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ABSTRACT 

FACULTY OF SCIENCE 

CHEMISTRY 

Doctor of Philosophy 

THE APPLICATION OF SPECTROSCOPIC 

TECHNIQUES TO PROBLEMS IN TRANSITION METAL 

COORDINATION CHEMISTRY 

by Robert Edwin Collis 

The techniques of x-ray diffraction, NMR. spectroscopy and Raman and 

infrared spectroscopy and their applications to problems in inorganic 

stereochemistry are briefly discussed. 

The isolation and characterisation of the complex TiOCl(acac) 

(where Hacac = acetylaaetcmejis described. On the basis of molecular 

weight determinations in benzene it is formulated as a dimer* The 

infrared and Raman spectra have been measured and point to the 

existence of Ti^^]>Ti bridge bonds« In the light of the results of 

''h. Nl'IR, spectral measurements, sev ' rcl. oxygen bridged dimeric 

structures are proposed» 

The vibrational spectra of the 1:1 adducts of phosphine, methyl-

phosphine, dimethylphosphine and tri.methylphosphine v/ith titanium 

tetrachloride have been measured, and are discussed in terms of their 



geometries» Cryoscopic molecular weight data., taken in conjunction 

with the spectroscopic data, showed the adduot TiCl ,,PMe to be 
4" 3 

monomeric in benzene, and from a comparison with the results for 

TiCl^jMe^, it is probable that it adopts a structure based on 

a trigonal bipyramidal distribution of the ligands with axial 

trimethylphosphine. In the case of the other species^ the phosphine 

ligand is probably in an equatorial position^ Matrix isolation 

Raman studies on TiCl^,PH^ in tetramethylsilane have been reported, 

and suggest that it too is monomeric» The partial assignments of 

the vibrational spectra have been supplemented by G-.V.F.F. calculations. 

The vibrational spectra have been measured for the 1s2 adducts of 

titanium tetrachloride with triraethylphosphine, pyridine ar.d methyl-

cyanide, and the 1 "»2 adducts of titanium tetrabromide with pyridine 

and methylcyanide„ The spectra of the adduct TiCl^j2PMe, have been 

interpreted in terms of a trans - monomeric octahedral structure. 

It was found that the spectra of the adducts TiCl^.ZMeCN and 

TiBr^,2MeCW, taken in conjunction with conductivity data for solutions 

of TiCl^ and TiBr^ in methylcyanideand a G-.VoF.Fo calculation on 

TiCl^,2MeCN, could be interprei in terms of a probable cis - C^y 

monomeric octahedral structure for both of these adducts« 

Unambiguous interpretation of the spectral results for TiCl^^ZFy and 

TiBr^,2Py in terms of structure could not be carried out* Powder 

x-ray measurements showed them to be isomorphous with the adducts 

SiCl^j2Py and SnCl^j2I^ which from single crystal x-ray studies are 



known to adopt a trans octahedral structure. 

The preparation, characterisation and vibrational spectra have 

been described for two series of complexes MCl^jZNMe^ and MCl^fZPMe^ 

(where M = So, Ti, Cr, Fe; and M = So, Ti, V, Cr, Pe, Go, Ni, 

respectively). Cryoscopic molecular weight data for GrGl^,2PMe^ 

indicate it to be monomeric in benzene. The vibrational spectra 

have in every case been interpreted in terms of a trans trigonal 

bipyramidal structure, supplemented by calculations on 

TiCl^.ZNMe^ and TiCl^,2PMe2. Previous x-ray determinations on 

the adducts TiCl7,2NMe7, VCl7,2NMe7 aad CrCl7,2NMe7 had shown them 3 

to adopt such a structure. 

The spectra obtained are compared, and in the light of competition 

experiments carried out on the pa-rs of complexes ScCl^pZPMe^g 

ScCl^jZNMe^ and FeCl2,2KWe%; FeCl^pEPMe^, differences in the spectra, 

between the series of phosphine and amine complexes for different 

members of the series are discussed in terms of the nature of the 

bonding involved, Class (b) acceptor character, force field 

parameters and steric effects. 



C H A P T E R I. 

Introduction 



1.1 General 

Any theory of cheraical bonding must provide a satisfactory 

understanding of two fundamental areas of chemical knowledge. 

Firstly, it must provide a rational account of the formation of 

chemical bonds between elements and of the resulting bond energies; 

secondly it must account satisfactorily both for the shapes whioh 

molecules adopt and also the molecular dimensions which are 

observed. A formidable array of physical methods has been 

employed, with varying degrees of success, to gain a better under-

standing of the factors involved in these two areas. As far as 

spectroscopic techniques are concerned, interpretation of results 

in terms of molecular stereochemistry is generally found to be on a 

much sounder basis than conclusions concerned with the nature of the 

bonding involved. 

for inorganic coordination compounds, the techniques of i-ray 

and neutron diffraction in structure determination are definitive. 

However, their use is limited to crystalline solids. Electron 

diffraction and microwave spectroscopy are normally confined to 

studies in the gas phase. 

A great deal of effort in the recent past has been devoted to 

the study of transition metal coordination compounds, whose formal 

electronic configurations involve a central metal ion possessing a 

partially filled d-shell. The results of magnetic measurements 

and electronic absorption spectroscopy have been successfully 

rationalised to a large extent by the crystal field and ligaad field 



theories in terms of the local symmetry of the ligands surrounding 

the central metal ion. Mvances in the unierstaniing of the 

boncLing involved, in these con^lezes have similarly been made. 

In addition to these techniquas involving effects due to electrons 

in partially filled d-shelis, there remain the techniques of 

vibrational spectroscopy and nuclear magnetic resonance spectroscopy. 

Indeed, for coordination compounds involving acceptors with either 

nd^ or nd^^ electronic configurations, these are the principal methods 

available for structure determination apart from x-ray diffraction 

and related techniques. Although, as stated above, results from 

x-ray diffraction experiments are definitive, they are normally 

confined to the solid state. Vibrational and NMR, spectroscopy are 

invaluable for yielding structural information for solutions and the 

liquid state. 

1.2 NMR. Spectroscopy 

In principle, chemical shifts can be resolved in spectra of solid 

compounds provided that the line widths, which are primarily governed 

by dipolar interactions in solids, are small con^ared with the 

chemical shifts involved. Thus, the ^^^Tl spectrum of solid TlgCl^ 

consists of two peaks of relative intensities 11), consistent with 

the formulation as (Tl^)^(TlClg^ ), (l). In a study of the ^ P 

resonance spectrum of solid PCl^, dipolar broadening effects were 

minimised by high speed rotation () 800 rps) of the sample on an axis 
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at an angle of % 2̂ 4 to the direction of the magnetic field. The 

spectrum observed, was consistent with a formulation as ^^6 

in a tetragonal lattice (2). However* the study of the MMR. 

spectra of solids is still rather limited. 

The vast majority of stereochemical studies of inorganic 

molecules involving NMR. spectroscopy, however, have involved high 

resolution NMR, measurements on either vapours, liquids or solutions. 

This technique yields, in favourable oases, from an analysis of the 

spectra in terms of chemical shifts and spin spin coupling constants, 

a simple, unique assignment of stereochemistry. In contrast to its 

obvious value in structural organic chemical problems, examples of 

inorganic sti-uctures first demonstrated by NMR. are few. Typically, 

organic compounds are liquids or solids easily soluble in a large 

number of non polar solvents ar^ they contain hydrogen atoms which 

have an ideal nucleus from the point of view of NMR., both in 

regards to detection, and also interpretation of results in terms of 

the electronic structure of the bonds involved. By contrast, 

inorganic confounds are largely solids of low solubility and few 

contain nuclei which have a nuclear spin = l/2 (with a zero 

guadrupole moment). Thus, NMR. of inorganic chlorides is generally 

of little value since both "̂̂ Cl and "̂ Ĉl possess large guadrupole 

moments, a feature leading to excessive line broadening due to 

guadrupolar relaxation. Furthermore, examination of paramagnetic 

species is prohibited, since strong electron-nucleus relaxation 



broadens the resonances to such an extent that only a single broad 

absorption signal is observed. However, if electron relaxation 

times and exchange times are favourable (3)j one may observe for 

paramagnetic species, the unusually large chemical shifts known as 

contact shifts. The great advantages of M R . as a technique for 

structural determinations are its speed and siizgalicity of 

interpretation. Even in cases where second order effects are 

operating, spectral analysis is relatively speedy to carry out. In 

this connection, recent advances in double resonance techniques (4), 

especially for heteronuclear spin coupling effects, have greatly 

facilitated spectral assignments, and allow the relative signs of 

coupling constants to be determined, 

Althcmgh relatively few atomic nuclei are amenable to study by 

NMR., a great deal of significant structural work has been carried 

out. In this field the study of fluorides has been particularly 
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successful. Thus, the ? NMR. spectrum of can be interpreted 

in terms of a C2y structure based on a trigonal bipyramid with the 

lone pair in an equatorial position (5)« Moi-eover, the interpreta-
1 Q 

tion of the F NMR. spectrum of antimony pentafluoride (6) in terms 

of a polymeric structure involving cis-fluorine bridging provided 

structural information which probably could not have been obtained 

as simply by any other physical technique. Of special relevance to 

the work described in this thesis is the work carried out by Dean 

and Evans on the NMR. of some tin(lV) fluoro-con^lezes (7a), mn/) 



by Muetterties (7b) on the stereochemistry of adcLucts of transition 

metal fluorides, and in particular TiP, , SnP, , 8iF, , GeP, and MdP, . 
4 - 4 - 4 - 4 - 4-

This work illustrates the ease with which the spectra of ^2^^^ 

species may be interpreted in terms of stereochemistry, but it also 

draws attention to the effects of intermolecular exchange phenomena. 

As a result of this, the interpretation of spectra consisting of a 

single resonance in terms of all nuclei being magnetically equivalent 

is a very dangerous procedure in the absence of a temperature 

variation study and/or adeq^^±e supporting evidence, In this 

connection, intramolecular exchange phenomena may also sometimes be 

important, especially if the alternative structures have a very low 

energy barrier for interconversion between them, as for example 

trigonal bipyramidal and tetragonal pyramidal geometries. Indeed, 

many coordination compounds possessing trigonal bipyramidal geometry 

have NMR. spectra which show spectroscopic equivalence of the ligands 

(e.g. EF^, AsF^ and the spectrum of ?e(CO)^). 

Applications of H NMR. have been successful, particularly in 

the structural chemistry of hydrides, (where z-ray diffraction is of 

little value) and in organometallic chemistry. Direct bonding of 

hydrogen atoms to metals is characterised by abnormally large proton 

chemical shifts, and MMR. has yielded much information in the field 

of transition metal olefin cong)le%e8. 



1.3 Vibrational Spectroscopy 

As may be seen from the problems with ligand exchange and 

stereochemical non-rigidity encountered in KMR. studies, the time 

scale for this technique is relatively slow (i.e. 10"^-^ 10"^ sees.). 

A great advantage of vibrational spectroscopy is that it is a much 

"faster" technique, the time scale involved being of the order of 

10 sees. Thus, few processes commonly occurring for molecules 

in their ground states are too fast for vibrational spectroscopy to 

follow. 

Infrared and Raman spectroscopic techniques yield complementary 

information about molecules. However, until three years ago the 

application of Raman spectroscopy to problems of chemical interest 

was extremely limited, due to the extreme feebleness of the effect. 

With the use of lasers as sources of excitation, however, this 

technique is now probably more accessible and more convenient to use 

as a diagnostic tool in stereochemical studies than is infrared 

spectroscopy. 

Applications of vibrational spectroscopy in the sodium chloride 

region, with the simple idea of group frequencies, to obtain 

information about functional groups, the approach found most useful 

in organic chemistry, have been very successful in the fields of 

organometaliic and hydride chemistry. However, nearly all the metal 

ligand vibrations of interest to the structural inorganic chemist 

occur below this region, and require the extension of the accessible 



infrared region down to about 200 cm, ^ , Assuming that certain 

metal-ligand vibrations are relatively "pure" modes, and. using the 

concept of "stretching regions", the symmetry of a molecule can in 

favourable cases Often be decided from the number of vibrations 

observable in the stretching region, using the results of simple 

group theory. 

With large molecules, however, and where differences in symmetry 

are small, this approach is less dependable. The infrared region 

down to 30 cm. '' is now readily accessible through the use of 

instruments such as the Beckman and as stated above, Raman 

spectroscopy is now much more easily studied since the introduction 

of laser sources. Given these practical possibilities complete 

vibrational spectra of molecules over the whole infrared region may 

now easily be obtained. Using the concepts of stretching and bending 

regions, Raman and infrared activities, depolarisation ratios for 

solutions and coincidences in the Raman and infrared, the stereo-

chemistries of fairly complex molecules may be assigned. However, 

the possibilities of Fermi resonance or, for solids, crystal field 

effects should always be borne in mind. Furthermore, modes which are, 

from group theoretical considerations, shown to be, say, Raman active 

may have very low intensities and escape detection, and neither 

should the possibilities for accidental coincidences be overlooked. 

Indeed, because of the very wide range of masses and bond force 

constants found for inorganic molecules, even the concept of 
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"stretching rgions" is of very limited applicability, 

The advent of new computer techniques (8), (9) has meant that 

vibrational analyses of quite complicated molecules may be carried 

out. Force constants are transferred from simple symmetrical 

molecules whose structure and. vibrational assignments are well known. 

Even using extensive approximations, results are generally obtained 

which are a great aid in assigning spectra. Stretching frequencies 

are usually readily calculated to within 10^ of observed values, and 

the relative degrees of mixing of normal modes may be determined, as 

a test of the validity of the common assumption that certain 

stretching vibrations are relatively pure modes. This approach is 

limited by the number of simple molecules whose vibrational spectra 

have been unambiguously assigned, and for which a reliable set of 

force constants has been calculated. Molecules whose structures 

have been confirmed using vibrational spectroscopy in conjunction 

with vibrational analyses are AlH^,2NMe^ (10), MCl^,RMe^ 

(M = Si, G-e, Ti, Sn) (11) and (12). Results obtained with 

these molecules suggest that in certain cases stretching vibrations 

are relatively pure but none the less, the concept of "group 

frequencies" is not a helpful one for inorganic compounds. Results 

obtained in this thesis indicate, furthermore, that in oases of 

coordination coirplexes involving ligands cong)lexii)g through the 

heavier group V and VI donor atoms (e.g. P and S) that mixing of 

skeletal and ligand modes is much more serious. 
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Useful though approximate vibrational analyses undoubtedly are, 

there remain cases where genuine ambiguity still arises in the 

assignment of certain modes, (for instance in the assignment of one 

of the stretching modes (^g^g) compared with one of the deformations 

in octahedral MXg species (15))» 

The well defined plane polarised nature of laser radiation has 

made studies of the single crystal Raman spectra of inorganic species 

a practical possibility. The Raman tensor which describes the 

polarisability of the molecule or crystal for each mode is subject 

to restrictions by the symmetry of the scattering system. This 

tensor may be used to predict Raman activities and directional 

intensity changes in the Raman scattering for each mode, leading, in 

favourable cases, to unambiguous assignments. Thus the ambiguity 

mentioned above for MXg has been resolved by single crystal measure-

ments (15). For studies involving more complex molecules, single 

crystal results can resolve ambiguities arising from approximate 

normal coordinate calculations brought about by our lack of knowledge 

of force fields. 

By a combination of far infrared, Raman and single crystal 

studies, supported by an approximate vibrational analysis, confident 

assignments may be made for quite complex structures. Considerable 

advances in the study and interpretation of the spectra of polymeric 

species such as NbP^ (14), Au2Clg, NbgCl^Q, NbgBr^Q etc. (15) have been 

made, and assignments have been made even for three dimensional crystals 

such as rutile (16), anatase, cassiterite and molybdenum trioxide (13). 
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Undoubtedly the most significant advance has been the 

introduction of lasers as sources in Raman spectroscopy. Powdered 

solids may now be studied with ease, especially with the 180° 

collection system employed in the Gary 81 spectrometer, and with the 

use of such instruments as the Spex monochromator which employ 

detection systems of high sensitivity, vapours may be conveniently 

studied without the need for multipass cells. The production of 

stable helium/neon and argon ion lasers has opened the way to the 

study of a wide range of highly colourei species, especially 

transition metal coordination compounds. Despite these important 

advances however, results must still often be treated with caution. 

Problems due to correlation splitting, birefringence and crystal 

imperfections should always be borne in mind in single crystal 

studies (15), as should the possible occurrence of the resonance 

Raman effect (17) ia the study of coloured compounds, aad 

perturbations of observed intensities as a result of scattering by 

spin waves or magnons in magnetic materials (18). The relative 

importaaoe of such effects is still uncertain, however. 

1.4 Scope of the Present Work 

Hitherto, studies of the stereochemistry of inorganic oomplezes 

by vibrational spectroscopy have been largely confined to species 

involving either filled d-shells or empty d-shells of rather high 

energy. It was felt that preliminary studies (8) should be made on 
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systems ^hore the possibility of bonding involving empty d-orbitals 

and electrons in d-orbitals was not a complicating factor. A fairly 

large amount of data for these systems has now accumulated, especially 

for neutral adducts of the halides of group Ill(b), group IV(b) and 

group V(b) elements (1$),(8), (20), In particular, the existence 

of 5-coordinate species appears to be quite common, and the actual 

arrangement of the ligand around the central acceptor atom appears 

to be the result of quite a fine balance between steric aad electronic 

effects (7), (8). 

Most of the work described in this thesis is devoted to studies 

involving adducts of titanium (IV) halides. Comparisons are made 

between the results for adducts of group IV(b) halides aad the 

li(lV) systems where low lying empty d-orbitals are present. 

Studies of the vibrational spectra of some adducts of a range of 

transition metal trihalides of the first series (21) have also been 

carried out. Comparisons are made with compounds involving 

group Ill(b) acceptors and the effects of partially filled d-shells 

on metal ligand vibrations are examined. Tentative conclusions 

concerning the nature of the bonding in these complexes are put 

forward. 



C H A P T E R II. 

The isolation and characterisation of dimeric acetyl-

acetonato-titanium oxide chloride /{IriOCl(aoao) _Z2' 

13 
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II.1 The Occurrence of Multiple Bon&inA 

A fundamental difference between the behaviour of elements in the 

first row of the Periodic Table and those of succeeding rows is the 

relative ease with which the former participate in the formation of 

multiple bond.8, involving px-px bonding. Aa a general rule, 

multiple bonding of this type is restricted to bonds between first 

row elements and the non-transition elements of group VI. This 

behaviour could be attributed to a combination of such factors as 

(i) small inner shell repulsions of the first row elements, 

leading to extensive p%-p% overlap, (22a), (ii) the smaller size of 

the first row elements leading to low coordination numbers, and 

(iii) the more efficient filling of orbitals in the polymer as 

compared with the monomer (22b). Thus, the polymerisation of BOCl 

and. MeBO could be attributed to (iii). The unusual behaviour of 

the non transition elements of group VI is brought out by a 

comparison of the molecular species SOg as compared with the 

polymeric PO2 , with which it is isoelectronic. The behaviour of 

the group Vl(b) elements suggests that electronegativity differences 

may be important. For example, where the other element involved is 

more electropositive than sulphur, the d-orbitals might be expected 

to be less accessible than in oases where sulphur is bonded to more 

electronegative atoms. 

With regard to systems in which d-orbital participation may be 

reasonably postulated, one must consider the possibility of d%-px 
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bonding. However, the factors favouring this and, even the extent 

to which bonds may possess character are much less clear than 

for the p%-p% case. Furthermore, there is the possibility that 

either nd or (n-1 )d. orbitals may be involved. For bonding involving 

transition metal ions, clearly the (nr-1 )d orbitals are sufficiently 

accessible for possible d%-p% bonding with ligands surrounding the 

central ion. The case for dx-p% bonding involving back donation of 

electrons, formally confined to the central metal, into suitable 

empty orbitals on the ligands rests largely on the observations of 

bond lengths, stabilities and ligand stretching force constants in 

transition metal carbonyl, cyanide and nitrosyl complexes. It is 

well known that these ligands are especially effective in stabilising 

very low formal oxidation states of transition metals, and the 

consequent large numbers of electrons in the transition metal 

d-orbitals could well be stabilised by back donation, and hence give 

rise to partial double bond character in the metal ligand bonds. In 

support of this, it has been noted that conglexes of this type are 

much more stable than those involving ligands such as CI and Br , 

and that the metal-ligand bond lengths of complexes of this kind are 

typically short. The case for it-bonding in phosphine and arsine 

con^lexes is much less clear cut, however. A congaarison of the 

chemical behaviour of phosphine and arsine couplexes with that of 

carbonyl, cyanide and nitrosyl conglexes suggests that considerable 
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d.%-p?c bonding might occur, but this has not been convincingly 

demonstrated as yet (23). 

Experimental evidence for the occurrence of ndn-np* bonding is 

similarly abundant, the most well known example being the planarity 

of trisilylamine. The ions SiO^^^, SO^^" and ClO^" might all 

involve a certain degree of dR-p% bonding, and the stability of the 

ions of P; As, 8, Se and CI with respect to polymerisation may 

be contrasted with the ease with which the oxyanions of V, Mo, W 

and Or polymerise. 

