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ABSTRACT

FACULTY OF SCIENCE

CHEMISTRY

Doctor of Philosophy

COMPLEXES OF DIVALENT
AND TERVALENT TITANIUM

by Timothy Edward Lester

The work described in this thesis concerns the complex
chemistry of titanium halides. Titanium(IIT) iodide
had been shown to form a range of adducts with organic
ligands: TiIBYprr; TiIBQBYPic; TiIB,Rupic;

3 1 e © 3 2 - o 3 k4 E » T" ~
2T113,3b1p}r, [T1129 phenlI; T1139)cqz802, 113,364380

and [TiIZQZC c. 11, Their magnetic moments have

&HIO 2
been measured at room temperature and are generally
close to the values expected for titanium(III).

Their spectra (infrared, visible and ultraviolet) are

also reported and d-d transitions assigned,

Complexes of titanium(III} bromide with bidentate

ligands which are reported include: TiBrB,bipyr;
P . . ‘B 9bipvr1Br and 2Ti
@T18r393b1pyr, [TlPr39 bipyrlBr and dTlBr393C4H1002
where 04H1000 is 1:2-dimethoxyethane). An X-ray

structure on the latter has shown it to be ionic:



4H10 Q,CQH1002]°

Complexes of the type TiX3,2L (where X = Cl1l, Br

[TiBr,,2C 0,][TiBr

or I and L = (CHS)ZS or C4H8S) have been prepared and
their properties investigated, The TiClzgzL compounds
exhibit strong antiferromagnetic exchange and structures
based on interacting metal ions are postulated,

Reaction of titanium(IV) chloride with the ligands
3-methoxyproprionitrile and 3-dimethylaminoproprio-
nitrile gave 1:2 adducts with donation from the

cyanide in TiCl,,2CNCH,CH,O0CH TiCl,,2N(CHZ) 5 gave

3° 3°

ZCNCH?CHOOCHB but this was dia-=

a compound TiCl

39

magnetic. Reaction of TiCl TiClggzN(CH3)3 or

39

TiClB,SCH CHN with CNCH2CH2N(CH3)O gave TiClB,luSL

3

but the infrared suggested that an imine was formed.
The charge transfer spectra of a large ngmber.of
titanium(III) and (IV) complexes have been measured,
Those of [TiCl6]2”9 [TiBr6]2“ and wvarious others are
discussed using Jdrgensen's treatment.
Titanium(n)‘ chloride, bromide and the salt

Na_.TiCl, have been shown to form a wide range of

2 b
crganic ligand adducts: TQCEOQZCHBCN; TiClz,ZPyr;

TiClz,chﬂgog TiClgﬂzc Gy TiClngipyr;

5H10

TiClz,phen; TiBr292CH3CN; and TiBrngipyru These

have very low magnetic moments and are considered to



be magnetically concentrated, Their spectra show
broad absorption and no d-d transitions are assigned.
Reaction of TiCl2 or NagTiC1& with dimethylamine or
trimethylamine yields titanium(III) species. Reaction

between titanium(II) chloride and pyridinium chloride

gives [PyHS][TiClélo
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PREFACE "

The work described in this thesis was directed by
Professor G.W.A, Fowles as part of his research programme
investigating the complex chemistry of the early tramsition
metals,

Most of the work was concerned with organic ligand
complexes of titanium(II) and (ITII) halides, The known
chemistry of titanium(IIL) iodide has been considerably
extended and the first sulphur donor complexes of
titanium(III) bromide and iodide are reported, Titanium(II)
chloride and bromide have been allowed to react with a
wide range or organic molecules and titanium(II) and (III)
compounds have been isolated, The reaction of titaniuwm(III)
bromide and 1:2-dimethoxyethane yielded a compound of

empirical formula: T18r391 o 5C, I and an X-ray single

5H10%2
crystal structural determination showed that it was diomnic:

i 1 : C o, 1" T¥ Lt iole 3
[TlBrzg 4{1002] [Tlﬂlég & Lo 2] he ultravioclet spectra
of titanium halide complexes are reported and discussed,

The experimental results are preceeded by a brief

review of previous work in the field and a discussion of

the physical techniques used to elucidate structures.



CHAPTER I

THE CHEMISTRY OF TITANIUM



Titanium is usually considered to be the first element
of the first transition series, the neutral atom having the

6,3d2,4520 As a

electronic configuration K,L,Bsz,Bp
typical transition metal titanium forms compounds in a
number of oxidation states, the best known being Ti(IV),
(ITI1I) and (II) with O, 1 and 2 'd' electrons, respectively,
These unpaired 'd' electrons, in titanium(III) and (11)
give rise to paramagnetism and d-d spectral transitions
in the visible region which contribute to the colour of
the compounds.

The work in this thesis has been concerned with the

titanium halides and their complexes and for brevity only

these will be discussed,

Compounds of titanium(IV).

Titanium(IV) is the highest oxidation state and the
one most frequently encountered in titanium compounds,
All the titanium(IV) halides are known, the tetrachloride,1
tetrabromidez’3 and the tetraiodide being covalent tetra-
hedral molecules, their melting points rising with
increasing molecular weight; the tetrabromide and tetra-
iodide have the tin{(IV) iodide stru.c'(:ure(,l1 The structure
of titanium(IV) fluoride does not appear to be known with
certainty but it is a white powdery solid the bonds of

which presumably have considerable ionic character; it is



most readily prepared by the reaction of titanium(IV)

5

chloride and hydrofluoric acid. The other halides may

be prepared by the direct reaction of the elements in the

absence of water which causes rapid hydrolysis,

and Ti012,9 are

also known but the only reported thiohalide is TiSClzo10

The oxydihalides, TiOC12,6

Complexes

i) Neutral

The tetrahalides are all lLewis acids, the chloride and

bromide in particular, forming a wide range of com=-

11,12-19

pounds with donor molecules. These usually have

the general formula TiXégzL (where L is a monodentate

ligand, e.g. CQHSO or CHBCN) and can be formulated as

simple octahedral species, but when the ligand is parti-
cularly bulky, e.g. trimethylaminevzo triphenylphosphine
or triphenylarsine921 the 1:1 adducts are formed. On the
basis of molecular weight and infrared22 studies these are
considered to be five coordinate. 1:1 adducts may, how-

ever, attain six coordination by halogen bridging as shown

25

from the X-ray structures of (TiC149P0613)2 and

24 25

(Tic1t H,COOC H_.)

g s oHs) oo

(diars) forms a compound TiClqudiars and an X-ray structure

O-phenylenebisdimethylarsine

has shown that the titanium is indeed eight coordinated with

46

a dodecahedral structure. Nevertheless this compound

dissociates in solution to give the six coordinate compound



TiClquiarso Eight coordination is not, however, typical
of bidentate ligands for both titanium(IV) chloride and
13,26

bromide form 1:1 compounds with 2:2'-bipyridyl,

1:2wdimeth0xyethanez? and the sulphur ligand RSCchHZSRo?%
Seven coordination of titanium(IV) has also been realised
in two terdentate arsenic complexe528 of the tetra=
chloride, TiCl&gTo

While many compounds of the tetrachloride and tetra=-
bromide are known with a large number of donor atoms
(e.g. Oy N, S, P, As,) comparatively few complexes of the
other two halides are known, Emeleus and Ra012 reported
TiIQQZPyr but Torrib1929 reports that he was unable to
obtain a simple product frbm dioxan or thioxan reactions
with titanium{(IV) iodide. Clarkzo has recently prepared
a range of compounds from titanium(IV) fluoride including
TiF%QZpyr and 1:1 adducts with 2:2%=bipyridyl and
1:10~phenanthroline. Dyer31 has also prepared a number
of the type TiFéglgLB where L and L' may or may not be
identical (two typical ligands were para substituted
pyridine-N~oxide and CHBCDN(CHE)Z)O

For compeounds of the type TiXQQZLB cis or trans
isomers are possible, and for the pyridine adducts 1t was

352

originally suggested on the basis of infrared spectra

Pagnd

that the chloride and bromide complexes were trans but

the fluoride and iodide ones cis. Xwray results; however,



33 34

indicate that all four are actually cis. Dyer has

shown by N.,M.R, that compounds TiF,6 ;2L may be cis or trans

45
depending on the ligands, a bulky one such as 2:6-dimethyl-
pyridine-N-oxide giving the trans isomer,

The titanium(IV) oxydichloride and dibromide have

been reported to form a few complexes including TiOXZ,Zpyr

and TiOClz,ZapiCOBS

ii) Cationic,

No cationic halide complexes have been reported,

iii) Anionic

Salts of the type Az[TiC16] have been reported for all

the halogens with various cations and some structural work

36

has been done. Like the neutral compounds they are

readily hydrolysed, The oxyhalo salts [(CHB)QNJBETiQClSJ

and [(C2H5)4N]2[T10C14] have also been prepared recently°35

Compounds of titanium(III).

Halides
All four titanium(IXII) halides are known and may be

37

prepared by reduction of the tetrahalides or in the case
of titanium(III) fluoride by reduction 0f@%&TiF6° The
trihalidesz’q’Bg’Bg’41 all have structures which are
basically close packed layers of halide ions containing

metal ions in some of the octahedral hcleso9 Titanium{(III)

chloride exists in several forms which differ in the



ordering of the metal ions; the « purple form has
hexagonally close packed chloride ions with titanium ions
occupying two-thirds of the octahedral holes between anion
layers while in the brown B form titanium ions occupy
one~third of the holes, The latter structure is equiva-~
lent to chains of TiCl6 octahedra sharing opposite faces,
The tribromide and triiodide alsc appear to exist in
equivalent forms but are almost black.

The magnetic properties of the titanium(III) chloride

424l

and bromide have been studied by several workers and

are considered to be antiferromagnetic, although the
trichloride is not straightforward as there is both a
maximum and a minimum in the susceptibility vs temperature

by

data. The triiodide also has a low magnetic moment

(X.k‘= 180 x 10m6cgsu) and is probably antiferromagnetic,
but rather suprisingly the trifluoride has a room tempera-

ture moment of 1,75 B.M, indicating little if any
43

exchange,

6

The oxychloride, TiOCl has also been reported.

Complexes

i) Neutral

Many fewer complexes of titanium(III) halides are

known than of titanium(IV) but a fair range of trichloride

14,20,47-52

and tribromide adducts are now known and these

generally have the stoichiometry TiXBQBL9 where L is a



monodentate ligand, This is consistant with formu-
lation of the structures as octahedral monomers but direct
X~-ray evidence has not yet been obtained. Both cis and
trans isomers are possible and it has been suggested from
low infrared evidence that TiCngECQHSO is trans but

53

Ti01393CH CN cis,

3

A number of compounds of the type TiXs,ZL have also
been prepared, particularly where L is a bulky ligand,
and one of these,sq TiBrS,zN(CHB)3 has been shown by an
X-ray structure to be trigonal bipyramidal, a number of
others will be discussed later,

The bidentate ligands, 2:2'~bipyridy155 and 1:2~
dimethoxyethane variously form compounds of the types
TiXBQB; TiXBQIOSB and TiXBQZB but although none of the
structures are known with certainty all are postulated to
contain octahedrally coordinated titanium and are discussed
in greater detail later, Only a few titanium(III) iodide
complexes are known, including two with methyl cyanide

7

(ri(cH CN)6][I3]3,75 and [Ti1294CH cnjloz

3 3

ii) Cationic

Complexes of the type56 [TiA6]C13 (where A = H,O0,

CH_.OH etc,) are well known and although these cations do

3
not contain halogen Schlafer57 has recently suggested that

TiC1l 6H20 and TiBr 6H20 should actually be formulated

39

O, The original interpretation of their

39

[Ti(HZO)&XZJX,ZHZ



spectra has historical connections with the development
of ligand field theory.

iii) Anionic

Compounds of the type M3T1X6 are of interest as they
contain the [TiXG]B“ anion which allows ready calculation
of Dq for X . The fluoride anion [TiF6]3‘ can be pre-
pared for a number of cation558 (NH4+9 K+9 Na+) but the
hexachlorotitanate(III) and hexabromotitanate(III) have
59

only recently been prepared, although their presence had
been deduced in fused salts;GO a large number of cations
were tried but only pyridinium gave satisfactory compounds.
The mixed anion [TiCqurzjsa was also made, together with
[(Cgﬁs)qN][TiClk] and [(CZHS)QN][TiBr4]59 but the latter
salts, unlike the vanadium [Ph4As3[V614] and [Pths][VBrQJ
do not contain tetrahedrally coordinated metal, A number
of pseudohalide anions have also been reported, e.g.

61 62
[Ti(cm)633” and [Ti(sc:N)6]3’”°

Compounds of titanium(II).

Halides
64

and bromide-

Titanium(ITI) chloride63 are most readily

prepared by disproportionation of the trihalides but may
also be prepared by reduction of titanium(III) or (IV)
5

halides under forcing conditions, Titanium(II) iodide

has been reported but not the difluoride. All three are



black and very readily oxidised, reacting with water to

65

give hydrogen, Baenziger and Rundle deduced from powder
photographs that titanium(II) chloride has the cadmium
jiodide structure which has close packed halide layers with
half the octahedral holes occupied by metal atoms, Klemm
and Grim, however, found that although one form of titanium
(II) iodide had the cadmium iodide structure their dichloride
did not and there is thus evidence for at least two forms
of titanium(II) chlorideo66
The magnetic properties of the dichloride and dibromide
show marked deviations from the Curie-Weiss law and have
very low moments at room temperature, with peff:\Jiel B.M,.
they are presumed not to be magnetically diluteo67 The
jodide exists in two forms and both show anomalous behaviour
in their wvariation of susceptibility with temperature.

Complexes
i) Neutral

Titanium(II) chloride reacts with liquid ammonia to

give the compound TiClzﬁQNH568 and with dimethylformamide

69 The latter has a moment of 1.17 B.M.

to give TiClZQZDMFo
at room temperature, No other neutral titanium(II)
halide complexes have been reported but the cycleopentadienyl

compound, Ti(ﬂncp)29 has been prepared and is diamagnetic,

ii) Cationic

No cationic complexes have been reported,
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iii) Anionic

The salt Na2T1C14

room temperature moment of 2.43% B,M, is quite reasonable

has been reported and although the

the susceptibility plot shows a break at about 200°%k
43

indicating that the system is not straightforward,

K TiF6 is also known and is reported to be diamagnetic

k4
67

which is rather surprising. The absorption spectrum
of titanium(II) chloride in an aluminium(IIXI) chloride
melt has been studied and assigned on the assumption that

- 71
(15

the species present is [TiCl

Other oxidation states,.

Two bipyridyl complexes have been reported, Ti(bipyr)3

399 in which the oxidation states are
2

formally ¢ and -1 resPective1y°7 The analogous vanadium

and Ti(bipyr)

compound V(bipyr), has been shown by X-rays to be a dis-

3
torted octahedron and it has been shown by E.S,R. that all

the nitrogens in Ti(bipyr)373 are equivalent; this com-

pound probably has a similar structure,



CHAPTER II

EXPERIMENTAL METHODS
for

STRUCTURE DETERMINATION
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76-78

1. Electronic Spectra

Transition m@tél compounds usually have absorption
bands in the visible and ultraviolet regions of the
spectrum and on the basis of extinction coefficients these
fall fairly naturally into two classes, those with coeffi-
cients less than about 100 and those greater than 500,

The former are due generally to transitions within the
d levels while the latter usually arise from electron
transfer between orbitals which are essentially metal and
ligand in origing d.e, the transitions are M—L or L—M,

i) d-d spectra

Titanium(III) and titanium(II) complexes are
respectively di and dz systems, the energy levels occupied
by these electrons being subject to various forces. The
largest of these is the central field due to the nucleus,
which holds the atom together, but two others, the ligand
field and inter-electron repulsion (between electrons in
the same configuration or orbital) are of similar magni-
tude., Depending on whether the ligand field is greater
or less than the electron repulsion it ié said to be
strong or weald, Spin-orbit coupling will alsoc affect
thé lévels but for the first row transition metals this
is much smaller than inter-electron repulsion and the
Russell=Saunders coupling scheme may therefore be used,

. . 2 -
The influence of various forces on the "D term arising
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from the Ti(III) free ion is shown in figure 2.1, For

a d1 system strong or weak fields lead to the same result

and a single peak, ZTZQ*%§2EF$ is expected for titaniam(IIT)
complexes, (Table 2.1 indicates the correspondence
between the various labelling notations.) [TiC16]3” does

indeed show a peak in the wvisible region but it has a
distinct shoulder indicative of distortion from a per-

fect octahedron, which may be due to the Jahn Teller

59

effect, As the strength of the ligand field is in-

creased, for instance in [Ti(H20)6]3T9 the absorption
moves to higher energy; the relationship between Dg and
the energy of the transition is given by the Orgel dia-

gram (fig. 2.2).

In the dz configuration T1°~ terms arise from both the

o

<
t“ and t. e configurations and their interactions must

2g 28

be considered, the final results are shown in figures 2.3
and 2.4, Thus for octahedral Ti(II) three transitions

might be expected, 3Tig(F)n-—»;»BTz 1g(P)

(F), but the last corresponds to a two

2 H*%@a) and is expected to be
2g g

weaker than the other two. The only Ti(II) spectrum

.3 .3
G(F)s 7T (F) T

s 3 Ny
and le(F)’ﬂﬁ qu

Lo ks

electron transition (t

reported is that of titanium(II) chloride in an alumi-
71

niuom{(III) chloride melt,

These transitions are subject to certain selection

rules,
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Table 2,1

Correlation between Bethe and Mulliken

notations for cubic-octahedral sywmmetry.

Bethe Mulliken
¥ N

_

| 2 A,

s B

s T,

I's T,
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Fig. 2.2 Orgel diagram for a d1 ion.
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Fig. 2.4 Orgel diagram for a d2 ion.



gg)‘(eg)i

Correlation diagram for free ion —>strong field
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Fig. 2.3,
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a) Spin The number of unpaired spins must not change.
i.e. As = O for the transitionm to be allowed.

b) Symmetry i) AT*éaTﬁ Aé&—aTa EéwaTl Ee;aTz
TérnaTg Tiéw»Tl and T1&~%T2 transitions are allowed

but all others are forbidden,
ii) g-—u transitions are allowed but g-——g and u —u
transitions are forbidden (the Laporte rule).

In practice these selection rules are not rigorously
obeyed, there being various mechanisms which break them
down., In the presence of spin-orbit coupling the spin
selection rule ceases to be strict and spin forbidden
transitions are observed, albeit very weakly, e.g. in
Nn2+ compounds, The Laporte rule is reduced in effect
as ‘u! vibrations of the molecule can mix with the
electronic wavefunctions endowing them with partial ‘u’
character, the transition thus being tvibronically!
allowed, d-d transitions in tetrahedral molecules are
usually more intense than in octahedral ones as the former
have no centre of symmetry but even in the latter dis-
tortions and the presence of non-equivalent ligands serve
to remove the centre of symmetry, allowing the possi-~
bility to some p-d mixing.

In spite of the relaxation of these selection rules
d-d transitions are still about an order of magnitude

weaker than allowed bands but this difference may be
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decreased when a d-d band occurs close to an intense
charge-transfer peak for vibratiocnal mixing can occur
making the forbidden band more allowed (intensity
tstealing®).

One striking feature of d-d peaks is that they are
usually very broad and this is due to several factors.
Since the field produced at the metal ion is a critical
factér of its separation from the ligand, 10Dq is very
sensitive to small changes in the metal-ligand dis-
tances, with the result that vibrations of the molecule
can cause the transition to occur over a range of energy.
It sometimes happens, however, that the energy difference
between the ground and excited states remains the same as
Dg is wvaried. If this is the case vibrational effects
will not cause the band to be broadened. If the tran-
sition involves a T term the peak may be broadened as
such a term is split by spin-orbit coupling; this effect
is expected to be greater for the second and third row
transition metals as these have much larger spin-orbit
coupling constants. The third band broadening mechanism
is due to the departure from cubic symmetry, whether because
of crystal packing, inequivalent ligands or the Jahn Teller
effect,

Information from d-d spectra

he most important parameter obtained from d-d spectra
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is 10Dg, the ligand field splitting. Jﬁrgensengo has
suggested a 'rule of average environment' for mixed ligand
complexes which assumes a simple relationship between the
numbers of each type of ligand and the position of the
band, From the known compounds of titanium(III) the
values of Dgq for a number of ligands are known and this
allows deductions to be made about the constituents of
the first coordination sphere when a related compound is
prepared, Atet is much smaller than Aoct and if a
tetrahedral Ti(III) compound is prepared it should be
possible to distinguish it from the visible spectrum.
Unfortunately the same is not true of Ti(III) if the
structure is a trigonal bipyramid for two transitions are
expected, the first being in approximately the octahedral
position,

ii) Charge-transfer spectra

Charge-transfer spectra may be considered to belong
to one of four types.
a) Metal —=ligand (oxidatioﬁ) transfer,
b) Ligand —smetal (reduction) transfer.
¢) Interactiom spectra.
d) Solid state cooperative effects.

The first two are discussed in chapter ¥ in some
detail and are not considered further here., (c)81 arises

when a mixture or compound contains a metal in two
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different oxidation states, If oxidation=-reduction trans-
fers occur between ions in the two states intense absorp-
tion bands can result, For example, when titanium(IIT)
is placed in strong hydrochloric acid and some oxidation
is allowed to take place an intense absorption is observed
in the near ultravioclet, In close packed halide and

%
oxide structures anomolous 2 absorptions are sometimes
observed in the spectra (d), apparently as a result of
the delocalisation of the d electrons to form bands simi-
lar to those found in semiconductors,

In addition to these charge~transfer transitions the
ultraviolet may also contain peaks due to intraligand
transitions; for instance 2:2'-bipyridyl has strong
T->T* absorptions in the ultraviolet and these are present
in its complexes, although shifted somewhat as bonding to
a metal ion affects the ligands energy levels.

