanates.(89) In this
chapter, the infrared; far infrared and electronic spectra
of these compounds are described and the differences

between these compounds and the corresponding thiourea

- compounds are discussed.

Infrared Spectra of Thioacetamide Complexes

(90)

Suzuki has carried out detailed analyses of

ﬁhe infrared spectra (4000 - 300 cm—l) of free thioacet-
‘amide and N,N didsuterothioacetamide and assigns all the

observed bands to normal vibrations of the essentially’

(91)

planar molecule., The results indicate that, in

common with other moleculés containing the CSNH2
(41,92)

grouping, it is not possible to assign some of

[

the observed bands to vibrational modes largely located
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in two or three atoms. In particular, the aﬁalysis shows
that the bands at 1306, 975 and 718 cm~' (Table 20) each
involve C - S stretching character, this motion contrib-
uting about 60% of the total energy associated with the

vibration responsible for the band at 718 cm—l.

The far infrared spectrum of thioacetamide shows
no bands between 370 and 160 em Y.  There is, however,
a medium or strong band at 149 cm“l. In view of the
analysis of Suzuki this cannot bé a fundamental wvibration
of the free thioacetamide molecule. It is, presumably, a

translational lattice mode.

Analysis of the infrared spectrum of thioacetamide
hexachlorostannate indicates that protonation of the

(93)

‘thioacetamide occurs at the sulphur atom. It seems
probable, therefore, that thiocacetamide will coordinate
through the sulphur atom. An X - ray crystal structure
determination of the compound Cu(tam)uCl(9h) shows that
the copper atom is tetrahedrally coordinated by four
sulphur-bonded thioacetamide molecules. The infrared
spectra of all the compounds prepared in this work are
rather similar to that of Cu(tam)hCl(93) (Table 20)

indicating that coordination occurs through the sulphur

atom in these compounds too. The infrared spectra of



Table 20

Infrared Spectra (2000 - 350 cmﬂl) of Thioacetamide Complexes

Assignment(a) Solid tam Cu(tam)u01(b) Co(tam)2012 Ni(tam)anz Ni(tam)u012
S(NHZ) 1648 1669 1657 1630 1623
1638 1612 1614
Sé(CHB) : 1478 1515 1475 1480 1446
Y c-N) 1393 1409 1401 1k10 . 1ko6
SS(CHB) 1364 1376 1362 1366 1369
Skeletal + r(NHz) 1306 1318 1292 1294 1292
r(NHz) + r(CHB) 1030 1305 1026 - 1025 | 1030
A c-¢) + r(cH,) 975 971 960 965 970
Cc-S 3
Y(c-s) + Y(c-¢) 718 690 691 664 660
w(NHZ) and t(NHz) 709 769 732 709 707
. 735 ‘ 611
w(c-c) 517 506 514 512 518
5(N-Cc-8) 471, 460 481 L8 455 552
§(c-c) | 375 - 395 418 420, 415

a; abbreviations r = rock, w = wag, t = torsion. b; reference 95
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representative fetrahedral,'blanar and octahedral
thioacetamide complexes are given in Table 20. As
expected those wvibrations involving C - S stretchiné
character move down slightly 0;1 coordination, whilst

the C - N stretch is slightly raised.

The crystal structure determination on Cu(tam)MCl
shows that the C - S bond retainé most of its double
bond‘character in the complexes. There is therefore a
possibility of an unusual type of‘isomerism in
thipacetamide complexes which is dependent on which of
the  non- identical lone pairs on the sulphur atom is
used for mordination., Truter interprets her results(gj)

as indicating that the coordination is of type (ii) in

Cu(tam)401.

H,C NH H,C NH
VAR AVak

! : |
S .S

/ \

M | M

(1) | (i)

.

In no case has definite evidence been obtained for the
existence of isomers of the complexes prepared in this

work,
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Tetrahedral Complexes

The electronic reflectance spectra (Table 21)
of the 231 cobalt halide complexés are very similar to
those of the corresponding thiourea complexes, suggesting
that they have a similar struc‘bt;lre. The compounds are
partially solvolysed in common organic solvents, but
when the complex is dissolved in a 0.1 molar solution of
thioacetaﬁide in acetone, electronic spectra are obtained
which are unchanged on addition of further quantities of
thioacetamide., These spectra are similar to the reflectance
spectra\and they are the;efore taken to be the
solution spectra of the Co(tam)2X2 species. The molar
extinction coefficients of the absorption bandsare in

e

agreement with this tetrahedral structure. Analysis

,k‘; - i 6
of the solution spectra according to the usual method( )
gave values of the ligand field parameters 10Dq and B

very similar to those of the corresponding thiourea

compounds. (Chapter Two )

Table 22
Compound . "’ig'cm"l ’Vg em ™t 10hg B
CO(tam)2C12 6,400 ' 15,200 3,700 700
Co(tam)ZBrz 6,300 -~ 14,600 3,650 665
Co(tam)212 6,100 13,800 3,500 625

Co(tam)z(NCS)z 7,200 15,200 4,200 715



Table 21a

Electronic Spectra of the Cobalt Complexes

-1
Complex Phase 4 Absorption Maxima (cm :
V5 Y2 )< (&1
Co(tam)2012 Solid 16,700, 15,600 7100, 5780 <4000
’ 13,650
Co(tam)2012 Acetone soln. 16,500(515),15,100(585). 8000 (53), 6500sh
0.1M with tam., 13,800(465) 5500(105)
Co(tam),Br, Solid 15,400, 14,900 7040, 5680 <4000
: 13,300
Co(tam)23r2 Acetone soln. 15,600(540),14,600(645) 7650( 64),6400(84)
0.1M with tam, 13,700(655) 5250(94)
Co(tam)212 Solid 14,700, 13,800 7000, 5400 <4000
12,700
Co(tam)2I2 Acetone soln, 14,700(600),13,800(755) 7550 (100),6500(110)
, 0.1M with tam, 13,100(880) 5000+ :
Co(tam),(NCS), = Solid 16,800, 16,100 7700, 6940 {4000
13840 |
Co(tam)z(NCS)z Acetone soln, 17,000(580),15,600(820) 8400(72) 6800(93)
: 0.1M with tam. 14,250(905) 6150(100).

* Molar extinction coefficients in parenthesis

+ Exact position of this band is in some doubt due to solvent absorption in this region.
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21b

Electronic Spectra of Nickel and Ferrous Compound s

Complex
Ni(tam)uClz
Ni(tam)z(NCS)z
Ni(tam)uBrz

Ni(tam)h(NOB)z

Ni(tam)h(Clou)z

Ni(tam)hSOh

Fe(tam)zci2

Fe(tam)zBr

¢

2

¢\é’is obscured by charge

Phase
Solid
Solid
Solid
Solid
Solid
Solid
Solid

Solid

Absorption Maxima (cm_l)
22,500, 14,020, 8500
c.T* 14,950 9470
16,850
17,200
.17,500
17,100
5800sh, 5400, $5050sh

5800sh, 5400, 4900sh

transfer absdrption.
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The far infrared spectra of these compounds .(Table 23)
show three or four bands in the metal-ligand Stretcning
region, Following the assignments of the spectra of the
thiourea complex and other tetrahedral CoL2012 compounds,
the strong bands at 319 and 294 cm—l in the far infrared
spectrum of Cq(tam)2012 are assigned as the two cobalt-—
chlorine stretching vibrations and the band at 242 cm_l
as a metal — thioacetamide stretch., The other metal -
sulphur stretch is presumably eithér coincident with
242 cm™! band or is too weak to be observed. The band
at 122 em™ T can be assigned either as a Cl1 -~ Co - Cl1
bending mode or as a‘lattice mode. Similarly, it is
reasonable to assign the bands at 255 and 238 em L in
Co(tam)212 as cobalt-sulphur stretches and the two lower
energy bands as cobalt-iodine stretches. The lowest
energy band consists of an incompletely resolved doublet,
Since no splitting or broadening of the higher energy
bands is observed, this broadening is probably caused by
interaction with a lattice mode or combination band. In
the bromide complex, the four vibrational ques involving
metal =~ ligand stretching occur ciose together; tﬁe
assignment of particular bands to metal — bromide or

metal-sulphur stretching modes under these conditions is

unjustified. .



Compound
tamh
2
d
Co(tam)zBr2

Co(tam) 01,

Co(tam),T,”

/
Fe\tam)ZCLZ

Fe(tam)zBr2

Zn(tam)2012
Zn(tam)2I2
Zn(tam)zIé
Cd(tam)2012
Cd(tam)zBrz

cd. tam),I,”

Co(tam)z(NCS)g

Table 23

Far Infrared Spectra of the Thioacetamide Complexes a

tam,bends
471,460 375
448 400sh,
449 L40Osh,
L7 392
L7 389
451 388
450 LO6sh,
431 404sh,
L1 396
460 397
453 398
k50 392
453 395

395
395

398
397

"M -~ S ptretches M -~ X stretches® other bands
149s
242ms "320s, 294s - 136sh,122s
) 90br
(266m, 247s,239s, 193w) - 152w, 132w
' 95br, 78sp
255m, 238s 212s, 160sh,
150m
230ms 324s, 302s

(259s, 248s, 231s, 226sh, 192w)

237sh,224ms 208s, 275s
(243m, 224sh, 212s, 193,

235m, 218m 182s

(204s,177s,170s)

205m, 198m 169m
198s, 189sh 154s5,135m
252ms 330br, 290br 150brw



Table 23 (cont.)

Compound tam.bends M - S stretches M - X stretches
Ni(tam)uClZ 452  L420sh, k415 196s | 229m
Ni(tam),(NCS), 458,446 393 ' 220s, 201s 269s
Ni(tam),Br,® 455 418 290vw
Ni(tam)u(NOB)Z 456 418 291vw
Ni(tam)u(Cth)z 459 419 292vw
Ni(tam),S0,° 459 417 29kvw
Pd(tam),Cl,” 471 421,413 269w, 256w
Pt(tam),Cl,” 476  h2k,k19 257w, 2b5w
Cd(tam)u(ONoz)z b7 398 173s,163s 235m,221s
a  Spectra were measﬁred to 160 cm ! except where stated.

1

b These spectra were measured to 130 cm .

c X is halide, thiocyanate or nitrate according to compound

d These spectra were measured to 65 cm

1

other bands

- 179s
. 184s, 148s

240vw

237vw,

- 186s,182s

1235

148br
207s,194s
169s,143s
206s,199sh
181m,1L1s

.
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Thé electronic reflectance spectrum of
Co(tam)z(NCS)z is closely similar to those of the
haiide complexes, although the ligand field is rather
stronger. This is compound is therefore also éssigned
a tetrahedral strucfure. The molar extinction coéffiq—
ients of the solution of the compound in acetone

containing thioacetamide confirm this view.

T?e far infraredvspectfum of C'o(tam)z(NCS)2 can
be readily interpreted in terms of this strucﬁure, the
doublet at 320 em™ Tt is assigned as thé cobalt -~ thio-
cyanate (N) stretches and the band at 250 em™t as one

or both of the cobalt - thioacetamide stretches.

The compounds Co(tam)zclz, Zn(tam)zclé and
Fe(tam)zcl2 are isomorphous (88) and the far infrared
spectra of all three zinc halide cohplexes and of
Fe{tam)zclz'and Fe(tam)zBr2 are similar to those of their
copalt analogues, allowance being made for the usualv
décrease in the frequency of metal -~ ligand Yibrations
on paésing from cobalt to zinc. It séems likely, .
therefore, that all of these compounds have tetrahedral‘

structures,



136,

Theelectronic reflectance spectra of the ferrous
compounds are in agreement with this; both show an
intense band at about 5000 em™ 1 which is typical of
ferrous iron in an essentially tetrahedral environment.
The bands show partial resolution into the three

components expected for C2v symmetry.

Although Cd(tam)2012 is not isomorphoﬁs with
its cobalt analogue,(ss) it appears from the far infrared
spectra that the complexes of the three cadmium halides
also have tetrahedral structures. In the chloride,
there are three bands rather close together which appear
to represent metal -~ ligand stretching modes, although
detailed assignments cannot be given. For all three
compounds‘the spectra are rather similar to those of

the Cd(tu)2X2 complexes.,

Planar Compounds

The blue - purple complexes Ni(tam)z‘x2
(X = Br, c1o0,, No., %soh) are diamagnetic, and have
reflectance spectra consisting of one broad, rather
intense band at about 17,000 cmﬂl. These compounds are
therefore considered to have square planar coordination'
about the nickel atom. (compare Ni(tu)usoh.MeOH). In

agreement with this, the infrared spectra of the nitrate
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and sulphate ions indicate that they are not coordinated,
The infrared spectrum of Ni(tam)u(010u)2 has a medium
- to strong band at 1160 em™ ' in addition to the bands at

1060 em™t

and 616 cm~' which are apparently due to ionic
perchlorate groubs. Al} the other éhioacetamide compounds
have only a very weak band in this p&sition. This band

- could be interpreted as indicating a perturbation of-thé
perchlorate group, but the absence of an additional
strong.band in the range 900 - 1000 cm—l(where'7; of the
perturbed perchlorafe ion woyld be expeced to occur) |

seems to preclude this possibility. ‘The origin of this

band remains obscure.