Since the publication of Pauling's paper (24) on the 

hybridisation of atomic orbitals, the ability of d-orbitals to 

participate in covalent bonding has been quite extensively discussed. 

Whereas Pauling discussed the problem on the basis of the angular 

part of atomic eigenfunctions, in a paper by Craig et al (2$) the 

whole problem was reconsidered on the basis of interactions of the 

radial part of the eigenfunctions. Prom a calculation of Slater 

overlap integrals it was suggested that the conditions for good over -

lap were very different for the two cases of d%-px bondings For 

hybridisation involving 3d, 3s and 3p orbitals, ligands would have 

to be electronegative enough to lower the energy of the 3d orbitals, 

by reducing screening at the nucleus, so that efficient overlap might 

occur for them to make a significant contribution to the bonding* 

It was noted that it is just the most electronegative elements which 

tend to combine with second row elements in their highest valency 
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states, for ezan^le sulphur hezafluoride, For the case of 

hybridisation involving 48 and. 4.p orbitals, as for ezan^le in 

the case of elements in the first transition series, it was suggested 

that, in contrast, highly eleotronegative ligands were undesirable, 

as the decreased screening induced by them at the nucleus would 

result in 3d orbitals which were of too low an energy for significant 

contribution to the bonding. Moreover, it was shown that, for good 

overlap "acceptor" and ligand orbitals should be of comparable 

"sizes". It thus seems likely that the extent of d-orbital 

participation might depend on the extent to which the surrounding 

ligands perturb the d-orbitals of the central atom. 

Further calculations (26) of optimum exponent values for 38, 3p 

and 3d orbitals of sulphur in sulphur hezafluoride suggest that the 

promotion energy to the sp^d^ configuration for sulphur (estimated to 

be 25-31 ev.) can be compenaated by molecule formation. The 

calculations show that the 3d orbitals contract to approximately one 

half the free atom size in the molecular field of sulphur hexafluoride. 

Further work (27) has been carried out on the valence state energies 

of excited configurations involving 3&, 4-s and 4p orbitals in the later 

second row elements (Si, P, S and Cl) and their ions, from data 

obtained from spectral term energies. The results indicate that for 

later second row elements with high covalencies, the weight of 

configurations involving high energy orbitals is likely to be largely 

dependent on the degree of perturbation of the ligands, in agreement 
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with the earlier work (2$). However, it is noteworthy that the 

results obtained indicate that the 48 orbitals are always slightly 

more stable than ami 3d. orbitalB. Thus the contribution of 48 

orbitals to the valence state is ezpected. to be at least as 

Gong)arable or possibly larger than that of 3d. orbitals. In 

addition, recent calculations by Gianturco (28) suggest that for the 

second row elements Al, Si, P, S and CI, inclusion of configurations 

such as s^'"^ d^ and s^, , d^, results in much more contact 

outer d-orbitals, without necessarily invoking a strong ligand 

polarisation. It seems evident from the foregoing results that 

although the contribution of high energy orbitals to the bonding of 

second row elements is generally quite feasible from both symmetry 

and overlap considerations the specific participation of high 

energy d-orbitals in the bonding is much less clearly demonstrated, 

II.2 The Occurrence of Multiple Bonding; in Titanium 0%o Species 

Metal oxo cations such as titanyl, TiO^^, and zirconyl., ZrO^^, 

had formerly been regarded as well characterised species. However, 

the study of compounds thought to contain such species, especially 

by the techniques of z-ray diffraction and infrared spectroscopy, 

have shown that nearly all of them are actually polymeric, containing 

single K-0 bonds, which may or may not possess partial multiple bozd. 

character arising from d-orbital participation. This state of 

affairs is in marked contrast to the very common mnA well 
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authenticated, existence of the ozo vanadium (IV) cation,, vanadyl* 

which dominates the aqueous chemistry of vanadium (IV), Anri 

instead parallels closely the behaviour of the elements of 

group IV(b), Thus, typically, silicon oxygen double bonds are 

unknown, presumably due to the participation of i-orbitals in 

partial double bonding in the polymeric species observed in practice, 

as in the siloxanest As a further example, the polymeric nature of 

&eO(acac)2 may be quoted (8). 

The use of infrared spectroscopy as a diagnostic tool for K = 0 

Species has been much discussed. Studies on several mononuclear 

species containing M = 0 bonds have indicated (2$) that the usual 

region of stretching vibrations of this grouping is 900=1100 cm ^ 

For most of the "titanyl" compounds studied, however, broad bands are 

observed in the 900 om.~^ region, suggestive of vibrations of Ti-O-Ti-

chains This is the situation for all of the oxyhalides of the type 

TiOXg (% = CI, Br or I) and also for the complexes Ti0F2»H?0 (30) 

and TiOCl2,2Fy (3l)' In a recent paper, Fowles (^2) assigned baods 

at 976 and 978 cm,"^ to Ti = 0 stretching vibrations in the complexes 

TiOClgifZMe^N and TiOCl2,2(arpicoline). It was noted that the 

former complex was isomorphous with the complex V0Gl2,2Me^K which 

exhibits a band at 990 cm. ^ in its infrared spectrum and has been 

shown by x^ray studies to exist as a monomeric unit with discrete 

V = 0 bonds. Other complexes of TiOCl2 studied, with such donors 

as methylcyanide and bipyridyl, showed no strong bands in this region. 
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but strong broad bands in the 900 - 780 region, attributed to 

Ti-O-Ti polymeric chains. 

Possibly the most well authenticated example of the existence 

of a titanium oxygen double bond is that of the TiOCl.^" ion- For 

the compounds (Me^N)2TiOCl^ and (Et^N^gTiOCl^ ^Ti-0 reported to 

be at 975 cm. ^ (33), (34), and recent x-ray work (35) confirms that 

this anion is indeed monomeric 

In addition to the formation of polymeric Ti-O-Ti chains, in so 

called titanyl species, there is the possibility of the formation of 

oxygen bridged dimers, involving the unit Ti\ g^^Ti. Considerable 

confusion has arisen in the past over the nature of "Titanyl acetyl -

acetonate". It was long thought (29), that it was monomeric in 

benzene and had a Ti - O stretching frequency at 1085 cm 

comparable with at 990 cm."^ for V0(acac)2, which has been 

shown from x-ray studies to be monomeric (36), Other work suggests 

(37) that for TiO(acac)2 may lie at 1030 cm."^, although it 

would then be in the region of the CH^ rocking vibrations of the 

acetylacetone. However, further work (38) suggested that the 

compound is a dimer in benzene when prepared by the hydrolysis of 

dibutoxytitanium-bis-acetylacetonate. There now (34) seems to be 

little doubt that it is a dimer, and probably contains Ti< 

bridging groups, whose infrared vibrations occur below 800 cm."^. 

With regard to the use of infrared spectroscopy in the assign -

ment of metal oxygen stretching vibrations, it has been pointed out 
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(34) that it is conceivable that M = 0 and M-O-M stretching 

vibrations need not always be distinguishable. S.V.F.F. 

calculations indicate that the stretching vibration of a linear 

M-O-M grouping will occur at the same frequency as that of an M = 0 

grouping, if the M-O-M stretching force constant is assumea to be 

one half of the value of the M = 0 force constant. On decreasing 

the M-O-M angle from 180° , then decreases in frequency. 

From this it is evident firstly that bands at t/) 1000 cm. ^ need not 

necessarily be due to M = 0, to the exclusion of M-O-M, and secondly, 

the exact vibrational frequency depends not only on the force 

constant, but also on the M-O-M angle assumed. It therefore seems 

reasonable to conclude that the use of vibrational frequencies of 

metal oxygen vibrations as indications of bond strength, and hence 

of multiple bond character, must be treated with some caution, 

especially if the detailed geometry of the molecule (from x-ray 

measurements) is not available. 

II.3 The Isolation of TiOCl(aoac). 

During an extended study of the properties of TiO(acac)2 (39) 

it was noted that minor changes in the infrared spectrum of the 

— 1 

compound could frequently be observed in the 800 cm. region. 

Typically, a weak to medium band was observed at 8lO - 820 cm. , 

which was not always reproducible in succeeding preparations of the 

compound. In particular, the preparation of Ti0(acac)2 from TIOCI2 
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and acetylacetone in the presence of acridine resulted in material 

having a 8troi%, broad, bani at 811 cm." , whilst in contrast the 

preparation from TiOClg and. sodium acetylacetonate showed, no band. 

at 8l1 cm, ^. These results seemed to suggest the formation of 

small amounts of either another compound or perhaps a polymeric form 

of TiO(acao)2 involving Ti-O^Ti chains, in addition to the suspected 

dimer, 

In view of the rather uncertain nature of these results, it was 

decided to repeat the preparation of Ti0(acac)2 using Cox's 

procedure (40). This involved the reaction of an aqueous solution of 

titanium (ill) chloride with a very large excess of acetylacetone 

dissolved in benzene, in the presence of excess aqueous sodium 

carbonate, to remove the hydrogen chloride formed. The Ti(acac)2 

formed was then allowed to oxidise in air to yield TiO(acac)2. The 

procedure was modified however, in that a mole ratio of TiCl^iHacac 

of 1i3 was employed, in presence of the calculated amount of sodium 

carbonate, as opposed to the large excess normally employed, as it 

was suspected that the presence or absence of the 811 cm. band 

might be due in some way to inefficient removal of all hydrogen 

chloride formed during the reaction between TiOGl2 and acetylacetone 

in the presence of acridine, as performed in the previous study (39). 

The blue product, obtained as a solution in benzene, and presumed to 

be Ti(acG&)2 a^ in previous preparations by this method, was oxidised 

in air, and yielded the expected crop of yellow crystals. The 
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infrared spectrum of the product (Table II.1.), showed, in addition 

to the usual hands reported for TiO(aoao)2 (39), a strong, sharp band 

at 810 cm."^. 

In an attempt to separate any possible mixture present, the 

crude product was digested with a small quantity of benzene, and 

partly dissolved. The undissolved yellow solid was filtered off and 

dried giving the I.R. spectrum typical of TiO(acao)2. (Table II.1.). 

The benzene solution was evaporated to dryness and yielded a crop of 

well formed colourless crystals which gave an infrared spectrum which 

was different from that of TiO(acac)2 ia that it possessed, in 

addition to the two strong acetylacetone vibrations common to all 

acetylacetonates in the 1020 cm."^ and $30 cm. ^ regions, an additional 

strong band at 810 cm."^* Moreover, the medium band at 776 cm."^ 

observed for TiO(acac)2 was entirely absent. These spectra are 

summarised in Figure II.1. for comparison. 

The two samples obtained from this separation were analysed for 

carbon and hydrogen, the results being given on page 39. Clearly, 

both the analysis results and the I.E. data indicate that the yellow 

solid, which was less soluble in benzene is TiO(acae)2« As far as 

the more soluble, colourless component of the mixture is concerned, 

the best fit to the analytical results was given by the formula 

'i'iOCl(acac). In an attempt to demonstrate the existence of chloride 

in the compound, a solution in methylcyanide was treated with a 

solution of silver nitrate in methylcyanide. A copious precipitate 
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of silver chloride was obtained. Using this methoa, a determination 

of chloride was then carried out, and the result agreed with the 

formulation as liOCl(acac). In view of these results, a "rational" 

preparation of this complex was next attempted. Cox's method was 

again used, this time a mixture of TiCl% to acetylacetone of 1:2 was 

employed, in the presence of the calculated quantity of aqueous 

sodium carbonate. The resulting li(lll) acetylaoetonate was not 

isolated, but allowed to oxidise in situ, to yield an orange benzene 

solution, This on evaporation gave a yellow brown material. 

Extraction with methanol (to remove the brown tarry material), 

followed by recrystallisation yielded colourless crystals which from 

analyBis and infrared results (Table II.2.) were shown to be 

TiOGl(aoao), identioal with the oolourlesa, soluble fraction described 

abcve, 

These results suggest that liOClfacao) is probably present in 

many of the preparations of TiO(acac)2 carried out hitherto. Further, 

formation of the former is likely to be promoted in preparations of 

the latter both by inefficient removal of HCl, and the use of 

relatively low concentrations of acetylacetone• In this way, the 

presence of the extra band at 811 cm. in TiO(acac)2 formed via TiOCl2 

and acetylacetone in the presence of acridin® is explicable 

especially since this band is absent when the TiO(acac)2 is formed 

from TiOCl2 and sodium acetylaoetonate. 
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II.4« The Structure of TiOCl(acac). 

The complex of composition liOCl(acac) isolated as described in 

the previous section forms monoclinic crystals and, like TiO(acac)2, 

is quite stable with respect to hydrolysis, in contrast to most 

Ti(lV) halo complexes. It is soluble in a wide range of organic 

solvents such as benzene, dichloromethane and methylcyanide, but is 

much less soluble in more polar solvents like water, ethanol and 

acetone. Its molecular weight was determined, by cryoscopy, for 

solutions in benzene and dichloromethane, and it was found to be 

dimeric in both cases, 

The infrared spectrum of the solid and Raman spectra of both 

the solid its solution in benzene are quoted in Table II.2. It 

may be noted that considerable difficulty was encountered in 

obtaining Earn an spectra, due to intense fluorescence of the samples. 

This could not be minimised by treatment with animal charcoal, but 

it was found that freshly prepared samples of the complex, one to 

two days old, did not fluoresce very strongly, and Raman spectra 

could be obtained with such samples. The fluorescence increased 

with time, and for samples older than about four days, the Raman 

scattering was completely masked by this fluorescence. Examination 

of the vibrational spectra reveals a lack of strong bands in the 

1000 cm."'' region of the spectrum which can be attributed to a 

tenninal Ti = 0 stretching vibration. As already stated, the band 

at 1025 cm."^ occurs for a variety of metal acetylacetonates, and 
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has been assigned, to the acetylacetonate ring methyl rocking mode 

141). Zhis is in contrast to the behaviour of TiOCl,^ where Vm<_r 
J. I . 

is at 975 cm. ^ (34J, and for yO(ac&o)2, Vv=o at 590 cm. ^ (41). 

Comparison of the vibrational spectra of liOCl(acao) and TiO(acac)2 

(Table II.3«) reveals the presence of an additional strong band, in 

the infrared and Raman spectra of TiOCl(acac), at 340 cm."^, which 

is shown to be polarised for solutions in benzene (Table II.2.), 

aad which is absent from the spectra of TiO(acac)2« This may 

therefore be assigned to the titanium chlorine stretching mode, and 

in view of the coincidence of this mode in the Raman and infrared, 

if one assumes a dimeric foirmulation for the molecule, it seems a 

reasonable as8ung)tion to treat the titanium chlorine stretching 

vibrations as being largely uncoupled, otherwise in phase and out of 

phase coupling should lead to two non-coincident modes, one strongly 

infrared active and one strongly Raman active and polarised. In 

addition, the strong band at 810 cm."^ observed in the infrared for 

TiOGl(acao)2 is absent for TiO(acac)2, but may correspond to the 

band at 776 cm.""̂  observed for the latter. It may be noted that 

&eO(acac)2 has a broad, strong band at 8]50 - 860 cm. ^ in the infrared 

This compound is known to be polymeric (8). It can reasonably be 

assumed (in view of the dimeric nature of TiOCl(aoac) in benzene) 

that this species contains Ti^ ^Ti bridging units in solution, 

and in the solid state. 

The NMR. spectrum of TiOCl(acao) at 100 mc./seo. as a 
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solution in cLichloromethane-d.2 is given in Table 11,4* The peaks 

observed occur in the same general regions as those observed for the 

ring hydrogens and ring methyl groups of TiO(acac)2 and !PiGl2(acac)2 

(39). The two peaks of equal intensity observed in the 220 - 212 c/ 

sec. region of the spectrum are three times as intense as the peak 

at 571 c/sec. Aaauming that both acetylacetonate rings in the 

dimer are in equivalent environments, this latter peak must be 

assigned to proton (a) of the aoetylacetonate rings, and the two 

more intense bands to the methyl protons (b) and (c) (Table II.4.)« 

These results indicate that the ring methyl groups are in different 

environments, and have different chemical shifts. 

Assuming trigonal bipyraxaidal coordination for the titanium 

atoms, the possible oxygen bridged dimeric structures which are 

consistent with the NMR. spectrum are shown in Figure II.2. 

Assumption of trigonal bipyramidal rather than square pyramidal 

coordination is not unreasonable, as a related compound TiCl2(0CgH^)2 

has been shown by x-ray measurements to adopt a dimeric oxygen 

bridged structure based on trigonal bipyramidal coordination for the 

titanium atoms (42). 

The dimeric nature of this compound in solution, and probably 

in the solid state, is remarkable, as it would appear that the 

compound favours dimeric ^-coordination over monomeric 4-coordination. 

This result is in contrast to the behaviour of TiO(acac)2, which has 

been shown to adopt a dimeric 6-coordinate structure in solution as 
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opposed to a monomeric 5-coordinate structure. Perhaps an important 

factor is the formation in each case of strong titanium oxygen bridge 

bonds. In spite of the complex nature of the vibrational spectra, 

it would, be tempting to assign the 810 cm. ^ band (infrared), and 

750 cm."^ band (Eaman; polarised) to asymmetric and symmetric 

y O 
stretching vibrations of the Ti^ J^Ti ring grouping. However, it 

^0 

is worth noting that acetylacetonate bands sometimes occur in this 

region for certain metal acetylacetonates, which have been assigned 

to *(CH) ( 4 1 ) . 

II.5. Adduct Formation by TiOCl(acac). 

It is well known that V0(acao)2 readily forms stable adducts 

with ligaads such as pyridine, with a consequent change in the 

frequency of the vanadium ozygen stretching vibration (4j). It was 

hoped that, in view of the probable 5-coordination involved in 

j/TiOCl(acac)_y2 that it would form adducts with ligands rather 

readily, either with breakage of the bridge bonds to form monomers 

of the type TiOCl(acao)L or TiOCl(acaG)21, or simple addition of two 

ligands per dimer without breakage of bridge bonds, to give 

structures involving 6-ooordination for the titanium atoms. More-

over, in view of the change in Vy-Q for V0(acac)2 on adduct 

formation, it was hoped that changes might be observed for the 

Ti^y y Ti stretching frequencies, which would then facilitate their 

assignment. 
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Dissolution of /%0Gl(acac)_/2 in pyridine, methylcyanide, 

trimethylamine and trimethylphosphine yielded yellow-orange 

solutions. Evaporation to dryness in vacuo, however, yielded the 

starting material in each case (from a study of the infrared spectra), 

Thus, it must be concluded that no stable adducts are formed at room 

temperature, and it is relevant to note that a similar state of 

affairs exists for TiO(acac)2 (39). It is certainly evident that 

for both these compounds, it is not possible to break the titanium 

oxygen bridge bonds by adduct formation. 

II.6. The Attempted Preparation of IiCl(acac)2. 

In view of the fact that TiO(acac)2 can be prepared by the 

oxidation of Ti(acao)^, presumably via the oxidation: 

ij-Ti ( ac ac ) ̂  4- + Og "5̂  ̂ TiO(ac ac } o Ẑ Hac ac ̂  

an attempt was made to prepare the analogous intermediate for 

TiOCl(acac). Assuming that both reactions proceed via a similar 

path, this would be expected to be TiCl(acac)2. 

The interest in isolating this compound stemmed from the 

possibility of employing it as a route to the compound TiP(acac)2, 

which would be isoelectronic with V0(acac)2 and might be expected to 

be monomeric. The preparation of what was claimed to be dimeric 

TiCl(acac)2 (hy refluxing TiCl^ and Hacac under nitrogen) has been 

reported (44), but repetition of this duriiag the course of the 

present work resulted in the formation of a brown tar, in contrast 
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to the re&, air stable, solid reported. More reoent work, however, 

has shown that the product of this reaction contains quadrivalent 

rather than tervalent titanium, and that it may contain an oaygen 

atom bridging the two halves of the molecule (40)- view of this 

result, a second approach was tried, involving the reaction of liCl^ 

and thallous acetylacetonate in methylcyanide solution, 

TiClj + 2Tl(acac)-->TiCl(acac)2 + 2T1C1 

A blue solution was obtained, together with a white precipitate 

of thallous chloride, on mixing together solutions of the reactants 

in methylcyanide under nitrogen. Evaporation of the blue solution 

in vacuo, however, yielded only a brown tarry residue. 
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T A B L E II. 1. 

The Separation of the TiO(acac)o/TiOCl(acac) Mixture. 

The near infrared, spectra of (A) the mixture; (B) TiO(acac)2 

("insoluble component"); (C) TiOCl(acac) (soluble component) (v 

A B C 

1280 V.8. 1280 V.8. 1280 v.s. 

1025 v.s. 102]p v.s. 1025 v.s. 

947 m.sh, % 7 m.sh. -

930 v.s. $30 v.s. 940 v.s. 

910 8. 910 s. — 

830 w. 830 w. — 

820 w.sh 819 w.sh. 

810 m. — 810 v.s. 

770 s. 772 s. 

— 
— 730 w. 