Although solution spectra usually show the best
resolution the spectra of solids can bhe obtained and in
this work diffuse reflectance has been used extensively.
Solid spectra have the advantage that there is ne possi-
bility of reaction with a sclvent but are freqguently
complicated by solid packing effects. To obtain the best
results the solid should be finely ground and mixed with
a non-absorbing diluent, for if these precautions are not

79

followed significant shifts in the spectrum tan result.
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Reflectance measurements also have the disadvantage that
extinction coefficients cannot be measured, indeed large
differences in the intensities observed in solution spectra
generally appear to be greatly reduced in reflectance
spectra,

g vl (
2) Magnetic N@asurementsoé?ﬁ‘)

Introduction

Two common magnetic effects are observed, the first
is diamagnetism and arises from the motion of electrons if
electrons considered as charged particles and the second
is paramagnetism which results from an ion's spin or orbital
angulayr momentum, As few cases occur in which an ion
possesses orbital angular momentum in the absence of spin
angular momentum, paramagnetism is normally associated
with the presence of unpaired electrons, If the para-
magnetic centres in a material are able to interact, because
they are close together for instance, the substance is said
not to be ‘magnetically dilute® and two further effects,
ferromagnetism and antiferromagnetism arise, Table 2.2
summarises the origins, magnitudes and signs of the various
forms of magnetic behaviour,

When a paramagnetic substance is placed in a mag-
netic field two opposing effects operate; the magnetic

field (H) tends to align the molecular dipoles and thermal
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Table 2.2
Type of magnetic sign approx dependence origin
susceptibility magnitude on Hd
X cgsu
Diamagnetism - 1 x 10“6 independent |electronic
charge
Paramagnetism + 0-10"4 independent AM,
e I
Ferromagnetism + 10 2«-10i dependent dipole
exchange
Antiferromagnetism| + 0--10'”[i may depend dipole
exchange

agitation tends to make their orientations random,

ii) Magnetic properties of free jons

The energy W of a wavefunction (%) in a magnetic field

(H) is given by:=-
Wo= WO 4 WIH + WOHZ + ....u..
where W' and Wz are the first and second order Zeeman effect
coefficients, For a system composed of a term whose
degeneracy may be lifted by a magnetic field (1st order
Zeeman effect) and if the spin-orbit coupling constant is
large so that states other than the ground state lie at
D>kt then it can be shown that:-
Hepge = g[J(J+1)3%

This formula holds quite well for the lanthanides, or for

other systems at low temperatures where the approximations
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are valid. 'g! is a small number, the 'Lande' or
'spectroscopic' splitting factor and is a measure of the
amount of spin and orbital angular momenta which the state
possesses, If a state specified by J arise from L and S

then g is given by:i=~

[5(5+1)-L(L+1)+J(J+1)]
2J(J+1)

and when orbital angular momentum is quenched (L=0) then
J = 8 and g = 2, giving the ‘spin-only' formula:-

Bopp = 2[s(s+1)]%

If the spin-orbit coupling constant (A) is of the order of
kt then more than one state may be thermally accessible and
both contribute to the susceptibility,via the first order
Zeeman effect,in the proportion of their Boltzmammpopu-
lation but there may also be a contribution from the

second order Zeeman effect, This condition applies to

the early first row transition metals which have%«11500m"1.

iii) Magnetic properties in complexes

When a transition metal ion is surrounded by ligands
the orbital angular momentum, about an axis, of any
unpaired electron is affected, This can be visualised
by the possibility of transforming the orbital it occupies
into an exactly equivalent degenerate orbital, which does

not contain an electron of the same spin as the first, by
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rotation about the axis in question. Thus, for example,
while the d_2 _2 and d orbitals may contribute to

X -y Xz
orbital angular momentum in the free Ti(III) ion, forma-
tion of an octahedral complex eliminates this possibility
as the two orbitals are no longer degenerate, There will,

however, still be a contribution from the dx ' dxz’ and

Yy
dyz orbitals but any distortion from octahedral will
reduce this,

Complexes whose metal ions have Ag or Eg ground terms
frequently have magnetic moments that differ appreciably
from the spin only value, This arises partly from second
order Zeeman contributions between the ground and higher
states but also because spin-orbit coupling 'mixes in'
other excited terms with the result that the orbital con-
tribution to the moment is not completely quenched,
although this might have been expected. The suscepti-
bility should vary with temperature according to the
Curie law with a small T.I.P, arising from the second
order Zeeman effect.

The magnetic properties of complexes having T ground
terms are obtained by summing the first and second order
Zeeman contributions among the states arising from term
splitting by spin-orbit coupling. The resulting moments
are found to depend on temperature, as shown (fig. 2.5)

Y

for the ground 2T2 term of octahedral Ti(III). As
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mentioned earlier, distortions from occtahedral symmetry
remove the orbital degeneracy of the 2T2 term, but they
also alter the energies of the levels between which
thermal distribution occcurs, having a profound effect
on the Hepp VS temperature plot (fig. 2.5). In general
the temperature dependence decreases and the moment
approaches the spin only value, When fitting the
parameters A and A (where A is defined as the ground state
splitting) it is normal to consider an orbital reduction
factor, k, which may be a measure of electron delocali-
sation onto the ligands, and agsin causes the moment to
approach the spin only value as it results in a decrease
of the system's orbital angular momentum.ak
It has been calculated, using the free ion spin-orbit
coupling constant, that at BOGOk the moment for a Ti(III)
octahedral complex should be 1,95 B.M. The alum,
CsTi(504)3$12H20 has a moment of 1.84 B.M, but the hexa-
halogeno salts [TiX6]3m heve moments around 1.70 B.M.,
which suggests considerable distortionfq The splitting of
the 2T2€—~%?Eg transition in the spectra of these salts
confirms that they are indeed appr@ciably distorted, The
magnetic moments of three titanium(III) chlorid@)adducts
have been measured over a temperature range and the results
1

fitted on the basis of a ground state distortion A ~ 600cm~

with an orbital reduction factor k of ~ 0.7, At 2980k
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67

their moments are close to the spin only value,

iv) Antiferromagnetism

It has previously been assumed that no interaction
occurs between paramagnetic centres but in a considerable
range of compounds, including most of the lower titanium
halides this is not so. In these cases the metal ions
interact, either directly as the result of their proximity
or via an intermediate atom or atoms, The former is
tantamount to a metal-metal bond and the latter is known
as a super-exchange process, A classic case of direct
interaction causing a reduction in magnetic moments occurs

in copper(II) and chromium(II) acetates, e.g.:-

in this case the exchange is so great that the compound is
diamagn@ticos Super-exchange is particularly prevalent
in oxide and fluoride structures but also occurs in

(Ru OCIiO)ém where the exchange occurs via a single

2
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. . ‘ 2 .
intermediate atom, In the [HeX6] anions, however,
interaction occurs via two non-magnetic atoms and the

increase FZ I~ may be correlated with the increasing

polarisability of the halogena67

3) Conductivity Measurements

Conductivity measurements indicate the presence or
absence of ionic species in solution and may provide
information on the nature of the ions if they are present,
A polar solvent is required to give conductances of
measurable magnitude but such solvents are usually good
donors and may react with the complex, and so complicate
the interpretation of results.,

The conductivities of a number of electrolytes in

-
85 who

methyl cyvanide were measured by Walden and Birr
showed that the variation of conductance with concentra-
tion depended on the electrolyte type, e.g. 1:1 or 2:1,
When equivalent conductivity Ixe was plotted against

1
(co:m:en’tra*&:icm)/2 the slopes for 1:1 electrolytes were

S~ LO00 while for 2 : 1 electrolytes they were
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~ 1,500, Unfortunately little is known about the

83

behaviour of complex compounds in methyl cyanide and
while non-conducting solutions are indicative of non-
ionic solids other results should probably be interpreted

with caution, particularly if the conductivity changes

rapidly with concentration.

4) Infrared Sp@ctra86

The energies required for wvibrational transitions in
molecules correspond to guanta of radiation in the infrared
region of the spectrum but in order for a vibration to be
excited by the absorption of radiation it must cause a
change in the molecular dipole moment, This condition
is not always satisfied, for instance in the stretching
vibration of a homonuclear diatomic molecule, and is the
first selection rule, The second selection rule states
that only excitations which involve a unit increase in
the vibrational guantum number can occur but this rule is
not rigorously obeyed and transitions corresponding to
Av = 2 or % may be observed as overtones of the fundamental,
although they are much weaker,

If a diatomic molecule is considered as a harmonic
oscillator then AE, the energy between two adjacent

vibrational levels is given by:
- %

e = 2 .z:}

) %

4
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where h = Plank'®s constant; § = reduced mass and k = the
bond stretching force constant,

While the assumption that the molecule can be con-
sidered as a harmonic oscillator is rather naive the
expression indicates the dependence of frequency upon bond
gtrength and the vibrating masses.

For a non-linear polyatomic molecule containing N
atoms 3N - 6 normal modes of vibration are expected, but
the empirical use of infrared spectra is greatly aided by
the occurance Qf group vibrations; that is, certain
chemical groupings have characteristic absorptions at
specific frequencies which enable their presence to be
diagnosed, This is particularly useful when the characteri-
sation of an unknown compound is being carried out as the
presence of certain ligands can be ascertained, A further
advantarge arises from the change in bonding adjacent to
the donor atom on complex formation, When, for example,
ethers such as tetrahydrofuran, coordinate to a metal a
marked shift occurs in the freguency of the symmetric
and assymetric C=0=C stretching vibrations, 1:h~dioxan,
on the other hand, is a potentially bidentate ligand and
the absence of the C=0=C stretching vibrations in the
positions characteristic of uncoordinated dioxan indicate
that both ends of the molecule are coordinated,

When methyl cyanide is bonded to a2 metal a weakening
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of the C=N bond might be expected leading to a reduction
in the CEN stretching freguencyy in practice an anomalous
shift to higher energy is observed and various explanations

87,88 In addition to this

have been suggested for this,
stretching wvibration at 2270 cm°m19 methyl cyanide also

has another band at 2295 cmoui which is a combination of
the 1375 cmcw1 and 920 cmuwi bands., This also rises
slightly on coordination as the frequencies of the com-
ponent vibrations change when a complex i8 formed.

Recently compounds of succinonitrilegg have been pre-
pared in which the CEN frequency is observed to decrease
and on the basis of this and other evidence bonding via
the triple bond is postulated,

Examination of the modifications which occur in
ligand spectra is a very valuable application of infrared
spectra but much work has recently been directed to the
study of the actual ligand-metal vibrations, Because of
the heavier masses or weaker bonds involved these generally
occur in the far-infrared region,

At present metal-halogen stretches are the best understood
and only these will be discussed.

For both MX,L, and MX,L_, type octahedral complexes cis

42 373

or trans isomers are possible:
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and it has been shown that the number of metal halogen
stretching frequencies expected for the various isomers

differ (table ’3,“3)053

This assumes that coupling bet~
ween M—L and M—X vibrations is not strong and that

essentially M—X vibrations are observed.

Table 2.3
Type Isomer No., of M —X bands
MXQQZL cis 4
trans 1
MX, 3L cis 2
5
trans 3

Thus it should be possible to distinguish between the
isomers on the basis of their low-infrared spectra, and
indeecd a number of stereochemistries for titanium halide
adducts have been assigned,53 but for TiClQQZPyr conflicting
results with an Xuraygo examination suggest that such
assignments should be treated with care.

This simple structural use of far-infrared gpectra is
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complicated by various factors. Firstly, for the early
transition metal halide complexes the bands are usually
poorly resolved, and sometimes they are very broad indeed
and obviously an envelope comprising several bands. This
means that although the spectrum contains, say three peaks,
only two may be observed, particularly if their separation
is not great, Secondly, packing in the solid may dis-
tort the molecule sufficiently to cause splitting of the
bands and more than the expected number for a given
stercochemistry may be observed, Occasionally ligand
modes, which are not observed in the free ligand, appear
to increase in intensity on complex formationj; for
instance 2:2'-bipyridyl compoand591 have a band at “@36Gcm®1
which is thought to be of thisg type,

A number of the compounds studied do not have simple
octahedral structures and some of the TiXS»ZL complexes, for

example, are pestulated to have. a. halogen bridged structure

f

X

&

\><, \5

L. L.
L L
in which even ‘'essentially’ pure terminal metal-balogen

stretches will not be observed as conditions are ripe for

extensive coupling with the halogen bridge. The freguencies
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at which the bands are observed may therefore differ some-

what from those observed for monomeric octahedral compounds.
Fortunately the intensities of metal-halogen bands

are usually high, enabling them to be distinguished

from bandsof’the ligands,and when a peak is knownto be due

to M—X the frequency at which it is observed may provide

valuable information., Clark®> has suggested that as the

coordination number decreases so the energy of the metal-

halogen stretch rises, and an interesting example of this

[»]
is found in the vanadium(III) compounds$9“ VXB’ZS(CHS)Z

(where X = Cl or Br). These have their V—X stretches
in the expected octahedral region in the sclid but omn
dissolution in a non-polar solvent the band frequency
increases by -~ 50 cmuvl confirming results from other
techniques which show that the coordination number falls
from six to five in this case.

The frequency of metal-halogen bands also show a
dependence on oxidation state, the higher the oxidation
state the greater the frequency; Ti(IV) has Ti—C1 bands

~ 10 cmqm1 above Ti(III). This criterion can, however,
be affected by the presence of charged species, with anions
lowering the frequency and cations raising it, for instance
92bipyr]+ [IncC1

[InCl1 ,bipyr]” has a In—C1l stretching

2 4

vibration at 301 em. ! which is absent in

[Ph,As]” [InC1,,bipyr]™.

it
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5) Xeray Structure 113,114

The most decisive way of proving a molecﬁlar structure
in the solid state is generally by carrying out a single
erystal X-ray study. It is a property of X-rays that when
they fall on a crystal they interact with the electrons and
are scattered in all directions, The regions of greatest
electron density correspond to atomic positions and these
are related in a regularly repeating manner in a crystal,
with the result that X-ray beams of significant intemnsity
only emerge from the crystal in well defined directions.
Bragg originally stated the criterion for constructive
interference of X-rays scattered from crystal planes:

nA = 2dsin®

n = order of reflection.

A = wavelength of the radiation,

d = spacing between the crystal planes.
8 = angle of incidence.

While the directions of the diffracted beams are a
measure of the size of the repeating unit in the crystal
(the unit cell) their intensities are related to the types
of atoms present and their positions within the unit cell.

The electron density, which may be conveniently
expressed by a Fourier series,as it is a continuous periodic
function,is given by: oo

1

%(nggz,) = - E: > ziw@ F(hkl)exp {mZWi(hx+ky+lz)}
v h k 1
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where V = volume of the unit cell,
F(hkl) = structure factor for the plane (hkl).

F(hkl)

i

E?fiexp {2Wi(hx+ky+1z)}

f,
i

[t}

atomic scattering factor.
Unfortunately, however, F(hkl) is a complex quantity which
may be written F = A + iB

[Fl = JAZ + B?  and phase a = tan~t B/a
although for a centrosymmetric crystal this simplifies
since:

F = £+ A, B = O and oo = O or 7

In the determination of a single crystal structure,

following the accurate measurement of the unit cell dimen-
sions, the intensities of a large number of reflected
beams are measured and after correction these are pro-
portional to F2 but this only allows only relative values
of 5?’ to be obtained, Since gb(x,y,z) cannot there-
fore be calculated directly several ways around this
problem (known as the 'phase problem') have been devised,
One is the use of the Patterson function which at u,v,w,
is given by:

i I %/

Em ;Z”&th(hkl)
h k i

~
<

l zcoszn(hu+kv+lw)

o FN

Plu,v,w) =

This function gives information about interatomic vectors
in the unit cell, the most intense peaks on the Patterson

map, obtained by plotting P for u, v, and w, correspond to
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vectors between the heaviest atoms. Using the peaks
corresponding to vectors between various atoms it is
frequently possible to derive their positions and these
may be used for the calculation and plotting of a
Fourier map. Fortunately, the atoms most easily located
by the Patterson method are the heaviest and these have
the greatest influence in the Fourier calculation as
approximately three~quarters of the signs (for F) are
correct in a centrosymmetric structure when:

N2

A QTA
 p - ‘{“.

where Ah and Al are the atomic numbers of the heavy and
light atoms respectively. It should be possible from the
Fourier map to locate the remaining light atoms and these
may be incorporated im a further Fourier synthesis to

yield more accurate coordinates for all the atoms,  Further

cycles of refinement are normally carried out until there

is no further change in a guantity 'R’ which is defined as:
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COMPLEXES OF TITANIUM(III) IODIDE
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Titanium(III) iodide has been known for several
jyea.aum‘sg{i but few complexes have been reportedoqa’?5 The
only ones containing a titanium-iodine covalent bond were
prepared by Russog7

The aim of this work was to prepare adducts with a
range of organic ligands and to study their properties,
The ligands used were those which had previously been

examined with titanium(III) chloride and bromide, thus

allowing a comparison between the three halides.

1, Reaction of titanium(III) iodide with tetrahydrofuran

Titanium(III) iodide was allowed to react with a
large excess of ligand at room temperature for four days,
and gave a red-brown solid which was slightly soluble in
tetrahydrofuran. The solid was isolated by filtration,

and pumped to remove excess ligand before being analysed,

Ti% 1% C% H%
Found 7.6 59,2 18,6 3.8
Til,,3C,HgO0 requires 7.k 59,0 22,3 3.8

The infrared spectrum showed that the C=0-C stretching
frequencies had decreased and as there were no peaks
corresponding to the free ligand all oxygens must be
coordinated, The magnetic moment of the complex at room

temperature was 1.64 B.M, The electronic spectra were
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measured for the solid (reflectance) and in tetrahydro-
furan solution, they are reported in table 3.1, together

with those for the other titanium(III) iodide compounds,

2. The reaction of titanium(III) iodide with 1:4-dioxan

Reaction under the same conditions as in (1) gave

a red-brown solid which had the analyses:

Ti% I% C% Hb%
Found 606 5501 200& 307
Ti13,364H802 requires 6.9 54.9 20,8 3.5

The infrared spectrum showed peaks due to both coordinated
and uncoordinated dioxan which is consistent with, but not
proof that, each dioxan molecule was acting as a mono-

dentate ligand, At 20°C bopp = 164 B.M.

3, Reaction of titanium(III) iodide with 1:2~dimethoxy-

ethane

Reaction for one day at room temperature gave a
red-brown solution and a small amount of an insoluble
product which was probably unreacted halide, Filtration
followed by evaporation of the solvent gave a brown solid,
This had a Ti:I ratio of 1:1.8, and there was infrared
evidence for a titanium-—oxygen bond ( ~900br cmoml)

indicating that oxygen had been abstracted from the ligand.
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The reaction was therefore carried out using a T113:C4H1002
mole ratio of v1:4 with benzene as solvent. Three hours
reaction gave an insoluble brown solid which was filtered

off and washed with solvent, When the complex was

pumped the colour lightened to yellow,

Ti% I% C% H%
Found 7.5 60,8 15.3 3.5
T11392C451002 requires 7.8 62.5 15.8 3.3

The infrared spectrum showed that both oxygen atoms were
coordinated., Infrared data (1200-400 cmowl) on this and
the previous oxygen-donor compounds are collected in
table 3.2, The solution spectrum was not run in the
ligarnd as further reaction was known to occur, The mag-

netic moment of the complex at 18°¢C was 1.73 B.M,

L, Reaction of titanium(III) iodide with pyridine

The triiodide (1 g) was allowed to react with pyridine
in a mole ratio ~1:10 with benzene ( ~ 20 mls) as
diluent, The golden=-vellow solid which was formed was

filtered off and washed with benzene,

Ti% 1% Co% H% N%
Found 7.0 56,6 25,8 2.9 6.3
T113$3pyr requires 7.2 57 .2 27,0 2,2 6.3

The infrared spectrum gave no indication of pyridinium
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96 The magnetic moment at 20°C was 1,69 B.,M, and the

ion,
conductivity was measured over a limited range of concen-

tration in both pyridine and methyl c¢cvanide, fig. 3.1.

5, Reaction of titanium(III) iodide with o picoline

The reaction was carried out under the same conditions

as the one with pyridine and yielded a brown solid.

Ti% I% C% H% N%
Found 7.6 62.3 22.0 2.5 4,6
T11392apic requires 7.8 62,0 23 .4 2.3 4.6

At 18%C = 1.65 B.M.

Herr
This compound was very rapidly hydrolysed and the
triiodide, rather than Tilsgzapic9 was dissolved in «

picoline for measurement of the visible spectrum,

6. Reaction of titanium(III) iodide with v_picoline

Titanium(III) iodide and y picoline were allowed to
react in a mole ratio ~ 1:4 wusing benzene as solvent.
Several hours refluxing resulted in the formation of a
tan coloured solid which was filtered off, washed with

benzene and pumped at BOOC prior to analysis,

Ti% I% C% H% N%
Found 605 5501 3000 302 500
Tingsypic requires 6.8 5%,8 30,6 3.0 5.9

The magnetic moment at 21°C was 1.97 B.M.
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When the visible spectrum was being measured in y picoline
solution the colour of the solution varied from blue to
green on different occasions, and showed an unusually strong

t (e = 250 for the

absorption peak around 15,000 cm,
green) . This peak decayed very rapidly on exposing the
cell to air ( ~1 sec.) and an orange solution was
obtained, It is probable that the green solution
resulted from a mixture of the orange and blue ones, a
glight amount of oxidation or hydrolysis having taken
place, The intensity of the peak is too great for a

d~d transition and may be due to charge transfer but the

species responsible is not known.

7. Reaction of titanium{(IIY) iodide with 2:2'=bipyridvyl

Reaction of titanium{III) iodide (2 g) with
2:2'-bipyridyl (1.5 g) in benzene ( ~ 20 mls) containing
a trace of methyl cyanide ( < 0,5 ml), for two days gave

a black insoluble solid,

Ti% I% C% H% N%
Found 7.1 58,0 27 .0 2.8 6,1
TilgﬂioSbipyr requires 7.2 57.5 27 1 1.8 6.3

The infrared spectrum indicated that all the bipyridyl was
coordinated and that no methyl cyvanide remained in the com-

plex, The conductivity, measured in methyl cyvanide as a
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function of concentration is shown in figure 3.2,
At 19OC “eff = 1,39 B.M., but was also measured

between 80-300%k (table 3.6, fig. 3.3 and 3.4).

8. Reaction of titanium(III) iodide with 1:10~phenanthro-

line
The reaction was carried out in benzene using the
mole ratio TiI, :phen of 1:2.5. Three weeks shaking

3

gave an insoluble tan coloured solid,

Ti% I% C¥% H% N%
Fcund 603 4902 3%0[} 2o5 509
TiI, ,2phen requires 6,1 48.3 36,5 2.0 7.1

3

The conductivity was measured in methyl cvanide over a
range of concentration (fig. %3.2). The magnetic moment

at 18°C was 1.39 B.M,

9., Reaction of titanium(III) iodide with triphenvlphos-

phine

Titanium(IXII) iocdide was allowed to react with
triphenyiphosphine in the mole ratio ™ 1:% using benzene
as the solvent, Two weeks shaking gave a red-brown solid
and a greenish scolution, The solid was filtered off and

washed with benzene, in which it was somewhat soluble,
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Ti% I%
Found 6.6 54,8
Til,,PPhy requires 6.9 55,1

At 18°% Mope = 1.43 B.M, An attempt to repeat the

reaction failed and the product was not studied further,

10, Reaction of titanium(IV) iodide with pyridine

Titanium(IV) iodide was allowed to react with
pyridine using benzene as diluent, The brown insoluble
product had Ti:I:pyr of 1:3.97:¢3.45. Magnetic measure-
ments indicated that some reduction had taken place and

the reaction was not studied further,

11, Reaction of titanium(IV) iodide with tetrahydrofuran

The green solution formed initially when titanium(IV)
iodide was shaken with tetrahydrofuran rapidly changed
to dark brown. Filtration and evaporation of the excess
ligand left an intractable oil, The wvisible spectrum

of the brown solution was recorded.
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Table 3.6 Magnetic Data ZTiIBQBbipyr

T °K «ij(x106cgsu) Bopp(BoMe)
313.2 837 1.449
303,2 837 10426
293.2 737 1.316
283.2 916 1oh41
273.2 890 1.395
253.2 991 1,417
233.2 1049 1,401
213,2 1177 1417
193.2 1262 1.391
173.2 1342 1.356
153%.2 1506 1,359
133.2 1661 1,331
113,2 1847 1.294
93,2 2112 1,255
83,2 2%04 1.23%9
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Results and Discussion

The ligands tetrahydrofuran, 1:4 dioxan, pyridine and
Y picoline react with titanium(III) iodide to give com~

plexes of the type TiIBQBL analogous to those which have
20,47 ,49~51

been prepared from the trichloride and tribromide,

In contrast to these ligands methyl cyanide has been

27

reported to give the compounds [TiIZQQCHSCN]+Iw and

[Ti(CH CN)6]3+[I§]3075 Unfortunately the compounds

3
were completely insoluble in non-donor solvents, thus
eliminating the possibility of molecular weight studies,

The conductivity of the pyridine adduct in pyridine
sclution, (fig. 3.1) while less than that expected for a
1:1 electrolyte, is significant, The rise in conducti-
vity from the chloride to the iodide complex (table 3.4)
may be due to the reaction:

£

TiX,,3pyr + Pyr = [Tixg,qzayr]+ + X

Table 3.4
The conductivities of Tingﬁpyr adducts in
pyridine
- }57 =
Compound j\m(ohm Yen®) c(x10 3M)
.(Czﬂs)éNBr 154 2,76
T161393pyr 8 1.79
TiBrBQBPyr 27 1.71
TiIZQprr 65 1,00
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where the equilibrium constant is related to the metal-
halogen bond strength, The verv rapid rise in conducti-
vity with dilution suggests that even further stages of
ionisation may be occuring. HoodlesszO found that
TiC1393pyr behaved as a 1:1 electrolyte in methyl cyanide

50

and the same effect was found for TiBrBQprro The

iodide complex behaved in a similar way and showed a
linear plot of [\ _ against JoT(fig. 3.1}, It was
suggested that methyl cyanide displaced a chloride ion,

TiCly,3pyr + CHgCN ;ﬁ?[Ti012ﬂ3pyrch3CN]+ + C1

but surprisingly the solution spectrum in methyl cyanide
was very similar to that in pyridine,
o picoline forms 1:2 adducts with all three trie-

halidesgzoi’S0

TiClzgzapic was originally considered to be
a halogen bridged dimer, The physical properties do,
however, give some support to a trigonal bipyramidal
structure, The trichloride compound shows a marked red
shift of the d-d peak on being dissolved in o picoline
although formation of the monomeric species;, TiC13§3mpicg
should give a blue shift, Similar red shifts in ligand
solution were also found with TiClBQZN(CHB)Bzo and
TiBrzgzm(CH3)3°27 The latter is known to be trigonal

bipyramidal in the solidS4 and the former is isomorphous

with it.2’ A bridged structure might well give rise to

magnetic exchange but this is not observed, the room
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temperature moment of TiClsgiapic being close to that of
the trimethylamine compound, The low infrared spectra
of TiClBgZapic and TiClBQZN(CHB)3 also show a marked
similarity in the metal-halogen stretching region, except
that an extra peak at 363 cmo=1 was resolved in the

& picoline complex, It seems likely that all three

« picoline compounds have the same structure but without
X~ray or near infrared reflectance studies it is unlikely
to be determined.