The far infrared spectra of these compounds each
show a weak band at about 290 cm—l together with a
strong band at about 185 cm—lg. In addition, a very weak
band at about 240 cm - is sometimes detected. The
general appearance of the spectra is very similar to
those of the squafe planer nickel - thiourea compounds,
the bands being shifted 10 -~ 20 em™ ! to lower enefgy.
Following the assignments for the sguare planar thiourea
compounds (Chapter Two), the band at about 290‘cm~1 is
assigned as the asymmetric stretching mode and the Band‘

: -1 . - ‘
at about 240 cm -~ as either the Alg('va) or the B2g (3x§)

stretching modes of the square planar cation.
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The strong band at about 185 cm L is then assigned as

an in-plane bending mode,

The compounds Pd(tam)h012 and Pt(tam)4012 have
far infrared spectra which are readily interpretable in
terms of the anticipated square planaf structure, In
both cases the C - C out of piane bend, the asymmetric
metal - sulphur stretch, and the in-plane metal - ligand
bending mode (at 194 -~ 207 Cmnl) are split into two
components., Thia presumably reflects the departure of‘
the cation from D4h symmetry. The mean energ& of the
in—pl&ne ., bend in the platinum compound is appreciably(
higher than that of the palladium compound which is
itself higher than that of the nickel compound.w This
situation is different from that in the corresponding

thiourea complexes.

The two lowest internal bending modes of thé
coordinated thiéacetamide in the square planar compounds
occur at 455 - 476 om ™t and 414 -~ 424 cm—l. The éorres—
ponding bands in the tetrahedral compoun&s are at
Ly . 460 em™t and 388 ~ 406 cm"l. The position of the .
lowest energy ligand band thus eﬁaﬁles a clear distinctioh
between tetrahedral and planar structures to be made

(see Table 23.)
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Octahedral Compounds

The compound Ni(tam)uCl2 has a reflectanqe
spectrum which is very similar to the trans-octahedral
compound Ni(tu)4012,(76) and it probably has a similar
structure. The ligand field in the thioacetamide complex
is rather stronger, the derived spectral parameters being

1 1

10Dg = 8,500 ecm ~, B = 730 cm .

The far infrared spectrum of this compound shows
two bands in the metal - ligand stretching region, As
discussed for Ni(tu)hCl2 (Chapter Two), itvis not clear
which of these bands corresponds to the predominately
metal -~ sulphur stretching mode and which to the
Predominately metal - chlorine stretching mode. However,
if it is assumed that the difference between the thiourea
and the thioacetamide compounds that is observed for the
tetrahedral complexes, i.e. that in the thioacefamide
compounds, the metal - sulphur stretching frequencies are
at lower energies, and the metal -~ halide stretches at
higher energies, than in the thiourea compounds; then the
higher energy band is assigned as thé‘metal - chlorine
stretching mode and the band at 196 c:m_l as the metal -

sulphur stretching mode.
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The position of the two lowest energy internal
vibrations in the ligand are similar to *those of the square

planar compounds.

The infrared spectrum of ﬁhe compound shows'two‘
marked differences from those of the other compounds (Table 20).
The 1478 cm“1 band in free'thioacefamide chiefly involves
(90

motion located in the methyl group and as expected

this band moves very little on coordination in the
tetrahedral and planar compounds (Table 20). However,

there is no absorption band close to 1480 em™t in the -

infrared spectrum of Ni(tam)AClz, and the band at 1446 cm-l
apparently corresponds to this absorption. This shiftv

may be caused by stefic interaction between‘the methyl.
groups and the chloride ion., The second difference is the
appearance of a medium strength band at 611 cm—l. This

may be the NH2 wag or torsion, the acecidental degeneracy(go)

of these modes being removed by steric or hydrogen

bonding effects in the complex.

v

The electronic spectrum of Ni(tam)z(NCS)2 is

typical of octahedrally coordinated nickel (II) with

1

10Dg = 9470 cm ~ and B = 770 — and the magnetic

susceptibility obeys a Curie -~ Weiss law with Mot 3.19 B.M.,

8= -3°.
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fhe infrared spéctrum of the compound is similar
to that of Ni(tam),Cl, (except for the absence of the,
band at 611 cm -.) with the addition of thiocyanate
bands at 2118 cm_l, 779 em L and 466 cm T. Tﬁese
frequencies are typical of those found for bridging

(87)

thiocyanate groups.

The magnetic behaviour of the compound and the
very close similarity of its infrared spectrum to those
of compounds comarining monodentate thicacetamide suggests
that the compound does not have a structure similar to
that of the analogous  thiourea compound. It is likeiy,
“therefore, that this compound consists of Ni(tam)2

units linked together by four thiocyanate bridges.

The far infrared spectrum (Table 23) can be
 interpreted in terms of this structure. The 268 cm™t
band is readily assigned as the nickel-thiocyanate

stretching frequencies,

After this work was complete, Nardelli et al. (95)
published brlef preliminary details of their X - ray
crystal structure determination on this compound, They
find that the nickel is octahedrally coordinated with two
axial thiocyanate groups and four sﬁlphur atoms in the
plane, two from the thioacetamide'in cis positions and two

from the thiocyanate groups.
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Examination of the infrared spectrum of Cd(tam)u
(NOB)2 (Fig 11.) does not lead to any definite'conclusions
concerning whether the nitrate ions aré coordinated or
not due to strong absorption by thioacetamide in the
1600 - 12‘00‘cm—1 region. The spectrum is, however,
appreciably different from that of Ni(tam), (NO,),. The
‘W{/(Al) vibration of the nitrate ion (infrared inactive
for the free ion) appears with medium intensity. The
spectrum is, therefore, perhaps more consistent with the
presence of coordinated nitrate. Assuming octahedral
'sterochemistry with coordinated nitrate ions, the doublet
at 235,221 em ™ in the far infrared spectrum can be
assigned as metal-nitrate stretching modes, and the 173,
163 cm'"1 bands as the metal-sulphur stretching modes of
the octahedral cbmplex. The far infrared spectra of the
compound could also be interpreted in terms of a distorted
tetrahedral structufe, the higher energy doublet being
ﬁetal.— sulphur stretching modes and the lower energy
bands being bending modes similar to those observed in
Co(tu)h(NOB)z (Table 6,) The C - C out of plane
deformation occurs at 397 cr'n'-1 which is very similar to
the position of this mode in tetrahedral compounds, but
different from that found in octahedral Ni(tam)hClz.

This is not necessarily indicative of-tetrahedral



6————-Absdrption

o 143.
Flg.1ll

Infrared Spectra (1700 - 600 cm-l) of some Thioacetamide
Complexes

— v v =T

1600 1400 1200 1000 800 om

A Cd(tam),(NOg),
B ¥i(tam), (NOy),
(] Ni(tam)4012



i4n,
coordination however as the same band occurs at 393 cm-l
in octahedral Ni(tam)z(NCS)z. The balance of evidence
therefore’seems to support‘fhe octahedral structure for

this compound.

Comparison of Thioacetamide and Thiourea Complexes

Thioacetacetamide has‘a greater tendency‘to form
square planar compounds with nickel (II) than has
thiourea; no compounds containing the Ni(tam)i+ cation
could be prepared. The position of the lowest spin
éllowed d - d bands of the square planar nickel compounds
is similér for both ligands, indicating that the ligand
fields produced by thiourea and thioacetamide are rather

similar in these compounds.

The metal - sulphur stretching frequencies in tﬁe
square planar thioacetamide complexes are consistently
lower than those in the corresponding thiourea compounds,’
The mbst surprising feature of the far infrared spectra
of the square planar thioacetamide complexes is the
weakness of the bands assignable as the metal-sulphur
stretching frequencies compared to those in the tetrahedral
compounds and the square planar tpiourea compleies. No
explanation of this can be given, presumably the change in
dipole moment during the vibration is small due to the
particular values of the molecular parameters in these

compounds,
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Thiocacetamide forms tétrahedral 2:1 complexes
with cobalt(II),. zinc(II) and cadmium(II) halides
which are similar to those formed by thiourea, and the
ligand field parameters are ver& similar for the two
sets of cobalt compounds. The metal ~ halide stretching
frequencies of the thioacetamidevcomplexes are, however,
somewhat lower than those of the corresponding thiourea
compounds, whereas.thé metal-<halide strétching frequencies

are rather higher,

It is possible that these diffeéences in metal-ligand
stfetching frequencies are due to small differences in
'}the detailed stéreochemistries of the compounds. There
are no\orystal structure determinations on these
thioacetdmide complexes but the‘Cu - S aﬁd the cC - 8
distances and the Cu - S - C angles in Cu(tam)461(9h)
and Cu(tu)301(50) (non~bridging thiourea molecules) are
simikr. This, together with the fact that the trend in
metal—sulpﬁur stretching frequencies is observed in all
compounds where a meaningful comparison can be made,
suggests that the differences are due to actual changes

in the bond strengths;
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Nickel(II) has a greater'tendency.to adopt a
square planar stereochemistry when the ligands are
capable of forming strong 7f-bonds (assuming that steric
effects are similar in the two sets of compounds). In
Chapter Four it was shown-that, in the;trgns—octéhedral
compounds M(tu)z(NCS)z, thiourea is acting as a
“fr~acceptor relative tb thiocyanate. The thiocyanate
ion appears to have, in general, very 1ittle‘ﬁ—effect.(8?)
It is likely, therefore, that in the square planar Ni(tu)ﬁ+
catiop (wﬁere‘ﬁ;effects would be expected to be_strohger

than in the octahedral compounds), thiourea is acting as

a TY-acceptor.

This suggests that the reduction in the bond
strengths of the thioacetamide complexes relative to those
of the thiourea complexes is not dug to a decrease in
W ~bonding., All the facts can be rationalised, however,
if there is a decrease in o¢’-bond strength, accompanied
by an increase in metal*aligand‘ﬂ—bonding, resulting in a
similar field strength and a greater tendency to form
planar complexes. (This assumes that a chahge in

ﬂhbonding will have a relatively greater effect on the
- ligand field than it will héve on the bond strength, but
(fhis is not unreasonable.) In thiourea compounds the

factors affecting whether a square planar Ni(tu)ﬁ+ cation
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or an octahedral Ni(tu)2+ cation is formed are rather
finely balanced. A relatively small increase in the

T —-acceptor capacity of the ligand might result in square
planar coordination being preferentially adopted. This is
presumably what happens in thiocacetamide complexes; this
ligand would be expected to be a better J[~acceptor than.
thiourea because the methyl group is a weaker T=donor than

the amine group.

Conclusions

The complexes M(tam)2X2 (M = Co, Zn, Cd; X = C1,Br, X
M= Fe; X = C1, Br) are tetrahedrally coordinated; the

complexes Ni(tam)hx2 (M = Br, NO c1o,, %soh),

37
M(tam)4012 (M = Pd, Pt) are planar; and the complexes
Ni(tam)h012 and Ni(tam)z(NCS)2 are octahedral, Cd(tam)a(NOB)2

is also probably octahedral.

The ligand field produced by thioacetamide is approxi-
mately equal to that produced by thiourea in similar

complexes

The metal-sulphur stretching frequenpies of the
thioacetamide complexes are somewhat lower than those of
the corresponding thiourea compounds. This is probably due

to a difference in bond strength.

Thiocacetamide appears to be a weaker ¢gr~donor and a better

T¥~acceptor than thiourea.
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CHAPTER SIX

Some Complexés of Chelating Alkvyl. Sulphides

Metal complexes of 2:5 dithiahexane have been

prepared by a number of workers (96’ 27, 98) and their

far infrared spectra have been interpreted as indicating
the presence of the gauche form of the 1igand.(99)
‘Blackhouse, Foss, and Nyholm(9?) have measured the room
temperature magnetic susceptibility of some of the nickel
complexes and conclude that the nickel: atoms are
octahedrally coordinated in each case. More recently,
Carliﬁ and Weisberger(98) have reported the magnetic
susceptibility and electronic spectra of some cobalt and
rnickel complexes of 2:5 dithiahexane and 3:5 dithiaoctane.

The results of these investigations suggested that a

detailed study of the metal complexes of 2:5 dithiahexane

' and some more sterically hindered chelating alkyl :

sulphides would be of interest.

General

2:5 Dithiahexane forms a 3 : 1 complex with
nickel perchlorate. 2 : 1 Complexes are formed with
cobalt and nickel halides and thiecyanates, cobalt
perchlorate,vcobalt nitrate, copper(II) perchlorate

and copper(II) borofluoride. Cobalt chloride, copper(II)
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chloride, and the cadmium halides give 1 : 1 complexes
with dithiahexané. Some of these complexes have not been
described previously and the physical measurements on the
other compounds were not complete. In particular, there

is no infrared data for these compounds below 650~cm"1,

The ligand 1:2 bis(isopropylthio)ethane forms 2 : 1

complexes with cobalt and nickel halides and thiocyanates,

No complexes of this ligand have been described previously.

Attempts to prepare solid complexes of first row
transition metals with 1:2 bis{tert-butylthio)ethane,
1:2 bis{phenylthio)ethane, and 1:2 bisthiocyanatoethane

were unsuccessful. (See Chapter Seven.)