688 m. 688 m. 685 m. 

665 m. 665 m. — 

655 m.sh 650 m. 

•1\ 
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T A B L E II. 2. 

Infrared and Raman Spectra of /TiOCI(acac )72« 

IInfrared Spectra taken as Nujol Mulls). 

Infrared v cm."'' Raman cm."^ 

Solid Solno in Benzene 

1280 V, s. 1200 w. 1200 VoWo 

1025 V.8. 1028 w. 1025 V f r; 0 

940 V , So 940 m. 940 V/, 

810 v.s. — " 

730 w. - 750 m.br,(p;0 

685 m. 685 TiTo 690 Wo (br,) 

650 m. 647 Wo — 

592 8. 575 W. — 

557 W» 540 m . 540 Wc (br,) 

464 So 460 v.s. J+60 So(P). 

424- m.o 413 Vi, 416 Wv 

340 V «s 338 T.So 340 s„(p). 

295 285 Tfo 286 Wo(br,) 

269 m. 265 V'« 260 T . W . 

232 m. 230 nu v"br«) 226 Wo (br,) 

196 So 180 

133 

m- (br.) 

s. 



T A B L E II. 3. 

Par Infrared, and. Solid. State Raman Spectra of TiOCacao)^' 

(Infrared. Spectrum as Nujol Mull j 

Infrared, (v Raman cm. 

1028 v.w, 

^50 w. 

916 w. 

773 s . 693 m. 

688 m. 674 m.sh. 

665 m. 657 w. 

605 s. 

570 w. 588 w. 

55^ Vf. 560 v.w. 

506 s. 

473 V.s. 

438 s. 450 m. 

395 w, 

355 m. 358 w. 

304 m. 
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T A B L E II. 4. 

'U 
100 mc/sec. H. NMR. Spectrum of a 0.1 M Solution of TiOCl(acac) in 

12 Dichloromethane -d.o at 25°C' 

(Peak positions measured in cps. relative to 

tetramethylsilane as reference) 

Ring hydrogen Ring methyl hydrogens 

(a) (b aad c) 

Peak positions 571.2 222.5; 212.7 

Relative 1 3 I 3 
Intensities 

0 0 

I I 
G 

(b) HLC"" (c) 

I 
H 

(a) 
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II.7* Experimental. 

Preparation of solvents and reagents. Solvents and reagents used in 

the preparation of TiOCl(acac) and the mixture of this with TiO(acac)2 

were of normal laboratory reagent grade. Solvents for molecular 

weight detei^nations were dried over calcium hydride. pyridine was 

dried over molecular sieve 4a, distilled and stored over molecular 

sieve 4a. Methylcyanide was dried over calcium hydride mnri stored 

in vacuum angpoulea. Titanium trichloride was freed of hydrogen 

chloride by punqping for 24 hours, and was stored in vacuum ampoules. 

Acetylacetone for the TiClj experiment was dried over molecular 

seive 4a, aiid stored in vacuum ampoules. Thallous acetylacetonate 

was prepared by a method described in the literature (45) and warmed 

to 60°C with pumping to remove moisture, and stored in vacuum 

ampoules. 

Analyses. Carbon and hydrogen were determined by normal micro-

analytical combustion methods. Chloride was determined gravi-

metrically as silver chloride by precipitation from methylcyamide 

solutions* The silver chloride was collected on a sinter, dried and 

weighed to constant weight, the silver chloride dissolved away by 

washing with ammonium hydroxide, and the sinter dried and weighed to 

constant weight. This procedure corrected for the possibility of 

errors arising from the precipitation of TiOg along with the silver 

chloride. 
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Spectra. Infrared, spectra were recorded, as Nujol Mulls on Perkin 

Elmer 3^7 (> 500 cm. and Beckman %E11 ( $00 cm. spectrometers, 

ani Raman spectra on a Gary 81 spectrometer with helium/neon laser 

excitation. The H. NMR. spectrum was recor&el on a Varian 

Associates HA-100 spectrometer. 

Preparation an& separation of the TiOfacac^o/TiOClCaaac) mixture. 

A solution of titanium tetrachloride (10 ml.) in concentrated hydro-

chloric acid (40 ml.) was reduced with metallic tin, filtered and 

diluted with water (40 ml.). The resulting solution was added drop-

wise under nitrogen, with vigorous stirring, to a mixture of a&etyl-

acetone (^0 ml.) in benzene (100 ml.) and sodium carbonate (20 g.) in 

water (200 ml.). On completion of the reaction, as indicated by the 

subsidence of the evolution of carbon dioxide, the dark blue benzene 

layer was separated off, washed with boiled out water and dried over 

anhydrous magnesium sulphate. The dried benzene solution was then 

allowed to oxidise in the open air, resulting in a yellow-brown 

solution. On evaporation this yielded yellow crystals, which gave 

the I.R. spectrum (a) quoted in Table II.1. 

The crude product was digested with benzene and filtered. The 

undissolved yellow solid gave the I.E. spectrum of TiO(acac)2 

(Table II.1. Lb)) and the filtrate on evaporation to dryness and 

recrystallisation from dichloromethane yielded colourless crystals 

which gave the I.R. spectrum (c) quoted in Table II.1. 



Analyses of components. 

(1) Yellow solia, sparinaly soluble in benzene; 

Found: C, 44*37; H, Ti0(C^Hy02)2 requires: C, 45*81; 

H, 5*340^ 

(2) Colourless crystals soluble in benzene: 

Found: C, 30.72; H, 3.65%b TiOClfC^EyOg) requires C, 30.24; 

H, 3.65%;. 

Preparation of liOCl(aaac). The preparation described above was 

carried out, this time using acetylaaetone (20 ml.) and sodium 

carbonate (14 g*). The addition of the titanium (ill) solution was 

carried out in the open air, and the blue-purple product formed in 

the benzene layer allowed to oxidise in situ. The resulting yellow 

benzene solution was separated off, washed with water, dried over 

anhydrous magnesium sulphate, and evaporated to dryness yielding a 

yellow-brown solid. The complez was digested with methanol to 

remove most of the tarry browm material, and then recrystallised 

from dichloromethane as colourless crystals. 

Analysis and molecular weight. 

Found: 0,30.35, H, 3.7; CI, 17.58^^ M, 346 (0.3 mM. in CHgClg); 

416 (1.0 mM in CgHg). TiOClfC^HyOg) requires C, 30.24; 

H, 3.65; CI, 17.06^% M, 397. 

Reaction of TiOCl(acac) with neutral ligands. Dissolution of 

TiOCl(aoac) in pyridine gave a yellow solution which, on removal of 

the pyridine in vacuo yielded a white solid giving an infrared 
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spectrum identical to that of TiOCl(acac), y/ith no aidAtioaal bands 

due to pyridine. 

Precisely similar results were found for dissolution of 

TiOGl(acac) in methylcyanide, trimethylamine and trimetbylphosphine. 

Reaction of TiCl^ with acetylaoetone. TiCl^ (3 g.) was refluxed 

with aaetylacetone (4 g.) under nitrogen for four hours. A dark 

brown tar was obtained. 

Reaction of TiGl^ with Tl(aaaa), TiCl^ (1 g.) and Il(acac) (2 g.) 

were mixed aa solutions in methylcyanide under nitrogen. A white 

precipitate aad a blue solution were obtained. The blue solution 

was filtered off and the methylcyanide removed by distillation in 

vacuo, leaving a dark brown tarry residue. 
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C H A P T E a III. 

The vibrational spectra of the 1:1 a&ducts 

of phosphine, methylphosphine, dlmethylphoaphine 

ani trimethylphosphine with titanium tetrachloride. 
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Introduction. 

The existence of pentacoor&inate compounds for the elements of 

groups Ill(b), IV(a), 17(b) and. V(b) is now known to be quite wide-

spread (46), (ll)» In particular, adducts of the type LMZ, are 
4-

known for silicon, germanium, tin and titanium (with 1 = trimethyl-

amine) and there is an accumulation of evidence for formulating 

these as pentacoordinate monomers, (l1j, (47), (52), both in the 

solid state and in solution in non^polar solvents. 

The assumption of trigonal bipyramidal coordination for these 

adducts leads to the possibility of two isomeric forms, (l), (ll) 

possessing C2y or symmetry respectively. 

Z I, 
1 / 1 

L M<;^ X M(2 

I I 
z z 

(I) Ggy (II) 

Prediction of the actual symmetry observed in any given case of 

coordination may involve several factors. Prom a consideration 

of the electronegativities of the coordinating atoms, Muetterties (48) 

has suggested that, other factors being equal for pentacoordinate 

light atoms of doconfiguration (e«g« PIV)), the most electronegative 

ligand atoms will occupy the axial position,s. This is rationalised 

on the assumption that the bonding orbitals used by the central 

acceptor atom in pentacoordinate species can be described approximately 

in terms of sp hybrids for the equatorial positions, and dp hybrids 
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for the aaial positions (see Chapter VIII for a more detailed 

account). In the formation of O"bonds, the more electropositive 

ligand atoms might be expected to enjoy the greatest overlap with 

the 8p hybrids, whilst the more electronegative ligand atoms 

especially F aad CI, which might be supposed to form more ionic 

bonds, would form stronger bonds in the a%ial positions, involving 

dp hybrid orbitals of the central acceptor atom. In agreement with 

this, a C2y formulation for OSP^ is indicated from an analysis of its 

vibrational spectrum (49), (50), whilst for FPCl^ a C^y formulation 

is suggested (51)* Similarly, MePCl^ is most likely to possess 

Cgy symmetry (12). There is however, no basis to assume that this 

generalisation will hold for heavier atoms with low lying d-shells, 

and it is apparent moreover, that increase of the steric requirements 

of L might conceivably force a C^y configuration. for ezample, the 

1*1 trimethylamine adducts of the group IV tetrachlorides are all 

probably of Cjy symmetry, although here electronegativity differences 

are not large, and on this basis either Cgy or C%y symmetry might be 

acceptable. Finally, although the extent of dx-pm bonding in 

compounds of this sort is very much an unknown factor, on the 

assumption that CI ligaads will participate in this to a larger extent 

than R^N, it haa been suggested (8) from symmetry arguments, that 

Cjy symmetry appears to be favoured by considerations of %-bonding. 

However, it is likely that, in the compounds discussed here, %:-bonding 

effects are not as important as electronegativity and steric 
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considerations, in determining stereochemistry. 

In the case of TiCl,, the ad&uct TiCl,jMMe? has been formulated 
4- 4 J 

as a monomoric five coordinate species with aaial Me^N (52), (11). 

In view of the Cpy stereochemistry likely for MePGl^ (12), it was 

thought that the adduct riCl^,NH%, if it existed, might exhibit 

Cgy trigonal bipyramidal stereochemistry, and if so, comparison of 

the series TiCl^,L where L = NHy,MeNH2)Me2NH,Me^M might bring out 

the relative importance of electronegativity and steric considera-

tions in determining the stereochemistries of these adducts. 

Unfortunately, there is ample evidence of the instability of 

adducts of protonic amines with TiCl^ relative to ammonolysis type 

reactions (53)' 

However, since the compounds TiCl^,PH^ and TiCl^,2PH^ had 

both been characterised (54), and did not appear to undergo 

decomposition reactions of this type, it was decided to attempt the 

preparation and characterisation of 1;1 complexes of titanium tetra-

chloride with the series of phosphine ligands, MePHp, Me2PH 

and Me^P. This series represented a regular increase in steric 

requirements, and moreover the electronegativity difference between 

P in R^P and CI is rather more clearcut than in the case of R^N. 

It was hoped that, from aa analysis of the vibrational spectra of 

these compounds, their probable geometries might be deduced, 

assuming them to be pentacoordinate monomers based on a trigonal 

bipyramidal model. Assuming that Muetterties' generalisations 
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for pentacoordinate light atoms (48) might possibly be applicable to 

LTiCl^ species, it was hopei by this means to be able to assess the 

relative importance of electronegativity and steric effects in 

determining their geometry. It should be noted that %-bonding 

effects may be much more important for titanium (IV) than for the 

case of the group IV(b) tetrahalides, due to the much lower energy 

of the metal orbitals. 

Alkyl phosphine and sulphide complexes of group IV tetrahalides 

are quite common, and, in qualitative terms, generally appear to be 

at least of comparable stability with the analogous oxygen and 

nitrogen coordinated complexes. Although in the classification 

of acceptors, Si^^, &e^*, Sn^^ and li^* are normally considered to 

exhibit "class a" or "hard" acceptor properties*, the existence of 

stable phosphorus and sulphur complexes of the group IV tetrahalides 

is not necessarily surprising, since, firstly, the two common schemes 

of classification of donors and acceptors were drawn up on the basis 

of values of thermodynamic quantities for the formation of metal 

halides from metal ions and halide ions either in the gas phase or in 

aqueous solution, and secondly, the acceptor properties of need 

not necessarily bear much similarity to those of 

*See Chapter VIII for a discussion of the classification schemes for 

donor-accentor interactions. 
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Although a certain amount of work has appeared, on the vibrational 

spectra of phosphine and. alkyl phosphine aiduota of the group Ill(b) 

halides (55), (56), and on some trimethylphosphine adducts of the 

group IV(b) tetrahalides (47) , the work on a&ducts of the titanium 

tetrahslides is quite scarce. The preparation and. vapour pressures 

of the weak complexes TiGl^^PH^ and. TiC1^^2PE^ have been reported. (54), 

whilst Chatt (57) has prepared, adducts of titanium tetrachloride with 

PEtj (1:2); PfCsHgjj (1:2), G2H^(PMe2)2 (1:1) and 

(1:1). In a paper dealing with complex formation between TiCl^ and 

some mono- aad bi-dentate ligands involving P, As, 8 and Se donor 

atoms, Westland (58) describes both 1:1 and 1*2 complexes between 

TiCl^ and triphenylphosphine. Infrared spectra (down to 250 cm. ^) 

are reported for these complexes, and bands are assigned to Ti-P 

stretching vibrations, in a rather arbitrary way. 

In view of this rather unsatisfactory state of affairs, the work 

described in this chapter was initiated by a re-examination of the 

vibrational spectra of TiCl, fMe^N. Information from the infrared 
4- J 

Was extended down to 33 cm."^, and the advent of lasers opened up the 

possibility of obtaining, for the first time, information on the Raman 

spectra of the solid adduct in addition to a more complete spectrum 

for the adduct in solution. The results obtained are compared with 

Beattie Gilson's earlier and more limited data (II) and with the 

calculated spectra for both Cgy and models based on a trigonal 

bipyramid. 
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Using this as a point of departure, the 1:1 phosphine complexes 

of TiCl^ with PH^, MePHg, M@2FH and. Me^P were prepared and 

characterised. (The vibrational spectra were then measured and 

interpretation in terms of molecular geometry attempted, in 

conjunction with the results of calculations of the vibrational 

spectra to be ezpected from both Cgy and models. 

As stated earlier for (L taken as a point mass), the two 

possibilities for pentacoordinate monomers based on a trigonal 

bipyramidal geometry are shown as in (l) and (ll). 

For the case, the normal modes in cartesian coordinates 

split up (after removal of translational and rotational modes) as; 

r*mol = ^ 4 + ^2 + 33 

The and E modes are both Raman and infrared active, whilst 

the Ag mode is inactive in both and need not be considered. For the 

case there are therefore eight fundamental vibrational modes, and 

of these, three are expected to occur in the "Ti-Cl stretching 

region", namely 2Â  + E, since lowering the symmetry of tetrahedral 

TiCl^ from Id to results in a splitting of the two "stretching" 

modes for the Td case as follows: 

^d 

*1 ^ &1 

f 2 ^ ® 

For the Cgy case the normal modes split up as: 

r^mol " 5Â  + Ag + 35̂  + jBg 



46 

All modes are both Raman and infrared active except the Ag mode which 

is Eaman active only. 

For the Cgy case there are therefore twelve funAama±als, aad of 

these four (2a^ + + b2) might be expected to occur in the Ti-Cl 

stretching region, since we have: 

Tg, Cgy 

1̂ > s_j 

f 2 4- b 4- b 2 

In addition to the three (Cjy) or four (C2y) skeletal Ti-Cl stretching 

fundamentals occurring in this region we must consider the possibility 

of the occurrence of the Ti-P vibration in this region, and in 

addition the occurrence of both the deformational and PC^ rocking 

modes of the ligaads Me^N aad Me^P. If these ligand modes are 

readily identifiable, then in principle it should be possible to 

differentiate between C2y and provided that the position of 

vTi-P does not complicate matters, simply on the basis of the number 

of "li-Cl stretching modes" observed in the spectra. The reliability 

of this simple approach is examined in the light of the observed 

results and of the results of the calculations for in G2y and 

symmetries. 

III.2. The Adducts TiCl,,NMey and TiCl,PMe?. 
4 2 4 J 

(i) TiCl,fNMe?. The adduct was prepared as described in the — ^ J) 

literature (52). It is known to be monomeric in solution in benzene 
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(52); (11); and. has been formulated, in terms of a structui-e on 

the basis of its vibrational spectra. 

The vibrational spectra obtained during the course of this work 

for this adduot are collected in Table 1II.1. whilst the corresponding 

data for the adduot with deuteriated trimethylamine (CD^)^^ are given 

in Table III. 2. The data in Table III. 1., agree closely with the 

measurements of Beattie and G-ilson (11), although the infrared 

measurements given here represent an extension of the region examined 

down to 33 om."^. More extensive Raman data for solutions in benzene 

plus the spectrum of the solid powdered adduct are also given. 

Bands occurring in the stretching region (500 - 300 cm. ^) call 

for little comment, the assignment given in Table III. 1. agreeing 

with that of Beattie and Gilson (11) on the basis of a model. 

Comparison of Tables III. 1. and III. 2. reveal that on deuteriation 

the 500 om."^ band (polarised) shifts by approximately 60 cm. ^ and 

the 435 cm."^ band on deuteriation, appears to be masked by the bands 

ooourring in the region 450 - 340 cm."^, in the infrared. It is 

likely that the band at 390 cm."^ in the Raman spectra (Table II. 2.) 

corresponds to this band, representing a shift of approximately 

50 cm."^. In view of these shifts, their assignment as the symmetric 

and antisymmetric ligand deformations respectively, seems to be a 

realistic one, especially since, as has been observed before (11), 

bands in these two regions are found for a wide variety of trimethyl-

amine complexes. The band at 456 cm."^, shifting to 420 cm.~^ on 
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deuteriation ani absent in the Raman effect, is cOnfirmei as the e 

type vibration of the planar TiCl^ grouping, The two remaining 

bands in this region, both strong and polarised in the Raman and 

practically unaffected by deuteriation can be assigned as the two â  

Ti-Cl stretching vibrations, The changes in frequency relative 

intensity for these two bands on comparing solid and solution data 

are disturbing, but it is worth noting that Beattie Gilson 

observed a precisely similar frequency shift for the 368 - 388 cm."^ 

band in the infrared. Assuming that these changes are due to some 

perturbation in the solid state, from the solution data, it is 

tempting to assign the â  equatorial stretching mode to the band at 

348 cm, ^ (strong and narrow) and the â  aaial stretching mode to 

the broader band at 38O cm. However, it should be borne in mind 

that the results of the vibrational analysis performed for this 

molecule by Gilson (8) indicate that considerable mixing of these two 

modes is to be expected. They have therefore been bracketed 

together in the partial assignment of Table II. 1. 

For the region of the spectrum below 3OO cm."', the deuteriation 

shift of approximately 20 cm. ^ for the weak polarised band at 

210 cm. ^ suggests that it is the â  titanium-nitrogen stretching 

vibration. The position, intensity, polarisation data and 

deuteriation shift agree well with single crystal Raman data on the 

related compound &eCl^,NMe^ where the â  &e-N vibration has been 

assigned at 2)2 cm."^. The value of 210 cm."^ for the Ti-N 
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stretohing frequency agrees well with that calculated by Gilson (8) 

for a value of the titanium-nitrogen bond stretching force 

c> „ 

constant = . A . For this range of values the 

frequency of the Ti-N stretching mode was calculated to be in the 

range 191-)» 228 cm."^. 

(ii) TiCl^^PMe^. Since the assignment of the vibrational 

spectrum of the adduct TiGl^,NMe^ can be most satisfactorily carried 

out on the basis of the model, the adduct TiCl^^PMe^ was next 

examined. 

It has recently been shown that the 1*2 adduct of silicon tetra-

chloride with trimethylphosphine is the only species formed during 

tensiometric titration of the reagents at room temperature (47), and 

is the only species detectable (by vibrational spectroscopy) in 

solution in benzene. By contrast, titanium tetrachloride and 

tertiary phosphinesfofm both 1*1 and 1: Zcomplexes (57), (58). 

Accordingly, both 1:1 and 1* Zadducts of titanium tetrachloride with 

trimethylphosphine have been isolated and studied in this work* The 

t: Zadduct is described in Chapter IV. 