The compound with 1:10-phenanthroline is formulated
as [TiIa,then]+Im on the basis of its conductivity in
methyl cyanide (fig. 3.2}, The complex with 1:2-
dimethoxyethane probably has a similar structure but its
conductivity could not be measured owing to the probabi-
lity of reaction with the usual solvents.

The bipyridvl compound, ZTiIBQSbipyr is thought to be

55 50

analogous to the chloride and bromide complexes which
are discussed in detail in chapter IV, The conductivity
(fig. 3.2) supports the ionic structure [TiIzVZbipyr]+
[Til%gbipyr]wo

The magnetic moments, with the exception of three
compounds, are all in the range expected for distorted
octahedral titanium(III), The reason for the exceptionally

high moment (1.97 B.M.) of the y picoline complex is far

from clear for although a high moment (1,97 B.,M.) was also
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obtained for TiClg,Sypic, impure halide was thought to be
97

responsible in that case., Both the phenanthroline and
bipyridyl compounds have magnetic moments markedly below
those of the other compounds and while oxidation is
possible it is very unlikely with these ligands as they
form exceptionally stable compounds with the trichloride
and tribromide.

The plot of 1/”K‘nvs T (fig. 3. 3) for 2T11393bipyr
shows that the Curie-Weiss law is obeyed with © of 469,
The room temperature moment is too low to allow a curve
to be fitted to the p_.. vs T plot (fig. 3.4) by Figgis's

method84

and it seems that there must be some exXchange
between the titanium atoms, If 2T11393bipyr has the
same structure as that postulated for the chloride and
bromide (chapter IV) the exchange is presumably of the
type:

T4 ——— I~ = ~I —Ti
This mechanism is found in the [ReX6]2m salts, and is

1Y

known to increase F —»1. The low moment of the 1:10~

phenanthroline complex can be explained in the same way.
The low infrared data for titanium(III) iodide
and a number of the compounds are shown in table 3.5,

The titanium-iodide stretching frequencies of w250 «r.:maw1

98

are in accord with CGlark's suggestion that:

0,65




081 0g

mmaﬂam@mwﬂhm




0ge

o%e

00¢ 091 0ct

()&

°*Reg °3Ty

s &

cafdrqg

ITLe

Regr {(B.M,)

7°0

[




ysg/le £¢ge wg ey
wheg ysQee xqts/gg s,eh
xqiughg Mz632 ysggeew Iq°sggg JIq‘s6ge  sgeh
xqu/hg wgQe SQT¢ sghe shg¢ Iqtug/y
xqts//z  aq*sere xIqfspge sgeh
xqfuhfy  wggg  JIqO6LVY S90¢ S0TS shgh
I M60T JIQMELT 8698 S06% we0e Wwogg ul Tl
8/¢2 UsS/.y{g ST9T wg g weeh
Iq002w X907 xqtug /)y
Iq'sofg 5298 ysigh  whiy

XG9002 n

I909%¢
s1he

863

&%mmmmhmﬂk
mﬂmmuvzmwMﬁuﬁw
oﬂmﬁm,mﬂuﬁa
ordAg¢“ToTg
ammmamﬁuww
Aﬁmn@cﬁwﬂvmmmwﬁw
u%gﬁamqﬂmmwww
ordwz* “1TL
stdig *11g
ahdgsErrg
owmwummmHﬁw

MHMB

(p-°"wo 002=005)
ex3ooedg poJgeJIul moT]

§°¢ °o1qel




by

The distinction between cis and trans isomers was not made

for the TiI,,3L compounds as the metal-halogen bands are

39
broad and close to the instrumental limit of 200 cm.wic
Metal-nitrogen bands are also expected in this region,99
In oréer to avoid these problems measurements on a
number of the analogous chloride compounds have been
made and are included in the table. TiClggﬁypic has
three well defined titaniume-chlorine stretches and is
probably trans while TiCIBQBPyr shows only two broad
bands in the same region, (fig., 3.5). The position
of metal-nitrogen vibrations in complexes of pyridine
and related ligands is still not certain but Durig et al.
have recently assigned bands in the 250-300 cmoai region

29 1

to M=N stretches, The peaks around 280 cm, ~ in

these compounds may therefore be essentially titanium=-

nitrogen modes, TiBr, ,3pyr shows only a single peak and

z
a shoulder between 400 and 200 cmaw1 and is probably cis,

The Ti-N stretching frequency in TiBrS,prr is either
very weak or more probably obscured by the bromine vib-

rations, Clark has suggested that TiClB,BCH3CN is cis
53

H80 exists as the trans isomer,

b

From conductance data 2T11393bipyr was considered

while TiClBQBC

to be [Tilzgzbipyr]+[TiI bipyrl~. If this is so the

l.{'g

former ion should have two infrared active Ti-I bands

(if the bipyridyl molecules are cis) while the latter
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should have four, Coincidence of some of the bands
is possible and it is expected that the cation should have
stretching modes at higher energy than a neutral or

93

anionic species, Five peaks are observed below

310 cmawl, the peaks at 309 em.”! and 290 cm.” ! being

at significantly higher energy than in the neutral com-
pounds (as the 290 crr:‘,w1 band is one of the most intense
bands in the spectrum it is probably not Ti=N). Peaks
at 360 em.”1 and 414 cm.” ! are characteristic of the
ligand,,g1 (fig. 3.6), The phenanthroline species

[TiI.,2phen] I” should have two Ti-I stretching vibrations

2
for the cis isomer and this is comsistent with the two

sharp bands observed at 320 cm‘,w1 and 306 cmowlo The

correct assignment for the two broad peaks at 268 em, ™1
and 244 cmoml is not known, The band at 424 cm.q,m1 is a

ligand vibration, (fig. 3.6).

Three types of electronic transition are expected

in the visible region of the spectrum, Those at lowest
energy will be the d-d transitions szgmwagBig and
2 2

ng—~> A1g° Charge transfer transitions I(m) —>Ti(d)

are also expected, for on proceeding from [TiC16]2c to
[TiBr6]2m the first band, which is symmetry forbidden

| =1 100
and therefore weak, moves from ~24,000 to ~ 22,000 c¢cm, 10

The shift from Cl—>I reflects the decreasing optical

electronegativity of the halogen (chapter VI). The third
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type of transition Ti(d)—=1lig (n*) is expected for
complexes with ligands which have comparatively accessible
(n*) orbitals, such as 2:2°'-bipyridyl.

Attempts to prepare a titanium(IV) iodide complex
failed but the spectrum of the tetraiodide in tetrahydro-
furan has the lowest band at 15,100 cman1 which is fairly
certainly due to an I(n)—>Ti(d) transition, The
equivalent transition in titanium(III) would be expected
at rather higher energy since the optical electro-
negativity decreases as the oxidation state falls (chapter
VI) and therefore transitions around 14,500 c::m@,“1 are
aggigned to d-d.

The transition to lig(m*) is, to a first approximation
independent of halide ion and is found in about the same
position for the pyridine and bipyridyl complexes of both
the trichloride and tribromide; it is about 18,500 cm‘,m1
for the bipyridyl ones, (chapter IV).

The d-d spectra of the compounds with tetrahydro~
furan, dioxan and pyridine, which appear to be the most
straightforward, are very similar for the solid and for
a solution in the ligand. These spectra confirm that at
the concentrations at which they were measured reaction
to give species of the type [T11294L3+I® have not occurred
to a significant extent.

The large splitting of the gEg doublet by the
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unsymmetrical ligand field prevents meaningful calcula-
tions of 10Dq but it can be seen qualitatively that the
assignments are self consistent, For instance the dioxan
and tetrahydrofuran compounds have very similar spectra
but the pyridine complex has bands at higher energy in

agreement with the observations on the trichloride and

tribromide complexes that Dg pyr\> chqﬁao %chgﬂg‘)gemz

In the complex with 1:2-~dimethoxyethane the presence

of four oxygen atoms around each titanium shifts the

d-d bands to higher energy than in the compounds of the

other oxygen donors (since Dgq oxyolig:> Dqu)o The

phenanthroline complex should show the same effect com-

pared to the pyridine one but‘the position of the d-d

band is obscured by a charge transfer transition

19,000 cm.~ ', The same is true of the bipyridyl

complex except that a weak shoulder is observed at

10, 800 cm.” ) consistent with the presence of [Tilggbipyr]ao
Both the phehanthroline and bipyridyl compounds show

peaks 19,000 cm.”! which are assigned to Ti(d) —>lig(n*).

The increase in the splitting of the excited state (zEg)

in the iodide spectra compared to those of the chloride

and bromide is explained by the increasing disparity

between the Dq values and X and the other ligands used.



CHAPTER IV

COMPLEXES OF TITANIUM(III) BROMIDE
WITH

272'-BIPYRIDYL
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In this chapter the preparation and characterisation
of several mew complexes of titanium(III) bromide with
2:2'-bipyridyl are described, The properties of the
previously reported compounds 2TiX533bipyr9 where X =
Cl or Br, have also been investigated more fully and
structures assigned.

1., Preparation of TiBr,_ ,bipvr

3‘)

A 2:1 mole excess of 2:2'-bipyridyl was allowed to
react with titanium(III) bromide in benzene containing a
trace of methyl cyanide ( ~ 1%)., The reactants were
shaken in an ampoule for two weeks and the purple solid
formed was filtered off, washed with benzene, pumped and

analvsed,

Ti% Br% Ch H% N%
FOIiﬂd 10’.}7 5402 2707 1085 6043
TiBr,,2:2'=bipyr 10.8 54,1 27 .0 1,80 6.31

39"—‘».
requires
The magnetic moment at 21°C was 1.88 B.M,

The infrared spectrum showed bands characteristic of
coordinated bipyridyl (4,000-7C0 cmoml) and in particular
the ring stretching vibrations, cccurring between 1430 and

-1 . g . 101
1590 ¢m, , were shifted to sglightly higher energy,

( ~ 10 cmowi)o There was no infrared evidence for the

presence of methyl cyanide,
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The conductivity of the product in methyl cyanide
solution was measured at a concentration of 1,03 x
10 M,f\m was found to be 23.6 ohm —cm”.
2bipvr,CH

2., Preparation of TiBr CN

3° 3
Reaction of titanium(III) bromide and bipyridyl,

in a mole ratio 1:2.1; using methyl cvanide as the
solvent for one day gave a purple, slightly soluble pro-

duct which was collected and analysed,

Ti% Bri Cib H% N/

Found 7.1 377 LG, 5 3.0 10.2

TiBrBQZbipyry(:HBCN 704 374)[)‘: [ﬁloz 300 1009
reguires

At 21°C p_.. = 2,06 B.M,

The infrared spectrum was typical of coordinated
bipyridyl but also contained a band at 2260 cm‘,m1
typical of the CZN stretching frequency of methyl cyanide
when the nitrogen is not coordinated to a metal,

The conductivity was measured over a range of con=
centration in methyl cyanide and is plotted in fig. 4.1,

3. Preparation of TiBr, ,2bipyr,CHC1

37 3

Titanium(ITI) bromide and 2:2'-bipyridyl were
allowed to react in a mele ratio of 1:2,1 using a

mixture of chloroform (80%) and methyl cyanide (20%) as
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solvent, After two weeks rvreaction a purple solid was

filtered off and analysed.

Ti% Br% Ch Ho% N%
Found 6.8 AT 34,9 2,8 7.7
TiBrB,Zbipyr,CHc13 6.7 33.4 35,0 2.4 7.8

requires
The magnetic moment at 20°¢C was 1,85 B,M, The

infrared spectrum gave no indication of methyl cyanide,
chloroform could not be positively identified as the
C~Cl stretching freguency at ~ 760 cmt,m1 was obscured
by a bipyridyl vibration. Figure 4.1 shows a plot of
conductance against (cencentraiion)é for a solution in

methyl cyanide,

L, Preparation of TiSr3,2bipyr
TiBrB,zbipyr9CH3CN was heated under vacuo at
110-120°C for ninety minutes., In addition to the loss

of methyl cyanide, indicated by the infrared spectrum,
a small amount of bipyridyl was seen to sublime out and
this was confirmed by slightly low carbon and nitrogen

analyvses on the residue.

Ti% Br% Clé Hie N%
Found 893 3906 3703 302 902
TiBrB,Zbipyr requires 8.0 50,0 40,0 2,7 9.3

This compound was also purple but a deeper colour
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than TiBngBbipyr,CHBCN, An attempt was also made to
prepare TiBrB?Zbipyr from Tiﬁrsgzbipyr,CHClz but no
reaction occurred on prolonged heating at 100°C and when
the temperature was raised to 1400C bipyridyl was lost,

It is interesting that the corresponding vanadium com-

did not lose chloroform to give

2

pound VBr,,2bipyr,CHC1

3 3

VBrB,Zbipyr until 19006010 The conductivity is given

in figure 4.1,

5, Preparation of ZTiBrB,Ebipyr

This was prepared using the method described by
Walton involving the reaction of TiBrB,ZN(CE%B)3 and
o , , ) 50
2:2'=-bipyridyl in benzene,

Ti% Brie Ch Hé% H%

Found _ 9,0 46,8 37.7 2.8 7.9

2TiBr3g3bipyr requires 9,2 45,9 34.5 2.3 8.1
The magnetic moment at 20°C was found to be 1,72 B,M,

and the conductivity was also measured in methyl cyvanide

over a range of concentration (fig, b.2.)

6, Preparation of 2Ti€1393bipyr
This was prepared by the reaction of titanium(IIT)
chloride with 2+¢2'-bipyridyl in methyl cyanide, as domne

by Waltonoss
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Ti% Clo% Co Hi N%
Found 12,7 27 .1 46,2 3.6 10,8
3,9 10,8

2T101393bipyr requires 12,3 27 .2 46 .4
The conductivity was measured in methyl cyanide

(figo 13102)0

7. Reaction of titanium(IXI) bromide with 110-phen-

anthroline

Titanium(III) bromide was allowed to react with
1% 10-phenanthroline in methyl cyanide for a weelk, The
dark blue solid obtained was washed very thoroughly with
benzene but the analyses corresponded to “JTiBr3g4pheno
Walton also reported non-stoichiometric products from

5C

this reaction,
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Table 4,2 Low Infrared Spectra (5C0-200 cm, )

TiBr39 bipyr,

TiBrB,Zbipyro
’JI.‘JLBI"B,Zbipyr’mD
CH_CN
3

TiBrB,zbipyrq

CHCL,,

>
ZTiBr393bipyro

2?161393bipyrq

4 10m
Lios

Li2s

4L10s

L10m

418m

%6 3m
358s

3628

i
\
oo
@

360m

3628, br

%1%s 278s 247s
%220s8,br 272s,br

~ 3088 ,v,br
~s 3038,v,br

%128 272s 247s

31%s,br




Results and Discussion

Titanium(III) chloride complexes with 2:2'-bipyridyl

have been investigated previously and their preparations

20,50,55,97,103

are summarised in the following scheme:

150°¢

1) TiCl, + bipyr (excess) —= L TiCl, ,bipyr

-2 benzene ,3
2) TiCl1,,3CH,CN + bipyr —— RCN

5 - {(excess)

RCH .

3) TiCl_,2N{(CH,), + bipyr —————  TiCl,,bipyr,RCN

3 3°3 RCN 3
4) TiCl3 + bipyr (excess) e 32 27TiC1,, , 3bipyr

benzene 5

5) TiClBSZN(CHB)B + bipyr S

Certain similarities are noticed when titanium(III)
bromide is used instead of the trichloride, Reaction
(5) works for the bromide and (2) almost certainly would

give TiBr,,bipyr although the cyanide adduct was actually

39
found 'in situ?, Reaction (4), however, gives
TiBrzgzbipyrQCHBCN where methyl cyvanide is present as a

solvate molecule and can be replaced by chloroform if

the latter is present as the major component of the

solvent,
The reaction:
heat
TiBr392bipyrQS e TiBrzgzbipyr

where S = solvate molecule, is not unexpected,
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TiClsgbipyr was thought to be a halogen bridged

dimer capable of breaking down in alkyl cyanides to give

|
(N\‘T’L TN T /N> BN [ M\’T' s o
P ~— e

a monomeric species which can be isolated from cyanide
solution, A blue shift of the d-d peak in solution
compared to reflectance supports this process since Dg
for bipyr/2 ~ CHBCN > c1”7. The 1:1 bromide complex
probably has the same structure but the d-d peaks are
almost totally obscured by charge-transfer bands, The
low conductivity supports a non=-ionic formulation,

The 1:2 adducts, with and withcout solvate molecules,
have very similar spectra, (fig. 4.lL,) and conductivities,
(fig, 4.1, and are formulated as [TiBrZQZbipyr]+Brwo
The analeogous vanadium{III) bromide compound has alsoc
been preparedoloz It is inmteresting that the slopes
of the conductivity plots (fkm against ~N¢) are around
1,400, much greater than for such salts as tetra-
ethylammonium bromide in the same solvent which have

85

slopes ~ 450, The absolute values of f&m at 107°M

are also significantly lower than for the tetraalkyl



160, T~ e
Fig. 4.1,
1400
TiBrs,2bipyr, CHzCN
N * TiBrs,2bipyr,CHClx
= N\TiBrsz,2bipyr.
~-~ EtyNBr

120
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salts, These effects are consistent with ion pairing but
it is also possible that some further ionisation is
occurring at low concentrations., Ton pairing is favoured
by the comparatively low dielectric constant of methyl
cyanide (e £ 36.7) although the large cation size should
help to reduce it,

The wvisible spectra show an absorption close to
16,000 cmowl both for the so0lid and for the methyl cyanide
solution but as it is only a shoulder the position is
difficult teo determine accurately, although using pre-
viously calculated values for Dg Br and bipyridyl

03

(1040 and %970 cmnwi respectively)1 with respect to

titanium(III) the d-d band for

=
N\ v K/N>
R | SN

R

is predicted at 16,67¢C cmguig in fair agreement with the

ecbserved position. The expected splitting of this

shoulder due to the low symmetry is only resolved in

methyl cyanide solution., Dependent upon whether the

bipyridyl molecules are cis or trans the symmetry is 82
2

or Dzh respectively; a smaller splitting of the "E
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immediately turned it yellow showing that the blue form
was unstéble to hydrolysis., The conductivity of the
blue solution was measured for a range of concentration
and a very large slope for_ﬁ;m against Izawas obtained
(fig. 4.3). The ultra-violet spectrum was still
characteristic of coordinated bipyridyl but the species
responsible is not known,

Hoodless originally suggested that the compound
2TiC1393bipyr was ionic with the structure:

[Tic129Zbipyr]+[Tic1q,bipyr]“

which was largely based on his value for.ﬁ,m of 1280hmw10m
at 3.4 x 10“”1i e A similar structure has also been
proposed for 2IIX3g3(1310phen)0106 Walton repeated the

conductivity of 2TiCl,,3bipyr and reported fxm to be

39
-1 2 -3 : A :
1ichm “cm™ at 10 molar and accordingly proposed the

55

non-ionic structure

Cf Cﬁ
(\ / \ L >
N/j } T @/ RNY

€4 4

which had a bridging bipyridyl molecule, He also pre-

pared 2TiBr,.3bipyr which he considered to have the same

3“&

structure although the conductivity was a great deal
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state would be expected for the former and this is con-
104

et

sistent with the observed value of around 800 cm, -

In principle it should also be possible to distinguish
between the isomers by the number of infrared active
Ti-Br stretching frequencies, One (blu) is expected
for the trans but two (a8 and b) are expected for the cis,
The low infrared spectral results are given in table 4.2
but unfortunately wvery poorly resoclved spectra were
obtained; in any case titanium-nitrogen stretching
frequencies may occur in the titanium-bromine region
(~2300 cm, 1) complicating the issue, Dwyerlo5 expects
the cis isomer to be more stable as it results in less
steric interaction between the hvdrogen atoms of the two
rings but it seems doubtful if this would determine the
stereochemistry,

During measurement of the conductivity and spectra

of TiBr,,2bipyr a blue solution was sometimes obtained

3{!
instead of the wusual purple one, It was found that a
blue solution could be formed from the purple one by the
admission of a very slight amount of air to the cell but
when the solid was isolated from this blue solution there
was no sign of an O-H stretch in the infrared, which may
indicate that the decomposition was by oxidation rather

than hydrolysis, This was supported by the observation

that addition of a drop of water to the blue solution
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(> Blue solution from TiBrB,Zbip‘CHBCN
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. . , - 2 .
higher with f\ 57chm cm” for a concentration of

[l
50

H

2,8% x 1Ow3Mo These compounds have been reinvestie
gated, particular care being taken over the conductivities,
which are plotted in figure 4,2, and while they are
significantly less than those found for such 1:1 electro-~
lytes as tetraethylammonium bromide they are nevertheless
much higher than those normally found for a non-conducting
species; for instance TiClEQBCHBQN has jxm = 180hm”2cm2
at 10a3M09? As suggested earlier the low values of
lxm could be due to ion pairing although this 1is
surprising in view of the bulky ions, however, little
appears to be known about the behaviour of electrolytes

83

such as these in non-aquecus solvents, The analogous

vanadium compound EVCEBQSbipyr has conductivities in both
methyl cvanide and nitromethane slightly below those
expected for 1:1 electrolytes and an eguivalent jonic

. ., 102
structure has been assigned to it, Unfortunately

nitromethane has been found to oxidise titaniam(III)Q97
The reflectance spectra, and also those in methyl
cyanide solution 1if little reaction with the solvent has
taken place at the concentrations employed, should show
d-d peaks characteristic of both ions. As these would
be split by the departure from Gh symmetry a single broad

band might be empected, The spectra are listed

(table 4.,1) and it can be seen that only one band is
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observed for the tribromide compound but that for the
trichloride one there is some evidence for an absorption
around 13%,500 cmw1 which might be the low energy com-
ponent of the transition for the [TiCléghipyr]m ion.