Infrared Spectra

2+5 Dithiahexane has three axes of internal
rotation (taking the methyl groups as sjmmetrical) and
can therefore exist in several holecular conformations
in fhe liquid state. However, the molecule cannot exist
in the trans form as a chelating ligand in coordination
complexes., There are, therefore, marked differences
between the infrared spectra of the ligand and the metal
complexes, These spectral differences have been studied

(99,100)

in some detail and the nesults interpreted as
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indicating the presence of the gauche form of the ligand

in the complexes. The infrared spectra of ;11 the
dithiahexane complexes prepared in this work were rather
~similar to those feported by Sweeny et al.(99) éhowing

that the ligand exists in the gauche form in these complexes
too. An X - ray crystal structure determination of the

(101) which has infrared bands

compound Co(DTH)z(Cth)z,
due to dithiahexane similar to those in the other

complexes, confirms these conclusions.

The infrared spectrum of liquid 1:2 bis(isopropyi~
thio)ethane is distinctly different from the spectra of
.its complexes and this probably indicates a similar

change in conformation.

"LElectronic Spectra

The electronic spectrum of Ni(DTH)B(Cloh)z(Tablen2h)-
is characteristic of octahedrally coordinated nickel(II)

and the position thV1st2’ andfyg can be fitted by taking

-1

10Dg = 10,900 cm - and B = 740 cm ~F. The ligand field

is much stronger than in.(Ni(tu)6) (No in agreement

3)2’
with Jgrgensen's theory, and the nephelauxetic effect

is much less pronounced., (see Chapter One).
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Table 24

Electronic Reflectance Spectra

Compound
lNi(DTH)B(Clou)z
Ni(DTH)Z(NCS)z
‘ Ni(DTH)2C12
Ni(DTH)zBrz
Ni(DTH)212
Co(D$H)2(0N02)2

Co(DTH)z(NCS)z
Co(DTH)2012

Co(DTH),Br,

Co(DTH)212

Co(DTH)z(Clou)z
Co(DTH)012

(n~Bu4N)2(C0014)

_ Cu(DTH)c12

Band Maxima (cm‘l)-
26,7005 17,100; 19,900.
26,000sh; 17,100; 11,000sh, 10,100,
24 ,400; 15,350; 10,6QOsh, 9100,
23,100; 15;000; 1o,éodsh, 9000,
c.T.” 14,900; 10,900sh, 8650.
C.T.  17,000sh; 9430.

25,500, 23,800sh; (20,200sh)"
17,500, 16,200; 9610; (7,300sh).

19,700, 18,900; (16,900)
15,500, 14,800sh; 8000.

18,900, 18,000sh; 15,750;
8550sh, 7690, ‘ |
c.T. 13,000sh; 8240, 6800sh.

20,000; 7380,

20,000sh, 18,500; 15,700,-1&,900,
14,400; 6020, 5460, 5130, 4850,
h610, , A '
(18,800) 15,700, 14,800, 1k4,500;
5990, 5460, 5140, 4820, 4570.

12,000
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Table 24 (cont)

Compound Band Maxima (cm?l)
Ni(IPTE)z(ﬁcs)z 25,300sh; 15,400; 9400,
Ni(IPTE),C1, ~ 23,400; 13,900; 9,800sh; 8480.
Ni(IPTE)zBrz : | 22,850; 13,900;  9900sh; 8250.
Ni(IPTE)212 C.T. 14,000, 13,500sh;
’ 9700sh, 8250,
Cq(IPTE)z(NCS)Z | 25,000sh; 1&;900;,9900; (7810),
Co(IPTE),C1, * 19,700, 18,800; 14,500;
= 8500sh, 7460,
Co(iPTE)zBrz 18,900sh, 18,000; 15,100,1&,400; 
7350, ‘
Co(IPTE)zIz, ' ' c.T. 13,000sh; 7810, 63003hs
Ni(DTH)z(NCS)ZIh - 10,900 |
.Ni(DTH)ZClZIh . 9720, 8580
Ni(DTH)zBeru ' - | 9180sh, 8600
Ni(DTH)216 , 10,000
Ni(DTH)B(cioh)éI6 | 11,500

"% C,T. indicates that’vg is obscured by charge transfer
absorption.

+ Spin - forbidden bands in parentheses.
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The électronic reflectance spectra of the cdmpounds
Ni(DTH)2X2 (X = NCS, Cl1, Br, I) are read'ly interpreted
in terms of octahedral stereochemistry.’V§ is split into
two components in thésé compounds, the upper, weaker,
compénent at“ViO,BOO em™t is assigned as the 3B157—§3B2g
transition of a trans—obtahedral compiex. The energy

of this transition gives the in-plane field, which is
seen to be independent of the axial ligénds. The axial
fields due to the halide or pseudohalide ions are then;
NCS,” 9,200, C1~, 7,600, Br,” 7,400, I", 6,400 cm T,
These values are subject to some error but indicate that
these ions are in their normal positions in the‘spectro—
chemicalvseries. In no case is any splitting éf’}g

observed and therefore values ofSG‘andgﬂVcannot be

calculated with any reliability.

A compound Ni(IPTE)B(Cloh)z-could not be
prepared. Thé reflectance spectra of the coﬁplexes
Ni(IPTE),X, (X = NCS, Cl1, Br, I) are rather similar
to those of the corresponding dithiahexane compounds.
The shoulder on the high energy side of/v; in the halide
complexes gives the in-plane field (assuming a trans-
octéhedral structure) produced by 1:2 bis(isopropylthio)
ethane as “V 9,900 em 1. Using this value, the axial
fields due to the anions are found to be similar to

those in the corresponding dithiahexane compounds.
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The weaker ligand field produced by bis(isopropylthio)ethane
relative to dithiahexane is probably caused by the bulk
of the isopropyl groups causing an increase in the metal -

sulphur distance.

A compound of stoichiometry Co(DTH)B(Clou)z could
not be prepared.
The electronic spectra of the cobalt-dithiahexane

compounds cannot be accurately accounted for by the Tanabe-

Sugano determinants; however, the positions of the bands

in the halide complexes can be fitted by using the "complete"

energy level diagram as calculated by Liehr.(loz) Taking
10Dq as 8,300 — (B is fixed at 835 em ! in the
caléulation) the predicted positioﬁs of the spin-allowed
transitions are ~8,000, 16,200, and ~+19,500 em 1 which
is in reasonable agreement with the observed spectrum of

Co(DTH)201 A similar fit may be found for the bromide

2°
by taking 10Dq = 8,000 em™ L. The electronic spectrum of
Co(DTH)z(NCS)2 cannot be accounted for by Liehr's diagram,
the reason for fhis is obscure since this compound would
be expected to have a ligand field of nearly 0h symmetry,
It is possible that one or both of fhe bands in the

16,000 ~ 18,000 — region are due to a trace of a

tetrahedral species. The absorption at 9,600 and ~24,000 cm

can then be .accounted for by Liehr's diagram with 10Dq =

11,000 cm™ 7T,

1
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The shoulder at 7,300 cm~l in this compound is probably

due to a transition to the 2Eg level gaining intensity

from ’)4/1 .

The electronic spectra of the éobalt-bis(iéopropylthio
ethane complexes can be fitted to Liehrt!s diagram by
taking values of 10Dq as 8,000, 7,800, 7,600, and 7,500 cm_l
for the thiocyanate, chloride, bromide, and iodide
respectively. The bandbat«c8,500 em L in the spéctrum of
the chloro-complex is probably due to a transition to the
2Eg level. The splitting of’}i for both cobalt iodide
cpmpiexes is as would be expected for a weak axialo“-donor

and a stronger in-plane (Y-donor (assuming thatf-effects

are smhller than g-effects.)

The reflectance spectrum of'Cu(DTH)Cl2 consists
of one very broad band at about 12,000 em Y. The absence
- of a band at about 6,000 cm™t shows that the compound is
not tetrahedral. In chloroform, acetone or nitroﬁethane
solution, the electronic band moves to about 13,500 cm_l
(€ =130‘mole"l) and there is again no absorptidn at
lower energy. The shift in position of the d - d band on
going from the solid state to solution presumably reflects
a change in the axialbbonding of the essentially square

Planar complex. The magnetic moment of the solid complex,‘

1.76 B.M. at 293°K, is normal for copper(II) compounds.
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The electronic spectra of Co(DTH)z(Cloh)z,
’Co(DTH)z(NOS)z, Cu(DTH)z(ClOu)Z, Cu(DTH)z(BFh)z and

Co(DTH)Cl2 will be discussed separately below.

Far Infrared Spectra

Free 2:5 dithiahexane and 1:2 bis(isopropylthio)

ethane are virtually transparant in the region 500 - 200 cm_l;

(The far infrared spectra of the compounds discussed in this

chapter were not measured below 200 cmtl) Two weak bands

1 and 219 cm"l in dithiahexane

(100)

are observed at 418 cm™
using rather thick samples. Mitzushima et al. have
calculated that the C — C - S bend of symmetry B of the

1

RS - CH, ~ CH, -~ SR group (R = CN) will occur at 410 om™

2
for the trans molecule (CZh) and 222 cm™t for the gauche
molecule (02). The two bands that are observed probablf‘
represent these modes, however C - S - C bending modes may

also occur in this region,

The far infrared spectrum of Ni(DTH)B(Cth)2 shows one

1 1

strong band at 248 cm ~, together with weak bands at 450 cm ’
350 cm_l, and 230,cm_l. The A C - C - S bending mode
(infrared inactive for a centrosymmetric species), which

. occurs at 292 em™ in the Raman spectrum of solid>2:5
dithiahexane (i.e. the trans form), has been predicted(loo)
to occur at 251 cmﬁ_l in the gauche form, The observed strong

band may be this mode modified by the presence of the nickel

“atom,



Compound

Liquid DTH
Ni(DTH)'B(Clou)2
.Ni(DTH)z(NCS)z
Ni(DTH)2012
Ni(DTH)zBrz
Ni(DTH)ZIZ
CO(DTH)2(0N02)2
Co(DTH)z(NCS)z
Co(DTH),C1,
;co(DTH)zBrz
Co(DTH)ZIZ
CQ(DTH)Cl2

Co(DTH)z(Cloh)z’

Cu(DTH)é(Cth)z
Cu(DTH)z(BFh)z
Cu(DTH)012
ca(pTH)C1,
Cd(DTH)Br2
Cd(DTH)I2

Table 25
Far Infrared Spectra (500 - 200 cm~

417wbr
4L50m
Lysgw
Ll 6w
2w
L50w
Liow
44om
Li2m
Lijow
4liém

393m

LYy 2w

4s55br
455br
46w
434m
Lhow

thsh,v429m

158.

1
 Band Maxima (cm 1)
219w
350w 248s, 230sh
317w 2815? 229s

-~ 26hs, 2b6s, 229s, 205w

- 256s, 236w, ~200
343vw, 300wbr, 255s, =240s
327vw 264s,  248s, 222br

315w, 272brf 230mbr
205sh,  266s, 236s

- 255s, 233s,~200

342w 24s5s, 223s

330w, 296s, 281s, 267s, 2h2w
3“3W’ 329w, 277s, 255br, 235m
343w, 325w, 290s, 272s, 259s

352w 291s, 274s, 255s
* .
308s, 288s, 272s,
324w, 259w, 226s, 212s
- . 238s, 220s
322wbr ) { 200

% .
These bands probably represent predominantly metal-anion

stretching modes,
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Tabie 25‘(cont.)

Compound Band Maxima (cmul)

Liquid IPTE 430w, 350w, 335w

Co(IPTE),(NCS), 360w 2715:
Co(IPTE)2012 ; 360w 2835*
Co(IPTE)zBr2 , 362w ~ 250m,220s
Co(IPTE)212 ' | 360br . (200v*
'Ni(IPTE)z(Ncs)2 i 363w 300sh 2795*
Ni(IPTE)2012 : 362w : | 2735*‘
Ni(IPTE),Br, 361w 258m, 2hom,216s*‘
vNi(IPTE)zlz ' 361w 250m . £ 200s
Ni(DTH), (NCS), T, | '269mz 235m, ~200
Ni(DTH)zélth ~ 250m, 240m 225m *
Ni(DTH),Br,I, 248br o
Ni(DTH)216 | 265w, 250mbr, 220br
Ni(DTH)B(Cloh)216 265m, 250sh,

*
These bands probably represent predominantly metal-

anion stretching modes,
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Examination of the spectra of the series of compounds
M(wm)zx2 (M = Co, Ni; X = C1, Br, I, NC35) shows that they
each have a weak band at s 55 cng, a very weak band

1 and one or two fairly strong bands at

at 350 - 395 cm
220 - 260 cm™ Y, In addition, the two thiocyanates each
have 'a strong band at about 275 cm"l which is assigned

as a metal - thiocyanafe stretching mode, énd the two
chloro complexes each have a strbng band at about 265 cm™t
which is assigned as a metal ~ chlorine stretching mode.