The 1:1 adduct was prepared by mixing benzene solutions of Me^P 

and TiCl^. (liCl^ in excess). It was obtained as dark red lustrous 

crystals, which were very soluble in common organic solvents. A 

cryoscopic molecular weight determination showed that the adduct is 

monomeric in benzene solution. 
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The Tibrational spectra obtained, for this aiiiuct are summarised, 

in Table III. 3* Comparison of the infrared data with that of 

^iCl^^NMe^ reveals a high degree of similarity between the two. The 

bands due to the Me^N deformations are of course absent, the 

corresponding modes for Me^P coming much lower, generally in the 

— i «». "1 
ranges 350 - 315 cm. for the symmetric deformation and 270 - 255 cm." 

for the antisymmetric deformation. In the infrared, four bands are 

seen in the Ti-Gl stretching region, a fact which might at first sight 

appear to favour the formulation. However, the strongly similar 

Raman spectra of TiCl^yPMe^ and TiCl^,NMej (Table III. 3. and 

Figure III. 1.) suggest that the complexes might well have the same 

shapes. If this is so, then only three of the four bands in the 

stretching region of the infrared of TiCl^yPMe^ c&B be "Ti-Gl 

atretching modes". Since the fourth is unlikely to be the symmetric 

ligand deformation, when Raman activities are considered, the most 

likely possibility is that it is the â  titanium phosphorus stretching 

mode. 

Turning to the Raman spectra, it should be noted here, that the 

spectrum obtained using the 60 milliwatt He/Ne laser as source was 

quite weak, due to the very dark red colour of the adduct. 

Decomposition of the adduct in the laser beam was observed, giving rise 

to a very strong sharp band at 520 cm."^, the intensity of which 

increased with time. This band could possibly arise either by 

decomposition into TiClg^" observed in the Raman at 320 cm."^. 
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strong and sharp (59)) or into TiCl^^^ZPMe^ which also has a strong 

sharp band, at 320 om."^ in the Raman effect (see Chapter IV). The 

bands quoted in Table III. 3« are those which decreased with time. 

Examination of the Raman spectrum of a solution of the complex in 

benzenA revealed only the band at 355 cm. ^ (polarised), aad no band 

at 320 cm. «̂ 

The obvious similarity of the spectra of TiCl^yMe^N and 

TiCl^fMe^P (especially the Raman spectra - see Figure III. 1.) 

leave little doubt that this latter adduct also adopts a trigonal 

bipyramidal structure with symmetry. In Tables III. 4. and 

III. 5. are given the frequencies calculated for the Cgy and 

models respectively. Details of the vibrational analysis are given 

in Appendix A. The results quoted are for a value of the titanium-

phosphorus band stretching force constant ff^^ p) = 1.8 ii 
-1 

this value giving the "best fit" of calculated to observed 

frequencies. A comparison of Tables III. 3* III« 4« and III« 5., 

reveal that the results for the calculation do not agree more 

closely with the observed spectra than do the results obtained for 

the Cgy case. The main contributors to each calculated frequency 

are listed (only potential energy contributions > 25% listed; 

contributions > 75% listed as "pure"modes). However, the results 

of Tables III. 4^ and III. 5** suggest considerable mixing of the 

â  titanium-chlorine stretching modes with both the â  titmninmr 

phosphorus stretching mode and the symmetric Me%P deformation. The 
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calculation for TiCl^^EMe^ suggested that little mixiig occurred 

between skeletal and ligand vibrations in this case (8), and that 

separation into skeletal and ligand modes was a reasonable 

approximation. The results given here suggest that ooupling between 

skeletal and ligand nodes is likely to be much more serious in the 

case of Me^P complexes, and that assignment of bands in terms of 

individual normal vibrational modes is less realistic« 

Despite the ambiguous results obtained for the and 

calculations for this molecule, the extreme similarity of the 

vibrational spectra observed for TiCl^^MMe^ and TiGl^^PMe^ together 

Tdth the molecular weight data, suggest that a trigonal bipyramidal 

structure with symmetry is most likely for both of these adducts, 

III.3* The Adduct TiCl^^PB^ . 

The adduct was prepared by mixing titanium tetrachloride with an 

excess of phosphine a-t -127°C» Removal of excess reactants left a 

yellow amorphous powder, easily sublimable to orange yellow crystals. 

The vapour pressure above the solid was measured and found to be 6 mm. 

at 0°C and 30 mm. at 25°C. This agrees well v/ith the value quoted 

in the earlier literature (54)« I'he iiigh dissociation pressure of 

this adduct meant that no infrared mull or solution spectra could be 

obtained. In either case onlv bands due to TiCl. were obtained« 

Raman spectra were taken on samples at equilibrium in ampoules filled 

on a vacuum line. Infrared data were obtainable only from saag)les 
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sublimed onto a caesium iodid.e plate cooled to liquid nitrogen 

temperatures, and these were of rather poor quality. 

The Raman and infrared data for both TiCl,,PH= and TiCl,,20? 
4- J 4- J 

are summarised in Tables Illj 6. and III. y. Comparison of the data 

in Table III. 6, with that in Table III. and comparison of the 

corresponding Raman spectra in Figures III. 1. and III. 2. will show 

immediately that the solid state Raman spectrum of TiCl^^PH^ is very 

different from that of TiCl^^PMej. In particular there are many 

more strong bands in the region 500 - 280 cm."' for the PH% case. 

This immediately suggests a Cgy formulation for this adduct. In 

support of this suggestion we may note that the Raman spectrum of 

MePCl^ is in many ways extremely similar (12). For example, in 

MePCl^ the â  PGI2 equatorial stretch of the assumed Cgy species is 

assigned at 441 cm."' (strong and polarised in the Raman effect), 

while the corresponding â  aaial PClg stretch is assigned at 288 cm."^ 

(medium and polarised in the Raman effect). By contrast, for P PGl^ 

(60) the â  PCl^ equatorial stretch of the Cjy species is â isigned 

at 422 cm. ^ (very strong and polarised in the Raman effect) while 

the corresponding â  axial PCI stretch is assigned at 384 cm.'^ 

(medium weak, and. polarised in the Raman effect). It is evident 

that the Raman spectra of TiCl^,NMej, TiCl^, PMe^ and FPCl^are 

similar (probably Cjy) and that those of TiCl^^ PH^ and MePCl^ are 

similar (probably C^y). 

Calculated spectra for both TiCl;,PH7 and TiCl,PD? (values in 
4- J) 4- J 
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parentheses are quoted in Tables III. 8. and III. 9. for Cgy and 

models respectively. In support of the correlation of bands 

suggested by the comparison of the Raman spectra of MePCl^ and 

outlined above, the calculations based on the Cgy model 

suggest that the bands at 286 cm."^ and 426 cm."^ be assigned to the 

TiCl2 aaial and equatorial stretches, although the list of 

principal contributions to each mode included in these Tables suggest 

that mixing of these two modes will occur, and that they will also be 

mixed appreciably with the â  P-Ti stretching mode. The data in 

Table III. 7. for TiCl^^PD^ suggest that the shoulder at 4-50̂  cm."^ 

(shifting under the 426 cm. ^ band on deuteriation) should be 

assigned principally as the â  P-Ti stretch. No other shifts of 

this magnitude are observed in either the infrared or the Raman 

effect, so that the assignment of this band to the P-Ti stretch 

can be made with some confidence. 

The band around 385 c m . i n the Eaman effect might at first be 

assigned as of any free TiCl^ due to dissociation. However, the 

band is asymmetric, and examination of the liquid nitrogen 

temperature Raman spectrum (Figure III. 2.) shows that this band, 

though weaker in intensity relative to the 426 cm. ^ band, is still 

present. Since no appreciable dissociation of the adduct into free 

TiCl^ is to be expected at this temperature, it must be concluded 

that this residual band represents a genuine band due to the adduct -

possibly the b^ TiCl equatorial stretch. 
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It is extremely unfortunate that the unstable nature of this 

compound rendered the measurement of solution spectra, and the 

determination of its molecular weight impossible. In lieu of 

molecular weight studies, a matrix isolation study on this adduct was 

carried out. Figure III. j, shows the Haman spectra obtained for 

(a) pure TiCl^^jPH^i (b) 10 molo % TiCl^^PZy in tstramsthylsilane 

as substrate; and (c) 4 mol. % TiCl^^PH^ in tetramethylsilane, all 

run at liquid nitrogen temperatures. The similarity of the matrix 

Raman spectra (once the tetramethylsilane bands have been accounted 

for) with the spectrum of the pure adduct suggest that the adduct is, 

like TiCl^^jPMe^, monomeric. The change in relative intensity of the 

i — i 

A-20 cm. and 385 cm. bands is somewhat disturbing. However, 

since there is likely to be some free TiCl, and free PH. in the dilde 

matrix, the increase in intensity on dilution of the 385 cm."^ band 

is most likely to be due to of free TiCl^. 

In conclusion it can be said that from the observed and 

calculated results discussed above, that the adduct TiCl^,PH^ probably 

adopts a trigonal bipyramidal Cgy structure. The great difference 

in the Raman spectra of TiCl̂ ,,PMe-̂  and TiCl^,PH^, the similarity to 

the spectrum of MePCl^ and the presence of five bands in the Ti-Cl 

stretching region all point to a Cgy formulation. The calculated, 

spectra given for a value of f. Ti-P = 1.8 nfl . are those which gave 

the best fit, and a comparison shows that the observed spectral 

results are best described by the results from the Cgy model. The 
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calculated results suggest a consi&erable degree of coupling between 

the â  Ti-Gl stretching modes and the Ti-Cl and â  Ti-P stretching 

modes. No ligand modes are found in the titanium chlorine 

stretching region, these being well separated from any modes 

occurring below 500cm. , However, even without this complicating 

factor the calculations suggest that the assignment of bands to 

individual gormal modes of vibration in the stretching region can 

only be regarded as an approximation. 

III.4. The Adducts TiCl^.PHoMe and TiCl^yPHMen 

These adducts were prepared by direct reaction of the donor and 

acceptor. TiCl^,PH2Me was prepared by mixing an approximately 1:1 

mole ratio of reactants, whilst TiCl^,PHMe2 was prepared by reacting 

M62PH with an excess of TiCl^ in benzene solution. 

Unlike'the adduct TiCl,,PHz the two adducts described here are 
4- V 

much more stable with respect to dissociation, vapour pressures above 

the solid adduct were found to be approximately: 

TiCl^pPHgMe 12 mm. 

TiCl^jPHMeg 5 mm. 

at 25°C. However, both these adducts, at room temperature, were 

found to decompose slowly to a brown yellow solid, presumably by a 

"phosphinolysis" reaction analogous to the ammonolysis reactions 

undergone in the TiCl^/MeNHg and TiCl^/MegNE systems (53)« However, 

the rate of decomposition in the phosphine adducts is much slower tban 
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in the amine adducts; TiCl^,PH^ is indefinitely stable; TiClj^jPHgMe 

decomposes slowly over the course of 1-2 months (as judged by the 

Raman spectrum of the solid adduot contained in a vacuum ampoule) 

whilst IiCl^^PHMe2 decomposes in a week. Examination of the Saman 

spectra of decomposed samples of these last two adducts revealed a 

band at 320 cm.'^, suggesting again the presence of TiCl^^" in the 

mixture. Since the rate of decomposition increases with the basic 

strength of the phosphine involved in the adduot, the following 

decomposition scheme is suggested as probable: 

TiGl^,PHMe2 =» TiCl^ + PHMbg 

liCl^fPHMBg + PHMeg :» TiCljfPMeg + MegP^HgCl" 

ZMegP+HgCl- + TiCl^ _/% /fiClg 

fo Support this, a sample of was prepared. 

Examination of its Raman spectrum revealed the following bands, all 

attributable to the TiClg^^ ion (59): 

/ «w» \ 

V ^om* / intensity assignment (59) 

320 V.S. 

233 v.w.br Vg 

175 8. 

for the purpose of recording the Raman and infrared spectra of 

these two adducts, freshly prepared samples were always used. 

The relevant vibrational spectra are recorded in Tables III. 10. 

aad III. 11. It is immediately obvious, from an examination of 

Figure III. 2., that the Raman spectra of TiCl^yPH^; TiCl^yPHgB* 
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and TiCl2^;PHMe2 sll closely similar and suggest that they all 

ha?e the same shape, probably the Cgy trigonal bipyramidaLL sti-ucture. 

The similarity is again brought out in their infrared spectra, but it 

should be noted here that any band, at around 490 cm. ^ (suggested to 

be the bQ axial Ti-Cl sti^tch by the 62^ calculation for TiGl^,PH^) 

would be masked in the case of the infrared data given here^ by 

of TiCl̂ ^ consequent on the slight dissocation of both of these 

adducts in the mull and in benzene solutions. 

In view of the unstable nature of TiCl^^^PHgMe and TiCl^^PHMeg, 

Raman spectra were also run at liquid nitrogen ten^eratures, because 

of the possibility that local heating of the san^le at room 

ten^erature by the laser beam could cause decon^osition. However, 

the low temperature spectra were identical with those recorded for 

sang)les at room temperature. In view of this it is unlikely that 

any of the bands observed in the Raman spectra are due to 

decomposition. 

In conclusion, it should be stated that the solution Raman 

measurements for TiCl^^fPHMe^ were of very poor quality and may be in 

error. There was some evidence for decomposition having occurred 

during the course of the measurement, since a small quantity of a 

brown solid had precipitated from the solution, and was covering the 

walls of the capillary Raman cell in which the solution was contained. 

No molecular weight data were obtainable for these adducts, due 

to their instability with respect to dissociation. Nonetheless, the 
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great similarity between their vibrational spectra, and the 

corresponding data for TiCl^^PH^ strongly suggests that they are 

monomeric, and like the latter probably adopt a Cgy configuration. 

III.5. Conclusion. 

It is evident, from a comparison of their Raman spectra, that 

the 1*1 TiCl^ adducts with PH^, MePH2 and MegPH all have the same 

stereochemistry. Matrix isolation studies on the TiCl^/PEy system 

suggest that the complex is molecular, and it is therefore likely that 

all of these complexes % esses a pentacoordinate trigonal bipyramidal 

geometry with C2y symmetry. 

The complexes with Me^N and Me^P are shown to be molecular in 

solution and from their vibrational spectra are expected to possess 

a trigonal bipyramidal structure with symmetry. The steric 

requirements of Me^N and Me^P are assumed to determine the structure 

and these ligands therefore adopt axial positions. 

Since tha steric requirements of MegPH must also be fairly large, 

it is quite surprising to find that the results obtained suggest that 

the adduct TiCl^,PHKe2 prefers a Cgy structure, with an equatorial 

phosphine ligand. It is evident that when steric requirements are 

not large, the Cgy structure (favoured by consideration of the electro-

negativities of the ligand atoms) is favoured. Even for MePHg and 

MegPH, which would seem to be quite bulky ligaads, the stereochemistry 

adopted is that favoured by electronegativity considerations. 
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Sterio requirements evidently do not dominate until Me^N or Me^P are 

considerei. 

Since the vibrational spectra for liCl^^NMe^ and. TiCl^^^PMe^ 

suggest that these two compounds are i so structural, but neither is 

isostruetural with TiCl^,PHMe2, powder x-ray photographs of these 

three adducts were taken, in order to see if they were isomorphoua* 

The results, quoted in Table III. 12. show that none of them are 

isomorphous. This does not of course preclude any of them from 

being isostructural. The case for dividing the adducts studied 

into two structural types must therefore rest on the data provided 

by vibrational spectroscopy, until x-ray studies of single crystals 

of these adducts have been undertaken. 
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(m) T:CÎ  PMg 

(B) -nci^.MePM^ 

(c) T C Y Me^PW 

A V cm. 



65 

A c U A t m . a . H*/N& LASER RAMAN SPeCTRB OF 

(A) fwat T : u * PW). 

($) MATRIX iO%f 40% TKTRAMETHYLSiLANC 

(C) MATR'Ti 46 % TEfRAMfWYLSiLAMK. 

AT WQU*D NlTRoCENTCMPeRAToKCS. 
( X * TETR A M CrwYL* I LA W t ) X 

foo 4 0 0 300 %oo 100 

6 V 6m .1 



P U M P S 
O I cm. BoRt CAPILLARY 

MAqwenc 

}6 

T^CI^.PW^ 

(8) 

COLDRRMRN 
CELL. 

# D M 
VAOeUM 
LINE 

"TTETfRAIiirrHrfL.SiusriE 

6.14 WicKFirr JOINT 

L * O U W 

ffl'TftOGSW 

LASER SOURCE 

F&CURE ia.4. (A) VACUUM LINE FOR MATRMt ISOLATION EXPERIMENT. 

05) ]>ETAIL O F LOW T t M P E R A T U R C CELL. 



67 

T A B L E III. 1. 

Observea vibrational freouenoies for TiCl^^NMe 

(Frequencies in 

Solid 

80 s. 

156 m. 

176 s. 

210 w. 

240 w.br. 

348 8. 

368 v.s. 

RAMAN 

Benzene Soln. 

147 m.(P.) 

173 8.(D.P.) 

200 w.sh.(P.) 

240 v.w.br.(D.P.j 

345 v.s.(P.) 

388 8.br.(P.y 

462 v.w.br. 462 v.w.br.(D.P.) 

500 w. 503 w.(p.) 

Mull 

75 m 

159 s 

174 m 

210 w 

346 m 

370 8 

435 sh. 
456 s. 

504 w 

IimiAKBD ASSIGNMENT 

Benzene Soln. 

149 m. 

170 m. 

210 w. 

345 m. 

396 8. 

436 sh. 
457 8. 

499 w. 

a^vTi-N 

( a^vIiCl^eq. 

( a^vTiCl ax. 

e6NC? 
evTiCl^ 



T A B L E III. 2. 

Obserrei vibrational frequencies for TiCl^jMXCD^) 

(Frequencies in cm. ^) 

lUWUM INFRARED 

Solia Benzene Soln. Mull Benzene Soln. 

77 s. 77 w. 

152 s. 

170 s« 171 s.(D.P.) 170 S # 170 s. 

188 w. 188 w. I84 w. 

234 w. 234 w.(D.P.) 

346 m. 348 s.(P.) 344 w.sh. 3414. w.sh 

366 8. 388 s.br.(P.) 370 s. 390 s.br 

390 W. 420 s. 420 5. 

435 m.br. 436 m.br.(P.) 445 m. 446 m. 
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T A B L E III. 3. 

Observei vibrational frequencies for TiCl^,MejP. 

(Frequencies in cm."^) 

RAMAN 

Frequency Intensity 

154 

190 

259 

355 

379 

v.w.br. 

v.w/br. 

v.w.br. 

3 . P . 

w.br. 

INFRAEED* 

Frequency Intensity 

155 w. 

175 w° 

355 

379 

413 

448 

m. 

B. 

8. 

m,sh. 

*Benzene Solution 



T A B L E III. 4. 

Vibrational frequencies (cin.~̂ ) calculated for TiCl^,PMe^ 

o&aC2y trigonal bipyramidal model. 

Ti-P 

190 

rn-i -D = 1 -8 md. ) 

OBSERVED CALCULATED P.E. CONTEIBUTIONS 

Prequency Symmetry 

75 ( 
( GPTiClggq I.P. 

GPTiClzaz O.P. 

81 bg gPTiClgax I'P' 

97 a, ( 
( 6TiCl 

115 b^ 

eq 

( STiOl^ 

( aFTiClj^O.P. 

127 bg SPTiClgg O.P. 

140 a. 6TiCl. 
I e 0 

154 159 bg jDyPC^ 

( p PC, 
169 b^ ( * r 3 

6PTiCl2eq I.P. 

228 GPCj 

70 
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T A B L E III. 4. (cont.) 

OBSERVED 

259 

355 

379 

413 

448 

CALCULATED 

Frequency Synmetry 

292 

292 

322 

369 

448 

457 

b 1 

a. 

P.E. CONTRIBUTIONS 

6PC: 

br 

( 6PGj 

vTiCl, 

vTiCl. 

( vTiP 

wTiCl 

vTiCl, 
€ 

vTiCl. 

az 

e q 

e q 

e q 

ai 
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T A B 1 E III. 5. 

Vibrational frequencies (cm. calculated for IiCli,PMe^ 

on a Gjy trigonal bipyramidal model. 

OBSERVED CALCULATED P.E. CONTEIBUTIONS 

Frequency Symmetry 

67 e 6TiP 

110 8 6TiClax 

122 â  GTiClg O.P. 

( 6TiClg I.P. 
136 e ( Gq 

379 373 

413 

4A-8 

1 

154 

169 e ( GTiClg I.P. 

190 207 â  GPCj 

259 291 e aPCj 

355 330 a, vTiGleq 

vTiCl^x 

GPC^ 

457 e vTiCl^q 

( vTiP 
495 a, ( 

( vTiCl^^ 



T A B L E III. 6, 

Observed, vibrational frequencies for TiCl, fPH?, 

(Frequencies in cm. ) 

73 

RAMAN 

Frequency Intensity 

8$i w. 

105 s. 

126 s. 

153 

181 w. 

238 8. 

286 S. 

385 8. 

426 v.s. 

450 m.sh. 

INFRARED* 

Frequency Intensity 

290 

380 

426 

4.81 

A r. complex 

* Infrared spectrum recorded liquid nitrogen temperatures. 
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T A B L E III. 7. 