Low infrared spectra should reveal six active
titanium~halogen stretches for the two ions, [TiX2,2bipyr]+
and [TiX%,bipyr]M if the former has the cis structure.
Unfortunately the spectra are too poorly resolved to
confirm or disprove the structures.

Wa1t0n103 found that the reflectance spectra of
TiCl, ,bipyr and 2TiC1393bipyr were identical and the
same was found for the bromide compounds, To confirm

that 2TiBr., ,3bipyr was not a mixture of TiBrB,bipyr and

39
excess bipyridyl or another compound X-ray powder photo-
graphs were talken and although no attempt was made to
index them the spacings and intensities were completely
different.

The electronic spectra all show a peak between
18,000 and 19,000 cmoml and this is assigned to a
Ti{d) — bipyr{n*) transition. Bands around 25,000 cm.
in the complexes TiClBgEPYr, TiCl§,3ypic and TiClzgzapic
have been assigned to a Ti{(d)=—> 1lig(n*) transfereze
This transition would be expected at lower energy in the

bipyridyl complexes. The internal bipyridyl m-s»1*

transitions at 35,000 c:mom1 moves to -~ 33,000 c‘;mamTi in
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the compounds and it has been suggestedie? that this shift
is due to the bipyridyl molecule isomerising from the
trans configuration (in the free ligand) to the cis {in
the complex) but the energies of the bipyridyl T orbitals
will also be affected, probably significantly, on
formation of the complex,

The magnetic moments for TiBr§gbipyr and TiBrB,ZbipyrQS
are appreciably higher than those normally found for
titanium(III) but unfortunately the wvariable temperature

balance was not available at the time of preparation

although these compounds would merit furthexr study,
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In this chapter the preparation and properties of
dimethyl sulphide and tetrahydrothiophene complexes of
titanium(III) chloride, bromide, and‘iodide are described.
Initial reports of the trichloride complexes have been
made,97”10g but only a limited number of measurements
were carried out and in the case of the reaction with
tetrahydrothiophene it seems that a different compound
was obtained, The magnetic properties of the
titanium(III) chloride complexes are of particular interest

as they exhibit strong antiferromagnetic exchange,

1. Reaction of titanium(IIT) chloride with dimethyl

sulphide

Titanium(III) chloride (~1g) was refluxed with
excess dimethyl sulphide ( ~15mls) for two days and a
green solution was obtained, Filtration and evapor-
ation of the solvent gave a brown solid which was pumped
for several hours to remove uncoordinated dimethyl

sulphide.,

Ti% Ci%
Found 17,0 37 .8
TiC13925(CH3)0 requires 17 .3 38.1

The magnetic properties of this and most of the subsequent

o
compounds were measured between 80 and 300k and are
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given in table 5.1, The infrared spectrum (4,000 -
50O cmgwi) showed that all the ligand was ccordinated;
essential details for all the compounds are given in
table 5.2, The low infrared spectrum (400 - 200 cm,wi)
was also measured for a nujel mull (table 5,3). Electronic

spectra for all the compounds, both in ligand solution

and reflectance are given in table 5.4,

2. TReaction of titanium(III) chloride with tetrahydro-

thicphene

Once again titanium(III) chloride was treated with
a large excess of ligand under reflux and gave a green
solution and a purple solid, The green solution yvielded
a grey solid.,

Ti% Cl% Cio 1%

Found 14,1 30.9 28,8 4.5
T161392C H85 requires 1.5 %2.1 29,1 4.8

4

The purple solid was also analysed

Ti%  Cl%

Found 21,8 48,1

. : . a 3 1 4

T1C13gC4H85 requires 19,8 43,8
Ti:Clzcgﬁas = 1:2,98:0,75 (céﬁgs by difference)

Bakeriog reported that reaction of titanium(III) chloride
and tetrahydrothieophene gave an insoluble purple solid

with the stoichiometry : TiClEVZCQHQSo It is possible
b
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that the purple solid cobtained in the present work was
a mixture of unreacted titanium(III) chloride and the
compound reported by Baker,

The usual measurements on the grey solid were
made and results are listed in tables 1 - 4, The low
infrared spectrum was measured both for a nujol mull

and in ligand solution (fig.5.1).

%, Reaction of titanium(ITII) bromide with dimethyl

sulphide.

Titanium(ITII) bromide ( ~1g) was allowed to react
with dimethyl sulphide ir a mole ratio ~1:h4 using
benzene {( ~20C mls) as a diluent. Reaction for eight
hours gave a brown solution which was filtered off and
the solvent evaporated, the solute was then pumped at
room temperature for three hours.

Ti%  Brk Ch  Hi
Found 11.4 59.4 10.7 2.8
TiBngZS(CHB)Z requires 11.6 58,3 11.6 2.9
The analyses on products from several runs indicated
that the compound TiBrE’ZS(CHB)z gradually lost dimethyl
sulphide on prolonged pumping, even at room temperature.
A small amount of an insoluble brown solid was filtered
off during the preparation. This was not investigated

further but was thought to be a mixture of unreacted
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halide and TiBrB,ZS(Cﬂg)qo

L, TReaction of titaninm(III) bromide with tetrahydro-

thiophene

Reaction of titanium(III) bromide with tetra-
hydrothiophene in a mole ratio ~ 134 using benzene as
diluent gave a brown solution and an insoluble red-brown
solid after eight hours, Both the socluble and insoluble
solids were collected and pumped for twelve hours prior
to analysis, The compound isoclated as 'insoluble' did

in fact dissolwve in neat tetrahydrothiophene,

Ti%  DBrk  Ch  Hk
Found Soluble 10,1 52.4 2C.4 3.5
Inscluble 1G.1 1,8

TiBrBQZC HgS requires 10,3 51.7 26.7 3.4

Y
The normal measurements were carried out on the soluble
material but magnetic measurements were also made on the
inscluble product; all five preparative runs gave

abnoermally high magnetic susceptibilities for this

material (table 5.5),



Table 5.5 Magnetic measurements for

ti ! iE 2 {
insoluble TlBr39 C4H8S

Approx, field (gauss) 2300 2700 3200 3600 4000
Run No.1 X' (cgsuxi@é) 2101
Pors (B.M,) 2.21
[s) [

No.,2 Y'n 2252
Horr 2.30

No.3 3<; 2264 2148 2101 2002 1965
Hogee 2,30 2,24 2.22 2,17 2.14

No.L chm 1538 1411
Bapr 1,90 1.82

t 2

No.5 %' 1554 1392
Mops 1.91 1,81

5, Reaction of titanium(III) iodide with dimethyl sulphide

Titanium(IITI) iodide was allowed to react with
dimethyl sulphide in a mole ratio «~1:4 using benzene as
the solvent. Four hours' reaction gave a brown solution
which after filtration and evaporation of the solvent
vielded a black solid, This was pumped at room

temperature for three hours,
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Ti% 1% Ci H%
Found 8.7 67.86 8.1 1.9
Tilsgzs(CH ), requires 8,7 68,9 8.7 2.2

A small amount of insoluble material was discarded.

6., Reaction of titanium(III) iodide with tetrahydro-

thiophene

When titanium(III) iodide was allowed to react
with tetrahydrothiophene in a mole ratio e~ 1:4 using
benzene as diluent a brown solution and black inscluble
solid were obtained. Both soluble and insoluble solids

were worked up.

Tijk I%
Found Scluble 7.9 61.3%
Insoluble 7.8 6%.9

1 3 R
TlIBQ“C&HBS reguires 7.9 62,0

The magnetic and spectral results for the soluble pro-
duct are given in the usual tables 1 - 4. A magnetic
susceptibility measurement on the insoluble compound gave

an abnormally high values { .. = 2,73 B.M,
SN

i

% 3162 (cgsu x106)a
Prior to this preparation it was found that reaction
of titanium(III) iodide and tetrahydrothiophene for two
weeks gave a green solid, which was completely insoluble

in the ligand, and a tan coloured sclution. The analyses
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corresponded roughly to the 1:3 adduct.

Ti% 1% C% H%
Found 6.6 545.% 22.8 4.4
Ti13,304H88 requires 6.9 55,0 20,8 3.5

The solid hydrolysed in dilute sulphuric acid to give a
purple solution indicating that it contained titanium(III)
but the magnetic moment at room temperature was only

0.64 B.M, It was not studied further,



Table 5.1

TiCl. ,2C s
:..}WCJ“::‘J.M" mgi}.:}:}_}m
Q,_ e ¥ mg?, o, b

Tk X Heer o e Here

(x166cgsu)| (B, M.,) (10%cgsu) | (B.M.)
31%,2 548 1.17 213%.2 367% G.79
298,2 541 1.13 193, 2 335 0,71
267% .2 536 1.12 173.2 287 0,63
28%.,2 508 1,09 15%.2 2673 ¢.57
2773 ,2 509 1,05 1%% .2 265 G.53
25%,2 L68 0,97 11%,2 241 0.47
23%,2 428 ¢.89 9% .2 234 0. 42

TiCl,_,25(Cil. ),
2 I <]
O, § e 9
Tk X 1 Pore I K m Herr
6 - . * - x{{" " T} A

(x10%cgsu)| (B,M,) (10%cgsul) | (B.M,)
29% .1 L75 1,05 21% . 2 275 0,68
283,92 475 1.04 18%,2 256 0.61
27%,2 368 0,9% 153%.2 195 C.49
263.2 3673 0,87 12%,2 180 C. 42
247%,2 324 0.79 03 .2 191 0,38




T T 5] 24
Ilurggdﬂ&mgé

Seoluble
Cygm Rere Tk ?ﬁgm Hers
(10 cgsu) | (B.M.) (10 cgsu)| (B.M.)
1215 1.74 19%.2 1821 1.68
1234 1.73 173 .2 1973 1,65
1267 1.72 153.2 2204 1.64
1313 1.72 137% .2 2517 1,64
1351 1,72 113.2 2927 1.63
1458 1.72 93.2 3521 1,62
1550 1,70 80.2 4018 1.6C
1674 1.69
TiBrggaﬁ(Cﬁgla
Xﬁm peff % (yfm peff
(10%cgsu) | (B.M.) (1066gsu} (B.M,)
1174 1.67 193.2 1679 1.61
119¢ 1,67 17%.2 1844 1.60
1226 1,67 153.2 2016 1,57
1261 1.66 123.2 2254 1.55
1346 1.65 11%.2 2551 1.52
1448 1.64 9% .2 5059 1.51
1556 1.63 Be,2 BB25 1.46
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%%k W gy Fers Tk Y Perr

(x106cgsu)| (B.M,) {x100cgsu)| (B.M.)
298.2 1184 1,68 17%.2 1800 1,58
283,2 1236 1,67 153.2 1977 1,56
273.2 1273 1.67 13%,2 2195 1.53
253.2 1363 1,66 113, 2 2454 1,49
233.,2 1454 1,65 93,2 2776 1.4k
213.2 1545 1.62 79.2 3035 1.39
193,2 1668 1,60




Table 5.2 Infrared Spectra
Dimethyl Sulphide Complexes
Assign. Symm Liqu(CHS)OS TiClSEL TiBPEZL TiIBZL
c—S st Ay 692m 688m 685m 665m
" Bl 742w 725m 722m 730w
CHyrock B, 97 2ms 983 s 985s 978s
" Al 1027 ms 1035s 1040s 10348
Tetrahydrocthiophene Complexes @300~&00cm0m1>
Free TiCl,,2C,HaS| TiBr,,2C, HgS TiI,,2C, HpS |Average
Ligand 307748 507748 307748 Shift
1273w 1275w 1270w
1259s 1258s 12608 1258s ¢]
1215w 1215w 121%w 1210w -2
1195m 1197w 1198w 1195w +2
11%4m 1135m 11%2m 11%50m 4
1062w 107 2m 107 8w 1075w +12
1035w 1035w Several weak peaks, position uncertain
958m 957m 961m 958m +1
&82m 882m 882m
878m 87 Em
819m 810m 812m 807m ~10
722mbr 73hw 730w
7o 720w
685m 6708 G72s 6658 -16
515m 515m 5415m 510m
L68m L75m 57 Cm




Table 5.3

Low Infrared Spectra (500-200 cmeul)

TiClS,Z(CH )25

: S
TiCl 26&“80

39
C&Hgs
TiBrB,Z(CHB)g

(CHB)ZQ

TiBr,,2C,HgS

b

Clgﬂg

TiI3,

(CH ) 3

3
3
IgS

2(CH,_ ). s

Solid

Solid

Soln,

Solid

Soln,

Selid

SO]_HO

501id

So0ln.

Selid

Sceln.

27 2m
275m
268s
273m
262s

257m

257sh

2L sy

28Cbr

290m

247w
248w
250w
253w
24bs

237 s




Table 5.4

Electronic-Spectra

Soln.lig.| 11,760 15,330 23,260wsh
Tic13,chﬂgs
Refl. 12,200 17,250 25,80C 30,200sh
37,200
Soln.lig.| 12,050 15,60C(€=25) 23,000
TiCl,,2(CH )25
3 3 Refl, 11,40Csh 17,300 25,000br
37,500
Soln.lig.| 11,630sh 13,850(€=13) 23,260
TiBrB,Zcqﬁas 29, 400
Refl, 12,120sh 18,870
Soln.lig.] 11,400sh 14,300(€=12) 20,000wsh
TiBr,,2(CH )?S 25,000sh
3 372 Reri. 11,8C0wsh 19,100 25,600 37,500
45,300
Soln.lig.| 12,560(€=13) 15,750sh 20,700sh
TiIB,zcémas ‘ 24,390
Refl. 10,810wsh 15,380 22,220
Soln.lig. 14,900wsh 19,000sh 25,400sh
TiI_,2(CH )zs 29,000sh
5 5 Refl. 15,400br 21,200sh
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Results and Discussion

Sulphur complexes of the titanium(III) halides are

not well known, the only omnes reported are TiClz,ZS(CH3)2y97

108

3,ZC&HBS (but neither are fully characterised) and

the thioxan adducts 11013,C4HSOS; 11C13’2C4H8OS; and

TiBr3,2CIiH8(}S,49 Sulphur bonding was inferred in all

TiCl

the thioxan complexes although the 1:1 compound was
thought to be a polymer involving bridging thioxan and
is considered to be weakly aatiferromagﬁeticoiog
The presence of coordinated sulphur in thioethers
is less easy to determine from the infrared spectrum than
coordinated oxygen in ethers as the C-S-C stretching
frequencies are rather weak and the shifts on coordination
are small compared to the changes for ethereal Ca0eC
stretching freguencies, The infrared spectrum of
dimethyl sulphide has, however, been assignediig and
shifts of 15 cmuwi to lower frequency are observed for
the A, and B1 C~% stretches in the complexes. The CH3

1
-1

rocking vibrations B, and A, rise ~ L0 cm, on

2
coordination and these results (table 5.2) agree with
those of Lewis et al, on the analogous gallium and

aluminium trichleride campoundscill The infrared

spectrum of tetrahydrothiophene does not appear to have

. . =1 .
been assigned but Lewis suggests that the 685 cm, peak in
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the ligand is a ring stretch involving sulphur which on

“1;111 we also observe

coordination shifts to ~ 670 cm.
this shift and table 5.2 shows that several other bands
also move ~ 10 cm°”1 on coordination. Pealks
characteristic of uncoordinated ligands were not observed
indicating that both molecules of ligand are bonded to
the titanium,

The molecular geometry of these compounds might
reasonably be either trigomal bipyramidal or octahedral
for the former has been shown to be the structure for

e

both TiBr,,2N{CH,) and CrCl.,2N(Ci,) 112 nile the

3 373 3 5°3
latter is common for titanium{III). Dimethyl sulphide,
like trimethylamine, is a bulky ligand which could cause
five coordination and indeed the solution spectra
{electronic and low infrared) of the vanadium compounds
vc13%25(Cﬁ

show that they are trigonal bipyramidaluj

- : o s - p
3)2 and VBrjgus(CHB}z in non-polar solvents

o

Unfortun=
ately the titanium compounds are very nearly insoluble
in non-polar solvents such as benzene or dichloromethane.
The slight solubility of TiClggchﬁgs (estimated at

~ 0,05% w/w) could be acconnted for by the presence of
a trace of free ligand resulting from slight decom-
position, As the solubility was much too low for
molecular weight studies, less direct methods for

deducing stereochemistry had to be used, Solubility in
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non-polar solvents does not appear to be a criterion of
structure since TiXB,ZN(CHB)3 (where X = CI or Br) are
insoluble while VX3’2N(CH3)3 are very soluble although
it seems that all are trigonal bipyramidal¢27
Far-infrared spectra (table 5.3) should enable one
to distinguish between simple octahedral or five
coordinate structures as the frequency of the metal-
halogen stretch normally increases when the coordination

53

number decreases, Both Ti613§28(CH ). and

3°2
TiClB,Zcéﬂas have strong titanium-chlorine vibrations
at v 390 cm),"1 which is ~~s 15 cmawl higher than usually

found in titanium(III) octahedral complexes and initially

rested a five coordinate structure. Complications

L

Sug

arise, however, as one of the most probable structures is

L L
| _a ]
L v
’[ ¢ T A
L L
which has Doh symmetry, Ignoring out of plane deform-

ations the infrared active Bzu and BBu modes will be
compounded of both Ti-Cl and Ti-Cl' vibrations in
addition to several in plane bending modes., The

resulting ‘terminal' titanium-chlorine 'stretches’' may



71

be so impure as to be meaningless for empirical assign=~
ments of stereochemistry. Regardless of whether the
structure is five coordinate or bridged octahedral it

may well change to a monomeric octahedral TiC1393L species
in ligand solution and the far-infrared supports this
change (fig. 5.1) for two peaks are then observed in the
metal-halogen region, consistent with the octahedral cis
isomer, The low infrared spectra of the bromide com-
plexes are similar for both the solid and ligaend sclution
(fig, 5.2), The highest energy titanium-bromine vib-

4

. -l , , .
ration occcurs at e 300 cm, while the five coordinate
A

w4 N
2M(Ci, ), has a strong peak at 323 cm. which
373 i

TiBr

3‘}
suggests that these compounds are not trigonal bipyramidal.

L

The analogous vanadium campeum@aVBrzgao(ﬁﬁﬂ) and
>

Yy

7

VBrBQZC%HSS are considered to be bridged octahedra in
the solid and have their highest energy V-Br stretch

-1 . . .
at ~ 300 cm, “ When dissolved in benzene this peal

- -1 .
moves to ot J40 cm, and the molecular weights show that
. . . 92 N e e
they are five coordinate, The iodide spectra are
recorded but it is not known which of the peaks cbserved
are due to Ti-~I stretching vibrations because a CaS=C

; . o “d
deformation band is known teo occur at 2382 cm, in free
; . 11C

dimethyl sulphide.,

The magnetic susceptibilities of the two titanium(III)

chloride compounds exhibit strong antiferromagnetism
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(fig. 5.3). The room temperature moments are well

below the spin only value and the susceptibilities fall
with decreasing temperature, Néel temperatures were
estimated to be nJBZQOK but could not be found accurately
owing to the thermal instability of the compounds;

Baker reports that at 60°C the following dispro=-

. . 108

porticnation occurs:-

TiCl.,2S(CH.) _60%C  pic1 La2s(CH,). + Ti(II)?
37 372 L* 372

In view of the exchange, possible structures are (1) or

 @—T —@—T — U~ QT oo T —— ce
AN eI
QR o L co
() (1T )
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or any of their isomers, If (IV) were the structure for
the chloride compounds it would also be reasonable to
expect it for the bromide and iodide ones and as the
bridge would remain essentially uuchanged similar mag-
netic properties would be expected. These are not

found and structure (IV) is not discussed further. The
slight solubility in non~polar solvents is some evidence
against (II). It is also doubtful if it would explain
the magnitude of the exchange as the Néel temperature

of these compounds is even higher than in titanium{(III)

43

chloride itself, Structure(IT¥I) is intended to

imply direct metal-metal interaction which might arise
either from formation of a genuine metal-metal bond or
from distortion of a five coordinate structure by crystal
packing., A choice between (I) or (III) does not seem

to be possible on the available evidence for both explain
the far-infrared, Magnetic exchange in either of them
might occur via metal-metal interaction but in (I) there
is also the possibility of a super-exchange process.

It is interesting that the vanadium compounds,

VC13925(6H3)2 and VC1392C HeS, which as mentioned earlier

4

are believed to be dimeric in the solid, exhibit little
. . . . P 2
if any antiferromagnetism and obey the Curie-Weiss law.,9

Indeed the same trend is found in the trihalides then-

selves, titanium(III) chloride being antiferromagnetic
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with abnormal behaviour at low temperatures while

vanadium(III) chloride has a room temperature moment of

o 67

2.7 B.M, which is close to the expected value.
The bromide and iodide compounds obey the Curie-Weiss

law (fig. 5.4) with 6 in the range 30-60° Figgis has

listed values of peff as functions of the parameters

Ty, Ay k and v for the szg ground term under simultaneous
perturbation by spin-orbit coupling and an axial com=-
84

ponent in the ligand field, A is the separation
between the orbital singlet and doublet levels resulting
from the splitting of the ground term by the axial com-
ponent of the ligand field and is positive when the
singlet level lies lowest. T and A are the temperature
(°k) and the spin-orbit coupling constant respectively.

v is defined as v :"%; k is the orbital reduction factor,
Using the magnetic data for TiBr3"ES(CH3)2 and

T113925(CH )  fits with theory could not be obtained.,

372
The 'best' fit required A to be appreciably greater than
the free ion value, Qualitatively the inability to
obtain a good fit was due to the room temperature moment
being too low for the considerable fall of peff with
temperature, Some residual antiferromagnetism would
account for this behaviour and it therefore seems that

these systems are still not magnetically dilute, The

soluble product TiBrB,ZCqﬂas has more normal magnetic
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behaviour and fits were obtained for the following para-
meters; k = 0.8, v = +6, A = 160 em.” Y and A = 960 cm, =1
or k¥ = 0,7, V = +5, A = 130 cmo’19 A = 650 cm°“1°

(fig. 5.5), It is not suggested that these fits are

the only possibilities since for magnetic moments which

do not change appreciably with temperature unique fits
are rarely obtainedal38

The marked decrease in exchange on proceeding from
the chloride to the bromide and iodide complexes is
consistent with any structure involving halogen bridging
regardless of the exchange mechanism, In view of the
low infrared evidence structures (I) or (IV) are
suggested,

The high, field~dependent moments obtained for the
finscluble! TiBrggzchﬂgs are most readily explained by
the presence of traces of a ferromagnetic impurity but
both the titanium and aluminium metals were pure and
the titanium(IIT) bromide prepared from them had a normal
moment . It is possible that during the reaction a
ferromagnetic substance was formed in varving amounts
thus accounting for the lack of reproducibility of the
susceptibilities, One sample of ‘insoluble’ TiIBQZCéﬁgs
also had a high moment,

The compounds are all fairly soluble in the ligands

and their visible spectra have beecn measured (table 5.4,
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fig., 5.6), The chloride and bromide complexes both show
two bands with € <50 separated by ~3,500 Cmo&lo A
single peak was observed in the wvisible region for

T113,2C4H85 (e = 13%3) but TilT ES(CH3)2 only showed a weak

35
shoulder at rather higher energy which might be due to
charge transfer. The peaks in the chloride and bromide
compounds may be assigned to the transitions

2 2 2 2 ) .