The metal - chlorine stretches are rather higher than in
most other octahedral cobalt and nickel complexes and

this may reflect an interaction befween the metal - chlorine
stretches and the vibrations involving dithiahexane at
slightly lower energy. In support of this, the strong

"dithiahexane bends" occur at rather lower energy in the-

chloride complexes than in the bromide and iodide complexes.,

‘The far infrared spectfa of the complexes 3M(iPTE)2Xé

(M = Ni, Co; X = C1, Br, I, NCS) each have a weak band

at 360 em™t together with one strong band which varies

with the anion. (Fig.12). This strong band is assigned

as a meal - anion stretching mode. The metal - halogen
stretching modes are at rather high energy for octahedral '
complexes, but their relative frequencies for different
halogens afe similar to those usually found and no other

assignment seems reasonable.
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Far Infrared Spectra of Ni(IPTE)pXp Complexex

380 300 - . 200 om
A . NI(IPTE),Cl,
B NWi(IPTE)gBrg
¢ WL(IPTE)gI,
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.
The shift of these modes to higher energy relative to the
dithiahexane compounds possibly reflects the weaker in-plane
field in the bis(iéoﬁropylthio)éthane complexes, (compare

the M(tu)z(NCS)2 compounds described in Chapter Four).

The far infrared spectra of some other dithiahexane

complexes will be discussed below.

The comggunds_Co(DTH)z(NOBIZ, co(DTg)2(01ou)2 Cu(DTH}2

(€10, ), and Cu(DTH)z(EFu)z

The infrared spectrum of CQ(DTH)Z(NOB)2 has bands
due to the nitrate ion at 1372m, 1275s, 81lm, and 727m;cm-l
showing that the anion is coordinated. The bands due to
dithiahexane indicate that this ligand is coordinated in
the gauche conformation. The magnetic susceptibility of'
the compound (Table 26) supports the octahedral structure.
The lowest energy electronic transition indicates that the
ligand field is slightly weaker than that in Co(DTH),(NCS),.
The far infrared spectrum is very similar to that of
Ni(DTH),C1, suggesting that the Co - ONO

at 264 cm_l.

2 stretch occurs

Cotton et al. have determined tht crystal structure
of Co(DTH)z(Cth)z; the cobalt is octahedrally coordinated
by four sulphur atoms at 2.29A° in the plane and two

oxygen atoms from the perchlorate groups at 2.36 A°; the
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Table 26

Magnetic Properties of some Complexes of Chelating Alkyl

Sulphides
Compound fLB.M.* /ieffB.Mj— 7
Co(DTH) , (N0,), 4,65 4,83 ~23°
Co(DTH)z(Cloh)z see Table 28
Co(DTH)CL, 4,73 4,70 +5°

[¢]

Cu(DTH-)z(cmh)2 1.78 1.84 -18
Cu(DTH)Clz 1.76
Ni(DTH)z(NCS)Z 3.08
Ni(IPTE)212 3.10 .

*meagured at room temperature and corrected for diamagmetism
T calculated from the relationship Mere =

i
‘2.84(?Qm(T -0))3, ?Cm_ corrected for diamagnetism,

. Table 27
Internal Vibrational Modes of the Perchlorate and Nitrate
Tons

Compound Asymmetfic Str. Symm. Str. Deform.
Co(DTH),(NO4),  1372m, 1275s, 1038m”  8llm, 727m
Ni(DTH)B(Cloh)z 1075vsbr 927w 625s
Co(DTH)z(Clou)z 1105vs, 1037vs, 922m 625s, 618s
Cu(DTH)Z(Cloh)z 1100vs, 1050vs 930msp,916w, 625s, 621s

13

* Assignment uncertain due to DTH bands in this region.
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long Co - O bond indicates relatively weak axial
coordination. The results of this study were not

available at the time this work waé éarried out. The
magnetic susceptibility of the complex follows a Curie - Weiss
law over the temperature range 78 - 200% with Iuéff = 2.46 B.M.
9 = —21.0' Above 200% the magnetic moment increases rapidly
with increasing temperature (Fig.13, Table 28). It was

not possible to extend the magnetic measurements above

330° due to the dangerously eJ'(ﬁIOSiVe nature of the
compound ., (see Chapter Seven). The most likely explanation
of this effect is that there is a quartet state just above
the doublet ground state in this compound. In systems
involving spin equilibria, it is difficult to differentiate
between an equilibrium involving two different chemical
species (with, for example, different metal - ligand bond
lengths) and a Boltzmann distribution between terms of
different spin multiplicity within a particular species,

In the 1a;ter case, for octahedral cobalt(II) compuunds,

it is not possible to evaluate akmeaningful value of the
separation of the doublet and quartet states from the
magnetic data as the two levels interact through spin-
orbit coupling. Assuming that two different species

are present, that the low spin form obeys the same Curie -
Weiss law over the range 200 -~ 3300K as it does below
.ZOOOK, and that the high spin form follows the same Curie -

Weiss law as Co(DTH)2(0N02)2; it is possible to evaluate
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. Magnetic Properfies of CO(M')2(0104)2'

300 1

2.8
/.( B.M.

e

2001

1001 l2.a-

2.2

0 | 100 200 300 ©x

Curve A - loft hand axis. X (c.g.3. »unité)

A mole
carrected for dlamagnetism.

Curve B« right hand axis. ’.( caloulated from Curle law.
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Table 28

Magnetic Properties of C&'(DTH)Z(Cth)2

Tempzrature lagmolz fLB’M'+ Kgquilibrium

K .CeZe.8, units

77 8.46 x 1073 2.29

80 8.20 2.30

90.5 7.43 2.32
120 5.87 2,38
152 4,78 2.42
168 4,38 2,43
177 4,19 2,44
201 3.80! 2.48
212 3.65 2.50
231 3.48 2.55 0.027
249 3.38 2,60 0.045
265 ~ 3.32 2,68 0.066
290 3.32 2,78 0.115
319 3.36 2.94 0.185
333 3.4k 2.99 0.241

*
Corrected for diamagnetism
+ Calculated from the Curie law

" For the reaction low-spin form g high-spin form
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the equilibrium constant in the temperature range 220 -~
330°K. From the variation of this equilibrium constant
with temperature, values of AH and‘é§s for tﬁe conversion
of the low spin form to the high spin form can be
calculated. A plot of log Kequilibrium against T_l gives
an excellent straight line (Fig 14) corresponding to

O = 3.42+0.1 Kcals/mole and as = 7.410.3 cal/mole/deg.

A part of this entropy contribution represents the increase
in degeneracy on going to the quartet state. It is not
possible to detect the presence of a high épin species in
the complex from a study of the electronic spectrum since
even at the highest safe tamperatufé only a small fraction
of the complex would be present in the high spin form.

An X-ray crystal structure determination on this compound
below lBO?(and at the highest possible temperature would

be of great interest. The tempemture of the published
structural study (preliminafy details only have been
published to date) was not given., It was presumably

about 25°C.

Attempts to prepare the compound Co(DTH)Z(BFu)2

were unsuccessful,
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—006‘

—ilo
~1.2]
flfé
le6
3.0 ] 3.5 2.0 | 4'.5l ~1lx 193 |
‘ Gfaph of logy, Keq against T'1 f6r the high spin -

low spih equilibrium of co(DTH)2(0104)2
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The infrared spectrum of Gu(bTH)z(GlQu)g is very
similar to that of Co(DTH),(C10,), (Table 27), The
similarity of the splitting of asymmetric stretch of the
perghlerate ions gugégsts that the anijong are weakly
coordinated in the gépper compound as well, The d - d
band of the copper compound is completely obscured by an
intense charge transfer band which extends into the near
infrared region, This charge transfer band, which is
nét obgerved in the cobalt and nickel compounds, probably
refleots the tendancy of the sulphur~containing ligand
to reduce copper(II) to copper(I), The reflectance
spectrum of Cu(DTH),(BF)), is similar to that of the
perchlorate compound, The far infrared spectra of
Cu(DTH)g(Clou)2 and Co(D’;‘H)g(Cloh)2 are very similar,
the three bands in the 200 - 300 cm“l region being rather
higher in the copper compouﬁd, The far infrared épectrum'
of Cu(DTH)z(BF,*)2 is identical to that of the corresponding
perchlorate complex, The position of the strong bands
in these spectra indicates that these bands have some
metal - ligand stretching character sigoe metal ~ ligand
atretches for low spin cobalt(II) and for oopper(II) would
be expected to be at higher energy than for high spin

cobalt{II) or nickel(II),
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The Complex Co(DTHlCl2

The addition of 2:5 dithiahexane to anhydrous cobalt
chloride produced a green solid which, after washing with
dry benzene, had the stoichiometry Co(DTH)Clz. The
electronic reflectance spectrum of the compound in the
range 16,000 -~ 4,000 em™?t is virtually identical to that
of the ?lei— ion and strongly suggests the presence of
this species in the complex. The absorption in the
region 17,000 - 25,000 cm".l cannot be attributed to a
tetrahedral cobalt(II) complex,but may be accounted for
by the presence of an octahedral cobalt(II) species.
Squére planar cobalt(II) complexes can also cause
absorption in this region, Super-position of the
electronic spectra of CoCli* and Co(DTH)éCl2 gives a

spectrum very similar to that of Co(DTH)Clz(Fig.lS)

The magnetic susceptibility of the compound follows
a Curie-Weiss law with Uogs= 4:70 B.M. @ =+5°. The value
of the magnetic moment indicates that»very little of the
cdbalt can be present in a low spin form. Co(DTH)Cl2
thus probably has a structure consisting of Co(DTH)2
units and tetrahedral CoClu units, chloride ijons from the
CoCl, units completing a distorted octahedron about the

cobalt atoms of the Co(DTH)2 units,
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Fig. 156

c Reflectance Spectré of co(DTH)Ola, co(DTH')acl‘z, ‘
and (n-Bu;ﬁ)z(Gocl,i) |

Absorption _._)

=l

20,600 15,000 10,000 7000 6000 5000 cm

. A co(pm)Cl,
B Co(DTH),0L, -
G (n-BuyN)p(CoCl,)
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The far infrared spectrum of the complex tends
to support this type §f structure. The strong, complex,
absorption band at 300 - 260 cm Y (Fig.16.) is probably
largely due to metal - chlorine stretching mod;s, the
highest energy bands being due to vibratiohal modes
involving predominately cobalt - free chlorine stretching,
and the lowest energy bands to modes involving predominantly

cobalt -~ bridging chloride stretching.

Todine Adducts of 2:5 Dithiahexane Ccmnlexes

Blackhouse and Nyholm(gs) have reported that
Ni(DTH)212 forms a paramagnetic addition complex with

molecular ijiodine.

Reaction of the complexes Ni(DTH)ZXZI(X= NCS,C1,Br,I)
and Ni(DTH)B(Cloq)2 with excess iodine in chloroform
gave the paramagnetic complexes Ni(DTH)ZXZI4 and
Ni(DTH)3(0104)216 as dark brown crystalline solids.
These complexes slowly loose iqdine at rooﬁ temperature
but even when they were warmed to 500 in vacuo for many
hours only pért of the iodine was lost, Attempts to
prepare the corresponding adducts of the cobalt-dithiahexane
complexes and the bis(isopropylthio)ethane complexes

gave impure products.
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Far Infrared Spectra of Co(DTH)C1, and Co(DTH),CL,

420 380 . 340 300 260

A  Co(DTH)Cl, B Co(DIH),Cl,

cm
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Tﬁe infrared spectrum of Ni(DTH)j(Cth)ZI6 shows
that the perchlorate groups are not coordinated. The bands
due to_dithiéhexane, in particular the absence of a band
at about 1210 cm"l and the presence of bands at 836 and
850 cm—l, indicate tihet the ligand is present in the gauche
conformation.(99) The most significant differences between
the spectra of the adduct and the parent compound'are the
shift of the C - S stretch from 646 om ' in N1 (DTH) 5 (€10, ),
to 613 em ! in the adduct, and of the CH, rock from 890 to
912 em™t. The only electronic transition that can be
observed is that corresponding to’Vi at 11,500 cm—l,’vg
and’ya being obscured by the intense absorption of the
iodine.,s These results indicate that the iodine molecules
are coordinated to the sulphur atoms, the increase in
ligand field perhaps ieflecting the absence of any lone
pairs available forPY-donation to the nickel atom on half

of the sulphur atoms,

Considérable difficulty was experienced in obtaining
a satisfactory infrared spectrum of Ni(DTH)Z(NCS)ZIu,
apparently due to strong absorption or scattering by the
ioddine molecule. This effect was observed in the infrared
spectra of all the iodine adducts, but seemé to be

particularly strong in this. However, it is clear that the
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C - N stretching vibrétion shifts some 30 cm—l to higher
enorgy on formation of the adduct, -(from 2082 to ~2110 cm-l)
whilst the Ni - NCS stretch is lowered. The position of
qé_shows that the ligand field in the adduct is slightly
stronger than in the parent compound. These shifts are
similar to those observed in the complex Ni(py)a(NCS)th(75)

and can be interpreted as showing that the iodine is

bonded to the sulphur atom of the thiocyanate group.