Observed vibrational freouencies for TiCl,,PD^ 
. . . , I — -

"p - - - " - ™ i' 
^Frequencies in cm. ) 

lUWUm IBPRARED* 

Preque%cy Intensity Frequency Intensity 

87 w. 

103 s. 

124 s. 

152 w. 

178 

233 s. 

282 s. 287 s. 

% 82 s. 380 s. 

4^^ v.B. 427 s.br. complex 

479 s. 

Infrared, spectrum recorded at liquid nitrogen temperatures. 



T A B L E III, 

Vibrational frequencies (cm. ') calculated for TiCl^,PH^ and. 

TiCl^^PD? (values in brackets) on a Cny trigonal bipyrami&al model. 

- 4 A a"* 
Ti-f 

105 (103) 

126 (124) 

153 (152) 

286 (282) 
385 (382) 

426 (429) 

450 ( -) 

if rp4_p — i«S Hid-» ) 

OBSERVED CALCUIATBD 

Frequency Symmetry 

89 ( 87) 88 ( 87) 

97 ( 97) 

113 (109) 

131 (131) 

137 (136) 

181 (178) 152 (149) 

238 (233) 169 (168) 

307 (303) 
350 (346) 

433 (428) 

452 (444) 

491 (474) 

b 1 

bo 

P.E. CONTRIBUTIONS 

( SPTiClgeql.P. 

( 6Ti-Cl az 
6Ti-Cl. e q 

6PTiCl2^I.P. 

6Ti-Cl 

SPTiClzeqO.P. 

( SPTiClggql.P. 

az ( 6Ti-Gl. 

( 6Ti-Cl 
b4_ 

( vTiP 

( vli.Cl^ 
( 

( vTi-P 

( vTi-Cl eq 

wli-Gl eq 

wTi-Cl az 
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T A B L E III. 3. 

-1 
V i b r a t i o n a l f r e q u e n c i e s ( c m T " ' ) c a l c u l a t e d f o r T i C l ^ , P H ^ a n d T i C l ^ , P D j 

( v a l u e s i n b r a c k e t s ) o n a C y r t r i g o n a l b i p y r a m j - d a l m o d e l . 

OBSERVED 

89 (87) 

105 (103) 

126 (124) 

153 (152) 

181 (178) 

238 (233) 

286 (282) 

385 (382) 

426 (429) 

450 ( - ) 

i f j j _ _ p = 1 . 8 m d , A ' ' ) 

CJiLCULiTED 

Frequency Symmetry 

86 ( 8 4 ) e 

116 (115) e 

138 (137) 

158 (157) e 

302 (295) 

351 (349) ai 

4 5 5 ( 4 4 5 ) e 

491 (486) a. 

P.E. CONTRIBUTIONS 

I 6Ti-P 

5?i-Claa 

6Ti-Clax 

5Ti-Clg O.P. 

STi-Clgq I.P. 

( vTi-Cl 

I vTi-P 

vTi-Cl, 

a x 

vTi-Ci 

( vTi-P 
( 
( vTi-Cl 

eq 

a x 
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T A B L E III. 10. 

Obsei-ved vibrational frequenoies for TiGlj^jPMeHc. 

(frequencies in cm. 

EMAN IimiAEED 

Solid Mull Benzene Soln. 

112 s. 

125 8. 

156 V.8 . 

179 w. 190 v.w.br. 

^56 s. 232 v.w.br. 

291 8. 282 m.br. 282 m.br. 

383 m. 387 v.s.sh. 387 s.sh. 

415 v.s. 418 v.s.br. 4.10 s.br. 

430 m.sh. 433 v.s.sh. 430 s.sh. 

456 s. 450 s.sh. 

496 m. 500 v.s. 
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T A B L E III. 11. 

Observed vibrational frequencies for TiCl^jPHMep' 

(Frequencies in cm. 

Solid 

102 w. 

123 m. 

149 m* 

210 8. 

256 w. 

299 s. 

378 w. 

414 v.s, 

430 w.sh. 

amAN 

Benzene 8oln. 

315 8. 

349 s. 

387 8. 

413 T.w.br. 

INFRARED 

Mull Benzene Sola. 

284 m.br 

380 V.8., 

410 v.s. 

440 sh. 

501 m. 

284 m. 

388 s.br. 

415 8. 

430 s.br. 

504 m. 



T A B L E III. 12. 

a-spacines for and 

79 

TiCl^y PHMeg 
5 " 3 

Rsl. 
itensity d 

Rel. 
Intensity d 

Rel. 
Intensity d 

V.5. 6.098 w . 5.987 m. 6.812 

m. 4.739 w. 5.30 s. 4.663 

m. 3.930 V.8. 4.975 v.s. 3.930 

m. 3.287 8. 4.663 s. 3.184 

m. 2.903 V.8. 3.558 m. 3.115 

w. 2.504 W. 2.632 w. 2.715 

s. 1.845 w. 2.546 w. 2.504 

w. 1.547 w. 2.283 m. 1.857 

m. 1.945 s. 1.793 

s. 1.911 m. 1.700 

8. 1.866 w. 1.643 

S, 1.775 

S. 

w. 

1.610 

1.572 

w. 

w . 

w. 

m. 

1.529 

1.392 

1.351 

1.312 

m. 1.159 

m. 1.132 

s. 1.720 

w. 0,9797 
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III.6. Exijerimental. 

(i) General. The purification and drying of the reactants and 

the preparation of adducts was carried out in all glass vacuum 

systems, the detailed description of which has been given elsewhere 

(61), The preparation of the crude phosphines was carried out in 

standard guickfit apparatus under white spot nitrogen. Mull and 

solution samples were all prepared in a nitrogen filled glove box. 

The nitrogen, which was continuously recirculated by means of a 

diaphragm pump, was passed over B.T.H. copper oxide catalyst at 60°C 

and subsequently through molecular seive 4a to remove ozygen and 

water vapour, respectively. The copper oaide and molecular seive 

oolumns were periodically regenerated (after approximately one 

month) and at these times the whole system was subsequently flushed 

out with fresh nitrogen. Using this system, the water vapour level 

in the drytoi was kept in the range (20 - 50 ppm.). 

Titanium tetrachloride was freed from chlorine by treatment with 

copper powder, and from hydrogen chloride by subsequent distillation 

in vacuo onto acridine. After four subsequent distillations in 

vaouo to remove traces of aoridine, the purified material was stored 

in vaouum ampoules, fitted with breakseals (61). Benzene and tri-

methylsilane were both dried with calcium hydride and trimethylamine 

was purified and dried with pyridine and silicon tetrachloride (62). 



(ii) Preparation of the phosphines, (a) Phosphine was 

prepared by the reduction of phosphorus trichloride with lithium ainm-imum 

hydride (63) ia diglyme, which has first been dried by standing over 

calcium hydride. The phosphine generated was dried by successive 

trap to trap distillations from an a-pentanol slush bath (-127°C) to 

liquid nitrogen, and storage over fresh barium oxide. The 

phosphine was finally stored in gas bulbs fitted with breakseal 

sidearms at one atmosphere pressure. As a check on its purity, the 

infrared spectrum of the final product was measured, and found to be 

in agreement with that cited in the literature (64). 

(b) Deuterophosphine was prepared by the action of deuterium oxide 

on calcium phosphine. Purification was effected as for phosphine, 

and the infrared spectrum recorded as a check on its purity (64). 

It was found that the use of commercial calcium phosphide resulted in 

a miztare of and PD^ in the approximated ratio of 1*2 (as judged 

from the relative intensities of the corresponding infrared bands, 

assigned to ^ freshly prepared sample of oaloium phosphide, 

prepared by the alumino thermic method (6$), yielded a product which 

was at least 90^ PD^, (estimated from the relative areas of for 

PH^ anAPD^ in the infrared). 

(0) Methylphosphine was prepared by the reduction of methyl-

phosphorus dichloride with lithium aluminium hydride (66), and was 

purified and stored in a manner similar to phosphine. Again the 

product was oharaoterised by measurement of its infrared spectrum (67). 
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(&) Dimethylphosphine was prepared, by the following rather lengthy 

sequence: 

[i) PCI, 

(ii) PSGlj 

(iii) 

S 

(AlCl^) 

MeMgl 

(EtgO) 

Me . .Me 
p — p / 

Me W H Me 
8 S 

PSCl: 

Me yMe 
p/r 

Me/W W Me 
8 8 

LiAlH 
'4 
"T* MegPH 

The preparation is therefore described in some detail. 

(i) The preparation of thiophosphoryl trichloride (6$). 

Phosphorus trichloride (200 g.j and flowers of sulphur (48 g.j were 

mixed in a flask and heated to boiling. Aluminium trichloride (6 g.) 

was then added, whereupon a violent reaction occurred, the sulphur 

dissolving to yield an oraage liquid. After 10 minutes the reaction 

ceased, and the cooled liquid was shaken with a large voluaa of 

water. Decolourisation of the P8G1% resulted which was then 

separated from the aqueous layer and dried with anhydrous calcium 

chloride. fractionation of the product gave 120 g. (48^^ of colour-

less PSGl^, boiling between 122-12^^0. The freshly fractionated 

product was used immediately for the next stage. 

(ii) The preparation of tetramethylbiphosphine disulphide, 

jg. (68) A solution of methylmagnesium 
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iodide was prepared from methyliodide (223 g«) dissolved in sodium dry 

diethylether (520 ml.). This solution was added under whitespot 

nitrogen over the course of one hour to some dry magnesium turnings 

(38 g.) with vigorous stirring. After refluxing the resulting 

ethereal solution of the Grignard reagent for one hour, and subsequently 

cooling it to 0°C, a solution of thiophosphoryl trichloride (6? g.) 

in dry ether (42 ml.) was added under whitespot nitrogen over two 

hours, with vigorous stirring. A thick white precipitate separated 

out during the course of the reaction. 

When all the PSCl^ had been added, the stirring was stopped and the 

reaction mixture was pourod onto ice (250 g.) contained in a 2 litre 

beaker. 10^ sulphuric acid (450 ml.) was then added over the course 

of 15 minutms, with gentle stirring. The white solid was filtered 

off, washed with water (2 litres) and recrystallised from ethanol 

(1 litre). Finally it was dried over phosphor** pentozide, the 

resulting yield being 20 g. (54^0* NME, spectrum of the 

solid as a solution in diohloromethane -dg was recorded at 100 mc/seo., 

and found to be identical with that quoted in the literature (69)* 

(iii) The preparation of dimethylphosphine. (70) A solution 

of lithium aluminium hydride (7.6 g*) in n-butyl ether (80 ml.) 

(dried over calcium hydride) was added dropwise, with vigorous stirring 

to a suspension of tetramethylbiphosphlne disulphide (19 g») in 

n-butyl ether (95 ml.) under whitespot nitrogen. The mixture was 

heated for one hour at 60°C. Any vapours carried off with the 
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nitrogen stream were con&enG@a in a trap cool@& in an acetone/COy 

bath. The mixture was then cooled in ice, and, water (50 ml.), which 

had previously been outgassed on a vacuum line, was next added drop-

wise to daoompose the LiAlH^/MegPH complex formed. The mixture was 

then fractionated, and the dimethylphosphine (B«P. 25^^) wa8 collected 

via a water cooled double surface condenser in a trap cooled in an 

acetone/COp bath. When no more phosphine distilled over, the cold 

trap was removed and transferred to a vacuum line, where the dimethyl-

phosphine was dried by distillation onto fresh barium oxide and 

subsequently onto calcium hydride. The product was finally distilled 

into breakseal vacuum ampoules for use. The vapour phase infrared 

spectrum was measured, and found to agree with that quoted in the 

literature (71). The yield of dimethylphosphine obtained was 

9 g. (66^0. 

(@) Trimethylphosphine was prepared by the method of Mann and Wells 

(72). Since considerable difficulty was encountered in obtaining & 

high yield of trimethylphosphine, the procedure finally adopted, which 

oonsistontly gave yields of approximately 40^^ will therefore be 

described in soma detail. 

A solution of methylmagnesium iodide was first prepared from a 

solution of methyliodide (250 ml.) in diethylether (1,20G ml.), which 

had been dried over sodium and deoxygsnated by refluxing and bubbling 

whitespot nitrogen through it. This solution was added over the course 

of three hours to magnesium turnings ($7 g.) with vigorous stirring. 
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The resulting GrignarA solution was then refluxed for one hour, ani 

left to stand overnight at room temperature. 

The G-rignard solution was cooled to -30°G and phosphorus trichloride 

(56 ml.) in dietbylether (14O ml.) (sodium dried and deoxygenated), 

was added in an atmosphere of whitespot nitrogen, dropwise over the 

course of twelve hours, with vigorous stirring. The mixture was 

then kept at 0°C overnight. To extract the product, the reaction 

mixture was distilled into a vigorously stirred solution of silver 

iodide (96 g.) dissolved in saturated potassium iodide solution, 

cooled in ice and salt. When the mixture in the reaction flask 

reached 200°C, the distillation stopped. The ethereal phosphine 

distillate was stirred with the silver iodide solution for a further 

two hours, after which the silver iodide phosphine complex was 

filtered off, washed with saturated potassium iodide solution, and 

dried over phosphorus pentoaide. The complez is a white, air stable 

solid. The trimethylphosphine was regenerated from the silver iodide 

complex, by heating the complex on a vacuum line with a small naked 

flame. The trimethylphosphine evolved was condensed in a trap 

cooled in aa acetone/COp bath, and was dried first over fresh barium 

oxide and subsequently over calcium hydride. Finally, the trimethyl-

phosphine was distilled into breakseal vacuum ampoules ready for use. 

The vapour phase infrared spectrum of the product was measured, and 

found to agree closely with that cited in the literature (73)* 

Pinal yield of trimethylphosphine: 17.5 g. (40$̂ ). 
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liii) Preparation of the adducts. was obtained as 

a yellow solid by condensation of excess phoaphine onto solid TiCl^ 

in a reaction flask cooled to -127°C. After eight hours, the excess 

phosphine was pumped off, the product being kept at -127°C to minimise 

dissociation, and the solid complex was then sublimed in vacuo to 

yield yellow-orange crystals. 

,/Found: CI, 62.96^ . Cl^PTi requires: CI, 

TiCl^,PD^ was prepared as orange sublimable crystals in an analogous 

manner. 

/^bund: CI, 62.14^^ DyCl^PTi requdres: 01, 62.56^^/% 

TiGl2^,PH2Me was prepared by mixing an approximately 1:1 mole ratio of 

TiClg and methylphosphine at -127°C. After eight hours the excess 

reactants were pumped off, and the solid adduct sublimed in vacuo to 

yield orange crystals. 

/Fbund: CI, 56.86^^ CH^Cl^PTi requires: CI, 59.67#L7^ 

TiClj fPHMep was prepared by adding dimethylphosphine to a large excess 

of TiCl^ dissolved in benzene. Reaction occurred at once giving an 

orange-red solid and a red solution. The excess volatiles were then 

pumped off leaving an orange-red Dowder which did not sublime in vacuo, 

but decomposed to a dark brown mass. 

/Pbund: CI, 56.48^^ CgHyCl^PTi requires: CI, 56.6i7%L7^ 

TiCl^iPMe^ was prepared by adding trimethylphosphine to an excess of 

TiCl^ dissolved in benzene, and was obtained as a dark red crystalline 

solid. 
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/Found: CI, 52.93^; M, 279 (0.3 mM. in C^E^); 

286 (0.1 mM in CgHg); C H^Cl^P.Ti requires: 

CI, 53.40^^ M, 266J7. 

TiCl^,NMej was prepareA as described in the literature ($). Chloride 

analyses were obtained by potentiometric titration with silver 

nitrate after hydrolysis and oxidation of the ligand with dilute 

nitric acid. 

prepared by addition under nitrogen of trimethyl-

phosphine to a solution of TiCl^ in concentrated hydrochloric acid. 

The resulting solution was added dropwise to excess thionyl chloride 

with vigorous stirring. When evolution of gases had ceased, the 

yellow solid was filtered off and pumped to dryness in vacuo. 

^ound: CI, 49.52^; requires: CI, 5'l.34.96j7 

(iv) The molecular weight determination on TiCl^^^PMe^ was 

oarried out in a cryoscope, the detailed construction of which has 

been described elsewhere (20). A thermistor was employed to measure 

the temperature of the solution, and this was calibrated using the 

freezing point of pure benzene, the freezing point of a solution of 

naphthalene in benzene of known concentration, and the freezing point 

of distilled water. 

A solution of known concentration of TiCl^^PMe^ was made up in dry 

benzene in the nitrogen glove box, placed in the cell, aad the 

freezing curve of the solution plotted, using an ic^/water bath as the 
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cooling medium. The experiment was repeated using a second solution 

of different concentration, the freezing curve of the solution again 

being plotted. The two results were consistent, and the molecular 

weight was calculated using the calibration of the thermistor. 

(v) The matrix isolation experiments were carried out using the 

vacuum line shown in Figure III. 4a,. The breakseal ai:g)oule3 of 

TiCl^,PH^ and tetramethylsilane were isolated from the rest of the 

line by neoprene diaphragm taps T̂- and T̂ .̂ For each run, san^les of 

TiCl̂ ^ and tetramethylsilane vapours were separately admitted into 

the gas storage bulbs, A and B, both of which were of 500 ml. volume. 

The pressure of the vapour in each bulb was adjusted to give the 

desired mol ^ composition in the matrix, assuming Avogadro's 

hypothesis. The vapour pressure were measured on a simple mercury 

manometer of 11 mm. internal diameter (not shown in Figure III. 

The contents of both bulbs were allowed to condense slowly and 

simultaneously through the capillary outlet tubes onto the target 

area of the cold Raman cell, by opening taps T^ and Tg. The cold 

Raman, cell employed is shown in detail in Figure III. 4b., and 

consists of a cold finger with two flat target areas which fits 

inside the outer evacuated jacket by means of a Q and Q B. 19 joint 

lubricated v/ith silicone grease. The cold finger was filled with 

liquid nitrogen, and the side arm sealed off at the constriction C, 

once the san^le had been sublimed onto the cold finger. Two samples, 

one on each target area were prepared on each run, before sealing 
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off. It was found that, although the cold finger was only of 

approximately 10 mis. capacity, it held liquid nitrogen for at least 

ten minutes before refilling was needed, with a good vacuum in the 

outer jacket. Optical contact between the outer jacket and the 

hemispherical lens of the Gary 81 by means of glycerol. The cold 

Raman spectra, were also run in this cell, by essentially the same 

technique. 

Cold infrared spectra were run by sublimation of the sample onto a 

caesium iodide plate cooled in liquid nitrogen in a vacuum cell 

fitted with caesium iodide windows. The detailed design of this cell 

has been described elsewhere (8). Infrared mull spectra were run 

between polythene plates, and solutions in cells made from polythene. 

tubin^\ Solid Raman samples were contained in vacuum ampoules, 

whilst Raman solution samples were contained in 1 mm. pyrex capillary 

tubes filled on a vacuum line. 

Infrared spectra were run on Beckman IR11 and Perkin-Elmer 22$ 

spectrometers, and Raman spectra on a Gary 81 spectrometer with He/Ne 

laser excitation. 

Powder x-ray photographs were obtained using Cu K radiation. 

Samples were contained in 0.5 mm. Lindemann tubes. The samples were 

prepared in the nitrogen drybox, except the sample of TiCl^yPMe2H, 

which was prepared in situ in the Lindemann tube from TiCl^ and MegPH 

on a Vacuum line. 



C H A P T E R IV. 

Th# vibrational spectra and. stereochemistries 

of some adduots of the type 

90 
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1 o Introduction 

For adducts of the group IV tetrahalides with monodentate ligands, 

in which the donor;acceptor ratio is 2 ; 1 , the most probable model on 

which their stereochemistries may be based, is that of an octahedral 

distribution about the central metal atom̂ , with the possibility of 

cis-trans isomerism. Considering a general adduct ^ (where 

L ^ a monodentate ligand atom, and X = a halogen atom), the following 

possibilities occur; 

X L 

I X ^ I 

X 

X L 

(l) Cgy (cis) (II) (trans) 

Several factors may be involved in determining whether (l) or (ll) 

is favoured in practiceo 

It may at first sight appear- that a trans adduct is favoured if 

only X - X repulsions are considered and all bond angles are 50°„ 

However, if the cis adduct is distorted so that the MX, residue becomes 

more like the original tetrahedral halide moleculej then, considering 

X =- X repulsions only, a cis adducr becomes probable (74) o Small 

ligaads can be envisaged as fitting into the free tetrahedron, 

causing distortion, and effectively giving rise to a cis addiicto If, 

however, L is a large ligand atom or sterieally hindered ligand 

molecule, then X - L repulsions may dominate, asd a trans configuration 

may be adopted. It should, however, be noted that from MRo 
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studies, the ion SnF^I^ has recently been shown to adopt a cis 

configuration (7a)« The general picture which has emerged so far from 

studies of the species of the group IV(b) elements with ligand 

molecules is that small ligand molecules tend to give cis adducts 

(eogo MeCN (7b)), whilst bulky ligand molecules tend to give trans 

adducts ( e „ g o Me^N, Me^P and pyridine)o 

The examination of the stereochemistry of &2^^'^species at 

equilibrium in solution is conveniently carried out by an examination 

of their infrared and Raman spectra. Simple group theoretical 

considerations allow us to predict the number of infrared, qnn Raman 

active fundmental vibrational modes to be expected for each symmetry 

typeo Assuming L to be a point mass, the results of the simple theory 

vri.ll noTf be giveno 

(i) ^27—2—4' Lowering of the symmetry of the octahedron 

from Td to involves a splitting of the fundmental modes as 

follows? 