B, — D and "B, —> "A assuming that a disterted

2g 1g 2g ig

TiXSQSL species is present in solution, The lower
energy peaks in the bromide are consistent with the

smaller values of Dg Br compared to Dg c1 . The peak

observed at 12,560 cm‘,w1 in Til

2

C . HLS 4 i
2 4280 is assigned to

39

quwaazBlg and is presumably obscured by charge transfer

&

in TiIB,ZS(CHB)Q,

The solution spectra are significantly different
from the solid {(reflectance) spectra which confirms that
a structural cliange occurs, In contrast to the low
infrared the large splitting of the two bands suggests
that the trans isomer is present in solution. The
reflectance spectra of the chloride complexes show a
peak and a shoulder, 17,500 and 12,000 cmowi° If
structure (I) is correct these can be assigned to the
same d-d transitions as in solution but are split further

and shifted to slightly higher energye. In the absence

of more detailed structural information it is not clear
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where (III) would be expected to have transitions. The
reflectance spectra of the bromide compounds show a
shoulder o 12,000 c\m‘,m1 which may indicate that the Eg state
splitting is small or simply that the other component

is not observed, The next band at higher energy does

not occur until ~ 16,000 cm°~1 and is much more intense,
probably being a Br3Ti charge transfer transition, The
positions of the d-d peaks in the iocdide spectra are

obscured by charge transfer bands,



CHAPTER VI

THE ULTRAVIOLET SFECTRA
oF

TTTANIUM(III) AND (IV) COMPOUNDS



=3
jew

Although the d-d spectra of the titanium(III) halides
and their complemes‘have received a good deal of atten-
tion, little work has been directed towards the eluciw~
dation of their charge transfer spectra, or even those
of titaniuwm(IV) compounds, Fowles et al. have reported
a few spectra and made tentative agsignments but owing
to the paucity of experimental data, correlations with

. 58,115
other compounds were not yos51bleoiu$

In this
chapter the ultraviolet spectra of a large number of

previousl srepared compounds are reperted and discussed,
I Yy preg i ¥

Sources of compounds

1, Tribromotris{tetrahydrofuran)titanium(IIT}) was pre-

pared by the reaction of titanium(ITI) bromide and
tetrahydrofuran, A slightly soluble green solid was

obtained,

Tib Bre Cyo H
Found 9,06 L6, G 27,6 3.6%
Tiﬁr3QBC%HgG requires 9,52 47,6 28,6 4,76

The magnetic moment at 18°C was 1,75 B.M., which con-

firms the oxidaetion state,

9. Tribromotris(dioxan)titanium(III) was prepared by

the reaction of titanium(III) bromide 1elh-dioxan.



A pale green solid was obtained which was slightly

soluble in 1:4~-dioxan.

Ti% Bre

Found 9.1 46,3
- 1y N ¢ iy ry

lerB*BC&HSOZ requires 867 43 .4

The sources of the remaining compounds are listed in

table 6.1,



Table 6.1

(PyH)BTiCl6a TiIS,BC&HSOZa TiIB,Bypica
Tic13,acqngsa TiIB,BCQH80a TiBr391eSC&H1002a
Tic13,as(cms)2a Ti1393pyra TiBrB,ZS(CHB)Za
TiIB,Zapica TiClB,BYPicb TiCly,2upic
TiClB,prrb TiClBQBN(CHB)Bb TiClS,BC&HgOZC
Tic13,1°5cqmieo£3 TiClQ,CQH802d TiBngCQHBOZd
KzTiC16e TiClQQZCHBCNf TiC149bipyrf
TiBré,BCHBCNf TiBrgybipyrf TiBrBQBQpicf
[(CZH5)2NH2]2T1C1g‘[(CQH5)2NH2]2Tqu§ [(62H5)2NH2]2V616f
(PyH)BTiC1qBrzg [(CZH5)4N3T1514g TiBr392N(CH3)3g
TiBré,c%ﬁiecgh KzTiFGi

a) Prepared by methods described elsewhere in this
thesis.,

b) Prepared by the method given in reference 20

c) 1 11 ] 1 £ t 1 L7
d) n # 4 i 1 " i 26, 116
e) 3] ] 1 £ i H 4] 117

£) Kindly lent by Dr., R.A, Waltom
g) t? ol o Dr, B.J, Juss
h) 1 t " Mr., P.C. Crouch

i) Supplied by C.A,F, Kahlbaum, Berlin
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Results and Discussion

The types of transition that might be expected in
the region of the ultraviolet studied, 15-50kK, for
halogen or mixed halogen/organic ligand complexes of the
early transition metals are:

1) Halogen(mn) — = Metal(d)
2) Organic donor(in) ——> Metal(d)

3) Metal(d) —> Organic donor(m*)
the last cannot, of course, occur for a° systems,
Jérgensen78 reported that the hexachlorotitanate(IV)
anion, ETiClGJ‘?‘&g had a single absorption band at
45,0kK which he assigned to Cl(n)—naTi(tzg) and Fowles

o
et a1040’115

therefore assigned the spectra of the
titanium(III) and (IV) chloride/methyl cyanide adducts

according to the scheme:-

Ti(:iéi,;zczzzcm 45 . OkK cr(n) — Ti(a)
31,7 CI%CN('J‘E) —s Ti(d)

TiClBQBCHgCN 43,5 C1(n) —> Ti(d)
35,1 CE%BCN(TK) —> Ti(d)
31,0 Ti(d) —> CHBC}}I(W*)

The observation of only two bands in the titanium(IV)
compounds (dg) was consistent with the assignment of
one band in the titanium(III) adduct to a transition

from the Ti(t v)° To check the accuracy of these

Loke

o



81

suggestions a wide range of complexes has been studied,

for providing that a ligand(n)—>Ti(d) transition 1is

being observed, variation of the ligand should result

in the shifting of one or more bands. This effect

should be particularly marked if a ligand such as

dioxan is compared with methyl cyanide which has com=-
paratively low energy it orbitals, Examination of the
spectra obtained, (fig. 6.4 and tables 6.3-5) revealed

that the bands were virtually independent of the organic
ligand but dependent upon the halogen, an observation

that prompted further investigation of the [Tixﬁjzm

salts {(where X = Cl or Br)., Unlike most of the transi=-
tion metal hexahalogeno spectra previously reportedyggiigmizo
these salts have d° configurations which leaves little
doubt that the transitions observed im the 15.0 to
50,0kK region are due to X(mn) —>Ti(d). The best way to
study these spectra would be in solution, thus elimina-
ting solid packing effects, but unfortunately they are
not soluble in good ultraviolet sclverts with which
there is no possibility of reaction. Jérgensen
originally reported the spectrum of [TiC16]2m in 12M
hydrochloric acid,g but this species is only stable
when the solution is saturated with HC1l gas, and it is

probable that the solution contained a species
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TiCG C i{C s i > S
L lanlﬁwsz or [Tl(OH)nC16~n]’ indeed Jgrgensen no

longer believes that the spectrum measured was that of

121

D
[TiCl6J » The solvent chosen was methyl cyanide,

as it can be rigorously dried and deoxygenated and

other hexahalogeno salts are known to be stable when

122124

disseclved in it During measurement of the

hexachlorotitanate(IV) spectrum excess chloride ion was

added to suppress reaction of the type,125

E,CMBQN]” + Cc17

the change in the spectrum indicating that this takes

[Tic16]2” + CH CN = [Ticl

place to a small extent,

The diffuse reflectance and solution spectra are
guite similar and it therefore seems that the solu-
tions do indeed contain the [?iXélzm chromophore,
Comparison of the [TiCl6]2g reflectance spectra for the
potassium and dialkylammonium cations (fig. 6.2) show
that the spectra are cation dependent, which may be due
to differing distortion of the hexahalogeno ion as the
result of crystal packing forces, or possibly to
hydrogen bonding in the diethylammonium salt. Both
these hexahalogeno ions violate the radius ratio rule,
which may make them particularly prone to distortion,
since the metal halogen bonds will be rather weak,

The conspicuous difference between these charge

transfer bands and d-d peaks is their greater intemnsity,
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which arises because most of the charge transfer bands
are parity allowed, being u-g transitions.

The molecular orbital diagram for an octahedral
a® complex, shown in fig. 6.5, is essentially the same
as that of Ballhausen and Gray;126 the only differences
are that the tlu(G) and tiu(ﬂ) can mix to some extent

giving t u(d + 1) and the relative energies of the tiu

1
and tqu levels have been inverted because F,N. Schatz
b
has showngi“l using the Faraday effect, that this is
the order in [IrC16]2wo
Since the measurement of these spectra, Jérgensen

: , 2o , Qe
and Ryan have reported those of [TiCl6] and [TlBr6]
in methyl cyanide solution, and for the former they make

. 121
the assignements:

tlg(i’C) -—>t2g(d) 25, 0kK
tm(cm)-——aﬁag(d) 29,6
t,, (1) atzg(d) 31.8
tm(om)——?eg(d) 43,8

Cur spectra, however, (figs. 6.1 and 23 table 6,2) show
an extra band at 38,0kE in both the solution and
reflectance of both the salts and this casts some doubt
on Jérgensen and Ryan's assignment of the L%, 8K band.
Their results do, nevertheless, lead to a very acceptable

value for 10Dg of around 14kK, compared to [TiC1633m
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where 10Dq is 12°8kK,59 One explanation for this
extra band is that the ﬁlk(n)—~?eg(d) transition is
being cobserved but while the position is correct it is
unlikely that this parity forbidden transition would be
observed experimentally when sandwiched by twe allowed
bands; dindeed it is interesting that even the
tig(%}~«9t2g(d) transition is resolved,

Jérgensen has given an empirical expression re-
lating the optical electronegativities of the halide and
metal to the position of the first Laporte allewed charge
27

transfer band:

_ [~ opt opt e

Ccorr —[ C1 M ] . SOLE

where JiCl and }:M are the respective optical electron-

negativities of the halide and metal, and O is
corr .

the position of the first allowed charge transfer band

(in ¥K) corrected for electron repulsion, the correction

. ) e . .
being zero for a d system, This expression gives
« Ot . N o) - 3 o 2““
):Tg(IV) = 2,06 using the 20,2kK band of [T1C16]

solution as the first allowed transition, the values
~ opt . . s 127
of X PY for the halogens considered being taken as:

F = 3,9 Cl = 3.0 Br = 2.8

K2T1F6 is white, and only one peak and a shoulder
were observed, both at much higher emergy than in the

[TiClgjzu species, If the 45.2kK band is assigned to
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op'i‘,

the tiu(0+m)~mét (d) transition calculation of }iTi(IV)

2g
gives a value of 2.4, which is in fair agreement with
that obtained from the hexachloro anion. Clark has
recently reportedBO that the bipyridyl adduct of
titanivm(IV) fluoride is white which also confirms the
assignment of the low energy charge transfer transitions,
causing the yellow and red colours of TiClégbipyr and

TiBr, ,bipyr respectively, as halogen(n)—Ti(d}.

49
The spectrum of {:’}.“;"Li?sr'6:l?”"== shows the expected shift
to lower energy (fig. 6.3), reflecting the decrease in
the optical electronegativity of bromide, and also has

a more complex band structure than that of the hexachloro
salt. Jérgensen has shown that the latter effect is to
be expected as the Landé coupling parameter Emp increases
rapidly from chloride to bromide and iadideazg

Enp in kK Cl1 = 0,587, By = 2,457, I = 5.069,

—_
This results in significant splitting of the I (t,)
- ‘ 4 !
and 1 5 (tz) energy levels:
—
ap ]
‘ L e 6 and 8
2 1 2
[ﬁ 5 > g v and 8

and hence more transitions are expected,
. X , . X 2
To examine the effect of electron repulsion [JCiéj

. 2= . .
and [T1C16] reflectance spectra were examined, since
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. 1 . .
being d° systems excitation of a nhalogen(n) electron to

the tog(d) set of orbitals should involve a repulsion

term, The spectrum of [VC16]ZQ has been assigned:»ieo
tig(n) mwatzg(a) ~ 21kK
tlu(6+ﬁ)—”ét2g(d) 28,2
ty, (70 _-»tzg(d) 3604
tlu(0+m)—w§eg(d) LS.4

and if these assignments are correct the spectrum 1is

very similar to that of [TiCl6]2w indicating that if the
values of j(oPt for Ti(IV) and V(IV) are similar then

the repulsion term is small, From the listed values of
7LOPt for other pairs of adjacent metal ions in the same
oxidation staﬁe,lz? it seems that the differences in tKOpt
are probably less than 0.2 units and that electron repulsion
has little effect in a al system,

The only known salt of [Tic16]3m unfortunately con-
tains the pyridininm cation which absorbs at 38,8 and
“J&SRK°59 The first allowed charge transfer band
occurs at 29,.8kK, compared to Gray's predicted position
of 3730kK128 and although this is only at slightly
higher energy than in [TiCléjaw after a corrvection of
9.6kK for inter-electron repulsion it leads to
3<~;§%III) = 109078 The decrease in ?LOP# with de-

creasing oxidation state is expected as reducing charge
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transfer to titanium(III) is harder than to titanium{IV).,
Little information can be obtained from the spectrum

of (PyH)BETiCl Brgj for at high energy pyridinium

4
absorptions will contribute to the spectrum while at low
energy discrete bands are not resolved,

It is interesting that titanium(III) chloride has
the first intense charge transfer band at 18 ,0kK,
which was first reported and assigned by Clark et al,

51

to a C1(n)~—>Ti(d) transition, Since the first
allowed transition in [TiCléjgm ig not observed until
28,2kK this suggests that the 18,6kK band may be
characteristic of the polymeric chain of bridging hajide
ions and the presence of a strong band at 18,0kK in the
reflectance spectrum of [Et%ﬂ][TiCl&} confirms this,
for magnetic and other spectral evidence show that
[TiClQJw is not tetrahedral but contains halogen

. 59 . , e . .
bridges. While intensities estimated from diffuse
reflectance may be misleading the peak in [TiClQ]’ appears
appreciably less strong than in TiClgﬁ which is consistent
with the less pelymeric nature of the former compound,
As might be expected from these results titanivm(III)
bromide was also found to have strong absorption from
14 ,5kK upwards which is much tower than the first charge

transfer transition found in discrete TiBrBQBL complexes.



The presence of intense low energy bands has recently

been confirmed by single crystal spectra of ccTiCl3 and

129

wTiBr Transitions of this type have been

36

attributed to ‘cooperative! effects between more than
. 8

one metal ion, presumably implying partial electron

delocalisation along the chains, The strong anti-

ferromagnetic exchange in titanium(III) chloride and

&

also probably in [Ti(:l[i]"s which has p o, = 1,21 B.M,
A

at room temperature, confirms that the metal ions
cannot be considered independenﬁlycsg
The spectra of all the adducts are listed in
tables 6.3%-5, but no attempt has been made to give
detailed assignments as the symmetry of only a few of
them is known (i.e. whether cis or trans) and all those

containing aromatic nitrogen ligands will have o= T0*

transitions in the same region as the X(n)—>Ti(d) ones.

Transitions of the type Ti(d)—>lig.(n*) have

been considered in the discussion of the titanium(III)

bromide bipvridyl compounds (chapter IV),

88



CHAPTER VII

REACTIONS OF TITANIUM(III) AND (IV) CHLORIDES
WITH
3-METHOXYPROPRIONITRILE
AND

FDIMETHYLAMINOPROPRIONITRILE
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The reactions of acceptor molecules with bidentate
ligands in which the donor groups differ are of interest
when deciding on the type of bonding favoured by the
acceptor, Thus, for example, studies of titanium(III)
and (IV) halide reactions with 1:4~thioxan show that

sulphur is preferred to oxygen as a donor in these

systemsoie) The aim of the work reported in this
chapter was to assess the preference of titanium(III) and

(IV) chlorides for the wN(CH3)29 uOCH3 or =CN groups.

1. Reactions of titanium{IV) chloride

OCH

a) Reaction of T1014 with CNCH,CH

Do 2 3
was allowed to react with CNCHZCHZOCH3

When TiClq
in benzene {(mole ratio ~ 1:5) a yellow solution was

formed immediately and from this a canary yellow solid

was obtained.

Ti% C1% C% H% N%
Found 1%.9 %G, 8 26.5 491 6.1
TiClagzL requires 13,3 394 26.7 3.9 7.8

The infrared spectrum showed that the bonding occurred

through the cvanide.

i

CEN stretching frequency, free ligand 9960 em. "t

2300 s::momi

H

TiCl,,2L

The spectrum below 2000 cm‘,mjt appeared similar to the
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free ligand and it therefore appears that the ethereal
oxygen takes no part in bonding. The compound was
slightly scoluble in chloroform and an attempt was made
to measure the N,M,R, spectrum but only a very weak

signal was observed.

b) Reaction of T:\_Clljk with CNCHzgﬁzN(CHELZ

Reaction of TlCl& with CNCHZCﬁgN(CH3)2 in benzene
gave an immediate brown precipitate which was isolated

and analysed,

Ti% C1% C% Hé% NY%
Found 12,8 35.7 34,2 6.0 9.2
TiCl&gzL requires 12,4 36,8 31,1 5.2 145

The infrared spectrum showed no shift of the CEN
stretching vibration at 2240 c:m(,u1 but there was
evidence Tor a weak band at 2300 cmo”I which was absent
in the free ligand. Although there was no sign of an
N-~H stretching vibration ~ 3300 cmogl there were bands
at 1675, 1645 and 1640 cmcmlv none of which were present
in the free ligand, The compound was slightly

soluble din chlorofprm9 but not sufficiently for a

satisfactory N.M.,R, spectrum.
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2 Reactions of TiCl., TiCl, ,2N(CH ) and TiCl,,3CH,CN
3 3 33 3 B
a) Reaction of TiC1392N(CH3l3 with CNCHzggzN(CH3l3
When TiClBQZN(CHE)3 was allowed to react with
CNCHZCHZN(CHS)Z (mole ratioe~s 1:5) in benzene a green

solution was quickly formed but after several days a
green-brown solid separated. The colour and the

analyses varied slightly from run to run.

Ti% Cls C% Hj% N% peff(BoMO)

Found Run 1 13.6 27.3 15.0
2 13.3 30,5 33.4 6.5 12.1 1.43
3 15.4 33.5 1,31
4 15.4 35.0 1.68
TiClgﬁzL requires 13.7 30,3 34.2 5.7 16,0
TiClz,1.5L " 15,9 35,2 29,9 5.0 13.9

The infrared spectra on the products from all the runs
showed a band at 3310 cm,ml9 and on those from

runs 2 and 3 there was a weak CsN peak at 2,200 mmnal
(cf free ligand at 2240 cm°u1)° In the products from
runs 1 and 4 there was no trace of a CENWN stretching
vibration, All the products showed two other peaks,
which were absent in the free ligand, at 1580 cmawl vE
and 1670 em. "1 s, An attempt to isolate the initial
green product using a short reaction time failed,

The reflectance spectrum of the product from run

4 showed a peak at 17,240 cmomi with shoulders at



2%, 800 em.~ ! and 1% ,000 em. "L,

b) Reaction of TiCl, with CNCHzggzgigﬁBLz

Titanium(III) chloride was allowed to react with
and excess of CNCHZCHZN(CHB)z in benzene and the brown
solid obtained after two weeks was analysed.

Ti% Ci% C% H% N%

Found 16,3 35.3 30,2 5.4 13.5
TiClzgluSL requires 15.9 35,2 29.9 5.0 13.9
The infrared spectrum was the same as the TiClggioSL
prepared in (a) run 4, There was no CEN peak but
there were peaks at %310 em, =1 s, 1670 em, =t m, and
1585 cmowl s; mnone of which are present in the free

ligand, The magnetic moment at room temperature was

1,62 B,M,

¢) Reaction of TiCl,,3CH.CN with CNCHZQQZN(QHBlQ

3
TiClBQSCHECN was allowed to react with
CNCHQCHZN(CHE)Z in benzene for a week and the green

inscluble solid that formed was collected,

Ti% Clk
Found 15,9 3@?5
TiClBQIOSL requires 15.9 35,2

The infrared spectrum was the same as that of the

product from (b) except that there was still a weak

92



ligand CIN stretching vibration at 2220 Cmonlo There

was no evidence for methyl cyanide, The magnetic

moment was 1,62 B,M, at room temperature,

d) Reaction of TiCl,,2N(CH.) with CNCH,CH,OCH,

When TiClBQZN(CHB)3 was allowed to react with

CNCHZCHZOCH in benzene a green solution was formed

3
initially but after several hours an insoluble purple-
brown solid separated out, This was isolated and
analysed, it was insocluble in benzene but soluble in

the ligand,

Ti% Cl% C% H% N%

Found Run 1 15,0 30.4 27.2 6.4 9.2
2 14.9 32,0 29.0 6.4 9.5
3 14,7 30.9 29.5 4,6 8.7
4 15,1 33.8
TiCl;,2L requires 14.8 32.7 29.6 4.3 8.6
Run 2 Run 3 Run 4
Valency state 3,13 3.11 3,00
X ,(cgsu x 106) -20 +21 +16

Valency change titrations and the purple colour of the
hydrolysis solutions show that the oxidation state is
Ti(III) but the compounds are essentially diamagnetic,

The infrared spectrum of CNCHZCHzOCH3 shows the

93
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C=N stretching vibration at 2260 em.”} and a strong band
at 1120 cm.” ' which is thought to be the C-0-C assymetric
stretch, In the complexes the CIN frequency had risen
and either a single peak (2280 cmoul) or a doublet

(2280 cm‘,“1 and 2300 cm,wi) was observed, In all the
products the C-0-C frequency had decreased to 1075 cmow1
where a strong, rather broad peak was observed, but

in some of them there was also evidence for a shoulder

at 1120 cmom1

The reflectance spectrum of the product from run

4 had peals at 22,200 cmowl and 17,240 cmom’iO
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Results and Discussion

Titanium(IV) chloride is known to form complexes

97 i1

with alkyl cyanidesgiz tertiary amines, and ethers

so that reaction of TiCl, with the ligands

4
CNCHZCHZOCH3 or CNCHECHZN(CHB)2 should provide a
comparison of its affinity for these donors, Their

stereochemistry is such that neither is likely to chelate
if it bonds in the usual wavy,

Both reactions yielded solids whose analyses corres-
pond to the 1:2 adducts, The infrared evidence on
tetrachlorobis(3-methoxyproprionitrile)titanium(IV)
showed that boﬁding occurred via the cyanide group for
the CEN stretching frequency increased (4O cmoml) and
peaks in the C-0-C stretching region appeared to be
unchanged, In tetrachlorobis{(3-dimethylaminoproprio-
nitrile)titanium(IV) on the other hand the cyanide
stretching vibration was largely unchanged, but the
presence of a weak peak at 2300 cmowl indicated some
cyanide coordination, It was hoped to carry out an
N.,M,R, spectrum as the shifts of the methylene protons
relative to the free ligand would have helped to prove
bending from the tertiary amine nitrogen but
unfortunately the solubility was insufficient,

It therefore seems that titamium(IV) will choose
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cyanide donation in preference to a non-~cyclic ether
which is in agreement with the observations of Schwartz
and Reski9130 and Russz7 that titanium(IV) chloride
only forms a weak complex with diethylether. The type
of bonding present in TiC1492CNCHECH2N(CH3)2 is not
clear and the presence of extra peaks in the infrared
suggests that the ligand may be undergoing reaction.
In marked contrast to this reaction between

131

TiCl, and CNCH2CH2N(CH3)? Jain and Rivest, under

L
very similar conditions, succeeded in preparing the
1:1 adduct which is apparently monomeric with bonding
to the metal from the triple bond (C=N). The C=N

stretching frequency shows a marked decrease in the
complex,
Titanium(IIT) chloride also forms complexes with
, 48 , .. 20 .
alkyl cyanides, tetriary amines and non-cyclic

ethers but diethylether does not displace trimethylamine

in TiC1 EN(Cﬁ3)3027 Unfortunately simple adducts

39

were not obtained in the reactions of titanium{(III)

with CNCHZCHROCH or CNCHQCHQN(CH3)2°

3
T101392N(CH3)3 reacts with CNCHZCHZOCHB to give a

1:2 adduct in which there is infrared evidence for both

cyanide and ether bonding. The valency state titrations

showed that it was a compound of titanium(III) but it

was diamagnetic. One possible structure is the



ligand bridged one (I),
4

L
(Q\ T/ \ \B’ /CQ

L e

but from a model it seems that the titanium atoms are
too far apart to interact. It is not clear what
structure could cause such a low magnetic moment and
an X-ray structural determination might be Justified.
The reaction of titanium(III) chloride, and the
3g2h(CN3)3 and TiClBQBCHSCN with

3.dimethylaminoproprionitrile is remarkable as the

compounds TiCl

complex has little or no sign of a CEN stretch in the

infrared, This fact alone cannot be taken as a

97

criterion for the absence of the CEN group for Wilkinson

has recently reportedisz some rhenium(III) chloride

complexes containing methyl cyanide which have no CZN

peak in their infrared spectra, but in conjunction with

the additional peaks at 1585 cmoml s, 1670 cmom1 M

1

and 3310 cm., ~ m, there is little doubt that the ligand

has undergone reaction, The peak at 3310 CQOl is
characteristic of the N-H vibration in imines and it

is suggested that the peak at 1580 em. "t could be



~Cz=N~ (although it is at rather low energy) and the

1670 cmowl band due to -»C=C~o133

The ligand may
therefore have reacted to give HN:CHCH:CHN(CH3)2 which
will be indistinguishable by microanalyses, Unfortun-
ately little appears to be known about the infrared

133

spectra of imines and the peaks to be expected when
such a molecule is coordinated to a transition metal
are open to question, The possibility that an imine
might be formed during the reaction of methyl cvanide
with rhenium halides has been suggestedkby Cotton and
Walton but thedir evidence is not £~st1:*w:mg;<>13'{j

The formation of the same product regardless of
whether the starting material was TiC}LT7 TiClSQZN(CHB)3

or TiC13,BCH CN is interesting as the reaction was

3
carried out in benzene using only a little ligand, for
although the cyanide group of the ligand might have been

expected to displace trimethylamine complete displace-

ment of methyl cyanide is surprising.
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Although complexes of titanium(III) and (IV) are
well characterised very little work has been reported
on titanium(II); apparently the only known halide

adducts are TiClz,ZDMFG9 (where DMF is dimethylformamide)
68
30

products of reactions between titanium(II) chloride and

and the ammine TiClz,QNH In this chapter the

bromide and organic ligands are reported and discussed.