Addition of iodine to a solution of Ni(DTH)212 in
chloroform causes the appearance of two strong bands in the
electronic spectrum at 28,900 em™ ! ana 34,100 em™t. The
intensity of these bands increases rapidly with the
concentration of added iodine up to é nickel/iodine
molar ratio of about 1:3, the molar extinction coefficient
(per nickel) of the strongest band being about 25,000 at
this point., Further addition of iodiﬁe causes the
appearance of a strong band at 34,000 cmnl which increases
rapidly in strength with added iodine. The two bands at
28,900 and»jh,loo em™t are similar in position and _
relative intensity to those observed in the Ig ion(loz) and
indicate the ﬁresence of this species (either ionic or

coordinafed) in the solution at this point., The change

in the spectrum of the solution on addition of large
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guantities of iodine is due to the formation of a second
type of iodine complex. These spectral changes suggest
that addition of iodine to‘Ni(DTH)zI2 in chloroform first
gives a complex containing the triiodide ion but further
addition of iodine caused the iodine to bond to the

sulphur atoms.

It was not possible to observe d -~ d transitions
in the iodine adduct in s@lution. The reflectance spectrum
of the solid adduct indicates that the ligand field is
rather stronger than in the parent compound (Fig.l7) and
the bands due to dithiahexane in the infrared spectrum of
the adduct more clossly resemble those of the parent
compouﬁd and 1\1:1(1)’1‘1&)3(0104)2 than they do those of
Ni(DTH)B(Cloh)216. The absence of an& splitting c,f’]/1
suggests that in this complex the triiodide produces a
stronger field than that usually produced by the iodide
ion, It is possible, however, that the triiodide ions
are not coordinated in this complex and a complicated
structure is adopted., Alternatively it is ﬁossible that
the ioding adduct has the stoichiometry Ni(DTH)z(H20)216.
If the water molecules are coordinated and ﬁhe triiodide ions
ionic, all the observed data can be rationaiised in terms

of this formulation,
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The infrared spectra of dithiahexane in the complexes
‘Ni(DTH)zBrZIh and Ni(DTH)2C1214 are more like those of the
parent compounds than that of Ni(DTH) 5(C10,), I,
suggesting that the iodine is bonded to the anion in these
compounds. The nickel - chlorine stretch is at lower
energy in the adduct than it is in Ni(DTH)ZCl2 but, since
this mode in the latter compound is rather higher than
usual, little importance can be attached to this
observation. The aVerage 10Dgq wvalues for the iodine
adducts of the bromide and chloride complexes are lower
than those of the parent compounds (Figs 18 and 19) and
this tends_to suggest that the iodine is not attached to
the sulphur afoms. It is sﬁrprising‘that the average
ligand field in the iodine adducts of the chloride and
bromide compleies is weaker than in the iodine addﬁct of
the iodide complexes, but the structureé adopted by and
bonding in these iodine adducts must be strongly dependent
on steric factors. In the absenée of further data on the

donor properties of the ClIZ, BrI2 and I3 ions no

definite conclusions can be reached.
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Filg. 18

Electronic Spectra of Ni1(DIH)yCly and Ni(DTH)401,I,
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- N(DTH),01,T,
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R = 180.
Flg. 19 :

"Electronic Spectra of Ni1(DIH),Brp and Ni(DTH)zBer4

14,000 10,000 7000 cm
- Ni({DTH )2BI'2

---~ N4(DTH) 5Br I,



c)

181,

Conclusions

The compounds M(DTH)ZXZ. (M = Ni, Co; X = C1, Br,I',NCS),
M(IPTE)2X2 (Mk= Ni, Co; X = C1, Br, I, NCS), Ni(DTH)B(Cloh)Z
and Co(DTH)2(0N02)2 are high-spin and octahedrally coordin-
atéd; The highest energy infrared bands having appreciable
metal -~ sulphur stretching character are at about 250 cm-l.
in the dithiahexane complexes. The ligand field produced
by 1:2 bis(isopropylthio)ethane is considerably weaker than

that by 2:5 dithiahexane,

The complexes Co(DTH)z(Cth)z, Cu(DTH)z(Cth)z and
Cu(DTH)Z(BFu)2 are essentially square planar with weak
axial bonding., The cobalt perchlorate complex exhibits
an equilibrium between spin doublet and spin quartet

ground states,

The complex Co(D’I‘H)Cl2 consists of octahedral Co(DTH)ZClé
units and tetrahedral CoClu units linked together by two

common chloride ions,

The reaction of iodine with some dithiahexane complexes
produces the iodine adducts Ni(DTH)3(0104)216 and
Ni(DTH)ZXZIu (x = c1, Br, I, NCS). 1In the perchlorate
complex the iodine is bonded to the sulphur atoms and
in the thiocyanate, to the sulphur atoms of the thiocyanate.
groups. In the halide complexes the iodine is probably
bonded to the halide ion, but dfinite conclusions cannot

be reached in these cases,
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CHAPTER SEVEN

Experimental Methods

Preparation of Compounds

Many of the compounds prepared‘in.this work have
not been made previously and most of the others.were
brepared by methods which were more convenient or gave
purer products than the original procedure. For those
cqmpounds.which have beeﬁ described previously reference
to the origiﬁal preparation will be given. The absence
of such a reference indicates that né earlier synthosis

[

could be found,

Analvtical Methods

Carbon, hydrogen, nitrogen, and a few of the
halogen and sulphur analyses were performed by the

Microanalytical Laboratory, Imperial College.

" Cobalt, nickel, manganese, iron, zinc, and cadmium
wére determined by titration with. EDTA solution, following

(104'105) In the case of the

standard procedures.
- thicapetamlde and thioether complexes it was necesssary

to destroy the ligand by treatment of the complex with
nitric acid, In a few cases cobalt and nickel were
determined gravimetrically as Co(py)h(NCS)2 and nickel
dimethylgioxime(106) respectively, Copper was deterrined,
(106)

gravimefrically as cuprous thiocyanate,
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Selenium was determined gravimetrically as the element
after reduction of the selenate with hydrazine

hydrochloride.(106)

Thiocyanate in the absence of other sulphur-
containing species was determined by Volhards! method.(lo6)
In a few cases the sulphur in the thiourea compounds was
determined by oxidation to sulphaté with bromine,n
followed by precipitation of barium sulphate. Iodine

: 114
was determined by the method of Liepert.( 1%)

Ethanol and methanol were determined as the
weight loss on heating the complex to constant weight

at 110o in vacuo over phosphorus pentoxide.

The following procedure for the determination of
chloride and bromide in the presence of a sulphur-
containing ligand was found to rapid and accurate. The
compound (0.02 -0.1 g.) was covered with 10 - 20 ml, of
water and 5 - 10 drops of 100 volume hydrogen peroxide
added. The stoppered flask was allowed to stand for
10 - 20 minutes with occasional shaking, and then made
slightly alkaline. One drop of very dilute cobalt ﬁitrate
solution was added ( to catalyse the decomposition of the
peroxide) and the solution warmed on a steam bath until no

more oxygen was evolved.
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The solution was cooled and acidified with nitric acid.
Chloride and bromide were then determined by Volhard's

method,

Molecular iodine in the alkyl suiphide complexes
was determined as follows. The finely ground compound
(0,03 - 0.1 g.) was covered with water (10 - 20 ml.) and
5 ml. of dichloromethane added. The mixture was shaken
for 10 minutes in a stopped flask, and the iodine
titrated with 0.02N sodium thiosulphate solution until
the colour of the iodine in the dichloromethane layer did |
not reappear after shaking for a few minutes. The compounds

rwere decomposed rather slowly under these conditions, so
that towards the end of the titration it was necessary to
add the thiosulphate dropwise and shake vigorously between

each addition.

Preparations: Chapter Two

Analyses, melting points, and‘reference to the
preparation of the compounds are given in Table 30.. The

new preparations are as follows.

Coltu 2;2_
Thiourea (1.52 g., 0.02 mole) was added to a
solution of cobalt iodide dihydrate (3.48 g., O.Ql'mble)

in n-butanol (20.ml.), The mixture was heated until
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Preparation and Analytical Results for some Thioure:.

Compound
UO(tu)2012

Co(tu)zBr2

co(tu)zl2

Zn(tu)2012

Zn(tu)zBr2
Zn(tu)212

Cd(tu)ZClZ

Cd(‘bu)zBr2

Cd(tu)212

Ni(tu)é(NOB)2

Ni(tu)éBrz'

Ni(tu)hclz

°c

148

163

159

168

Complexes
Prep. M.,P.
Found Lit.
a 146
a 163—165
b 172-174
c 158
b 158-160
b 170-174
c 210 dec.
b 197-199
b 230 dec.
a 166
d dec,
c

dec, .
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25.1
25,2

h2,9
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Compound

Mn(tu)uClz

Table 30 (cont.)

Ni(tu)hsou.MeOH b

Pd(tu)h012
Pd(tu), S0,
Pt(tu)hClz

Py(tu)hsoh

*
Upper figure;

Lower figure;

a, ref,

Q

Prep, M,P, “C
o 193-195

dec.
f - dec.,
f dec.
f dec,
b 3 dec,
found (%).

11.1

1.0

12.2

o W 052 v :BEANe RVe]
* ]
= O 0N Ut Oh

required or calculated (%).

k3

b, this work.

C, I‘ef.

d, ref,

70.

68,

e,

X = S;

found:

calc:

ref.

Ni,

107.

186,

22<1
22.7

23.3
23,2

22,4
22.2

19.
190‘

18.
18.

\O o

Ni, 11,8%
11.9%

16,5
16.5

32,1°
32.6

15.0
14,7
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all the solid had dissolved and chlorobenzene added. The
hot solution was filtered and allowed to evaporate slowly
at room temperature for several days. The dark green
crystals (3.2 gl) are filtered off and dried at 50°

in vacuo.

Zn!tu!zlz_

A solution of zinc iodide in ethanol (20 ml1,)
was prepared metathetically from zinc nitrate hexahydrate
(2,97 g., 0.01 mole) and sodium iodide, (3.00 g., 0.02 mole).
Thiourea (1.52 g., 0.02 mole) was added, and the solution
heated until all of'fhe solid had dissolved. On cooling,
a white solid slowly separated. This was filtered off and
dried at 50° in vacuo, Yield 0.9 g. This compound could
not be obtained quite pure; a number of samples prepared
by this and other methods were all slightly defficient in

iodine,

ca(tu) X, (X = c1, (7). 1)

The cadmium halide (0.01 mole) was dissolved in a
small volume of hot water, and thioureaadded. The mixture
was heated until all of the solid has dissolved, filtered,
and allowed fo cool, The resulting white crystals were
recrystallized from water and dried.at 50° in vacuo,

Yields Cd(tu)2012 1.7 g., Cd(tu)23r2 2.3 g., Cd(tu),I, 3.4 g.
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Ni!tu!6§£2£68')
A solution of nickel bromide hexahydrate (3.27 g.,
0.01 mole) in ethanol (20 ml.) was added to a boiling
solution of thiourea (4.55 g., 0.06 mdle) in ethanol
(100 ml;) The green solution was kept overnight at 0°
and the green crystals filtered off, twice recrystallised

from ethanol and dried in vacuo at 950. Yied 1.8 g.

Ni(tu)u§gh.Me0H(68)

Nickel sulphate heptahydrate (7.0 g+, 0,025 mole)
was dissolved in hot dry methanol (100 ml.) and finely
ground thiourea (7.5 g., 0.1 mole) added with rapid
menchanical stirring. The deep violet complex was filtered
off, dried in vacuo, finely ground, and boiled with
methanol (50 ml.). The mixture was filtered hot, and

the deep violet crystalline complex dried in wvacuo.

Ni(tu)kSeOh.MeOH

This complex was prepared in the same way as the
sulphate compound except that it was recrystallized from
methanol, rather than extracted from methanol, (Found
Ni, 10.8, 05H20N8

compound slowly decomposes over the course of a-few weeks,

0,SeNi requires: Ni, 10.9%) This
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Preparations: Chapter Three

Co(tu)z(CHBCOQ)z(SB)

Cobalt acetate tetrahydrate (2.49 g., 0.01 mole)

was dissolved in dry methanol (50 ml.) and the solution
‘was filtered. Thiourea (1.52 g., 0.02 mole) diésolved
in hot methanol (15 ml.) was added, and the déep blue
soltion was stored at_oo for several days. The blue
crystals were filtered off and dried at 500 in vacuo.

Yield 1.3 g., m.p. 169 - 170°. (Found: Co, 17.9; N,17.0.
Calc.for CgH 1hc°?hghs Co,17.9; N,17.0%).
Zn(tu), (CH c00), ) -

Zinc acetate dihydrate (2.20 g., 0.01 mole) was
dissolved in hot ethanol (20 ml.) and thiourea (1.52 -
0.02 mole) was added., The white crystals which separated
6n cooling to 0° were filtered off and dried at 50o in
vacuo. Yield 1.9 g., m.p. 177°. (FQund: N, 16.2; Zn,20.2;’

Calc. for C.H 1hNu°us Zn: N, 16.7; Zn 19.5%).

cd(tu). (cH.co0), (58)
~/2 3 2
This complex was prepared as described for the zinc
compound., Yield 3.4 g., m.p. 1669 dec. (Found: C, 18.9;

C, 18.8; H, 3.7; Cd, 29.4; N, 14.6%).