"̂ d ^ ^2V 

> â  

fg + tg 

The representation of the molecule after removal, of rotational a.-nH 

translational degrees of freedom is 

r*mol = 6*1 + 2*2 + + tbg 

with all modes infrared and Raman active, except the a^ mode» which, 

is Raman active alone. There are thus fifteen fundmental modes, of 
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which four (2a^ + + b^) might be expected to occur in the "M - CI 

stretching region" of the spectrum, in both the Raman and infrared. 

(ii) Here, after removal of rotational and 

translational modes, we have 

r'mol = 2a,g . 

Since the molecule has a centre of symmetry under symmetry, then 

the mutual exclusion rule is operative,, and all gerade modes are Raman 

active only, and all ungerade modes are infrared active o;aIy, The 

exception is the b^^ mode, which is inactive in both* Since we have: 

''d — > V 

S > »ig 

^2 > >=15 + % 

of the eleven fundmentals we might expect three to occur in the "M - CI 

stretching region", one in the infrared and two in the Raman» 

On this simple treatment, it might at first sight appear to be a 

simple matter to differentiate between the two cases, from a 

consideration of their vibrational spectra. Howeverg in practice, 

several complicating factors may frequently be encountered» Most 

monodentate ligands L whose adduotf rfith MX, have been studied in this 
4-

way, (such as pyridine, trimethylamine and methyleyarjide) are polyatomic 

molecules which cannot be treated satisfactorily as a point masso 

Ligands such as these have vibrational modes which ai'e found in the 

vicinity of the "M - 01 stretching modes", and these,unless readily 

identifiable* may make assignments uneertaia» Moreover, if rotation 

of these ligands is hindered, the symmetry of the adduct will be lowered. 
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and the degeneracy of the M - CI e stretching modes for the trans 

case will be liftedo This effect has been encountered in the case 

of SiCl^,2Py. This adduct has been shown by x-ray analysis to be 

trans, but on the basis of its vibrational spectra was originally 

assigned a cis stereochemistry (75)" Calculations for a 

model (rotation of trans-pyridine ligands hindered) indicate that 

the degenerate Si -CI stretching pair are split, and that the 

resultant b^^ and b^^ modes in symmetry couple seriously 

(approximately 30^) with the pyridine in plane aiid out of plane ring 

deformations (76)« The previous erroneous assignment in terms of 

the Cgy cis configuration can be understood in the light of this worko 

Howeverj, it is also made clear by these calculations that it is 

impossible in this case to distinguish between the (cis) and 

^2h configurations on the basis of the vibrational spectra. 

Yet another complicating factor in this connection is the possible 

proximity of the antisymmetric metal-ligand vibration, although 

deuteriation studies can be of some help in identifying this mode 

Finally^ unless solution data are available^ the possibilities of 

crystal field and correlation spli- rings must also be borne in mind, 

in interpreting spectra of this type. 

It has been found that deduction of sterochemistry from 

vibrational data alone is, except in certain special cases, not 

possible. Independent evidence obtained from x-ray investigations 

is generally necessary before the vibrational spectra may be assigned 
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with aqy certainty. Even the complimentary information provided, by 

a comparison of Raman and infrared data is not always helpful, since 

often Raman active bands in cis - adducts are found to be very 

weak or absent from the Raman spectra (76). For example, SnCl ,2MeCN 

has now been shown to be ois from a single crystal x-ray study, but 

the vibrational spectra cannot be assigned with any certainty on this 

basis (77). Similarly, the 1:2 adducts of SiCl^ (76), GeCl^ (78), 

SnCl^ and SnBr^ (79) with pyridine have now been shown to be trans 

from single crystal x-ray studies, and the adduct SeCl^,2Py has been 

shown to be isomorphous with SnClj,2Py from powder x-ray data (79)° 

However, the structure of these adducts could not be deduced from the 

vibrational data, except in the case of &eGl^;2fy (80) and SnGl^,2Py (81), 

Nonetheless, vibrational spectroscopy can be of considerable use in 

selecting compounds for further study by x-ray diffraction. 

The adducts studied during the course of this work represent an 

extension of these studies into group IV(a). Results are reported 

for L_MX, species TiCl, and TlBr, with the ligands trimethylphosphine 
^ 4 4 - 4-

pyridine anrl methylcyanide. Comparisons could then be made between 

the analogous complexes of TiCl^ and ^^^r^ with those of the group IV(b) 

elements already studied. From considerations of size, we might 

expect TiX^ and SnZ^ to show similar behaviour in their adducts 

with a given ligand. However, a fundmental difference between Ii(lVj 

and 8n(lV) is the presence of low lying d-orbitals in the former, so 

that d% - pR bonding effects may become important for LgTiZ^ adducts 
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in determining stereochemistries. 

IV. 2. The Aaauot TiCl^yZPMe,. 

Pt^vious work on 1:2 a&ducts of titanium tetrahalides with mono-

dentate phosphine ligaads is quite scaroe. Chatt and Hayter (57) 

have prepared aad characterised the complezBS TiCl^,2FEt^ and 

TiCl^,2f^y, whilst Westland ($8) has recorded the infrared spectrum 

of the latter adduct in the caesium iodide region of the spectrum. 

Bands at 445 cm. ' and 434 cm» , both strong in the infrared, were 

assigned to Ti - P stretching modes, and the adduct was therefore 

assigned a cis-stereochemistry. In view of the large steric 

requirements of triphenylphosphina* the complicated nature of this 

ligand, aod the results obtained for such adducts as SiCl^,2fy (76), 

this assignment was considered to be unlikely, The ring deformations 

of the phenyl groups of this ligand are likely to occur in the region 

studied and from the calculations reported on SiCl^;2Py (76) might 

confidently be expected to couple strongly with the metal-ligand 

vibrations, making assignment of the stereochemistry on this basis aa 

impossible task. 

Trimethylphosphine, however, is a simpler ligand, whose deformations 

occur in quite well known regions of the spectrum (82). It was felt 

that the vibrational data obtainable from TiCl, *2PMe would be easier 
4 j 

to interpret. The complex was prepared by adding an excess of 

trimethylphosphine to titanium tetrachloride, both in solution in 
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benzene, in an all glass vacuum system. The reaction is strongly 

exothermic, yielding dark red crystals of the complex which are 

soluble in benzene to form a deep red solution. The complex is 

unstable with respect both to oxygen and atmospheric moisture. 

The vibrational spectra obtained for this adduct are summarised 

in Table IV. 1., and immediately suggest a traas - D ^ stereochemistry; 

As outlined in Section IV. 1., assuming trans symmetry for 

we expect one strong e infrared active Ti - 01 stretching mode, and 

one strong a^^ Raman active Ti - CI stretching mode. When L = PMe^, 

if free rotation of the trimethylphosphine ligands occurs then the 

trans configuration of the adduot will still possess symmetry, 

assuming that the TiX^ grouping is planar. Puckering of the TiX^ 

grouping will lower the symmetry to but the spectral results 

obtained will be the same, since we have: 

^4h ^ Dga 

u 

If the rotation of the ligands is hindered, however, all elements 

of symmetry are lost, and all vibrations become both aamanaod infrared 

active. Inspection of the data in Table IV. 1., reveals one strong 

infrared active mode at 3^2 cm. ' (382 cm. ^ in benzene solution) 

assignable to the D . e Ti - CI stretching modes The absence of 
4-h u 

Splitting of this baad suggests that the assumption of free rotation 

for the trimethylphosphine ligands is a valid one. The Raman data 



reveal one strong "band at 324 cnio , polarised^ which is assignable 

to the Ti - CI stretching mode on the model. At first sight 

the mutual exclusion expected on a model appears not to be observed. 

However, the weak 3^0 - 380 cm. ^ band observable in the Raman effect 

is shown to be polarised in solution, and may therefore represent a 

coincidence of the ê ^ vTi - CI mode (infrared active) and the PC^ 

deformation (Raman active). The symmetric and antisymmetric PC^ 

deformations of the two PMe^ ligand,s are expected to couple, giving 

rise to four deformational modes for the adduct as a whole according 

to the following scheme« 

(1) sym 6PCj -f sym 6PC^' overall a^^ (Raman) o 

(2) sym 5PG^ - sym 6PG^' overall a^^ (infrared), 

(3) antisym 6PC? + antsym 6PC,' overall e (Raman). 
^ S 

(4) antisym 6PG^ - antisym 8PC^' overall e^ (infrared). 

A G-oVoF.Po calculation on SnCl^,2PMe^ suggests (47) that the 

s--|g and ag^ pair of deformations will occur at very similar- frequencies, 

as will the e and pair. The depolarised band observed at 264 cm."'' 

is therefore assignable to the e 'ligand deformation, and the 

corresponding band at 26O cm, ^ in the infrared to the e^ deformation. 

Comparison of the data observed for TiCl^j2PMe^ with that reported 

for SnCl^;2PMe^ (47) reveals a strong similarity^ and suggests that 

both adopt a trans structure. This is reinforced by a comparison 

with the calculated spectrum reported for SnCl, s2PMe_ on the basis of 
4 3 

a trans structure (47)= 
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IV, 3. The Adaucts TiCl^yZPy aad 

The adducta were prepared, by mixing benzene solutions of TiCl^ 

and TiBr^^ respectively, with an excess of a benzene solution of 

pyridine in an all glass vacuum system. The complexes were obtained 

as yellow and browa precipitates respectively, both insoluble in 

benzene aad pyridine. 

Very little work has been carried out on the vibrational spectra 

of theae adducts, BGa,ttie et al. (71) reported the infrared spectrum 

(down to 250 cm, and suggested that bands at 368 cmc ^ and 280 cm. 

might be due to titanium chlorine stretching vibrations. They also 

pointed out that the band at cm. originally assigned by Rao (73) 

to a 11 - 01 stretching mode was more likely to be due to coordinated 

pyridine. In support of this, recent calculations on 8iG1^92Py (76) 

suggest tha^ the coordinated pyridine ring deformations can be expected 

to occur in this region. 

In the present study, a re-examination of the infrared spectrum 

of TiCl,,2Py has been undertaken, and Raman data are reported for this 
4-

complex for the first time. The vibrational data are summarised in 

Table IV. 2. The band observed by Beattie et al. (71) at 368 cm.^^ 

in the infrared has been resolved into two components at 38O cm. 

— 1 

and 390 cm. in the present study, and on the basis of the infrared 

data alone, either cis or trans formulations appear to be equally 

likely. The Raman spectrum shows one strong band only in the 

Ti - CI stretching region, and, by comparison with the Raman data 
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for 2PMe^, suggests a trans formulation for the adduct. 

However J as has been pointed out in connection ?n.th SiCl^^jZEy (76), 

the presence of only one strong Raman active band in the metal-halogen 

stretching region is not necessarily diagnostic of a trans stereochemistry 

for L2lvIX̂  adductSo It has been shown that for the 1:1 adducts of 

SiGl^ with 1,10 phenanthroline and 2,2'-bipyridyl, the Raman spectrum 

shows only one strong band in the Si - CI stretching region. Making 

the assumption that these bidentate ligands are acting as chelates in 

a six-coordinate SiCl^ complex, then the three other Raman active bands 

to be expected in this region are too weak to observe under the 

experimental conditions used. 

In view of these results, samples of the 1:1 adducts TiCl^,1,10 phen 

and TiCl^j 1<,2 dimethoxybenzene were prepared, again by mixing benzene 

solutions of TiCl^ with 1,10 phenanthroline and 1,2 dimethoxybenzene, 

vdth the TiCl^ present in excess. Their Raman spectra were measured, 

and the results are summarised in Table IV<, 3» 

Quite clearly the bands at 318 cm."^ and 390 cm."^ both strong 

and polarised for the 1,2 dimethoxybenzene adduct and the bands at 

303 cm, and 38I Gm« for the 1,10 phenanthroline adduct can be 

associated \7ith the two â  Ti - CI stretching modes to be expected 

for the Cgy cis structure which we can reasonably assume is adopted 

for these adduets. Since these results indicate that two strong 

bands can be observed in the Raman for cis L^MZ, for the case of 
— d 4 

TiCl^, the Raman results for TiCl^;2Py may then with greater 
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justification, be considered, to be suggestive of a trans formulation. 

However, the evidence is still inconclusive. The infrared spectrum 

of TiBr^^2PY is reported in Table IV. 4., aad it is immediately 

obvious that it is extremely suggestive of a cia formulation, there 

being three strong bands in the Ti - Br stretching region. One of 

these might reasonably be expected to correspond to the strong 

285 cm."^ baad in the infrared spectrum of TiCl^y2Py and might be 

associated with the Ti - M stretching vibration in each of these 

adducts. Unfortunately, no Raman data was obtainable for TiBr^,2Py 

(to help resolve the problem) due to its dark brown colour. 

Moreover, due to the insoluble nature of both of these adducts no 

solution data were obtainable. 

In order to resolve the ambiguity arising from these results, 

powder z-ray photographs were taken for samples of TiCl^,2Fy and 

TiBr^^2Py. Reference to the d-spacings listed in Table IV. 5., will 

show immediately that both compounds are isomorphous with SnCl^y2Py 

which is known to adopt a trans-structure from single crystal x-ray 

diffraction studies (83). Both TiGl^;2Py and TiBr^^2fy must 

necessarily therefore adopt a trans configuration too. The spectra 

of Tables IV. 2 and 4., may now be interpreted in terms of a trans-

structure. The splitting of the 380 - 390 cm. ^ band arises most 

probably from a lifting of the degeneracy of the e^ (P̂  (formal) 

Ti - CI stretching mode due to a lowering of the symmetry of the 

molecule to consequent on the rotation of the coordinated 
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pyriain* molecules being hindered. Reference to the results for 

SiCl^,2Py (76) and. SnCl^^ZPy (83) reveal that the or&er of splitting 

of this mo&e for the tetrachlorides is 

Si > Ti > Sn 

Reference also to the calculations reported for these two 

molecules reveals that the degree of coupling of ligand and skeletal 

modes in molecules of this type is of such an order as to render the 

assignments of hands to individual normal modes of vibration a 

meaningless exercise. However, calculations carried out on 

SnCl^;2Py (83) suggest that the strong band at 28$ cm, ^ in the infrared 

for TiC1^^2Py is to be associated, at least in part, with the 

antisymmetric Ti - N vibration and that the strong band at 324 cm. ̂  

in the Raman effect is principally the Ti - CI stretching mode. 

IV. 4. The Adduct TiCl^,2MeCN. 

adduct was prepared as described in the literature (84), by 

mixing a benzene solution of liCl̂ ^ with a large excess of methylcyanide 

in an all glass vacuum system. It was obtained as a yellow sublimable 

amorphous solid, sparingly soluble in benzene and methylcyanide. 

The infrared spectrum of this compound had previously been 

measured down to 260 cm. ^ (8$), and on the basis of the spectrum 

observed was assigned a cis formulation. The vibrational spectra 

measured during the course of this work for TiCl^^ZMeCN are summarised 

. - 1 
in Table IV. 6. The infrared data reported there above 260 cm. 
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agree with the data previously reported (8$), except that the strong 

broad band reported at 386 cm. ^ has been resolved into three bands 

""1 "-1 —I 
at 388 cm. , 4.07 cm. and 424 cm. in this study. The Raman spectra 

obtained were complex. The Raman spectrum of a solution of the adduct 

in methylcyanide revealed that the strong bands at 398 cm. ^ and 

320 cm. are polarised. However, the Raman spectrum of a solution in 

benzene was found to be quite different* The 320 cm."^ band was 

considerably reduced in intensity and the 396 cm. ^ band was absent. 

New bands were observed at 356 cm, '' (polarised) and 410 cm/"'' (polarised), 

On pumping this solution to dryness in vacuo a yellow solid was obtained 

whose Raman spectrum (Table TV. 9.) was found to differ considerably 

from that of the solid 1 :2 adduct» The 390 cm. \ 320 cm,"'' and 

370 cm. bands observed in the spectrum of the 1:2 adduct were 

considerably weaker, and the spectrum was now dominated by a very strong 

sharp band at 421 cm, ''. Analysis of this solid suggested that its 

composition approximated to that of a 1:1 adduct. These results suggest 

that dissolution of the 1s2 adduct in benzene results in partial 

dissociation of the adduct into the 1:1 adduct. Evidence for a similar 

dissociation of SnCl^,ZMeCN in benzene has also been reported (86). 

It was found that sublimation of the 1:2 adduct in vacuo resulted in 

similar changes in the Raman spectrum. 

In using alkyl cyanides as ligands in systems of this type, there 

is always a possibility of the formation of ionic species in addition 

to neutral adducts. An examination of the Raman spectrum of the 
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solid M 2 adduct revealed that the bands" 

320 8 (P) 

240 w 

178 in„So 

were very similar in position and intensity to the bands assigned to 

) ^2 the Raman spectrum of TiClg^" (see Chapter III), 

This suggested the possibility that ionisation might have occurred in 

addition., or in preference to, simple adduct formation, and that 

species such as (TiCl2,4MeCN)(TiClg) had been formed. This latter 

species would be indistinguishable from the 1S2 adduct on the basis 

of chemical analysis* In the light of these considerations, a study 

of the conductance of solutions of TiCl^ in methylcyanide was under-

taken» The results (Table IV, 7 and Figure IV, 1,) suggest that 

solutions of TiCl^ in methylcyanide are essentially non-conducting^ a 

result which is in accord with measurements recently carried out on 

the conductance of SbCl^ and TeCl^ in solution in methylcyanide (87), 

Since the formation of ionic species can therefore be ignored in 

interpreting the vibrational spectra^ the Raman data presented in 

Table IV, 6,, can be most satisfactorily interpreted in terms of a 

formulation for this adduct. From the results of the studies on 

benzene solutions of TiCl^,2MeCK, it is suggested that the weak band 

observed at 412 cm,"'' is due to a trace of the 1:1 adduct. The strong 

polarised bands at 391 cm. and 320 cm, ^ can be assigned to the â  

T1CI2 axial and equatorial symmetric stretching modes. Reference to 
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the Raman spectra observe! for TiGl^^1,10 phea, and TiCl^^1,2 dimeth-

oxytenzene, Table IV. 3., assumed to be cis, supports this assignment. 

The infrared, bands at 424 om."^ strong, (430 cm."^ medium in the Raman) 

and 388 cm*"^ strong, (probably the 370 om. ^ medium band in the Raman) 

may be tentatively assigned to the b^ and bg TiClg aatisymmetric 

stretching modes. In support of this, deuteriation of the methyl-

cyanide resulted in negligible shifts for these bands in the Raman. 

In the infrared, a very broad asymmetric band centred at 400 cm, 

was observed. The largest deuteriation shifts were observed for the 

weak bands at 240 cm."^ and 212 cm."^ in the Raman. Unfortunately, 

due to the relative insolubility of the adduct in methylcyanide, no 

polarisation data could be obtained for these two bands. However, 

the deuteriation shifts suggest that they are associated with the â  

TiNg symmetric stretching mode and also with the C - N - Ti 

deformational modes, To support these conclusions a &.V.P.F. 

calculation on TiC1^^2MeCN in Cgy symmetry was carried out, treating 

the CHj groups in full. Details of the calculation are given in 

Appendix B. Tha calculated frequencies shown in Table IV. 8., are 

those obtained for f = 1*0 ^ Assignment of the 394 cm. ^ 

band (strong, polarised) as the TiClg equatorial stretching mode 

and the 320 cm."^ band as the â  TiClg aaial stretching mode is 

confirmed, as is also the assignment of the 435 cm* aad the 370 -

380 cm."1 bands to the b^ and bg antisymmetric TiClg stretches 

respectively. The calculated deuteriation shifts agree well with 
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those obs@rVB& for th8S8 b&M&s* In addition, thy oalculations i&dzoate 

-j 

that the TiNg symmetric stretch is to be expected around 220 cm. . 

However, several other baads, associated partly with deformations oi 

the ligands, are to be ezpected in this region, as the calculations 

indicate, and so the assignment of any band in this region to the 

symmetric TiK^ stretching mode can only be tentative. It should be 

noted that no methyl rocking modes are to be expected in the region 

below 400 om."^ from the results of the calculations. 

From the foregoing it is apparent tha^ the vibrational data 

measured for TiCl^,2MeCN though complex, suggest a cis formulation as 

most likely. Recently, a single crystal x-ray diffraction study nas 

shown that the corresponding SnCl^ 112 adduct with methylcyanide adopts 

a cis formulation (77)« I& view of this, powder x-ray measuremento 

were made on samples of these two adducts, Tne resulting d-spacings, 

given in Table IV. 12., suggest, however, that the two adducts are not 

isomorphous, unlike the 122 pyridine adducts. Nonethelessv comparison 

of the vibrational spectra of TiCl^,2MeCN with those observed for 

SnC1^^2MeGN suggests a high degree of similarity (77). 