The salt Na,TiCl 2,2CH3CN

2 b

were also used as starting materials,

and the cyanide adduct TiCl

1. Reaction between TiCl2 and methvl cvanide

Titanium(II) chloride (~+1,5g) was refluxed with

methyl cyanide (~20mls) for two days when a dark-brown
solution was obtained, A l1ittle solid which remained
was thought te be unreacted halide, The solution
was filtered and the solvent evaporated to leave a

. . L0
black solid which was pumped at ~ 50°C for twelve hours.

Ti% Ci% Ch H%

Found Run 1 23,2 35,1 24,1 3.3
Run 2 23.% 25.4

TiClz,ZCHBCN requires 2%.,60 35,3 2.1 3.0

The rate of reacition appeared to vary with the batch
of titanium(II) chloride; one particular sample

failed to react significantly even after two weeks
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under reflux, The infrared spectrum of the product
showed that the CZN stretching frequency which occurs
at 2270 cm.,-1 in the free ligand had risen to 2330 cm.,«'1
indicating that all the methyl cyanide was coordinated,
The conductivity in methyl cyanide solution at 1.64 x
1072M was 24.5 ohm™ lem® which suggests a non-ionic
structure. The magnetic moment at 21°C was 1,07 B.M,
The visible spectrum was measured for the solid
(reflectance) and for a solution in methyl cyanide; it
is reported, together with those of the other compounds
listed in this chapter, in table 8.1,

In an attempt to prepare an adduct with more than
two molecules of methyl cyanide tlie reaction was also
carried out in a sealed tube at 120°C for one week but
the black product obtained had analyses close to
TiCl,,2CH_,CN,

2 3

2, Reaction between Na T_:i;_C_Z_l4 and methyl cyanide

2
NazTiCIQ (~2g) was allowed to react with methyl
cyanide (~ 20mls) for one day at room temperature, The

dark-~brown solution obtaincd wvas filtered through a
porosity 4 sinter and the methiyl cyanide evaporated off
to give a black solid which was pumped for fifteen hours

at ~ 50°c.
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Ti% C1% CY% H% N%

Found Run 1 22,8 34,5 22.3 3.2
Run 2 23.6 33.6 23.6 3.8 11.5
TiC12,2CHBCN requires 23,8 35.3 24,1 3.0 14.1

The physical properties of this compound (e.g. infrared
spectrum) showed that it was the same as the methyl
cyanide adduct prepared directly from titanium(II)
chloride and as it could be obtained fairly readily in
considerable quantities it was a convenient starting
material for substitution reactions. The molecular
weight measured in boiling methyl cyanide was

475 + ~ 30% (the monomer requires 201), The magnetic
moment was measured between 80 and BOOOK (table 8.2

and fig 8.1), It was also measured in methyl cyanide
solution, at room temperature peff = 1,35 B,M,

3. Reaction of T101292CH CN with 1:10=phenanthroline

3
TiC12,2CH CN was allowed to react with

3
1:10-phenanthroline in a mole ratio ~ 1:1.,5 using methyl
cyanide as solvent, The da:li-blue insoluble solid,
which was obtained after a week, was filtered off,
washed once with methyl cyanide and pumped overnight,
Ti% C1% C% H% N%
Found 15.1 23.7 56,9 3.4 9.5

TiCl,,phen requires 16.0 23,7 t8.,2 2,7 9.4
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The infrared spectrum showed coordinated 1:10-phenanthro-
line but there was no evidence for the presence of

methyl cyanide., The magnetic moment,; which was 1,11 B/ M,
at room temperature, was also measured over a

temperature range (table 8.2 and fig 8.2),

4, Reaction of TiClZEZCH CN with 2:2'-bipyridyl

3

TiClz,2€H CN was allowed to react with 2:2'-bipyridyl

3
in a mole ratio ~1:2 using benzene as diluent., One
week under reflux gave an insoluble dark-blue solid

which was filtered off, washed several times with

benzene, pumped and analysed,

Ti% Cl% C% H% N%
Found 16,6 25.5 42,0 3,8 10,2
TiCl,,bipyr requires 17 .4 25,8 3.7 2.9 10.2

The infrared spectrum was characteristic of
coordinated bipyridyl and indicated complete replace-
ment of methyl cyanide. The magnetic moment was
1.09 B.M. at room temperature,

In an effort to cbtain TiCIB”Zbipyr the 1:1 adduct
was allowed to react at 1406C with an excess of molten
bipyridyl, The sealed tube was opened after fifteen
hours and the dark-blue so0lid it contained washed with

benzene, Little if any reaction ajjeared to have



163

taken place as the analyses corresponded to
nJTiC1291@25 bipyr, the slightly high ligand content
was probably due to incomplete removal of the unreacted
bipyridyl,

5. Reaction of TiClz,ZCH CN with pvridine

3

Reaction of TiC12$2CH3

mole ratio) in benzene gave a brown solution and a

CN with pyridine (~1:4

black insoluble solid, which was filtered off and pumped

at ﬁvSGOC for eight hours.

Ti% ClY% CY% % N%
Found 16,6 25,4 40,8 4.1 8.2
TiClngpyr reqguires 17 .53 25,6 4%.% 3.6 10.1

The infrared spectrum showed the presence of pyridine
and once again indicated the complete replacement of
methyl cyanide, The magnetic moment at 18°C was
1.14 B.M. but was measured at five field strengths

(table 8.3) and was field independent.

Table 8.3

Approx, Gauss: 2300 2700 3200 3600 4000
¥ « z ndied ol 4
X 3 532 533 513 534 527
The conductivity in pyridine solution at 1.5 x 1077y
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had -fxm = 6.2 ohmwicmz which confirmed the non-ionic
formulation.
This method of preparing TiCl,,2pyr was devised

after failure of the direct reaction belween titanium(II)

chloride and pyridine, When titanium(II) chloride was
allowed to react with pyridine at room temperature

a transient blue solution was formed which changed to
pale-green; filtration of this solution to remove
unreacted halide and evaporation of the pyridine gave

a dark-green solid, The analyses, Ti: Cl: N of 1: 2,5
2,8 suggested that the major product was TiClBQEpyro
When Na,TiCl

2 L

soluble green solid was again obtained.

was allowed to react with pyridine a

Ti% Cl%
Found 11.6 24,7
TiClEQBPyr requires 12,2 27.2

6. Reaction of TiC1,,2CH_ CH with tetrahvdrofuran

3

TiClZQECHBCN was allowed to react with an excess
of tetrahydrofuran for four days at room temperature
when a brown solution was obtained, This vielded a

black solid after filtration and evaporation of the

solvent.



Ti% Cl% Co Hi%
Found Run 1 18,2 26,2 30,5 5.1
Run 2 18,8 26.6 31.8 6.5
T1012,204H80 requires 18,2 27.0 36,5 6.1
While the infrared spectrum showed the usual ccoordinated
tetrahydrofuran peaks (1015 cmowl s and 860 cmoﬂl s)
there was no evidence for methyl cyanide, The magnetic

moment at ZOOC was 1.21 B.M,

2,RCHBCN with pentamethvleneoxide

The reaction was carried out in the same way as

7. Reaction of TicCl

the one with tetrahydrofuran, a black solid being

obtained.

Ti% Cl% C H%
Found 171 25.6 36.2 6.6
T4 e o o
A1C1292C5H100 requires 16.5 24,4 41.2 6,9

The infrared spectrum was, once again, typical of
coordinated ligand and showed complete replacement of
methyl cyanide. The magnetic moment, 0,99 B.M, at
room temperature, was appreciably lower than that

obtained for TiClzizc ngo but this may have arisen from

4

packing errors as the pentamethyleneoxide product was

rather lumpy.
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8., Reaction of titanium(II) bromide with methyl cyanide

Titaninm(II) bromide was allowed to react with
excess of methyl cyanide for five days at room tempera-
ture., The brown solution obtained was filtered and
the solvent evaporated to give a black solid which was
pumped at 85°C for twelve hours.

Ti% Br Cle Hj N%
Found 16,5 56,9 16.8 2.1 7.3

TiBr, ; 2CH,CN requires 16.5 55.2 16,6 2.1 9,7

3

The infrared spectrum was typical of a cyanide adduct
with the C=N stretech and combination bands moved to

2340 (:mo“'1 and 2310 cmnmio The conductivity, [\m =
3

- a2 -
10cohm 1cm at 4,9 x 10" °M, showed that the compound was

non-jionic, The magnetic moment was 1,11 B.M, at ZGQCQ
.close to that observed for the chloride compound, although
‘_the behaviour over a temperature range (tavle 8.2 and

fig, 8.3) was significantly different to TiClzgzﬁﬁjﬁCN0

wr

9, Reaction of TiBrzgngBCN with 2:2'=bipyridyl

TiBr,,2CH,CN was allowed to react with

3

2:2'-bipyridyl in a mole ratio ~1:2 using benzene con-

taining a trace of methyl cyanide as the sclvent.
After the contents had been refluxed for four hours the

ampoule was opened and a dark-blue solid filtered off,
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washed with the solvent (in which it was slightly

soluble) and pumped.

Ti% Br% C¥% H% N%
Found 12,6 ki, 1 30,2 4,1 7.8

TiBr29bipyr requires 13.2 44,0 3%.0 2.2 7.7
The infrared spectrum (4000=4L00 cmoﬂl) showed that all
the methyl cvanide had been replaced; only peaks
associated with 2:2'-bipyridyl were observed. The

magnetic moment at 170C was 1,10 B.M,

10. Reaction TiﬁrggZCHBCN with 1:10-phenanthroline
Reaction of TiBrz,CHSCN with 1:10-phenanthroline
in a mole ratio ~ 1:2 using methyl cyanide as the solvent

gave a slightly soluble purple solid after one week,

Ti% Brn
Found before further washing 6.7 23,3
Found after further washing 6.7 25.0
TiBr,,3phen requires 6.4 21,4

The infrared spectrum showed that all the methyl cvanide
had been replaced, The conductivity was extra-

2

ordinarily high, fLm = BOOohmmzcm at ﬁlemBM and the

system was not investigated further,

CN with pyridine

11, Reaction of TiBr292CH3

Reaction of Tiﬂrz,ZCHBCN with a very dilute
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solution of pyridine in benzene for three hours at room
temperature yielded both soluble and insoluble solids,

the former was almost black and the latter brown-green.

Ti% Bri

Found Soluble 11,0 34,7
Insoluble 9.9 41.9
TiBrz,ZPyr requires 13,1 43 .7
TiBrB,prr requires 9.1 45,7

It appears that during the reaction some oxidation of
the titanium(II) bromide occurs to give TiBr3$3pyr but
that this is virtually insoluble in the very dilute

pyridine solution, It was not, however, possible to

isolate a pure sample of TiBr_,2pyr as the soluble

o9
solid which may have been due to the presence of reduction
products, The magnetic moment of the soluble product

was close to those of the other titanium(II) adducts

(ueff = 1,06 B,M, at 20°C). Prior to this reaction
an attempt had been made to prepare TiBrZ,ZPyr by
direct reaction of the halide with pyridine, A
turquoise solution was obtained after several days but
following filtration and evaporation of the pyridine
this gave a greenubrpwn solid which appeared to be

partially TiBrB,prr, Analyses gave the ratio Ti:

Br: pyr as 1: 2.,5: 3.8,
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using a mixture of methyl cyanide and benzene as the
solvent but even after several months reaction no

insoluble product had been formed.

15, Reaction of TiClg,ZCHBCH with 1:4-djioxan

Reaction of TiCl,,2CH;CN with 1:4-dioxan in

cyclohexane as diluent gave brown solutions from which

only non-stoichiometric products could be isolated.

CN with triphenvlphosphine

16, Reaction of TiClz,2CH3

TiCla,ZCHBCN was allowed to react with triphenyl-
phosphine in benzene containing a trace of methyl cvyanide

but analyses for the brown solid isolated after three

days showed that it was unchanged TiClziRCHBCNo

17, Reaction of Na TiCl, with trimethvliamine

2 4
NagTiC14 was allowed to react with trimethylamine
in a double ampoule for two weeks. A green-blue

solution was obtained which on filtration and evaporation

of the ligand gave a blue solid.

Ti % C 1“"‘0
Found 17 . 4 39.4
Ti01392N(CH3)3 requires 17 .6 39,0

The analyses show that oxidation has occurred to give

the well known titanium(III) chloride adduct, It was
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significant that the hydrolysis solution used for the
analvysis of tlhis compound showed the characteristic
purple colour of titanium(III) compounds and was unlike
those obtained from titanium(II) compounds which gave

a pale-brown solution fading in time to colourless.

18. Reaction of titanium(II) chloride with dimethylamine

An ampoule containing titanium(II) chloride and

25 in 1959, Five

. X . 1
dimethylamine was made up by Lanigan
years reaction yielded a green solution, large red
crystals and a dark green insoluble solid. The products

were separated and analysed but some of the red crystals

. o
were also pumped overnight at 45 C when a green-brown

solid was obtained. This was also analysed.

Ti% c1% N
Found red crystals 16,5 22.6 19.0
TiClz‘,l;NH(CHB)2 requires 16.0 23.7 18.7
Found green soluble 17,6 27 .8 15.3
TiClzv3NH(CH3)2 requires 18,8 27 .9 16.5
Found red crystals + 18,8 29,5 16,3

heat

The green insoluble solid gave a Ti: Cl: N ratio of
1: 1.35: 2,16 and as it was probably a complex mixture
of reduction products it is not discussed further. Both

the 1:4 and 1:% adducts hydrolysed to give purple
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solutions and their magnetic moments were 1,78 and

1.43% B.,M, respectively, both therefore appear to
contain tervalent titanium, When l?~;h';12’l{‘i(llli was allowed
to react with dimethylamine a green solution and red

crystals were obtained within a few days, but these

were not satisfactorily isolated and analysed.

19, Reaction of titanium(II) chloride with (pyallci]

Titanium(II) chloride was allowed to react with
pyridinium chloride, in a mole ratio 1:4,1, using an
0il bath at 150-160°C, Six hours reaction gave a
yvellow product and the ampoule was opened so that
chloroform could be introduced, After it had been
resealed, the ampoule was shaken for twelve hours to
break up the lumps and dissolve excess pyridinium
chloride. The yellow solid was then filtered off,

washed with fresh chloroform, pumped and analysed.

Ti% Cl% C% HY% N%
Found 9,6 43,5 35.2 3.7 8.5
[PyH33[T1c16] requires 9.6 42,5 35,9 3.6 8.4

The magnetic moment at 20°C was 1,80 B.M,
A similar product was obtained from the reaction of

TiClz,ZCH CN and pyridinium chloride in a mixed solvent

3

containing methyl cyanide (20%) and chloroform (80%),

The solution was refluxed for fifteen hours after which
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the vellow insoluble solid was transferred to a soxhlet
and given a prolonged washing with pure chloroform.
| Ti% C1%
Found 8.4 37 .0 Ti: C1 = 1: 5,96
The infrared spectrum confirmed the absence of methyl

cyanide,

20, Reaction of TiCl, ,2CH_CN with [<C2H5)4N][Cl]
5 Hel,8dL6Ld

3

A number of reactions were carried out between

TiCl,,2CH_CN and [(C,H.),NJC1 using chloroform or
2 3 27574
mixed chloroform/methyl cyanide solutions, The

analyses for the yellow-brown seolids which were
obtained varied but the Ti: Cl ratio uswually lay in
the range 1: 4,5=5.0 and it seems likely that oxidation

had occurred once again,
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Table 8.2

TiCl,sphen
7K et n K s v
Sem eff m eff
(X106cg5u) B.M. (1O6cgsu) B.M,
313.2 517 1.1k 213.2 713 1,10
203 ,2 506 1.11 193%.,2 790 1,10
293.2 542 1,13 17%,2 904 1,11
283 .2 573 1.14 15%.2 971 1,09
27%.,2 568 1,11 137%,2 108k 1,07
253,53 635 1,13 11%,2 1198 1,04
23% .2 666 1,11 9% .2 1420 1.0%
1161292CH3LN
© 2 moz( [} )
T°K jk~m peff Lo ?<nx Marr
%4%,2 LE2,53 1,10 163,2 669,58 1.02
303,82 L75.3 1,07 17%,.2 71%.1 0,994
293.2 47%.9 1,05 15%,2 790,1 0,984
273.2 508,9 1,05 13%,2 879,6 0.969
253, 2 555,22 1,06 113,22 997 .1 0,951
23%.2 571.9 1,03 9%,2 1172 0,935
21% .2 618,0 1.,0% Bz .2 1291 0,927




Table 8.2 cont'd..

TiBr,, 2CH,CN

TK jﬁun Pore 7K ﬁgﬁm Hofrs
323 ,2 534,7 1,18 21%,2 713.5 1,10
313.2 552.6 1,18 193,2 752,0 1,10
303 ,2 562,6 1,17 173.2 818,0 1,01
293.2 571.8 1,16 153.2 886,7 1.C0
283.2 584 ,2 1.15 133 .2 981,6 1,00
275%,.2 598,0 1.14 113,2 1104 1.00
253,2 632,53 1,13 93,2 1268 0,97
233.2 687 .3 1.13
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Results and Discussion

The aims of this work on titanium(II) halide
systems were firstly to see whether a range of halide
adducts could be prepared and secondly, to examine the
spectral and magnetic properties of any compounds
formed since titanium(II) is a a* system which has
received littlie attention,

It was found that a considerable range of complexes
could be prepared from titanium(II) chloride and a few
were also prepared from titanium(II) bromide, These
had the general formulae TiX2,2L or TiXZ,B depending on
whether a monodentate or a bidentate ligand was used.

The methyl cvanide adducts, TiXQQZCH CN, were widely

3
used as starting materials in these preparations as
the dihalides appeared to be oxidised by some ligands
and replacement reactions occur more rapidly than
reactions with the straight halides. Complete
replacement of the methyl cyanide was achieved by the
oxygen and aromatic nitrogen donors but no replacement
occurred with triphenvliphosphine, Infrared spectra
(LOOO-400 cm.” ) showed that the ligands were indeed
coordinated and the conductivities of a number of the

compounds showed that they were non-ionic, The

compounds were insoluble in non-polar solvents which
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prevented the measurement of such physical properties
as molecular weights in these solvents,

Two possible basic structures for the adducts
Tin,ZL and Tin,B were considered, either that the
titanium was in an essentially tetrahedral environment
or that it was octahedrally coordinated, with the
coordination number raised by some form of bridging.
The former structure implies discrete molecules and the
largest single argument against it were the very low
magnetic moments which are all ~ 1,0 B,M, instead of
~ 2,83 B,M, as expected for a a? system, On the
other hand halogen bridging is known to occur in
23,24

titanium halide compounds and is presumed to be

responsible for the very low moments of the dihalides

67

themselves, The bridged structure is therefore con-~
sidered further, in spite of two rather surprising
observations, Firstly, the solubilities of the
TiX292CH3CN and TiClz,Zpyr complexes in the ligand
appear to be very high, considerably greater than the
monomeric titanium(III) ones, and secondly that the

3CN did not rise very much

when dissolved in the ligand, The explanation of the

magnetic moment of TiCIEQZCH

latter effect seems to be given by the molecular weight
of TiCl,_,2CH,CN in methyl cyanide which shows that the
2 ]

compound is at least dimeric even in boiling ligand
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and may be even more associated at room temperature,
Unfortunately molecular weights in solution could not
be obtained with great accuracy and it is not known if
the compound, when dissolved in methyl cyvanide,
immediately forms some stable species, say
[TiClszCHBCNJZ or whether destruction of the halogen
chain occurs gradually as a function of time, tempera-
ture or concentration, The room temperature magnetic
moments of these compounds, and of TiClg,,ZDMF9 are very
similar to those of the dihalides, in spite of the
magnetic dilution that would be expected on the intro-

67

duction of ligands, By comparison NazTiC14 has a

much higher moment (ueff = 2.4% B.M.), Lewis et alog3
suggested that titanium(II) chloride was antiferro-
magnetic but were unable to decide whether the exchange
occurred via a metal~-metal or a superexchange mechanism,
Starr et al., also studied the magnetic properties of
titanium(II) chloride between 13.9 and 300°K and their
plot for 1&( against temperature between 100 and 3009&
is approximately linear, although it curves rapidly at
lowver temp@ratur65042 Extrapolation for the range
100&300°K would give a value for €, the Weiss constant
of rwSOOOo It is therefore interesting that both

TiClz,ZCH CN and TiClzgphen appear to obey the Curie-Weiss

3
law with © between 30 and 500° Although the significance
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of this constant does not appear to be well understood
the difference in its value, considering the chloride
and complexes, may indicate that the mechanism of
exchange has changed, The effect of field strength on
the magnetic moments of TiClz,ZPyr; TiClg,RCHBCN;

Ti6129phen and TiBr29CH CN was checked but no depen-

3
dence was found; however this excludes neither of
the exchange mechanisms mentioned eariier, There are
a number of possible structures but assuming a six
coordinated halogen bridged one the three essentially
different possibilities are (I) a structure involving
a single halogen bridge; (I1) a structure with two
halogens comprising a bridge and (III) with both types
of bridge., (P.118)

Structure (I) is rather similar to the tetrameric
MOFS > but such single halogen bridges are more
common with fluorine than chlorine, The magnetic
results in methyl cyvanide solution for TiCIZQZCHSCN
are more consistent with (III) as disruption of the
single halogen bridge still leaves a dimeric species
in which magnetic exchange is quite likely. The
slight rise in the magnetic moment measured in solution

can then be understood if most of the exchange occurs

via the
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unit but a small amount results from the

> 1L X—> 13

system., The magnetic moment in solution is less easy
to explain on the basis of structures (I) or (II) for
the molecular weight suggests that comparatively small
units are then present, A change in structure from
an infinite polymer to a dimeric molecule should reduce
the exchange by about 50% (structure (II)) or ~ 75%
(structure (I)) if each bridge contributes equally to
exchange, This does, however, assume that the degrees
of association in methyl cyvanide at room temperature
and at 80°Care similar.