Co(tu) 0S0

3
This complex was prepared by the method of Cotton

et al, (#3) (Found: ©, 9.0; H, 3.2; Co, 15,5; N, 22.2.
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Cale., for 03H CoN Oh B c, 9. 4; H, 3 2; Co, 15.4; N,

21.9%).

03(108)

This complex was prepared as described for the

Zn(tu), 0sS
J

cobalt compound, using 2.87 g. of zinc sulphate
pentahydrate. Yield 1.9 g., m.p. 155°. (Found: C, 91;
H, 3.3; N, 21.8; Zn, 16.7. Calc. for CBH12N6OhSh Zn:

C, 9.2; H, 3.1; N, 21,6; Zn, 16,8%).

(108)

Cda(tu),.0S0
3 3
Cadmium sulphate (2.56 g., 0.0l mole) was .
dissolved in a small volume of hot water and thiourea
(2.28 g., 0.03 mole) dissolved in a little hot water
added, The hot solution was filtered and allowed to
cool. The white crystals were filtered off and dried
at 50° in vacuo. Yield 1.6 8+, M.P. 2150 dec. (Found:

c, 8.6; H, 2.8; 25.7; N, 18.7. Calc. for C.H CAN 0, S, :

3712
<, 8.2; H, 2.8; cd, 25.8; N, 19.2%).

Co(tu),0Se0
A

3
Cobalt selenate heptahydrate (1.64 g., 0,005 mole)

was dissolved in a few mls. of cold water, and the solution
was filtered. Finely powdered thiourea~(10.g) was

added, and the resulting blue slufry was stirred for 10
minutes. Methanol (200 ml.) was added slowly with rapid

. stirring.
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A green solid separated, but on stirring overnight, this

changed to blue crystals, which were filtered off and dried
in vacuo. Yield 1.6 g. (Found: Co, 13.6; Se, 19.1.

CBH1200N604838e requires Co, 13.6; . Se, 18.4%).

Zn(tu)305c03
Zinc selenate pentahydrate (1.49 g., 0.005 mole)

was dissolved in 15 ml. of water, and thiourea (1.52 g.

0.02 mole) dissolved in a little hot water added. The

warm solution was filtered, and 20 ml. of methanol was

added; The white compound which'separated on cooling

was washed with methanol and dried in vacuo. Yield 1.5 g.

(Found: Se, 18.0; Zn, 15.0, 03H12N60h83892n requires:

Se,18.1; 15.0%).

9(109)

2
Finely ground barium thiosulphate hydrate

Co(tu) _Ss0,.H
) 2 2

(2.94 g., 0.01 mole) was stirred overnight with a

solution of cobalt sulphate heptahydrate (2.81 g., 0.01 mole)
in 30 ml. water, and the pfecipitatéd barium sulphate

was filtered off. Thiourea (2.28 g., 0.03 mole) was

added to. the solution, with slight warming. The solution
was then.evaporated at 30° in vacuo to small bulk, and

the large hexagonal, deep blue crystals were filtpped

off, washed with a little acetone, and air dried.A Yieid

005 24 (Found; C’ 8.2“'; H, 3.2; CO’ 11"'.3; N, 1906.
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Calc. for C,H, ;,CoN 05 5 C, 8,63 H, 3.4; Co, 1h4.1; N,20.1%).

5

Co(tu)_SS0O
-7

3

On storing a sample of the monohydrate for 2 days

in vacuo over phosphorus pentoxide, the anhydrous compound

was formed as a fine blue powder, Wt.ldss: 4,2 Calc,
4.3% (FO“nd: C, 807; H, 3.2; CO, 11“.6; N, 21.20

C,H, ,CoN O requires: C, 9,0; H, 3.0; Co, 14.8; N,21.0%).

3

355

(109)
Zn(tu)3880 21,0

This complex was prepared as described for the

hydrated cobalt compound, except that the large white
hexagonal crystals separated out on CObling the solution
to 0°, Yield 0.8 g. (Found: C, 8.7; H, 3.5; N, 19.9;

Zn, 15.3, Calc. for 03H14N604552n: C, 8.5; H, 3.4;

N, 19.9; Zn, 15.4%).

Zn(tu) . SSO
3 3

This complex was prepared as described for the
anhydrous cobalt compound. (Found: C, 9.2; H, 3.0; N,

20,73 S, 39.1; Zn, 16.1, Zn requires: C,8.9;

03H12N60355
H, 3.0; N, 20.7; S, 39.7; Zn, 16.1%).

cd(tu).sso. (109)
3 3
This anhydrous compound was prepared as described

forthe monohydrate complex of zinc, and the long white

needles were recrystallised from water.
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(Founa: ¢, 8.1; H, 2.6; ¢cd, 24,7; N, 18.8., Calc. for

C3H12CdN60385: c, 8.0; H, 2,7; cd, 24.8; N, 18,6%).

Co(tu),(c10,),

This complex was prepared as described by Cotton
et al».(l‘B) (Found: c, 8,7; H, 2,8; Co, 10.2; N, 19,9,
Calc. for 04H16C12C°N808S4: c, 8.5; H, 2.9; Co, 10.5;

N, 20,0%).

Zn(tu),(c10,),
Thiourea (3.05 g., 0.04 mole) was added to a solution

of zinc perchlerate hexahydratoe {(3.72 g., 0.01 mole) in the
minimu quantity of n-butanei. The solution was hested

until 211 the solid had dissolved, filtered hot, and

aliowcd to cool., The resulting white crystals were filtered#‘
washed with chloroform, and dried at 50o in vacuo. Yield

2.9 gey m.p. 118 - 122°, (Found: C, 8.9; H, 2.9; o
N, 2 0,2; 2Zn, 11.3. CQH16012N808842n requires: C, 8,5;

2.8; N, 19.7; Zn, 11.5%).

Cd(tu)4(010#)

2

This complex was prepared in the same way as the
corresponding zinc compound. Yield 3.6 g., m.p., 110°,
(Found: ¢, 8.0; H, 2,9; Cd, 18.1; N, 18.4. C4H160d012N8989n

requires: C, 7.8; H, 2.6; Cd, 18.3; N,118.2%).
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Cq(tu)h(NOB)z

Following the procedure of Cotton et al.,(43)

three different products of this composition were
obtained (see Chapter Three). In seven attempts, the

A form was obtained three times, and the B and C forms
twice each. (Found for fo%m A: Co, 12.1; s, 26:1. For
form B: C, 9.8; H, 3.2; Co, 11.7; S, 25.9. For form

C: Co, 11.9; S, 25.7. Calc. fo? ChH16C°N1006Sh:

C, 9.85; H, 3.3; Co, 12.1; S, 26.3%).

Zn(tu)h(NOB)2

Zinc nitrate hexahydrate (2.97 g., 0.01 mole)

was dissolved in a small volume of hot ethanol (50 ml.)
was added. The solution was filtered hot, and the white
crystals which deposited on cooling were filtered off,

and dried at 50° in vacuo. Yield, 2.8 g., m.p. 141 - 142°,
(Founda: ¢, 10,03 H, 3.2; N, 28.2; Zg, 13.1. cuﬂl6Nloo6su2n
requires: C, 9.7; H, 3.3; N, 28.4; Zn, 13.2%).

Cd!tu!thOB)z
This complex was prepared as described for the zinc
compound, m.p. 140 - 142°, (Found: Cd, 21.0; N, 26.2.

€ H, oCdN, 0,8, requires: Cd, 20.8; N, 26.0%).
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Preparations: - Chapter Faur

M(tu)Z(NCS)Z (M = Ni, Co, Cd, Zn)

A solution of the metal thiocyanate in water (50 ml, )
was'prepared metathetically from the metal sulphate (0.02
mole) and barium thisoyanate dihydrate (5.8 g., 0.02 mole).
Thiourea (3.04 g., 0.04 mole) was added, and the solution
was heated until all ther~solid had dissolved. The_solution
was filtered and allowed to cool. The’cadmium and cobalt
cpmplexes crystallised out from the cooling sblutions,
bﬁt it was necessary to allow the solutions of the:other
complexes to evaporate to small bulk in order to obtain
a satisfactory yiéld. The cryétalline complexes were
filtered off and dried at 500 in vacuo. (Found for
Ni(tu)z(NCS)Z: ¢, 15.1; H, 2.5; N, 25.8; Ni, 18.0.

Ccale., for Q4H8N6Nishﬁ c, 14.7; H, 2.5; N, 25.7; Ni, 18,0%..
Found for Co(tu)z(NCS)Z: C, 15.1; H, 2.3; N, 25.1;

Co, 18.1, Calc. for C4H800N68h: C, 14.7; H, 2.5; N, 25.7;
Co, 18.0%. Found for cda(tu),(NCs),: €, 12.9; H, 1.8;

N, 22.4; cd, 29.5. Caic. for ChHSCdN6Sh: C, 12.6; H, 2.1;
N, 22,1; ¢d, 29.5%. . Found for zn(tu),(NCS),: C, 1h4.5;

H, 2?6; N, 25.45 Zn, 19.3. Calc., for ChH8N6shzn:

C, 14,45 H, 2,45 N, 25.2; Zn, 19.6%.).
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Mnjtu!z NCS >

. This complex was prepared in the same way as the
nickel compound, except that 1.1 g., 0.0145 mole of thiourea
‘was used. (Found: C, 15.0; H, 2.1; N, 25.9; Mn, 17.3.

Calc, for G, HMnN.S,: C, "14.9; H, 2.5; N, 26.0; Mn, 17.0%.).

Fe(tu)szcs)2

A solution of ferrous thiocyanate in water (20 ml.)
was prepared metathetically from ferrous sulphate (2.78g.,
0.01 mole) and barium thiocyanate (2.90 g., 0.01 mole)
and the solution was shaken with finelw divided iron until
it was green. The ferrous thiocyanate solution was filtered
under an atmosphere of nitrogen into a deoxygenated solution
of thiourea (1.52 g., 0.02 mole) in waté@réio ml.,) and
the solution was concentrated in vacuo until the yellow
crystalline complex was deposited, The complex was fiitefed
off under nitrogen and dried in vacuo. (Found: C, 14.9;

H, 2.,5; N, 25.7, Fe, 17;3. Calc. for C,HgFeN.5,: C, 14,8;

H, 2.5; N, 25.9; Fe, 17.3%.).

M(MeOH)ZINcs)Z-'(M = Co, Ni, Mn)

A sblution of the mefal”thiocyanate in methanol
was prepared metathetically from the metal nitrate and
p&tassium thiocyanate, A few ml, of 1:2 dimethoxypropaﬁe
was added and; after standing for a few hours, the solu-
tion was evaporated to small bulk at room temperature

. St . FY
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in vaguc./ The complexes which separated were filtered
off in a dry—Box and dried in vacuo for a few minutes.
(Found for Co(MeOH)z(NCS)Z: Co, 24,5; NCS, U48,6; CHBOH,

26.8, C),HgCoN,0,S, rquires: Co, 24,7; NCs, L48.5;

CH,0H, 26,8%, Found for Ni(MeOH)Z(NCS)Z: Ni, 25.2;

NCS, 49.1; CHBOH, 26,0, C)HgN,Ni0,S, requires: Ni, 24,63
)

NCS, 48.6; ChBOH, 26.8. Found for Mn(MeOH),(NCS),:

Mn, 23,1; NCS, 49.,7; CHBOH, 27.4, C,HgMnN,0,S, requires:

3OH, 27.2%.).

" Mn, 23.4; NCS, 49.4; cH

M(EtOH 2iNcs)E"(M = Co, Ni, Mn)

A solution of the metal thiocyanate in ethanol
was pfepared metathetically from the metal nitrate and
potassium thiocyanate. Benzene (about one-third of the
volume of the alcohol) was added and the mixture distil-
led slowly at atmospheric pressure. When the bulk of
the solution had been reduced to one-third, the source
of heat was removed and the distillate discarded. The
solution was allowed to cool and then concentrated-in
vacuo, The comﬁlexes which separated were filtered off
in a dry-box and dried in vacuo for a few minutes.
(Found for Co(EtOH),(NCS),: Co, 22.1; NCS, '3.9; C,H, OH;

5

34,2, CgH, ,CoN,0,S, requires: Co, 22.0; NCS, 43.6;

C,H_OH; 34,4, Found for Ni(EtOH)Z(NCS)2§ Ni, 22.6;

NCS; 43.5; C H OH; 33.7. CeHy,N,Ni0,S, requires:
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Ni, 22,0; NCs, 43.6, 44,3; 02H5OH, 4.k, Found for

Mn(ETOH)Z(NCS)Z: Mn, 20.6; NCS, 4h,3; CZHSOH, 34.3;

06H12MnN20282 requires: Mn, 20.8; NCS, 44,2;

02H50H, 35.0%, ).

Anhvdrous Metal Thioccvanates

The alcohol adducts were heated at 110° in vacuo

over phosphorus pentoxide to give the corresponding
anhydrous metal thiocyanates, (Found for Co(NCS)z:
Co, 33.4, C200N282 requires: Co, 33.6. Found for
Ni(NCS)Z: Ni, 33.8. C,N,NiS, requires: Ni, 33.6.
Found for Mn(NCS)z: Mn, 32,0; C,MnN,S, requires:
Mn, 32.1%.).