IV. 5. The Adduct TiBr^^2MeCN. 

This adduct was prepared in an analogous manner to the 1t2 TiCl^ 

methylcyanide adduct in an all glass vacuum system. It was obtained 

as a red-brown sublimable solid, which was very soluble in 

methylcyanide. 
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The vibrational spectra observed, for this aiduct are shomi in 

Table IV. 10. It is immediately obvious that a degree of similarity 

exists between these results and those obtained for TiCl^,2MeCN. 

Furthermore, a study of the conduotaaoe of TiBr^ in methylcyanide 

revealed that no appreciable ionisation occurred upon dissolution. 

Due to the greater solubility of TiBr^,2MeCN in methylcyanide and to 

the increased separation between the methylcyanide band at 382 cm. ̂  

and the Ti - Br stretching modes, more complete solution data were 

obtainable for this adduct than for the analogous TiCl^ adduct. 

Although the spectra are quite complex, a cis formulation again seems 

probable. The strong polarised bands at 224 cm* ^ an& 334 cm. ^ can 

be assigned by comparison with the TiCl^,2MeCN results as the 

TiBrg axial and equatorial symmetric stretching modes respectively. 

1 
In addition, the partially resolved bands at 308 cm. and 331 cm. 

in the infrared mull spectrum which are well resolved in methylcyanide 

solution, may be assigned to the b^ and bg antisymmetric TiBrg 

vibrations respectively. This would require a near coincidence of 

the â  and b2 TlBr2 stretching vibrations observed in the solution 

Raman and infrared spectra. 

The shift of approximately 14 cm." for the band observed in the 

Raman of the solid adduct on passing from solid to methylcyanide 

solution is somewhat disturbing, but a similar shift was also observed 

in the case of the adduct TiCl^,NMe^ for the â  TiCl axial stretching 

mode in both the Raman and the infrared, on passing from the solid to 

the solution state. 
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Since the vibrational spectra again suggest a ois formulation a 

powder x-ray study was undertaken for this adduct. The resultant 

d-spacings, (Table IV. 12.), however, suggest that the a&duct is not 

isomorphous with either SnCl^,2MeCN or TiGl^y2MeCN. The assignment 

of ciB stereochemistry for this adduct must therefore again rest on 

the spectra data presented, and its general similarity to the data 

obtained for TiG1^^2MeCN aad SnCl^,2MeCN. 



109 

J 

h" 

LT 

(- r 

m ^ $ O 



n o 

T A B L E IT. 1 

Obgarved. vibrational fMquencieB (om« for 

Solia 

158 w, 

188 Wo 

261 w« 

323 T.S. 

364 w« 

amAH 

Benzene Soln. 

190 w.P. 

264 w. D.P. 

324 v.s.P. 

380 w»P, 

IMFEARED 

Mull 

159 w. 

257 a. 

322 Woshc 

362 VoS, 

Benzen* Solno 

156 w. 

260 m. 

324 WoShu 

382 V.8, 

T A B L E IV. 2. 

Observed, vibrational frequenoias (cm* ') for TiG1^^2Py» 

BAMM (Solid) 

170 w. 

182 WoSho 

194. 8. 

232 w. 

252 w. 

324 V*8* 

388 T.Wo 

434 ToW. 

INFRABED (Mull) 

158 w, 

169 w« 

192 V»W( 

285 8. 

380 V.8c 

390 v.s.sh. 

443 8. 
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I A B L E IV. 3. 

Raman spectra of 1,10 phen; 

TiCl^.1i10 phen; 1,2 Dimethozybengene 

and. TiCl^,1,2 Dimethoxybenzene. 

yree 1,10 phen TiCl,1,10 phen Free Dimethozy TiCl, 1,2 Dimethozy-

(Solid) 

248 Subr. 

412 8. 

(Solid) 

136 w. 

14.6 m. 

173 m. 

180 Wo 

198 Wo she 

232 niobr. 

303 8. 

356 Wobr. 

381 8. 

404 Wo 

426 V«Wo 

436 ToWe 

-benzene 

(Liquid) 

212 nio 

242 m. 

382 m.Vobr, 

Solid 

68 m. 

benzene 

Benzene Soln. 

480 Wobr, 

80 

110 

128 

138 

158 

168 

308 

340 

396 

416 

428 

478 

m. 

VoWo 

VoWo 

do 

WoSho 210 Wo 

Vo3o 3"I8 8.P0 

VoW.br. 

To3o 390 80P0 

80 

moSho 

Wo 478 w. 
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T A B L E IV. 4. 

Observed, vibrational frequencies (cm. ) for TiBr, ,21^0 

INPR&SED (Mull) 

140 

186 w. 

274 8. 

2S4 s. 

308 s. 

T A B L E IV. 3' 

d-spacings for TiCl^,2Py, TiBr^.,21^ and SnCl^2fi/'. 

SnCl ,2Py 
4 

TiCl^,2Py TiBr^^2Py 

5.16 V.8. 4 . 9 8 T.8. 5.16 v.s. 

4.82 s. 4.67 v.s. 4.98 v.s. 

3•74 8. 3 # 3 ̂  ^ ° 3°74 m. 

2 ,82 w. 2.68 w. 2 .82 w. 

2.47 8. 2o43 s. 2.47 s. 

2.39 v;. 2.29 w. 2.29 s. 

1.97 m. 1.97 S. 1,97 s c 

1.62 VoWo 1.85 v.w. 1 .62 lUo 

1.54 1.52 m. 1.54 s. 

1.49 Wo 1 ô -O w. 1.49 m. 

1.41 Wo 1 .42 Wo 1 . 43 

1.19 v.w.br. 1.19 w.br. 1.2 Wo 

1.11 VoW.br. 1,10 w.br* 1 . 1 1 Wo 
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T A B L E IV. 6, 

-̂"1 

Observed, vibrational frequencies (cm. ) for TiCl, .2MeCN« 

ani TiCl̂ ,̂2CD ON (values in brackets). 

RAMAN 

Solid 

110 3. 

140 (1)8) 8. 

160 (158) w. 

178 (179) m.s. 

212 (204) w. 

240 (236) w. 

320 (320) 8. 

370 (372) m. 

391 (386) V.s. 

412 (400) T.W.* 

430 (430) m. 

MeCN Soln. 

320 8.(P) 

398 S.(P) 

Soln, 

322 a.(P) 

356 m.(P) 

410 8.(P)» 

INFRARED 

Mull 

120 w. 

(165) w. 

(179) W. 

195 (191) W. 

(210) w. 

w. 

322 (318) m. 

388 v.s, 

407 (400?^ 

424 

VuS, 

probably due to 121 a&duot SQv ible IV. 9. 

/"strong, very broad and asymmetric* 

— 1 
methylcyanide band at 382 om« not listed. 
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T A B L E IV. 7. 

Con&uotivity data for solutions of 

in methylcyaaide at 25°C. 

Specific conductance/^G //c" 
(ohm cm." ) 

5.123 0.2570 

5.205 0.2091 

5.441 0 .1856 

5.7%* 0.1649 

13.24 0 .0642 

12.29 0*0493 

15.95 0 .0406 
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T A B L E IV. 8. 

Calculated frequencies (cm. for TiG1^^2M@CM and TiCl^y2GD7CN 

(values in brackets) for f ^i-N = 1*0 A"'. 

Frequency Symmetry P o t e n t i a l energy contr ibut ions 

( GCNTi 
55 ( 51) a 1 

67 ( 64) a 

84 ( 79) b 

2 

1 

151 (147) b 

181 (179) a. 

181 (181) b. 

208 (200) b, 

223 (215) a. 

227 (216) a, 

GNgTiClg I . P . 

( 6GNTi 

GTiNgOP 

( GCNTi 

GTiNg O.P. 

84 ( 82) bg GNpTiClg I.P. 

127 (126) STiClgBZ 

150 (149) ag GTiClg eq. O.P. 

2 GTiClg ax. 

( SNgTiClg eq. I.P< 

1 [ GTiClg az. 

^ GTiClg eq. O.P. 

2 "TiMg 

^ vTiNg 

( GCNTi 

2 ( 6CCN 

GTiNg O.P. 
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250 (244) 

T A B L E IV, 8. (cont.) 

Frequency Symmetry Potential energy contributions 

236 (231) bg SNgTiClg 

( wTiClg ax. 
( 

( 6CNTi 

252 (242) lb 1 

( GLgTiClg eq. I.P. 

( vliNg 

( 6CCN 

GliMg O.P. 

302 (301) vTiClg axo 

389 (388) bg vTiClg eq. 

394 (393) ai vTiClg eq. 

435 (434) b^ vTiClp ax. 



117 

T A B L B IV. 9. 

Raman spcctrum ( A v cm. ^) of s o l i d obtained, from 

a so lut ion of TiCl,,2MeGN i n benzene a f t e r 
4' 

pumping to d.r3me8S, 

114 8, 

128 w. 

150 8. 

178 m.w, 

212 v .w .br . 

237 w.br. 

294 w.br. 

322 w. 

^74 T.w. 

388 m« 

421 V . T . S . 
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T A B L E IV. 10. 

Observed, vibrational frequencies (cm. for 

Solid 

110 w. 

168 m. 

225 3. 

319 8. 

327 sh. 

345 m.s, 

RAMAN 

MeCN 8oln.* 

166 w. 

224 s.P. 

334 s.P. 

( 
( 
(obscured by 
(MeCN baad . 
(at 382 cm. 

INEBARED 

Mull MeCN 8oln. 

160 

228 

284 

308 

331 

410 w. 

465 w.brc 

170 

198 

225 

308 s. 

398 w. 

412 w. 

468 v.w.br. 

^methylcyanide bani at 382 cm, not listed. 
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T A B L E IV. 11. 

Conductivity data for solutions of TiBr^ in 

methylcyaniie at 25°G' 

Specific conductanceJko 

(ohoT^ 

17.01 0.1587 

17.59 0.1265 

18.34 0.1122 

35.91 0.0445 

26.99 0.0326 
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T A B L E IV. 12. 

a-spacinKS for 8nC1^^2MeGN, TiG1^^2MeCN, TiBr^,2MeCM 

8nCl^,2MeGN TiCl^,2MeCN TlBr^,2MeCN 

4 . 9 8 8. 6.81 m. 5«54 8. 

i4-»lf̂ So ^ « 1 5 5 0 i|.®2/Sc 

^ 2 ̂ S # î. oZ|- S® £Lo63if/s 

3.94 w. 3.1$ w. 2.41 w. 

3«06 8. 2 ,64 m. 2,2^ w, 

2.68 m. 2.25 m. 2.02 s. 

3.39 w. 1.85 w. 1,9 m. 

2.13 w. 1,75 w. 1 .83 w° 

1.79 m. 1.54 w. 1.72 m. 

1°43 w, 1,3$ w. 1 .63 M' 

1.36 w. 1 .32 w. 1.45 w. 

1.37 w. 

1.33 w. 
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IVo 60 Experimental. 

( i ) Gene ra l . The p u r i f i c a t i o n and d ry ing of the r e a c t a n t s and 

the p r e p a r a t i o n of t h e adduc t s was c a r r i e d out i n a l l g l a s s vacuum 

systemso Powder x - r a y , mull and i n f r a r e d s o l u t i o n samples were made 

up i n a d ry box, w h i l s t Raman s o l u t i o n s were made up and t r a n s f e r r e d 

t o O0I mm« pyrex c a p i l l a r y c e l l s i n an a l l g l a s s vacuum systems 

So l id Eaman samples were con t a ined i n vacuum ampouleSo 

Ti tan ium t e t r a c h l o r i d e was p u r i f i e d as d e s c r i b e d i n Chapter I l l s 

w h i l s t t i t a n i u m t e t r a b r o m i d e was p u r i f i e d by r e p e a t e d s u b l i m a t i o n i n 

an a l l g l a s s vacuum system, wi th con t inuous pumping» Both t e t r a -

h a l i d e s were f i n a l l y s t o r e d i n b r e a k - s e a l vacuum ampoules. Benzene, 

p y r i d i n e , m e t h y l c y a n i d e and 1,2 dimethoxybenzene were d r i e d wi th 

ca lc ium hydr ide and s t o r e d i n b r e a k - s e a l vacuum ampoules. Methy1-

cyanide-d^ was d r i e d over molecu la r s e ive 4-a and 1 ,10 p h e n a n t h r o l i n e 

by r e p e a t e d sub l ima t ion i n an a l l g l a s s vacuum system wi th con t inuous 

pumpingo Tr imethylphosphine was prepared, p u r i f i e d and d r i e d as 

d e s c r i b e d i n Chapter I I I o 

( i i ) P r e p a r a t i o n of t h e adductso Al l t h e adduc t s were 

p r e p a r e d by mixing benzene s o l u t i o n s of TiCl^ o r TiBr^ w i th benzene 

s o l u t i o n s of t h e a p p r o p r i a t e ligand, t h e complexes vri.th t r i m e t h y l -

phosph ine , p y r i d i n e and methylcyanide u s i n g an excess of l i g a n d , and 

t h e complexes wi th 1 ,10 p h e n a n t h r o l i n e and 1 , 2 dimethoxybenzene u s i n g 

an e x c e s s of the t e t r a h a l i d e . The p r e c i p i t a t e d adduc ts were f i l t e r e d 

o f f and washed wi th benzene t o remove excess reactants•> The c h l o r i d e 
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analyses of all the adducts were carried, out by hy&rolysis in water, 

followed by potentiometric titration of the chloride with silver 

nitrate. The analysis results are summarised below: 

Adduct 

TiCl^^g^PfCHj)^) 

TiC1^^2(NC^H^) 

TiBr^^2(NC2H5) 

TiC1^^2(CHjCN) 

yellow solid from 
benzene solution of 
TiCl ,2(CH^CN) 

TiCl^^ZfCD^CN) 

TiBr^y2(GH2CN) 

} 

Experimental ̂ 5l. 

41.39 

ifO«2if-

60,46 

51.43 

57.91 

51.15 

70.82 
37.94 

38.87 

Theoretical ̂ bl, 

41.53 

40.81 

60.94 

52.20 

61,48 
(for 1;1 adduct) 

51.64 

71.27 

38.38 

39.67 TiCl^^fCioH^gOg) 

(iii) The conductivity measurements. These were made in an all 

glass vacuum system. A solution of the tetrahalide was made up in 

the vacuum system, the volume of methylcyanide being measured in the 

barrel of a grade A burette which had been glass blown onto the system, 

with the tap removed and the end rounded off. The end correction 

had been previously determined. The tetrahalide contained in a 

fragile tipped ampoule,which had previously been weighed, was then 

broken open, the tetrahalide distilled out into the methylcyanide mna 

the ampoule removed in its containing vacuum tube by collapsing a 

constriction. This latter was then opened and the empty ampoule plus 



12] 

broken g l a s s was washed out vri.th d i s t i l l e d water and weighed by 

c o l l e c t i o n on a weighed s i n t e r , t h e weight of t e t r a h a l i d e t h e n be ing 

found by t h e d i f f e r e n c e i n the two weights» The c o n d u c t i v i t y of the 

s o l u t i o n was de termined wi th a l i g h t l y p l a t i n i z e d p l a t i n u m e l e c t r o d e 

system ( c e l l c o n s t a n t 0 ,085 cm, ^) and a I ^ e c o n d u c t i v i t y b r i d g e s 

The c e l l was t h e r m o s t a t t e d a t 25°C. The s p e c i f i c conductance of t h e 

pure methylcyanide vcas 6 .5 z 10 ̂  ohm ^ cm,™^. Measurements were 

t h e n made on s o l u t i o n s of i n c r e a s i n g c o n c e n t r a t i o n by subsequen t ly 

d i s t i l l i n g o f f known amounts of the methylcyanide i n t o t h e b u r e t t e » 

F i n a l l y t h e bu lk of the s o l u t i o n was removed by s e a l i n g o f f i n a 

b r e a k - s e a l ampoule. I n t h e exper iment wi th T i C l ^ j t h i s s o l u t i o n was 

then t r a n s f e r r e d t o a c a p i l l a r y Raman c e l l , i t s Raman spectrum 

measured, and found t o be i d e n t i c a l w i th the MeCK s o l u t i o n Raman 

spectrum r e p o r t e d i n Table IV, 6 . The remainder of t h e s o l u t i o n was 

t h e n d i l u t e d wi th a f r e s h q u a n t i t y of methylcyanide t o p rov ide r e a d i n g s 

f o r more d i l u t e s o l u t i o n s * The r e s u l t s a re p l o t t e d i n F igure IV. 1», 

and l i s t e d i n Tab les IV, 7 and 11, 

( i v ) The s p e c t r a were measured as i n Chapter I I I . In f ra - red 

s o l u t i o n s were recorded i n po ly thene c e l l s ^ and mul l s between po ly thene 

p l a t e s , Raman s o l u t i o n samples were con t a ined i n p y r e x capillary t u b e s 

of 1,0 mm o u t s i d e d i a m e t e r . The powder x - r a y pho tographs were 

measured u s i n g Cu E r a d i a t i o n , and t h e samples were c o n t a i n e d i n 

0,5 mm Lindemann t u b e s . 
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C H A P T E E V. 

The preparation of some 1:2 a&duots of the tricbloriies 

of metals in the first transition series with 

trimethylamine and trimethylphosphine. 
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V. 1. Introduction. 

Several species of general formula ̂ 01^,21 where L = NMe^ or 

PMe^ have been prepared and characterised for the trichlorides of 

metals occurring in the first transition series, and there is an 

accumulation of physical data for these which may be interpreted in 

terms of a mcmomeric pentacoordinate structure with symmetry. 

The isolation of the adduct TiGl^,2NMe^ was first reported by 

Antler and Laubengayer (88), and this work was subsequently repeated 

by Powles (89), The adduct 701^,25^6^ was thought to possess a 

monomeric structure on the basis of preliminary dipole moment 

and infrared studies (to 400cm. ^) ($0), aad on the basis of 

molecular weight and magnetic susceptibility measurements (91), 

Subsequently, far infrared measurements on this adduct confirmed this 

view (ll). More recently, the adduct GrGl2,2NMe2 has been isolated 

(92), and on the basis of its far infrared (to 200 cm. ^) and U.V. 

absorption spectra has been assigned a monomeric structure (93) 

x-ray studies have subsequently been undertaken for all of these 

compounds, and they have been shown to adopt what is essentially a 

trans trigonal bipyramidal geometry, although in the cases of 

TiCl2,2NMe2 (94) and CrCl%,2MMe^ (95), distortions have been observed 

which effectively lower the symmetry to Cgy. Although the origin of 

these distortions is still somewhat speculative, it has been shown 

that the magnetic properties of TiCl^^ZNMe^ and CrCl^fZNMe^ can be 

accounted for on the basis of a Ggy ligand environment (95)« The 
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single crystal x-ray structure of VCl^*2I%e^ has been reported. (96) 

and. confirms it as a trigonal bipyramidal monomer. 

No con^lexes of general formula MCl^f2MMe^ have been reported, for 

any other metals of the first transition series. However, a number 

of trialkylphosphine complexes have been prepared.. The ad.d.uct8 

VCl^,2EEt^ (97) and. GrCl^,2PBt^ ($8) have been prepared, and. charactaised. 

by I s s l i e b c The adduct VGl^,2PEt^ has been shown t o be monomeric by 

cryoscopy in benzene* and. to have an effective magnetic moment of 

2.83 B.M. corre8pond.ing to two unpaired, spins. By contrast, the 

adduct CrCl^,2PEt^ was shown to be dimeric i n benzene by cryoscopy and 

to have an effective magnetic moment of 3*8, corresponding to three 

uig)aired spins. In addition Jensen has prepared a number of conq)le%es 

of general formulae CoCl^,2P[R^ and NiCl^,2PB^ (99)» Results for the 

triethylphosphine con^lezes suggest that GoGl^,2PE^ is monomeric in 

solution in benzene, has essentially zero dipole moment in solution 

in pentane, and has a magnetic moment corresponding to two unpaired 

spins (i.e. a low spin coiig)lex). Similarly the adduct NiCl^,2PEt^ 

has a magnetic moment corresponding to one unpaired spin. It seems 

probable that these conq)lexe8 too adopt a trans monomeric trigonal 

bipyramidal structure. 

Since, from the foregoing, it appeared likely that complexes of 

the type MCl ̂21, (where I, = MMe^ or might be quite widespread 

for the trichlorides of metals of the first transition series, and 

since there is a considerable body of evidence for the general adoption 

by them of a monomeric pentacoordinate trans structure, an attei^t 
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was ma&e during the course of this work to prepare and. characterise 

a full range of complexes for both L = KMe^ and FMe^ for as 

many metals of the first transition series as possible. 

Preliminary calculations (see Chapters VI, VII and VIII) 

suggested that the MCl^ symmetric and antisymmetric stretching 

vibrations are likely to be at least 80-90% pure. Therefore values 

of MCI obtained from the spectral results. 