Structural evidence from other physical techniques
is not forthcoming. Low infrared spectra (table &.4)
showed that the titanium=-halogen bands were unusually

broad and weak, In two cases, TiCl,,2pyr and

29
HSO, the close resemblence of the spectra to

053

T161292C4

those of TiClz,spyr136 and TiCly,3C,Hg suggests that
in spite of all precautions oxidatiom occurred during
preparation of the mull or measurement, The spectra
of TiCl2 and NazTiC14 indicate that the titaniume
chlorine stretching frequencies are r~ 300 cmc,m1 and the
spectrum of the 1:10-phenanthroline compound shows a
strong peak, presumably Ti-Cl, at 317 cmowio This is

appreciably lower than the Ti~Cl stretching frequencies
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in titanium(III) as these occur ~ 370 cmgm1 and is con-
sistent with the change in oxidation state,

Electronic spectra of most of the compounds have
been measured in the solid state and solution (table
8.1), They show strong absorption from &~ 10,000 cm,
to the limit of measurement in the ultraviolet (e.g.
fig, 8.4), Superimposed upon this absorption, in the
visible, there are a number of shoulders which are
frequently weak but in the ultraviolet region a few
peaks are observed. TiBrggbipyr? for example, shows
the modified m-+n* transition of coordinated bipyridyl
at 32,200 cmcmla The cause of this broad absorption
is not clear and several possible explanations are
considered, The intensity of the absorption (corres-
ponding to an optical density of ~ 1.0 for reflectance
throughout the visible region) indicatesthat it is
not due to d-d transitions., Change transfer transi-
tions of the type Cl(m}—>Ti(d) are expected at higher
energy in titanium(II) than in titanium(III) (chapter
VI)‘and should not start until ~»30,000 cmoni° In
any case experience with titanium(III) and (IV) and
numerous other transition metal halide systems suggests
that absorptions of this type can be resolved and do
not give rise to the type of continucus absorption

observed in this case, An interaction band arising
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from the presence of titanium ions in two different
oxidation states is a possible explanation but seems
unlikely firstly because the analyses for a range of
compounds are quite straightforward and secondly

because the absorption is so broad; the Ti(III)wTi(IV)119
transition is very narrow by comparison. It is not
anticipated that L(n)—>Ti(d) or Ti(d)—L(n*) bands
would be expected at such low energy, particularly for

TiCl,,2CH,CN and TiCIZQZCQHSO (chapter VI),

3
It seems possible that this absorption is due to
solid state cooperative effects, particularly in view .
of the strong ma%“atic exchange which shows that the
metal atoms cannot be considered independently. The
titanium(III) halides are known to show similar
behaviour (chapter VI). The dihalides TiCl, and
TiBr2 (fig. 8.5) have similar low energy peaks, It
is not clear whether the interactions are between pairs
of titanium atoms or over a larger unit but if the
latter is the case the width of the transition can be
explained by promotion of delocalised electrons to a
'conduction’ type band, The similarity of the spectra
in solid and solution, however, suggests that a
comparatively small unit is capable of causing the

spectrum,

Efforts to obtain a more normal system by the
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introduction of more ligand (e.g. by fusion with
2:2'-bipyridyl) failed.

The reaction between titanium(II) chloride and
pyridinium chloride was carried out to see if the ion
[TiClGJ&” was formed; although the high charge made
this rather unlikely. In fact the hexachlorotitanate(III)
was obtained and Greemellz subsequently found that an
analogous reaction occurs with vanadium(II) chloride
to give [PyH3][V616]Q The surprising observation is
that the magnetic moment and visible spectrum of
[TiClsjgu prepared in this way (fig., 8.6) are‘signiw
ficantly different to those reported by Fowles and Russ59

for their product which was prepared from titanium(III)

chloride.

(B.M.) visible reflectance
Source Hers (cm.=1)
'7m
TiCl6) from Tic13 1,68 12, 800 11,000sh
" " TiCl, 1,80 14,100 11,800sh

An X-ray powder photograph of the compound prepared from
TiClz would be useful for comparison with the results

on the TiCl3 product., The [TiCl6]3m prepared from
Ti{II) dissolves in methyl cvanide to give essentially
the same spectrum as Hoodless reported for TiClngpyr

in this solvent,g? when the species present was thought
cNlT c1”,

to be [TiClgvspyr,CHB



e (PyH)S(Ti616} Reflectance
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The reactions of TiClo and Na TiCl, with amines
.

2 4
are interesting in view of the reported ammine

68
30
of Na,TiCl

TiCIZQQNH Trimethylamine causes complete oxidation

giving TiCl,,2N(CH,), although reaction
3 3°3

4
with TiClq gives reduction to the same product097
Neither mechanism is understood, Pyridine is another

ligand which frequently causes reduction of the early
transition metal halides in high oxidation states

(e.g. of TiCl 97) but which oxidises titanium(II)

4

chloride and bromide.

Titanium(III) chloride is known to form a green

103 and

137

1:3 adduct with dimethylamine, TiCl 3WH(CH3)2

39
when a concentrated solution of this was prepared for
measurement of its magnetic moment a red crystal was
formed in the tube, It seems likely that this red
erystal had the same composition as those prepared

from TiClz and NazTiCIQ reactions with dimethylamine,

The latter appear to be titanium(IIX) compounds and

the structure

NH(C),

AL Ead i
NlcHs),



is proposed, The red crystal observed in TiClB/NH(CE{B)2
solution therefore corresponds to partial amminclysis
(of TiC13’3NH(CH3)2) which is not surprising as both
diethylamine and di-n-propylamine are known to cause

103

aminolysis.bf titanium(III) chloride, The green

product TiC1293NH(CH3)2 also appears to be a titanium{(III)
complex and the rather low moment may have been due to
partial oxidation as this product was very unstable,

The structure is not known but the most likely possibi-

lities are:

N# (CH.’A z NH{CH 352"

|

\T/(e\L N(cHs),
8@43) =1N T ™ C(/ T T

NH(CHs), NH{CHs),

ot

n(ez),

3
\\, To
« /S\
NA(CHg),



CHAPTER IX

DIBROMOBIS (1:2-DIMETHOXYETHANE) TITANIUM(III)
TETRABROMG(1:ZWQIMETHOXYETHANE)TITANATE(III)

PREPARATION, STRUCTURE AND PROPERTIES
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Reaction of titanium(III) bromide and excess
1:2~-dimethoxyethane under reflux for eight hours gave
green crystals and a pale green solution, The
green crystals were separated and analysed:

Ti% Br% Co H%
Found 10,7 55.3 16.7 3.7

TiBr3,195C H 11.3 56,7 17.0 3.5

5110%
requires

<

The magnetic moment at 20 C was 1.67 BDMU confirming

that the product was a compound of ﬁltdnlum(III)

1:2-dimethoxyethane had previously been found to

L7

form an analogous compound with titanium(III) chloride

and Greene has also prepared the complexes

146

VX,.,,1.5C ¢ (where X = C1 or Br). A number

3 57102
of complexes of the early transition metals having this
stoichiometry but with 2:2'-bipyridyl as the ligand

are known, and have been discussed in chapter Iv,

but the structure of none of them is known with

certainty., Two structures have been suggested for
b7 o v semie T
TiClg,1.5C,H, 000, either the donie [TiC1,,2C,H, 4 0,J
[TiCl ,C H ) 1 or the 1igz 3 bridged one:
L 10%2 =

&«

( K S / \
0.9 !
C£ Cf
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and the same possibilities arise for TiBr3,1°5C4H1002d
To clarify the situation it was decided to carry out

an X-ray structure analysis.

Determination of the structure

A brief description of the principles involved is
given in chapter II. Experimental details, e.g.
mounting of the crystal and exposure times are given in
appendix D,

The crystal selected was approximately C.3 mm
in all dimensions and did not have a sufficiently well
defined axis for optical alignment, Orientation
precession photographs were therefore taken, rotating
the crystal by ten degrees between each photograph.
These photographs were examined for evidence of the
strong radial ‘streaks’ (associated with each
reflection), whose ends define a circle, when a zerc
or principal reciprecal lattice level is perpendi-
<cular to the incident X-ray beam. In addition the
orientation of the crystal i: the other directions
was also adjusted, using tlc goniometer arcs, during
the efforts to find a principal plane; after about
forty photographs had been taken one was located and

centred by the arc and spindle adjustments outlined



in the camera manual. A zero level photograph was
then taken and this revealed what seemed likely to be
a principal lattice row, Further orientation photo~
graphs were then taken, changing only the spindle
setting, until a second prominent diffraction ring was
found, A zero level photograph showed that a zero
reciprocal lattice plane had been located in which the
axes were orthogonal, and one quadrant of reflections
unique, A first level photograph indicated that the
crystal belonged to the monoclinic system, with the
principal row located on the first zero level photo-
graph being the third axis. The crystal rotation
axis was found to be parallel to the b*c* diagonal
(i.e. the reciprocal (011) direction). The first and
second level photographs showed the systematic
absences to be hy, ¢, 1, for 1 odd and O, k, O, for

k odd thus determining the space group unambiguously
as Pzi/c° The cell dimeunsions were determined by
measurement of the zero level photographs and Found to
be: a = 15.61 %, b = 13.35 &, and ¢ = 14.05 &,  The
angle between a* and the b*¢™ diagonal was determined
from the camera spindle settings and 3, the angle
between the a and ¢ axes was calculated, The density,

determined by flotation, showed there to be eight
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monomer units in the unit cell, Pr@qd = 2,08g/cc,
<>obs = 2,00g/cc,

As it did not appear feasible to collect the
necessary intensity data on precession photographs the
crystal was transferred to the Weissenberg camera.
This necessitated reorientation of the crystal so that
the rotation axis lay along the (011) direction of the
real cell, i.e, the bc diagonal (since for a monoclinic
crystal only b and b* coincide). A zero level
Weissenberg photcograph revealed a number of spurious
reflections and an attempt to eliminate them by
narrowing the gap in the layer line screen was only
partially successful, When an integrated Weissenberg
photograph was taken some of these spurious spots
overlapped with those whose intensities were required
and it was therefore decided to take unintegrated
photographs and estimate the intensities visually.
Twelve reciprocal lattice levels (h,k,k - hyk,k+12)
were photographed using the equi-inclination method,
Indexing was difficult due to the low symmetry of the
crystal, the spurious spots and the diagonal mounting.
The last, however, helped to some extent as a number
of spots measured on the lower levels were duplicated
on the higher levels which allowed correlation of

the intensities between levels, thus checking the
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indices. In spite of this it was not found possible
to index levels higher than eight. Excluding
systematic absences the eight levels gave 1,350
reflections of which 997 were independent and 201 of
the latter unobserved, Lorentz-~polarisation factors
ey

were applied graphically and those reflections which had
been measured twice were averaged, Unobserved reflec-
tions were assigned half the minimum observed intensity.
Although the absorption coefficient for copper radiation
is high (p = 150 em.” 1) owing to the relatively small
size of the specimen and its approximately spherical
shape absorption corrections were neglected, PR = 2.0
(R = radius of crystal),

Using the complete set of Fz(hkl}”s so cobtained
the three dimensional Patterson function was evaluated
(at intervals of 1/4Cths in x and 1/30ths in y and z)
and a search made for the wvectors arising from Dr-Br

interactions using the origin peak to calibrate the

map. Although several possibilities for bromine
positions were found, at this stage none was thought
to be sufficiently reliable ©o¢ be used in the

derivation of phases on which to carry out an electron
density calculation, The difficulty in locating

the bromine atoms was due principally to the fact that,



there bheing six per asseymetric unit, the anticipated
vector height is not sufficient to make then readily
observable, Accordingly two sharpened Patterson maps
were calculated (one sharpened for all atoms and one
only for bromine atoms)., Using these in comjunction
with the unsharpened map, coordinates for two of the
bromine atoms were derived, and tentative positions
for two others were found, Ratler than use all four,

two were used to phase an electron density map and

since the positions with the y coordinates interchanged

are egually consistent with the Patterson, two Fourier
maps were calculated, As anticipated one of these
looked much more promising than the other and in fact
gave the other four bromine atom pesitions, which
fitted well with the sharpened Patlerson, These
positions indicated that the molecule was not dimeric,
An electron density map phased on the six bromines
showed the positions of the two titanium atoms and
their coordinates together with those of the bromine

atoms were used asg variablc-s in one cycle of full

matrig least squares refinems {using O.R.F.L.S, in
the X-ray 63 system), The new coordinates were used
to derive phases for an electron density map which

allowed the positions of all the oxygen atoms and four

of the carbon atoms to be found. The residual now
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stood at 37%. Using the positions of all atoms

except carbon a further cycle of least squares refine~

ment brought R to 27% and a difference Fourier map

with (F0 - Fc) as coefficients allowed the remaining

eight carbons to be located, After two more cycles

of isotropic refinement R = 23.20%, The bond lengths

and angles quoted in this thesis are based on the

structure at this stage but refinement is being continued.
Calculations were performed using the X-ray 63

system on the I.B.M. 7090 computer at Imperial College

and the Atlas at Harwell. Atomic scattering factors

were from the International Tables for X-ray Crystallo-

graphy Vol, III,

Description of the structure

Atomic coordinates and bond lengths are given in
tables 9,1 and 9,2, The principal feature of the
crystal structure is the existance of essentially

isolated Tilr,,2L and Tiﬁrqgh units, each titanium

being octahedrally coordinatad, The bromine atoms
in the cation are cis and 5.7 the 1:2-~dimethoxyethane
molecules have the expected gauche conformation, The

titanium-bromine distances in the cation are signifi-
cantly shorter than in the anion {(table 9,2) which is

consistent with the greater steric repulsion of four



Table 9.1

Atom X Y Z B*
Br, 0.7356 0.2493 0.0478 00,1557
Br, 0.8153 0.0610 0.2544 0.9481
Br.,, 0.4103 0.3318 0,3099 C.4992
Br 0.3759 0.0535 G.2919 1.7413
Br C.9392 0.0924 0.0714 | -0.4403
Brg 0.0482 0.1702 0.3425 0,498¢9
Ti, 0,8903 0.2021 0.,1863 -0.2115
Ti, 0.3711 ©.1938 G.1855 1.1349
0, 0.3198 0.093%7 0.0482 ~1.4381
o, 0.2268 0,2115 Co.1255 -l 2098
O 0.9495 0.3257 C.1545 -2,7071
0, 0.8667 00,3217 0.274% 0.5517
05 0,5067 0.1696 . 1808 2,9439
Og C,3656 0.3340 0,0695 6.1364
c, 0.5284 0.,3622 0,0059

c, ¢.399%2 0.2920 0,0669

03 C,9534 0.,4100 ¢,2292

Cq 0,9208 0,2885 0, 4048

CS 0.,2668 C,3688 C,0489

e C,1744 O, 1440 0,0337

C7 0.,3650 ~0,00581 ¢,0108

Co C.1791 0,2710 ¢.1799

Cqy 05737 0. 14750 0.2729

Ci0 0.4639 ¢.2003 00,0671

Cyq 0.,8764 O.4554 2502

C12 0.2534 00,2534 ~0,007C

*B gives the isotropic temperature factors, At
this stage carbon temperature factors were not
refined.,




Table 9.2

Interatomic Distances and Angles

Bond Length| 5.D. Bond Length
&) | &) " (R)
Ti,-Br, | 2.51 | 0.04 Ti =05 | 2.02
Ti -Br, | 2.59 | 0.04 Ti,-0, | 2.14
Ti,-Brg | 2.51 | 0.04 Ti,-0, | 2.22
Ti,-Brg 2.60 0.0k Ti, -0, 2,08
Tiszr3 2.44 0,04 Tizm05 2.17
TiZ»qu 2.38 C.04 Ti,-Cg 2,46
Angle | S.D. Angle

r -Ti, -Br, 91,8%° | 1,5° Bry=Ti,=Br, 101.9°
Br,-Ti, -Brg g +7 q. 87 Bry=Ti =0, 167.8°
Br, -Ti, -Brg 166,97 | 1.5° Br,-Ti, =0,

r,~Ti, -Brg 93,3% | 1.5° Br-Ti,-Og
Br,-Ti, -Brg 89,8 | 1.5° Br=Ti,~Og
Br~Ti, -Brg ¢1.,1% | 1.5° Br,~Ti,=0,

BmT:e,1 Br1 90,69 | 2.8 B QuAiZmGE

0,=Ti =Br, |172.5 2,8° Br,-Ti,=0g

0,-Ti, =Bry | 92.9 2.8° ir ) ~Tiy=0g | 177.6
04-Ti, ~Brg 88,7° | 2.8° 0, ~Ti,=0,

0,-Ti, Bri 85,9° | 2,87 0,~Ti =0y

0,~Ti ~Br, 99,6° | 2,8° 0 -Ti,-0f

0,-Ti, -Brg 164,9% | 2.8° 0,-T1,=0g 156 ,6°
0,-Ti, -Brg 87.3° | 2.8° 0,-Ti,=0g
0,-Ti,-0, 73,6% 13,6° 0 -Ti,-0¢




bromine atoms in the anion and the different charges

on the ions, In the five coordinate TiBrB,ZN(CH3)3
the titanium-bromine distances were ~ 2,48 and it
therefore appears that the effect of a positively
charged metal is approximately equivalent to a
reduction in coordination number from six to five,

The standard deviations on the light atoms are large,
owing to the comparatively high R at this stage and the
large number of heavy atoms, and only the titanium-
oxvygen distances are listed (table 9.2). The bromine-
titanium-bromine angle in the cation (1013;10&0) shows
considerable distortion from an coctahedron. Figures

9,1 and 9,2 show the distribution of molecules in the

unit cell and the arrangement of ligands in each ion,

Discussion of nroperties

The structure shows that the compound is ionic
and that the cation exists as the cis isomer. This
, . . 102
is interesting as Greene has postulated that
[VBrz,Zbipyr]Br and [VClzgﬁpH@ﬂjCl have the cis
structure on the basis of low infrared evidence,

This appears to be the first structural deter-

mination of a MX_,1.5B type complex although it was
A

suggested in 1964 that Irngioﬁphen had the structure

132
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106

[Irx 2phen][IrX49phen] (where X = Cl, Br or I).

2‘)
It has also been shown in chapters III and IV that

TiXB,ioSbipyr have the ionic structure and Greeneigz

believes that the same is true of the analogous

vanadium(III) chloride and bromide compounds, It is

146
probable that VClB,i ECQ 10 ot Vﬁr3s1 5C4 1002 and

. ‘ 47
TiCl,,1.5C4H, 0,

TlBr3.1°56431002 and it therefore seems that the ionic

structure is generally the favoured omne.

all have the same structure as

The visible reflectance spectrum of [TiBrzgzcéﬂlecz]
4,C4E1009] is consistent with the ionic structure

for a very broad peak is observed which is composed of

[TiBr

the d-d transitions for the two ions, The titanium(III)
chloride compound also has a broad band and it is
at slightly higher energy than in the bromide, as

expected since ch1m>> B%Br“v

Table 9.3
Electronic spectra (o -1

T161391 JC&

Refl, 1%, 2C0T - 30,800 37,600 45,000

Soln., CQHIO 5 15,5%¢  %1,700sh 37,450 41,800

TlBr391 . 5C H10 5

Refl, 1%,160vbr ~22,000sh 29,900
37,000 45,400

Soln. CQH1002 14,200(e=12) 19,100sh 29,900
%24 ,500=sh 41,000sh
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If Dg for C is taken as ZXDQC

4 10 2 &HSO

when the latter is acting as a monodentate ligand and

(1660 cmau1)
2

values of 1370 4::m,,m1 and 1040 emawi are used for ch1w

03

and DqBru respectively then the positions of the

d-3d transitions due to the various species can be

. . R 8¢
predicted using the 'average envircnment rule’s

X [T1XZ9BCQH100 17 [T1A49C4HIC 2]
C1 15,600 14,700
Br 14,500 12,460

Table 9.3 shows that the spectra in ligand solution,
are markedly different to refllectance, The wvisible
band moves to higher energy and is sharper in

solution but the explanation is not clear unless the

reaction:

(TiBr, 9c Hlooq] 4 Céﬁiﬁﬁg = [Tiap 204“10 2]
+ 2Br
QCCUrs,
The infrared spectrum of [fleQQHCQHiOOgj
[(TiBr 0_.] shows that . » i:2-dimethoxyethane is

Q’ 10 2

fully coordinated as the C-0-C stretch, which occcurs

-
at 1120 cm, , in the free ligand is not present in

Lo

the complex. In principle 1:32-dimethoxyethane can
o

i&f'

exist in three forms and Miyakeg “has assigned CHZ



, -1 . .
rocking modes at £5% cm, (which he considered to be
due to the trans form) and 938 and 925 cmgm1 (due

to the gauche).

0 0
NS ch;
H " H
yd
H Qka H H
0 H
TRANS GAUCHE CIS

Clark has suggested that these assignments are
incorrect as he has prepared the complexes T1X4964310G2
where X = C1 or Br) and found that the 853 cm,” " band
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is present, As these complexes are monomeric with
chelating 1:2-dimethoxyethane the conformation cannot
be trens and thus Mivake's assignment is incorrect,
Clark points out that the 938 and 925 cmowi peaks are
missing in the complex, the inference being that one
or both of these arise from the trans form. Chelation
could occur wvia the cis or gauche sonformations for
although the cis form is s' s ically unstable in the
free ligand, due to the methylene hydrogens being
eclipsed, it might be stabilised in an adduct if the
oxygen~oxygen separation was just correct for

chelation teo a particular metal, Clark came to the
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conclusion that for titanium(IV) the oxygen-oxygen
separation would be more suitable for chelation in

the gauche form,

If 1:2-dimethoxyethane was to bridge between two

titanium atoms it would have to exist in the trans

form but examination of the spectra for MX3,1°5C§H1002
(where M = Ti or V and X = C1 or Br) always showed that
the band ~ 850 cmoml was present but that those arocund
930 cmam1 were absent, suggesting that the ligand

150

chelated, Crouch, however, has recently prepared

WOC1l,,% C, H., 0. in which the ligand must bridge but the

4° 41072
. R =1
infrared still shows a peak close to 850 cm, in
s =1 . . .

addition to peaks ~950 cm,. indicating that the

. -1
presence or absence of a band close to 850 cm, does
not serve as a criterion for the mode of coordination,
One surprising feature about the spectrum of
1:2~dimethoxyethane is the apparent absence of a
symmetric C-0-C stretching vibration. The infrared
spectra of both the titanium(III) chleride and bromide
adducts are given in table 0.4 but their low infrared
spectra were unsatisfactory zg the crystalline com=-

pounds refused to give satisfactory mulls.