It wes necessary to use a thoroughly baked oﬁt
apparatug for the preparation of anhydrous cobalt thio-
cyanate if contamination of the product with the hemi-
hydrate was to be aveoided.

Anhydrous ferrous thiocyaﬁate was prepared in
the same way as the ethanol complexes, except that the
vacuum evaporation was carried out at 50? The yellow-
brown solid was dried in wvacuso over phosphorus pentoxide
at llO? The weight loss during this drying was small,
(found for Fe(NCS)z: NCS, 65.2. CzFestz.requires:
NCS, 67.6%.). This compound could not be obtained

free from ferric iron.
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Anhydrous zinc thiocyanate was pfepared in the
same way as the ethanol complexes and was dried at 110°
in vacuo over phosphorus pentoxide. There was no evid-
ence for the existence of an ethanol adduct. (Found‘for
Zn(NCS),: NCS, 63.4.  C,N,5,2n requires: NCS, 6h.2%.).

Anhydrous cadmium thiocyanate crystallised directly
from a céncentrated aqueous solution which was prepared
metathetically from solutions of barium thiocyanate and
cadmium sulphate. (Found for Cd(NCS),: Cd, 48.8; Ncs,
50,6, C,CdN,S, requires: Cd, 49.2; NCS, 50.8%.).

The cadmium and zinc thiocyanates were stable
indefinately to air, and the nickel compound was only
slightly hygroscopic. The ferrous compound was rather
rapidly oxidized by air. Manganese thiocyanate rapidly
picks up water from moist air and eventually dissolve®

Cobalt thiocyanate is extremely unstable towards moist air.,

Co(NCS), .$H,0

Exposure of anhydrous cobalt thiocyanate to moist
air for a few minutes, followed by heating the resultant
brown solid at 110° in vacuo gave cobalt thiocyanate

hemihydrate. (Found for Co(NCS)z.%HZO: Co, 31.7; NCS,

045

HCoN 3 2: Co, 32.0;

62.6; H,0, 4,9, Calc. for C

2 2

NCS, 63.1; H,0, 4.3%.).
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Preparations: Chapter Fivé

CO(tam)zglz(ga) and Co(tam) Br

2
The hydrated cobalt halide (0.01 mole) was dis-

solved in warm acetone (15 ml.) and a warm solution of
thioacetamide (1.50 g., 0.02 mole) in acetone added,

On cooling to 0° the solution deposited deep blue crystals
which were filtered off, washed with ether and dried ip
vacuo., =~ Yields: Co(tam)2012 1.9 g., Co(tam)zBrz 1.3 3.

Analyses of the halide complexes are given in Table 31.

Col{tam 212

. Cobalt iodide dihydrate (3.4 g., 0.0l mole) was
dissolved in a small volume of isopropanol and a solution
of thiocacetamide (1.50 g., 0.02 mole) in a little warm
isvpropanol added. The solution was fapidly filtered,
chloroform (20 ml,) was added, and the mixture allowed
to stand at 0° for three hours, {Longer standing causes
the product to be contaminated with cobalt sulphide.)

The green crystals (1.6 g.) were filtered off, washed with

ether and dried in wvacuo.

.

Zn(tam),X, (X = 01S88) Br, I)

These complexes were prepared in the same way as
the cobalt chloride complex, but using isopropanol as

solvent. The zinc iodide was prepared metathetically
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Table 31

Analytical Results for some Thioacetamide Complexes with

Metal Halides

Compound Found (%) Reqd or Calc. (%)
Metal Haiide Metal Halide
Cc(tam)2012 21.3 25.4 | 21,1 25.5
Cc(tam\ngz 15.8 ‘ ué.s’ 16.0 43,3
Co(bam),I, 12,6 54,3 ‘12,7 - 54,8
Zn(tem) ClL,  22.9 24,6 22,8 24.8
Zn(tam),Br, 18,0 42,2 17.4 42,6
~Zn(tam), T, 13.6 53.4 13.9 54.0
Cd(tam),Cl,  33.5 21,1 33.7 21.3
cd(tam),Br, 26.6 37.2 26.6  37.8
Cd(tam)212 21,2 49,3 - 21.8 49,1
. Fe(tém)2012 20.0 25.7 20.2 25.6
»Fe(tam)zBrz 15.1 43.3 15.3 43,7
Ni(tam),C1, 13.6 16.3 13.7 16.5

Ni(tam),Br, 11,2 30.9 11.3 30.8
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from zinc nitrate (2.61 g., 0.0l mole) and sodium iodide
(3.00 g., 0.02 mole) in isopropanol. The volume of this
solution was reduced to 15 ml. before adding the thio—v
acetamide. Yields: -Zn(tam)2C12 1.2 g., Zn(tam)zBr2

1e2 €4y Zn(tam)212 2.2 g.

(88)
Cd!tamlzgiz
This compound was prepared by the same method.

as Co(tam)2012 except that the cadmium chloride was dis-

solved in methanol, Yield 0.8 g.

Cd!tamzzggz and Cd(tam),T,

These compounds were prepared by the same method
as Co(tam)212 except that the final soclution was allowed
" tc stand overnight at 0° before filtering off the product;

Yields: Cd(tam)zBrz 2.0 g., Cd(tam)212 2.5 g.

(88)
Fegtamzzglz

Ferrous chloride (2.00 g., 0.01 mole) was dis-
solved in a little hot ethanol and fhe solution shaken
with finely divided iron until the solution was green.

The ferrous chloride solution was filtered in a atmos-
phere of nitrogen into a warm, deoxgenated solution of
thioacetamide (1.50 g., 0.02 mole) in a little isopropandl.
Chloroform was added and the solution coeoled to 07 The

cream coloured crystals were filtered off under nitrogen,
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washed with ether and dried in vacuo. Yield: 0.9 g.

Feftam[zggz

This compound was prepared in the same way as the

chloride complex but using acetone as solvent for both

components. Yield: 1,1 g. of yellow crystals.

These ferrpus compounds are stable to air for
a few days at room temperatﬁre, but their solutions in

alcohols etc., are very rapidly oxidized,

Nigtam)!xz (X = ¢10,, NO., Br)
—— _‘_ 3

The nickel salt (0.005 mole) was dissolved in a

little warm isopropanocl and thiocacetamide (1.50 g., 0,02
mo;e) dissolved in a little warm isopropanol added. The
blue or purple complex crystallised immediately. It was
filtered éff, washed with ether and dried in vacuo;
Yields: . Ni(tam)h(NOB)z’ 1.4 g, Ni(tam)4(01qh)2 0.7 g.»
Ni(tam)h(NOB)2 1.4 ¢g., Analyses for the thioacetamide
complexes other than those derived from the halides of
cobalt, iron, zinc, and cadmium are given in table 32.
In one case the nitrate complex was initially
precipitated as a brown compound, but on standing under
the mother liquor for aAfew hours it changed_to a blue

solid identical to the nitrate'complex prepared as above,
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¥

Analytical Results for some Thioacetamide Complexes

Compound

Co(tam)g(NCS)g
Ni(tam)z(NCS)z
Ni(tam)h(NOB)g
Ni(tam)4(0104)2
Ni(tam)hsoh
Pd(tam)4C12
Pd(tam)hC12

Cd(tam)h(NOB)z

22 .4
21.7
19,6
17.5
21.3
20,2
16.9
18.4

Found (%)
H N
3.3 17.0
3.1 17.1
4,2 16,8
3.4 9.9
.5 12.4
4,1 11.6
3.6 9.7
3.7 15.4

M

18.4

18.2

12.2

10.3

12.5

20.9

Regd. or Calc.(%)

c
22.1
22.1
19.9
17.2
20.9
20.1
16.9
17.9

H
3.1
3.1
§,2
3.6
4
h.2
3.7
3.8

N

17.2

17.2

17 .4

10.0

12.2
11.7

9.9
15.6

M
18.1
18.1
12,2

10.5

12.8

20,9

% .
Data for the complexes with cobalt, zinc, cadmium, nickel,

and iron(II) halides are given in Table 31.
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The reason for this change could not be ascertained since

the preparation of the brown compound could not be repeated,

Ni!tam!4§gh

A * This compound was prepared in the same way as
Ni(tu)QSOA.MeOH' (page 188.). The precipitated complex
was shaken with methanol (instead of boiling) and dried .

in wvacuo,

Pd!tam!hgiz

Palladous chloride (0.18 g., 0.001 mole) was
dissolved in a few drops of dilute hydrochloric acid,
and thioacetamide (0.30 g., 0.004 mole) dissolved in a
little ethanol added. The yellow precipitate was filtered
off, washed with ethanil and ether, and dried in:vacuo.

Yield 0.4 g.

Pt!tam!hgiz

A concentrated aqueous solution of potassium ’
tetrachloroplatinite was prepared from potassium hexa-
chloroplatinate (0.5 g., 0.001 mole) according to the

method in Inorganic Syntheses.(llz)

Thioacetamide (0.30 g.,
0.004 mole) dissolved in a little water was added, and the
fawn coloured precipitate was filtered off, washed with

ethanol and ether, and dried in vacuo. Yield: 0.3 g.
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Ni!tamzhglz(ss) |
Hydrated nickel chloride (1.0l g. 0.005 mole) was

dissolved in a little isopropanol and thioacetamide

(1.50 g., 0.02 mole) dissolved in a little isopropanol

added, The solution was allowed to stand overnight at

(o]

0~ and the green crystalline solid was filtered off and

dried in wvacuo. Yield: 1.4 g.

Cd(tamlu(ONQQ)zv

Cadmium nitrate (1.24 g., 0.005 moie) was dissolved
in a small volume.of hot isopropanol and the solution
éllowed to cool. A warm solution of thioacetamide (.50 g.
0,02 mole) in a little isoproﬁanol was addgd, followed by
chloroform (20 ml,). On standing overnight, the solution
deposited colourless crystals which were filtered off and

dried in vacuo., Yield: 1.8 g.

Ni(tam)2£NCS)2(89)

A solutionv of nickel thiocyanate in isopropanol
was prepared metathetically fr;m nickel nitrate (2.91 g.,
0.01 mole) and potassium thiccyanate (1.94 g., 0.02 mole)
and the solution concentrated to 20 ml in vacuo. A few
ml, of 2:2'dimethonyropane was added, the solutioﬁ was
allowed to stand for a few hours and then concentrated to
‘about 10ml. in vacuo. Solid thioacetamide (1.50 g.,0.02

mole) was added, and the mixture warmed to about 40°%
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The suspension was shaken until the solid was homogeneous
(about 10 minutes) and then for a further hour. The green
crysta}lline precipitate was filtered off, washed with ether

and dried in vacuo. Yield: 2.4 g.

(89)

Co(tamlz(NCSl
2
 This compound was prepared by the method of
Nardelli et a1§89) The crystals were washed with a little

acetone and dried in wvacuc.

Attempts to prepare thioacetamide complexes of
metal salts of oxyacids were unsuccessful with the excep—‘

tion of Cd(tam)h(ONO The metal sulphide was precipit-

2)2-

ated in these cases.

All the thicacetamide complexes showed some
tendency to decompose to the metal sulphide, fhis being
most marked with the cobalt compounds. The decomposition
was slowed down considerably by keeping the compounds:at
0° in a refridgerator, under these conditions all of

the compounds were stable for at least several weeks.
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. Preparations: Chapter Six

Manwm of the compounds were prepared by»published
metheds. (Table 33). The other complexes were prepared
as described below.

Ni(DTsziglgulz(97)

Finely divided nickel perchlorate hexahydrate was
covered with 2:5 dithiaﬁexane and the mixture was allowed
to stand over phosphorus pentoxide in a vacuum desiccator
for a few weeks., The resultant blue golid was ground -
with more dithiahexane and the slurry replaced in the
vaceum desiccator over fresh phosphorus pentoxide. This
procedure was repéated until the infrared spectrum:of
the product showed that ﬁo water was present. The com-
vplex was., washed with dry benzene and>dried in vacuo at
507  Analytical results for mest of the complexeés of

chelating alkyl sulphides are given in Table 33.

Co(DTH)2£CthlZ<lOl)

This compound was prepared in the samé way as
Ni(DTH)B(Cloh)2 starting from cobalt perchlorate héxa—\
hydrate. (Found: Co, 11.8. Calculated for CgH,,C1,Co0g5
Co, 11;7%.). The infrared spectrum of this compound was

similar to that reported by Cotton§101)

This_ compound detonates violently at about. 180°C
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Table 33

Preparations and Analytical Results for some 2:5 Dithia-

hexane Complexes

Compound Prep. Found (%) Reqd. or Calc,.(%)
, ©C H X c X

Ni(DTH)B(Clohié a 23.5 5,0 £ 23,1 4.8 x
Ni(DTH)2012 a 25,5 5.4 19.4 25.7 5.4 19.0
Ni(DTH)zBrz a 20,8 4,3 34,2 20.7 4.4 34,5
Ni(DTH)212 a 17.2 3.6 45.9; 17.2 3.7 A45.6
Ni(DTH), (NCS), b 28,4 4,7 14,09 28,7 4.8 14,09
Co(DTH)2012 c 25.3 5.6 18.8 25.7 5,4 18.9
Co(DTH)ZBr2 ¢ 20,7 4.2 35.0 = 20.7 4.4 34,5
Co(DTH), I, C 17.7 3.7 Ab5.4 17.2 3.7 45.5
Co(DTH),(NCS), a 28.2 4.k . 6.95 28,6 4.8 6.7
Co(DTH)z(NOB)z d 22,0 5,0 6.8% 22,4 k.7 6,55
Co(DTH)012 d 19.7 4.3 ~? 19.1 k.o h
Cu(DTH)Cl2 e 18.5 3.9 -+ 18.7 3.9 -1
ca(DTH)C1, e 15,3 3.4 23.4 15.7 3.3 23.2
Cd(DTH)Br2 e - 12.5 2.8 ko.o 12,2 2,6 40.4
Cd(DTH)I2 e 9.6 2.2 51.1 9.8 2.1 52,0

a, ref. 97. b, ref. 120, ¢, ref, 98, d, This work.

e, ref. 96, £, found Ni, 9.6; calc. Ni, 9.4%.

g, X = N. h, found Co, 23.0; calc., Co, 23.4%,

i, found Cu, 24,8; Calc. Cu, 24.8%., j, X = Ni.

L
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For this reason reliable C, H, and S analyses could not
be obtained, and no attempt was made to measure the
properties of this complex at temperatures greater than

60°c.

Co(DTH)z(NOBlZ
This complex was prepared in the same way as

Ni(D’I‘H)B(Cth)2 starting from cobalt nitrate hexahydrate.

cu(DTH),(C10,),

Cupric perchlorate (3.70 g., 0,01 mole) was dis~
solved in ethanol (50 ml.) and dithiahexane (3.7 g., 0.03
mole) was added dropwise. The brown‘precipitaté was
filtered off, washed with ethanol and dried in vacuo.

(Found: Cu, 12.6. CgH,,C1,Cu0gs, :  Cu, 12.6%.).

This compound detanates violently at about 160°cC

(Compare CO(DTH)Z(Clou)Z.).

CugDTlegBFhlz
This compound was prepared in the same way as the

corresponding perchlorate complex. (Found: Cu, 13.2.

CgH,B,CuFgS, pequires: Ci&, 13.2%.).
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Col{DTH Cl2

Anhydrous cobalt chloride (0.0l mole) was prepared

(110) but no attempt was

by the thionyl chloride method
made to remove the final traces‘of thionyl chloride. A
solution of dithiahexane (0.03 mole) in sodium dry benzene
was added and the mixture shaken for some hours. The

resultant green solid was filtered off in the dry-box,

washed with dry benzene and dried in vacuo at 50?

Attempts to prepare 1:1 complexes with the other

nickel and cobalt halides were unsuccessful,

Co(DTH)z(NCS)z

Commercial "cobalt thiocyanate" (1.75 g.) was
dissolved in a small quahtity of hot absolute alcohol
and the solution filtered, Dithiahexane was added and the
solution concentrated in vacuo until green crystals were
deposited. The complex was filtered off, washed with a

little acetone, and dried at 50° in vacuo. Yield 2.4 g.

1:2 Bis{isopropylthio )ethane

(111)

Isopropyl mercaptan (15 g.,IO.é mole) was dissolved
in ethanol (100 ml.) and 4.5 g. (0.2 mole) of sodium added
in small pieces with stirring. Ethylene dibromide (18.5
g+, 0.1 mole) dissolved in 100 ml., of ethanol was added

dropwise to this solution so as to maintain a gentle
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reflux. After all the ethylene dibfomide had been added
the mixture was refluxed for two hours and then allowed to
cool, The ethanol was distilled of in vacuo and the
-resultant 0ily solid extracted with diethyl ether, The
ethereal solution was washed with water and dried_over
calcium chloride. The ether was removed in vacuo and

the resultant yellow oil was distilled in vacuo qollecting
the fraction distilling from 900— 100o under 1 mm pressure.

Yield 15 g.

M(IPTE)ZEZ (M = Co, Ni; X = Cl1, Br, I) :

The hydrated metal halide (0.0l mole) was dis-
solved in the smallest possible amount of ethanol and
1:2 bis(isapropylfhio)ethane (0.03 moie) added. The
complexes precipitated immediately and were filtered off
and dried in vacuo.,. (Analytical results for these com-

pounds are given in Table 34,).

M(IPTE)z(NCS)z (M = Ni, Co)

The ethanol complexes M(EtOH)z(NCS)2 (page 197.)
were finely ground in a dry-box and 90vered with an excees
of 1:2 bis(isopropylthio)ethane. The slurry was placed
in a yvecuum desicaator over phosphorus pentoxide for‘e

several daYs and the resultant green complex was washed

with a little dry benzene and dried in vacuo.,
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Table 34

Analytical Results for some 1:2 Bis(isopropylthio)etane

Complexes .
Compound , Found (%) ' Required (%)

. C H X C H X
Ni(IPTE),CL, C39.4 7.4 - 39.5 7.4 -
Ni(IPTE)ZBrZ 33.2 6.1 28.0 33.4 6.3 - 27.8
Ni(IPTE)212 28.3 5.1 . - 28.7 5.4 -
1\:1(1‘1?".1.‘E)2(Ncs)-2 ho.h 6.6 5.6 ho.7 6.8 5.3*
Co(IPTE)2C12 39.8 7.6 14.6 39.5 7.4 14,6
Co(IPTE)ZBrz" 33.8 5.8 - 33.4 6.3 = -
Co(IPTE)212 29.5 5.5 37.0 28.7 5.4 37.9
Co(IPTE)z(NCS)Z Lho,1 6.5 5.5*’ 4o.7 6.8 5.3*

»*
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1:2 Bis(tert—butylthio)ethane(lll)

This compound was prebared as a colourless liguid
b.p. 75 - 809/ 0.1 mm by the same method as was used for
1:2 bis(isopropylthic)ethane. No solid compiexes of this
ligand with cobalt(II), nickel(II), copper(II) or
cadmium(II) could be prepared in a pure state; although
there was some indication of complex formation with nickel

‘and copper.

1:2 Bis(phenylthio)ethane(sz)

This was prepared as a white solid, m.p. 70o
"by the method of Bell and Bennett£82) No evidence for
formation of compléxes:of this-ligand with cobelt(II)

mickel(II), copper(IL)’. or cadmium{IX) was found.

Iodine Adducts of Dithiahexane Complexes

‘The metal compiex (0.002 mole) and iodine (2.54 g.,
0,01 mole) were refluxed together in chloroform (20 ml.)
for a few hours and the solution set aside for two or
three days, The dark solid was filtered off washed with
a little diethyl ether and dried in air, Only the nickel
dithiahexane complexes gave stoichiometric iodine adducts.

Yields Ni(DTH)z(NCS)214 0.5 g.3 vNi(DTH)zclth 0.4 g.3
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Ni(DTH)zBrZIh 043 g4 Ni(DTH)216 0.8 g.3j

Ni(DTH)B(Cloh)zIé 0.3 g.

Table 35
Analytical Results for the Iodine Adducts of Dithiahexane
Complexes
Compound | ’ Found (%) Required (%)
Ni I Ni I
Ni(DTH)Z(NCS)ZIh 6.2 55.0 6.4 54,8
Ni(DTH),CL,T, 7.0 56.1 6.7 ' 57.6
Ni(DTH)ZBerh 6.1 51.6 6.1 52,6
Ni(DTH)216 ‘ 5.0 72.8 5.5 71.6
Ni(DTH)j(Cloh)zIé 4,3 54,0 4,2 55.1

All of the complexes tend to loose iodine at room
temperature, also it is difficult to ensure that.the
product is not contaminated with molecular iodime. This
probably accounts‘for the differences between the found

and required Jodine analyses.
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Physical Measurements

Electronic reflectance spectra were measured over
the range 20,000 - 3700 cm ' on a Beckman DK 2 spectro-
photometer using magnesium oxide as reference and over
the range 33,000 - 1o,ooo‘cm‘l'on a Unicam S,P, 500

spectrophotometer using magnesium carbonate as reference,

Electronic solution spectra were measured over
the range 40,000 - 3700 cm ! on a Perkin-Elmer 350
spectrophotometer, and in the range 40,000 - 10,000 on

a Unicam S.P. 500 spectrophotometer.

Magnetic susceptibility measurements at room
temperature were made using a Gouy balance of conventional
design, Magnetic measurements over the temperature range
77?,~ 370o K were made on a Gouy balance similar to that

(115) For the compounds

described by Figgis and Lewis,
which obeyed a Curie—Weiss law measurements were made at
8 - 12 temperatures equélly spaced over the temperature
range studied (80 - 300°K or 80 - 37Q0K); in other cases
more points were taken inkthe region of the abnormality,
All measurements were made with the temperature being

reduced, although in most cases (including all of the

unstable compounds) one or more points were taken with

the temperature being increased from 80°K.
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At each temperature measurements were made at 3 - 6 field
strengths in the range 2,000 - 6,500 gauss, but in no case
was a significant field dependance detected. At least two
separate magnetic "runs" were made on each compound, each
run involving a fresh packing (and in the case of the
unstable compounds, a new preparation) of the sample.

The field strength and the thermocouple were célibrated

every few months against HgCo(NCS)u.(ll6)

Mossbéuer Spectra were determined at 295°K with
a stahdard Elron spectrometer ﬁsing an Intertechnique
SALOB Analyser in the multichannel mode with pulse height
analysis and standard counting equipment. The socurce
57¢o -~ Pd was obtained from the Radiochemical Centre,
Amersham, Isomer shifts are given relative to the source

and the compound Naz(Fe(CN)5NO).2H20 was used as calibranfgll7?

Powder patterns were obtained using an Enraf -~

Nonius Guinier - De Wolff Camera No.II.

Raman spectra of agqueous solutions were obtained
oﬁ a Cary 81 spectrometer using the mercury 4358 A® line,
7 mm sample tubes were used throughout. The spectral
slit width used was 10 cm_1 and the double slit mode

was used for all measurements above 200 cm-l.



218,
Infrared Spectra in the range 4000 - 400 —
were measured on a Grubb-Parsons ﬁSpectromaster" grating

instrumentkUSing Nujol, hexachlorobutédiene, or "Fluorolube"

mulls between potassium bromide plates.

Far infrared spectra in the range 500 — 200 —

were measured on Grubb-Parsons DM 2 and DM 4 doublé beam
grating instruments. The DM 4 instrument (this was used
for most of fhe compounds) was flushed with air from a
"Dryad" unit. This reduced the water vapour level in the
instrument such that the strongest rotational bands
absorbed less than 20% of the radiation. Under these
cqnditions the double beam background was virtualiy flat,
All of the compounds were measured as nujol mulls between
polythene discs and a compensating film of nujol between
polythene discs was placed in the reference beam. The
spectra were usually run at 20 cm—l per minute and in
‘most cases the absorpticn bands were run over at 10 cm—l/min.

The narrow slit cams were used throughout,

Far infrared spectra in the range 260 - 130 cm_l

were measured on a single beam vacuum grating instrument
designed and constructed in this department by

Drs.J,L. Wood, H.G. Silver and P,Tamsalu, In a few cases
the spectra were alsoc run from 390 - 240 cm_l on this

instrument,
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N

The spectrometer (which has been described in
. (118) .

detail elsewhere ) has a high pressure mercury lamp
as source and a Golay detector. Two echdette gratings
with 200 nnd 80 lines/cm, blaised at 225 cm~l and 90 cm-l,
are available, The filter system used consists of a
potassium bromide chopper, black polythene transmission
filter, and two crossed restallen reflectors. . In this

work, the ranges covered by the different restallen

filters were as given below.

Grating Restrallen Frequency Range
80 line/cm 2 KC1 125 - 190 cm™t
200 line/cm 2 NaCl _ 160 - 270 om™t
200 line/cm 2 NaF , 24o -‘390 em 1

These filters eliminate virtually all the higher ordef

radiation down to 130 cm_l.

The spectral slit width used was less than 2 cm_l

over the whole range and less than 1 cm"l between 200 and
160 cm™t. The instrument was evacuated down to about

0.2 mm; this removed all bands due to water vapour from
the spectra except that at 202.7cm~1 which appeared weakly,
This band did not, however, affect the derived spectra of

the compounds and provided a convenient check on the

calibration in the "2 NaCl" region.:
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The samples were measured as nujol mulls sealed
into polythene bags, interference effects being eliminated
by using pslythene with an uneven finish, A spectrum of
nujcl in polythene was first measured, and the spectrum
of dhe wull was then run without altering the instrument
settings. A pipper gave calibration lines at 2 - 5 em ™t
intervals on the spectra, The ratio of the signal levels
for the mull and the nujol reference at each pipmark
(at closer intervals near the maxima of sharp bands) was

plotted against wavelength to give the absorption spectrum,

In a few cases, far infrared spectra were measured

over the range 200 - 65 cm ~ on a Grubb-Parsons GM 3 single
beam grating instrument flushed with dry air from a

"Lectrodryexr".

FEach of the far infrared instruments was

(119)

calibrated by reference to the water vapour spectrum.
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