Table 9.4

Infrared spectra (1300-400 R
C,H, 00, (1igq.) | TiCl,,1.5C,H, 0, | TiBry,1.5C,H,q0,
1301w
1282w 1282m 1280m
1245m 1249m 1237m
1191s 1208w 1204w
1120vs,br 1188m 1184m
1105w 1110w
107 hs 1067 s
1052s
1028m 1020s.br 1025s.br
98 25m 995sh 1002s
93&m 980sh
925sh.w 895g 852s
853m 853s 839s
BOhw 553w
7o 852w
S At 425w
4 L 10w
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Sources of Reagents

Unless otherwise specified reagents were supplied
by B.D.H, or Koch Light laboratories. '*Analar' or
'Pure' grades were used where available. Spectro-
scopic solvents (CHBCN, CH2C12 and iso-octane) were

supplied by Eastman Kodak.

1. Gases
B.0.C. White Spot nitrogen was dried by passage

over Union Carbide 4A molecular sieves,

2, Liquids

Liquids were refluxed over a dehydrating agent
for several hours as a preliminary drying and then
transferred to the vacuum line where they were dis-
tilled several times from a variety of desiccants.
Normally one day was allowed between distillations.
Table A.1 shows the procedures used,

Titanium(IV) chloride was obtained from B.D.H. and

distilled into small storage tubes which were sealed

under wvacuum.

3. Solids

Titanium metal was supplied in the form of

granules by Imperial Metal Industries Ltd.
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Titanium(III) chloride was obtained from the

Stauffer Chemical Co., and used without further

purification.

Ti% Cl%
Found %1.2 69.6
TiCl, requires 31,0 68,9

3
0 g
At 20°C p oo = 1,68 B.M,

Titanium(II) chloride was prepared by the dis-

proportionation of titanium{ITII) chloride using a
method similar to that of Clifton and MacWood°63
Titanium(ITI) chloride was sealed in a glass tube

(fig. A.1.) and placed in a furnace which was maintained
accurately at &95060 The protruding end of the tube
was surrounded by an acetone-drikeold slush bath to

trap the titanium(IV) chloride which was formed, After

several days the titanium{II) chleoride was separated

from the tetrahalide by sealing at the constriction.

Ti% Cl%
Found 40,3 60.%
TiCl, requires 4G, % 59.6

2

Titanium(IV) bromide was prepared by the direct

reaction of titanium metal and liquid bromine. Bromine
( ~200 mls.) was dried for several days over phosphorus

pentoxide and then distilled into a round bottomed
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flask which was fitted with a reflux condenser, A
few granules of titanium metal were added and the
bromine warmed slightly to initiate the reaction,
Titanium granules were then dropped down the con-
denser to maintain a steady rate of reaction. After
about twelve grams of titanium had been added and
allowed to react the excess bromine was distilled out
and the titanium(IV) bromide was transferred to the

vacuum line and sealed up under nitrogen.

Tis Br%
Found 1%,0 87.7
TiBr, reguires 1% ,0 87 .0

4

Titanium(III) bromide was prepared by aluminium

reduction of titanium{IV) bromide. About 80% of the
aluminium reguired for the reaction:

3TiBr, + Al = 3 TiBr, + AlBr,

4 3 3

was sealed, with the TiBr&? in a tube having a con-
striction in the middls, The whole tube was then
placed in a furnace at 2209C for several days. One
end of the tube was then wil drawn from the furnace
and the aluminium(III) bremide and excess titanium(IV)
bromide were sublimed out. The titanium(III) bromide
was isolated by sealing the tube in the middle and

broken down to a powder by placing the tube on a shalker,
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Ti% Br
Found 16.4 82.2
TiBr3 requires 16.8 83.2
At room temperature p _rno = 1.20 B.M,

64

Titanium(II) bromide was prepared in an analogous

way to titanium(II) chloride but the disproportionation

temperature was 400°c°

Ti% Br%
Found 23,0 76.3
TiBrz requires 23.1 76.9
Titanium(IXI) iodide. Titanium(IV) iodide was

prepared by a modification of the method used by
Blocher and Campb911139 which utilised direct reaction
between the elements, a slight excess of titanium
granules being present, A sealed tube containing the
reactants was placed in a furnace at 100°C and the
temperature gradually raised to ZSOOC in the course of
a week. The titanium(IV) iodide was sublimed to the
end and the excess titanium sealed off at the cone
gtriction in the middle. The tetralodide was
transferred to a similar tulc containing 90% of the
aluminium required for the reaction:

3TiT + Al = 3Til + AlX

4 3 3
and kept at 250°C for four days, after which time the
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excess tetraiodide and aluminium(III) iodide were

sublimed off the titanium(III) jodide.

Ti% Br¥%
Found 11.1 88,1
TiI3 requires 11.2 88.8
TiClz,ZNaCl. This was supplied by the U.S5.

Industrial Chemical Co. and used without further puri-

fication.

Ti% Clb
Found 19,8 5904
TiClg,2NaCl requires 20,3 60,1
At room temperature Pepr = 2,20 B,M, close to the
43

value of 2.4 B.M, reported for Na2T1C14g which is
considered to be the structure.

ZrClz,ZNaCI was supplied by the U,S, Industrial

Chemical Ceo.

Cli
Found 5G.5
ZrClz,ZNaCl requires 50,9
At room temperature peff = 0,59 B.M.

TiClS,Z(CH313§ was prepared as described by Fowles

and Hoodlesso20

Ti% Cl%
Found 1705 3901.(:
TiClB,Z(CﬁB)EN requires 17.6 30,0
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TiBr

3’2(CH313E was supplied by Dr., B,J. Russ.

" Pyridinium chloride was supplied by Dr. B.J. Russ.

2:2'-bipyridyl (I.C.I,), triphenylphosphine and

tetraethylammoniumchloride were dried by prolonged

pumping in the vacuum system,

1:10~-phenanthroline was dried by vacuum sublimation.

PhS-CH,«CH_+SPh was obtained from Pr. K, Baker who

2
. . 140
prepared it by the method of Bell and Bennett.
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About 0.2 g of product was transferred under
nitrogen to a weighed glass tube which was then
reweighed to give the amount of sample. The tube was
quickly opened and immersed in sulphuric acid (1 M),
After complete hydrolysis the solution was made up to
a known volume and used for both metal and halogen

determinations.

Titanium

141

A colorimetric method inveolving hydrogen
peroxide was used to estimate titanium, Excess hydrogen
peroxide was added to an aliqueot of the hydrolysis
solution which was then made up to a known volume
ensuring that the final solution was 1 M in sulphuric
acid, The optical density of the orange solution at
410 mp was measured on a Unicam SP.600 which had
previously been calibrated using TiClB,Z(CHB)BN.
Iodide was removed before additicn of hydrogen peroxide
by boiling the hydrolysis solution to a small volume
and oxidising it with concentrated nitric acid.

A gravimetric method was also used occasionally
for the estimation of titanium, a known weight of

compound being tipped into a weighed platinum crucible

and decomposed with a few drops of concentrated

Y
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nitric acid. After ignition at around 700°C for one

hour the residue was weighed as TiO,,

Zirconium
Zirconium was estimated gravimetrically in a
similar manner to titanium except that the compound was

decomposed using dilute ammonia.

Halogens

Chlorine, bromine and iodine were estimated by the
gravimetric or Volhard methods. Very occasionally for
bipyridyl compounds, chlorine or bromine were estimated
by a microanalyst (Beiler, Vienna) as consistent

analyses could not be obtained by either of the other

methods.

Carbon, Hydrogen and Nitrogen

These elements were determined by a professiocnal
microanalyst (Weiler and Strauss, Oxford or Beiler,
Vienna) but due to the rapi rlecomposition of some of
the compounds on exposure *to air it is doubtful if

the accuracy quoted is justified,



Valence state determination

A weighed amount of the solid was immersed in
N/20 ceric sulphate solution to oxidise Ti(III) to
Ti(IV) and the excess ceric sulphate was titrated
against N/10 ferrous ammonium sulphate enabling the

valence state of the metal to be deduced,.

145
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The extreme sensitivity of many of the systems
investigated to both water and oxygen made it essential
that a vacuum line was used for much of the work., A
simplified diagram of the vacuum line is shown in
fig. A2 and some of the more frequently used operations
will be described. To remove a piece of apparatus
from the line for manipulations it was filled with dry
nitrogen. As an aid to the handling of solid compounds,
e.g. the preparation of infrared mulls, a dry-box was

also set up and this is described later,

1. Preparations

et

igands

R

a) Drving of solvents and liquid ]

The dryving of liquids was carried out using the
left-hand side of the manifold and traps A, B and C.
A little desiccant (~5g) was placed in each trap
whieh was then evacuated and flamed out, Trap A was
removed from the line and the liguid added, after
replacing on the line air was removed by momentarily
opening the tap to the puwmp several times. The
liquid could then be distililed into I by surrounding
B with liquid nitrogen or an acetone-drikold slush

bath and opening the connecting taps. After about

a day the liquid was distilled into C, four
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distillations normally being carried out during drying.

b) Preparation of ampoules

An ampoule was constructed (fig. A.2.E or
fig., A.3) and flamed out with a bunsen while it was
pumped., Solid halides were introduced from tubes
having B14 cones by taking the ampoule off the line
under nitrogen and tipping the halide in, The ampoule
was then evacuated again and after the liquid ligand
had been distilled im it was sealed off at the con-
striction while the liquid in the bulb was frozen,
Solid ligands were introduced before the halide and
pumped overnight, Titanium(IV) chloride, being a
liquid, was distilled in from a storage ampoule which
was broken open in the apparatus shown (fig. A‘,lg).,il*5
Sealed tubes were filled in a similar manner.

If the reaction was to be carried out at room
temperature the ampoule was placed on the shaker but
elevated temperatures could be obtained by placing
the ampoule on a heating warnile and allowing it to

reflux gently,

147
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¢) Separation of products

i) Insoluble products

When an insoluble product had to be isolated the
ampoule was frozen out and the filter adapter D
(fig. A.2) flamed and evacuated, Nitrogen was admitted
and after the top of the ampoule, above the B19 cone,
had been removed by 'hot spotting' it was plugged into
the B19 socket F. The ampoule was then pumped out
while the contents were kept frozen, but after a few
minutes the solvent was melted and tipped down onto
the sintered disc, the filtrate being drawn through
the pad by gently cooling trap F with the connecting
tap open. The solid could be washed by distilling
a solvent back into the ampoule and repeating the
process. When more thorough washing was required
a continuous procedure was used (figo A.5). The
reaction ampoule was plugged in at G and the solvent
filtered through into the flask which was then
gently heated to evaporate solvent up the bypass; on
condensation it washed bacl through the solid on the
pad. Solids were always pumped for 3-24 hours prior
to analysis, the length of time depending on the
solvent.

ii) Soluble products

The ampoule was opened as described above and
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plugged into the apparatus shown (fig. A.6), After
filtration the solvent was evaporated from the trap,
and the solute scraped off the walls and ground up
with a glass or stainless steel rod.

Soluble solids were also collected by the double
ampoule technique (fig. A.7) which is particularly
ugeful for low boiling liguids as they can be filtered
at room temperature,

After analysis samples were normally split into
small quantities in a pig (fiz. A.8) and sealed under
vacuum, OCne tube was then used for each physical

measurement thus minimising the chance of the remainder

of the material decompesing.
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a) Magnetic susceptibility measurements

i) At room temperature

The suscéptibilities of the compounds were deter-
mined at room temperature using a Gouy type balance,
A Newport electromagnet was used to provide a field
of ~ 4,000 gauss (at 4 amps) and the weights measured
with a semimicro air damped balance, Sample tubes
were made of pyrex glass (~3mm diameter) and were
fitted with a B7 socket at the top, the lower end
having an internal flat and the length being about eleven
centimetres, A scratch was made on the tube ~ 9.5 cms
from the base and it was always filled to this level,
Calibration was carried out using mercury tetrathio-

142

cyanatocobalt(II) (’Xg = 16,44 x 10’60gsu at 20°C)

or trisethylenediaminc-nickel(II) thiosulphate143
(};g = 10.82 x 10"6 cgsu at ZOOC)9 the former was pre-
ferred as the packing was more reproducible, When
calibrated the tube was evacuated, flamed, filled

with nitrogen and weighed. The sample was then
introduced slowly, with re =l ar tapping to ensure
uniform packing, from a sample tube via an appro-
priate adapter, In some cases measurements were

repeated at more than one field strength.

Samples on which temperature range measurements



were later carried out were repacked until a constant
(x 1%) pull/weight ratio was obtained, an accurate

room temperature moment being essential to the meaning-
ful plotting of a 1/X vs T graph.

Calculation of moments

It can be shown that:

(K, - Ka] + K

where Ks’ Kc and Ea are the volume susceptibilities of
the sample, calibrant and air respectively; fs and

fc are the forces on the sample and calibrant measured
positive if the weight increases in a field. Since
K and K are known and f_and f_ are measured K

c a 8 c s
can readily be found,

The gram susceptibility %l%; the molar

susceptibility }:m and the corrected molar suscepti-
bility ’ij for a metal ion in a complex are given

by the expressions:

E
Y%, = °
i - At o e ]
= Density
?{m = W % empirical molecular
: &

weight
144

36 = Y + diamagnetic corrections
133 163 -
for other atoms

151



The effective magnetic moment Hopr is then given by:

:20" !
Bops 83 VX' X T Bohr magnetons

where T is the absolute temperature,

ii) Over a temperature range

For the investigation of the variation of
susceptibility with temperature a Newyport variatble
temperature Gouy apparatus was used, the temperature
range was from -196 to + 100°¢C, The refrigerant
wag liquid nitrogen and the cryostat held the temperature
steady to z 001083 the absoclute value of the temperature
was dependent on the accurate calibration of the
thermocouple but is claimed to be z 1°¢. Measurements
were not normally made above QOOC due to the possibility
of the compounds dJdec mposing and the danger of the
stopper blowing out of the tube as the nitrogen inside
expanded,

The procedure was as foellows. A pyrex tube,
similar to that used for the room temperature moments

but fitted with a B5 Jjoint, was filled with nitrogen

and suspended from the balcnce Hitrogen was

flushed around the tube to displace any oxygen, which
has temperature dependent paramagnetism, and the

thrust on the tube measured at three field strengths

(4,000 to 7,000 gauss) at intervals of 10 or 20%¢c,

"]



A calibration curve, giving the diamagnetic correction
for the tube, was then plotted. The tube was filled
with sample { ~9 cms) and the force on the tube and
sample measured at the same field strengths over the
range of temperature; using the tube calibration graph
the net force on the sample at each temperature was
determined.
j(zn at room temperature is known and gsince for
nitrogen Ka is negligible;

3<m = A . Iy
where A is a constant which is independent of tem-
perature, Thus Qﬁm is found at each temperature for
which the sample pull was measured and after dia-

magnetic corrections have been applied ' is obtained.
3 ¥ m

b) Molecular weight determination

kY

A Gallenkamp ebulliometer, combined with a
thermister and bridge circuit, was used, The cell was
modified so that dry nitrogen could slowly be flushed
through the apparatus during reasurement, Dry methyl
cyanide (10 mls) was added Fiom a pipette and the
apparatus was calibrated with pellets of mapthalene
( ~0,05 g), the first one serving to stabilise the

boiling point. Small amounts of sample were then
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added from sealed glass tubes which were opened
immediately before the addition, the weights being
found by difference. The weights of napthalene and
sample added were plotted against their respective
resistance (temperature) changes and the molecular

weight calculated:

Slope for C10H8

Unknown M. W, = M,W. of C, _H, x
1678 " -
Slope for unknown

c) Conductivity measurements

Measurements of conductivity were carried out
in spectroscopic methyl cvanide or pyridine using a
Mullard calibrated conductivity cell (E7597/A) with
platinum electrodes in conjunction with a Pye 11700
bridge. Solutions were placed in & thermostat at
2500 prior to measurewent,

The apparatus (fig. A.9) was steamed out with
de-ionised water, rinsed with absclute ethanocl and
pumped for at least twelve hours with regular flaming,
The sample was then introduced via (A) against a
stream of dry nitrogen frowm & small tube which was
weighed before and after the addition. After
evacuation the cell was remwmoved from the line and
weighed; it was returned to the line and the solvent

distilled in. After the solvent had been melted a



Fig. A.9,



checlk was made to ensure that all the solute dissolved;
the cell was removed from the line and reweighed to
give the weight and hence the volume of solvent. The
solution was tipped down between the electrodes and the
conductance measured; concentration or dilution cculd
be carried out by replacing the cell on the line and
distilling solvent in or out, The usual practice, when
studying the conductivity over a concentration range,
was to gradually dilute the solution but to do the
final reading at a high concentration to check that

no irreversible reaction had occurred during dilution,
The molar conductivity was calculated from:-

Cell const., x volume of soln. (cc's)
N = x MW,

24}

Resistance of soln. % weight of
solute (g)

Although the concentration could be changed by a factor
of ten it is the wvariation of conductivity with the
square root of concentration which is of interest

making the range studied rather narrow.

d) Spectral measurements

i) Solutions, Electronic swvectra

Solution spectra in the region 4,000 to 45,000 cm.

were measured on Unicam SP,500, 700 and 800 spectro-



photometers. For the measurement of spectra the
apparatus (fig. A,10) was evacuated and flamed out at
intervals for several hours, the cell being gently
warmed with a hot air blower. Nitrogen was then
admitted and the sample tipped from a small tube into
the flask; the apparatus was evacuated again and the
solvent distilled in. The solvent was melted and

the solute dissolved to give a solution which was
filtered through the sinter and sealed up in the
reservoir; a reference cell was generally filled from
the same batch of solvent. If it was necessary to
dilute the soclution, to measure the ultraviolet region
for instance, a few drops of the solution were tipped
into the cell and pure solvent was then evaporated
over by cooling the cell with an acetone~drikold swab.
The ultraviolet spectrum measured in this way was
considered to be reliable for if small traces of water
were present they would react with: some of the sample,
but only a very small proportion which would be the
same at all concentrations, If only sufficient
sample was added to examine the very intense ultra-
violet peaks the chances of a misleading spectrum would
be much higher as a significant proportion of the

sample might be decomposed. Extinction coefficients
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were measured by weighing the amount of solid added
and measuring the volume of solvent afterwards, values
less than 100 should be quite accurate but if dilution
was involved they could only be estimated.,

The cells usually used were of glass or silica
with a path length of 10 mm but 40 mm glass cells were
also used for examining the d-d spectra of wealily
absorbing or rather insoluble compounds. Silica cells
of 1 mm path length were used to examine the near
infrared of Ti(II) compounds in methyl cyanide as this
solvent absorbs somewhat in this region,

ii) Low infrared

Low infrared spectra in seoclution were measured on
a Grubb Parsons D.M.4 machine. The apparatus was as
shown in fig. A.11 which also indicates how the
polythene cells were constructed. As the sides of
the cell touched when the apparatus was evacuated it
was regularly filled with nitrogen and re-evacuated
to ensure that no air remained inside., The sample

was added and the solution as described for

the electronic spectra exco thut the cell was sealed

up at almost 1 atm, of mnitrogen instead of under

Vacuiime.
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iii) Solids: Reflectance, Infrared and Low Infrared

Reflectance spectra were measured between 10,000
and 50,000 cm, 1 using the Unicam SP.500 or 700
instruments equipped with their reflectance attachments;
the standard sample holder was used with the 700 but
for the 5C0 the compound was placed between two glass
discs which were sealed aroun:d the edge with silicon
grease, Magnesium oxide was used as the reference,
Samples were finely ground but not diluted, although
this can resnlt in marked changed in the spectrum, due
to the increased danger of decomposition.

Infrared spectra were measured between 400 ard
4,000 cmawji using a Perkin Elmer 337 and in the range
200-~-500 cmow1 on the Grubb Parsons DM 4. Hujol mulls
were always used but the windows were of potassium
bromide or polythene depending on the range being
studied. All the manipulations invelved in prepara-
ticn of solid samples for spectral measurement were

carried out in a dry-boXx.

Dry-box
The dry-box system was built in association with

My, IP.R. Marshall and Mr., P, Crouch with a great deal

of help frorm the Vorkshop staff.



The box, which was supplied by Lintott, was equipped
with a nitrogen recirculating system (fig, A12). Water
was removed from the gas stream by molecular sieve
columns, each containing about 1.5Kg of Unicn Carbide
5A sieves, and oxygen was abstracted using B.S.A,F,
catalyst (B.T.S.), each column containing around 250 g,
this being kept at 1500C by internal heating coils.
Nitrogen was bled in slowly and the box maintained at
a slight positive pressure, The recirculation rate
was about 30 litres/minute achieved by a diaphram pump
(Charles Austin), the total volume of the system was
rather over 1,000 litres. The molecular sieve columns
were reactivated by heating and pumping, each column
being wound with a beating coilyj the deoxvygenation
columns were activated by passing a slow stream of
hydrogen over them for several hours, while they were
kept at ISOOCU The port, through which samples were
introduced or removed, could be flushed either with
nitrogen direct from the cylinder or with the
recirculating gas. A1l the piping was of copper with
brass taps and all joints were coated with polyurethane
varnish to minimise lealis, Unfortunately no meters
were available to test the water and oxygen content but

phosphorus pentoxide showed no sign of absorbing water

after a weelk,
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e) X-Ray Studies

i) Powder measurements

A number of X-ray powder photographs were kindly
talkken by the Atomic Energy Authority. The samples
were sealed up in Lindemann capillaries (0.3 mm diameter)
which had been evacuated for at least twelve hours.
The thin wall capillaries were connected to a Pyrex
tube with black wax.

ii) The Single Crystal Study

The crystals of 2TiBr,,3C H, 0, were grown by
i) L1062

refluxing 1:2-dimethoxyethane with titaniwm(III) bromide
for twelve hours and were separated by filtration, A
number were tipped inte thin walled capillaries
(0.3 mm diameter) and examined under a microscope to
select one which was both well formed and firmly wedged
in the tube, This was then mounted on a goniometer
in plasticine which, after the capillary had moved
during orientation of the crystalgwas coated with
Araldite.

The crystal density was found by flotation in a
mixture of dry iso-octane and Ary iodomethane, a
value of 2.0 was obtained corresponding to 7.7
molecules per unit cell. The density was not expected

to be very accurate because of the instability of the
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crystals,

All X-ray measurements were made using the General
Electric XRD 6 generator in conjunction with their own
tubes, the usual beam current was 30 ma at 50 Lkvp.
Buerger precession (Charles Supper) and integrating
Weissenberg (Nonius) cameras were used, Orientation
precession photographs were talen using unfiltered
molvybdenum radiation, a 10° precession angle and
twenty minute exposures. For precession layer photo-
graphs zirconium filtered molybdenum radiation, a 300
precession angle and twelve hour exposurecs were used.
Oscillation orientation photographs were taken with
copper radiation and a 1EQ oscillation angle. After
thirty minutes exposure the crystal was rotated by
180° and a further ten minutes exposure given. The
curvature of the two sets of rows allowed the correction
necessary to align the crystal to be calculated.

The data was collected using equi-inclination

Weissenberg layer photographs which were taken using

nickel filtered copper radis’ Since the angle of

. P+
rotation was greater than 150 two exposures were

required for each level, the angles of rotation were
noted and the exposures scaled to give a constant

time per degree rotation. Three Ilford 'G' films,



which were used throughout the study, were stacked
in the film helder for each exposure, Data was
collected from the first eight levels.

A comparison strip for estimating the intensities
was prepared by isolating one well formed spot and
taking twenty 40 oscillation photographs, each exposure
being 1.2 times longer than the preceeding one. The
eye is particularly sensitive to intensity differences
in the middle of the wedge range and an effort was
made to measure each spot on the film which gave the
intensity in this range, although some spots inevitably
had to be measured at the ends of the wedge range.

A number of spots were measured carefully on each film
to give the factor by which the spots were diminished
in intensity on passing from one film to the next;

it was estimated to be 2.45,

16
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