Furthermore, since it seemed likely that all of these compounds 

might be monomeric in benzene solution, aad therefore amenable to a 

study of ligand exchange reactions in solution, it was hoped to be 

able to obtain information concerning the relative stabilities of the 

amine and phosphine complexes for any given metal trichloride. 

It was thought that a study of these systems would be of 

interest from the point of view of any systematic changes in the 

vibrational spectra. Although correlations of the nature of chemical 

bonding with values of force constants are open to serious question, 

it was felt that in view of the results of the prelim:' n ary calculations, 

which showed that the MCl^ unit could be considered approximately as 

an isolated planar MCl^ unit, some very broad correlation might be 

obtained of the vibrational frequency for the a^' symmetric MCl^ 

stretching vibration with the r-elative stability between the phosphine 

and amine series, which was not complicated by mass effects. 
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V. 2. The Preparation of the AAducts. 

This work was initiated, by the preparation and. study of the 

complexes TiCl2,2NMe2, VCl2,2WMej aai CrCl2,2NMe2, all of which are 

known from x-ray measurements to adopt a geometry. The complexes 

were prepared by the general method developed by Fowles (93)» 

Subsequently, using the same method, the known complexes VCl^,2Mfe^ 

and CrCl%,2PMe2 prepared. Molecular weight studies of CrCl^^PMe^ 

were carried out by oryoscopy in benzene, and the results (see 

experimental section) indicate that it is monomeric in benzene 

solution, a result which is at variance with the earlier measurement 

carried out by Isslieb on CrCl^jZPEt^ (98). It will be seen that 

formulation of this adduct as a monomer rather than a dimer is not 

unreasonable when the results of the studies of the vibrational spectra 

of these adducts are discussed in Chapters YI and VII. 

Finally, the adducts ScCl^,2NMe^, ScCl^,2FMe^, TiCly 2PMe^, 

PeCl2,2NMe2 and FeCl2,2PMe2 have been prepared by the method of Powles, 

and the adducts CoCl2,2PMe^ aad NiCl2,2PMe2 by the method described 

by Jensen (99) involving the oxidation of CoCl2,2PMe2 and NiClg,2fMe2 

by nitrosyl chloride. Although the complexes of CoCl^ aad NiCl^ 

with trimethylphosphine are less well characterised than those with 

triethylphosphine (99), it was felt that the former would yield 

vibrational data which would be less con^lex in the metal-chlorine 

stretching region, and therefore easier to interpret. Magnetic 

susceptibility measurements have been carried out on the 1:2 adduots 
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of TiCl^, VCl^, CrClz, PeCl^ and NiCl^ with trimethylphosphine, and 

on the FeCl^ 1:2 adduot with trimethylamine. The resulting effective 

magnetic moments are listed in Table V. 1. It will be seen that the 

results on the vanadium, chromium and nickel complezeB agree with 

those previously reported, aad that the complexes ?eCl^,2NMe2, 

FeCl2,2PMe2 and NiCl2,2PMe2 adopt the low spin configuration of 

electrons in the 3d orbitals. Unfortunately, no magnetic susceptibility-

measurements could be obtained for the adduct CoCl2,2PMe2 since it 

Was not prepared in sufficient quantities. However, magnetic 

susceptibility measurements by Jensen (99) yield a value of 

which corresponds to two unpaired electrons for CoCl2,2PEt2, 

indicating that it too adopts the low spin configuration. 
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T A B L E V. 1. 

Magnetic measurements at 20°C" oa some complexes MCl^, 21, 

where L = NMe^ or PMe^-

A&duct 
t*eff 

observed (B.M.) 

Corresponding No. 

of unpaired spins 

TiCl7,2PMe? ,67 

VCl2,2PMe2 2.63 

GrCl2,2PMe2 

PeClj.ZNMe^ 3.85 

FeCl2,2PMe2 

NiClj,2PMe2 1.9; 
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V. Experimental. 

Preparation of all adducts were carried out in all glass vacuum 

systems. The anhydrous metal trichlorides were prepared in standard 

quickfit apparatus and subsequently pumped and heated to remove 

volatiles before being transferred to breakseal vacuum ampoules in 

an all glass vacuum system. Chloride analyses were determined by 

potentiometric titration with silver nitrate after hydrolysis in very 

dilute nitric acid, 

(i) Preparation of the anhydrous trichlorides, Scandium 

trichloride was prepared as described in the literature (iOO) by 

heating "Spec pure" scandium oxide (1 g.) with ammonium chloride (7 g.) 

at 350°C for four hours. The excess ammonium chloride was sublimed 

off by heating the mixture in vacuo at 250°C for 12 hours, whereupon 

the scandium trichloride remaining was transferred to breakseal 

vacuum ampoules. 

Vanadium trichloride was prepared by refluxing vanadium pentoxide 

with excess sulphur monochloride under white spot nitrogen, as 

described in the literature ( 6 5 ) , The resulting vanadium trichloride 

was filtered off under nitrogen and washed with a large quantity of 

carbon disulphide (dried over calcium hydride). It was then heated 

to 150°C viith pumping overnight to remove volatile s and transferred 

to breakseal vacuum ampoules. 

Chromium Trichloride and Ferric Chloride v/ere prepared by the 

general method described in the literature (IOI) involving dehydration 
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of the hydrated trichlorides by refluxing with excess thionylcfcloride„ 

The anhydrous trichlorides so prepared were filtered off, washed with 

fresh thionyl chloride, and heated to 150°C with pumping to remove 

residual volatiles before being transferred to breakseal ampoules« 

The specimen of TiCl^ was the kind gift of the 

International Synthetic Rubber Company, and was prepared by hydrogen 

reduction of TiCl^. 

The analytical results obtained for these anhydrous trichlorides 

are listed in Table V. 2. 

(ii) Preparation of the Adducts. The complexes ScGl^pSHMe^, 

ScCl^,2PMej, TiCl̂ ,2m.'Iê , TiCl^,2PMe^, VCl^,2m,Ie^ and FeCl^, 2MMe^ 

were prepared by the general method of Fowles (93) by reaction of the 

appropriate trichloride with excess of the ligand» Filtration and 

removal of the excess ligand by pumping yielded crystalline products 

in all cases. The adducts CrCl2,2NMe^ and CrCl^^ZPMe^ were prepared 

in the same way, but with the addition of a trace of zinc dust to the 

reaction mixture» All the adducts were recrystallised from benzene, 

except the complexes with TiCl^ which, being insoluble in benzene, 

were recrystallised from the ligarui» 

Preparation of the adduct PeCl^^ZPMe^ in this way resulted first 

in the formation of the required product which then appeared to react 

with a further quantity of the trimethylphosphine to yield a pale 

blue-green crystalline product. Presumably the FeCl^,2PMe^ adduct 

formed initially was reduced to an Fe(ll) species by the excess 
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trimethylphosphinee It was found that reaction of the FeCl^^ZPMe^ 

in this way could be prevented by removal of the excess trimethyl-

phosphine as soon as the initial reaction had occurred, and subsequent 

recrystaliisation of the FeCl^,2PMe^ from benzene« 

Similarlyg reaction of vanadium trichloride with excess trimethyl-

phosphine resulted in a mixture of the purple red adduet vdth a yellow 

crystalline material^ which persisted in subsequent attempts to 

prepare a pure specimen of the adduct even after repeated heating and 

pumping of the VCl^ used to ensure complete removal of sulphur. It 

is presumed that here again reduction by the excess trimethylphosphine 

occurred, A pure san^le of VCl^,2PMe^ was finally obtained by 

reaction of VCl^ with a deficit of trimethylphosphine dissolved in 

benzene,, Under these conditions, no yellow product was detectable, 

and the product obtained gave a satisfactory chloride analysis (see 

Table V. 3), 

The adducts GoC1^^2PMe^ and NiCl^g2PMe^ were prepared by reaction 

of CoCl2,2PMe^ and NiClgySPMe^ with nitrosyl chloride as described in 

the literature (99)® The samples of CoClgjSPMe, and NiClg^SPMe^ 

used were similarly prepared as described in the literature (99)• 

Chloride analyses for all of these adducts are listed in Table V. 3» 
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T A B L E V. 2. 

Ghloriae analyses for the aahyarous trichloriaes. 

Sarnie Experimental ^ 1 . Theoretical g&l. 

ScGlj 69.87 70.31 

TiCl^ 68.52 68.95 

vcij 67.03 67.59 

CrCly 66.64 67.19 

j 

Feci? 64.78 65.55 
3 
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T A B L E V. 3. 

Chloride analyses for the trimethylamine 

aad trimethylpho&phine ad&ucts. 

Md.uct Experimental ^ 1 . Theoretical 2&G1, 

SoCljiZNMe^ 38.42 39.59 

ScCl2,2PMej 34.78 35-16 

TiGl2,2NMe2 38.93 39.15 

TiCl2,2rWe2 34.72 34.81 

VCl2,2NMe2 38.28 38.74 

VCl2,2PMe2 34.01 34.46 

GrCl2,2NMe2 38.27 38.68 

GrGlj,2PMej 33.27 34.36 

FeClj.ZNMe^ 37.56 38.<%K 

PeGlj,2PMe2 32./3 33.92 

GoGl2,2PMe% 24.81 25.21 
'3 

CoGl2,2PM82 32.47 33.59 

NiCl2,2PMe2 24.96 25.21 

NiGl2,2PMe2 32.18 33.59 
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(iii) The molecular weiRht determination on CrCl^,2PMe^ in 

benzene solution was carriea out by the procedure described in 

Chapter III for the molecular weight of TiCl^^FMej. Determinations 

were carried out at two different concentrations, and were found to 

be consistent. 

CrGl2,2PMe2 % = 310 

Experimental values: M = 28? 1.2 mM benzene 

294 0.5 mM benzene 

(iv) The ma&netio susceptibility measurements were carried out 

using a G-ouy balance operating at room temperature. The Gouy tube 

was constructed from a quickfit B.7 cone and socket, and was loaded in 

a dry nitrogen box. The tube was calibrated using a sample of 

mercury tetrathiocyanato cobalt (ll)« The values obtained for the 

effective magnetic moment for the adducts studied are listed in 

Table V. 1. 
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C H A P T E R VI, 

The vibrational spectra of some abducts of general formula 

MCl_,2NMe7 for metals of the first transition series, 
3 3 
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YI. 1. IntrocLuction. 

Although, as outlined, in Chapter V, several MX^^ZNMe^ complexes 

of the first-row transition series have been reported^ the work 

reported on their vibrational spectra is quite scarce« The adducts 

TiBr^,2NMe^ (%), VCl^,2NMe^ (96), TiCl^,2me^ (95) a M CrCl^,2me^(95) 

have been shown by z—ray measurements to be isostructural and. to 

adopt a monomeric trigonal bipyraimidal structure. Previously, 

infrared. d.ata (down to 200 cm. ^) haid. been reported for VGl^,ZNMe^ (90)> 

(ll) and the spectra had been interpreted in terms of a probable 

monomeric structure. Infrared data (down to 200 cm. ) have 

also been reported for GrCl^,2NMe^ (93)« 

Vibrational spectra have also been reported for adducts of the 

type MX^,2me^ where M is a group Ill(b) metal (46), (102), and have 

been interpreted in terms of a trigonal bipyramidal structure. 

Moreover, the adduot InCl^,2me^ has been shown to be isomoirhous 

with TiCl^,2me^, VGl^,2me^ and GrCl^,2me^ (103). 

In the present chapter, the vibrational spectra o± the adduccs 

of general formula MGl^,2NMe^ have been measured, (where M = Sc, Ti, 

V, Cr, Pe). The results for vana,dium (ill) and chromium (ill) are 

congiared with the earlier work, and with the data obtained for 

scandium (ill), titanium (ill) and iron (III). A close similarity 

is seen to ezist between the spectra of all of these compound.8) and. 

the spectra are all interpretable on the basis of a trigonal 

bipyramidal model. The results of a G-.V.F.?. calculation of the 
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vibrational frequencies of TiCl^j2NMe^ are given, for a trigonal 

"bipyramidal model, and these facilitate the assignment of the spectra. 

This being the case, the data for TiC]̂ ,ZNllê  are considered first, 

For a general adduct MCl^,2XWe^, treating the methyl groups as point 

masses, and neglecting the two XC^ torsional modes, we have: 

^mol " + 6e' + 4e" 

and of these the a^' and e" modes are Rajnan active the 82" modes are 

infrared active and the e' modes are both Raman and infrared active<. 

On a simple basis we should expect one H-Cl stretching mode (&^') to 

be Raman active only and one 1 - CI stretching mode (e') to be infrared 

active, and weakly Raman active. However, in addition, we may expect 

the ag" MZg stretching mode to occur in this region, and also two 

pairs of bands due to the XC^ ligand deformations (see Appendix C). 

In most cases it is likely that these latter will not be fully 

resolved, however, and will be detected singly as two broad bands due 

to (a^' + ag") and (e' + e") deformations. 

VI. 2. The Adduct T i C l , , . 

The Raman and infrared spectra observed for this compound are 

summarised in Table VI. 2., and the results of the G-.V.FoPo calculation 

in Table VI. 3 . , the frequencies quoted there being those corresponding 

to f- = 0.8 md. A this value being selected as giiiing the best 

fit of calculated to observed frequencies. The bands observed above 

400 cm."'' are all easily assignable to the trimethylamine deformations^ 



140 

of which four are expectea for a 1:2 adduot of this type (see 

Appendix C). It should be noted that the agreement between the 

observed aad calculated deformations is not good, but it should be 

remembered that in these calculations the methyl groups were treated 

as point masses, and the methyl rocking modes therefore effectively 

- 1 

ignored. Similarly, although the band observed at 385 cm. 

(strong and broad) in the infrared can most reasonably be assigned 

to the e' TiCl^ stretching mode (by analogy with InCl2,2NMe^ 

(323 cm.'l), (102), VCl2,2NMej (309 cm."^), (11) and CrGl2,2NMe2 

(392 cm."^), (93)) the calculated frequency for this band is 

approximately 30 cm. ^ too high. It is most likely that the 

approximation made in calculating the values of f^iCl ^TiCl,TiCl' 

that the ratio frici TiCl/friCl equal to that found for TiCl^^ is 

not a good one. It is worth noting that a similar result was found 

in the calculations on I&Gl^fZNMe^, where the value of 

^InCl iDCl/^InCl taken as equal to the rat^fyy/fy found for 

SnClj, (102). The very strong band at 308 cm. in the Raman can be 

assigned to the a^' TiCl^ stretching mode, and the values of 

^liCl TiGl calculated on this assumption (see Appendix C)« 

The band at 264 cm."^ in the infrared (absent in the Raman) can be 

assigned to the ag" TiNg stretching mode, in agreement with the 

assignment made for CrCl2,2NMe2 (93) for the medium infrared band 

observed at 274 cm."^. It is also likely that the weak Raman band 

at 200 cm."1 is to be associated with the a^' liNg stretching mode. 
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since the work reported on InCl^fZNMe^ suggests that this moie occurs 

at 163 cm."^ for this compound and is only weakly Raman active. If 

this is so, then the calculated frequency reported here is in error 

by approximately 60 cm. Adeuteriation study would help to 

identify this mode with more certainty. In view of the coincidence 

of this band with a band at 200 cm."^ in the infrared it is also 

possible that it is the e' NC^ rocking mode. The bands observed 

below 200 cm."^ are in reasonable agreement with the frequencies 

calculated on the basis of a model. It is unfortunate that no 

solution data could be obtained for this compound, as polarisation 

data for the excellent Raman spectra obtained would have been of 

great help in assigning the bands. Unfortunately the compound is 

soluble only in trimethylamine, without reaction, and attempts to 

measure the Raman spectrum in this solvent failed, as the solution 

boiled in the laser beam. However, the polarisation data obtained 

for ScGljZNMe^ (Table VI. 1.) helps to confirm the assignment of 

the 308 cm."^ band observed for TiGl^,2NMe2 in the Raman as the 

totally symmetric TiCl^ stretching mode. 

VI. 3* The Adduct ScGl2,2NMe2. 

The Raman and infrared spectra observed for this compound are 

listed in Table VI. 1« It is quite apparent that there is an overall 

similarity to the spectral data obtained for TiCl^,2NMe^. Once 

again the baads at $02 cm. , 488 cm. , 440 cm. and 433 &re 
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assignable to the trimethylamine deformational modes, whilst the 

hands at 396 - 401 (broad and strong in the infrared, broad and 

weak in the Raman) and 299 cm« ^ (very strong and polarised in the 

Raman) can be assigned to the e' and a^' ScCl^ stretching modes 

respectively. The strong infrared band at 260 cm. ^ is likely to 

be the ag" ScNg stretching mode. Once again, there is no band which 

can be unambiguously assigned to the a^' vScN2 stretching mode, but 

it might possibly be assigned to the very weak Raman active band at 

197 cm."^. However, from the general similarity to the vibrational 

spectra obtained for TiCl:.,210,le,, it seems probable that it too adopts 

a monomeric trigonal bipyramidal structure both in the solid state 

and in solution. 

VI. 4. The Mducts YCl^,2MIe^ and GrCl^,2M/Ie^. 

The vibrational spectra observed for these adducts are collected 

in Tables VI. 4 and 5, The infrared data reported in this work for 

these two adducts are in general agreement ivith the far infrared data 

reported earlier (11), (93), and in addition data have been obtained 

in the region below 200 cm."^. Supplementing this, Raman data on 

the solid adducts have been obtained for the first time. However, 

the Raman spectra obtained were weak, due to the intense colours of 

- 1 

these two adducts» Bands in the Raman were obsensed at 310 cmo 

and 294 cm."'' for VCl^,2HMe^ and CrCl^,2ffle^ respectively, and they 

are assigned to the a^' MCl^ symmetric stretching mode in each case. 
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This assignment is in accord mth the assignment of the bands at 

508 cm."' and 299 cm-""' observed in the Raman spectra of TiCl̂ sSWlvIê  

and ScCl^,2rBIe^ to this mode. Unfortunatelyj although both of these 

adducts are soluble in benzene, no solution Raman spectra were 

detectable5, presumably once again because of the intense colours 

of the solutions. 

Inspection of the infrared data given in Tables VI. 4 and 5., 

reveal bands at 508 c m / \ cm. ^ (VCl^,2NMe^), 525 cm. \ 

507 cm,"\ 470 cm. ' and ii-49 cm. ^ (CrCl^jZNMe^) assignable to the 

™ i 

Me^N deformations. Similarlyj the strong bands at 415 cm. and 

399 cm."^ are assignable to the e' MCl^ antisymmetric stretching 

modes for VGl^;2DIMe^ and CrCl^,2NMe^, respectively. Once again 

similarity with the TiClj^2Mej infrared spectrum suggests that the 

bands at 258 cm." and 280 cm. may be associated with the an" MNp 

antisymmetric stretching mo&e. 

VI. 5 » The Adduct PeCl? . 2IMe^. 

The infrai-ed and Raman data observed for tMs adduct are listed 

in Table VI. 6. Comparison with t7)9 corresponding data for the 

adducts with scandium (ill), titanium (ill), vanadium (ill) and 

chromium (ill) suggests that this adduct also adopts a monomeric 

trigonal bipyramidal structure both in the solid state and in 

solution. Despite the orange-brown colour of this adduct^ good 

Raman spectra were easily obtainable^ although,, in solution, only 
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the strong baods at 485 (polarised) aad 305 cm. ' (polarlsedj 

were detectible, since the ad&uct was only of moderate solubility in 

benzene„ However, these bands can confidently be assigned as the 

a^' NC^ deformation and a^' FeCl^ stretching mode, respectively. 

The Raman spectrum bears a close resemblance to the Raman spectra 

observed for ScCl2,2NMe2 aad TiCl%,2NMe2, and once more it seems 

"•1 

likely that the weak band at 1^6 cm. is associated with the 

a^' PeNg stretching mode. The bands at 496 cm. ^ and 466 cm. ^ 

in the infrared may be assigned to symmetric and antisymmetric 

trimethylamine deformational modes, whilst the strong bands at 

360 cm."^ and 310 cm."^ are to be associated with the e' FeCl^ 

and ag" FeN2 antisymmetric stretching modes respectively. It also 

seems probable that, whatever their origin, the shoulders observed 

at 300 cm."1 and 276 cm."^ (separation 24 cm."^) in the infrared 

spectrum of this adduct are analogous to the shoulders observed at 

380 cm."1 and 36O cm."^ (separation 20 cm."') in the infrared 

spectrum of CrGl^,2NMe^. 
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I A B L E VI. 1. 

O b s e r v e a v i b r a t i o n a l f r e q u e n c i e s ( c m . f o r ScCl^iZMMe^, 

Em&N* INFaABED 

Solid Benzene Soln. Mull Benzene Soln. 

92 w. 79 m. 

122 V . 8 . 120 w. 

137 v.s. 

177 w. 169 8. 170 8. 

197 V»Wo 250 w«8h« 

260 8° 260 8. 

299 V . 8 . 298 ( p ) 280 w . s h . 

309 V.w. 305 

401 Wobr. 

396 ?.8obr. 402 T . s . 

433 w.br. 440 8« 436 8" 

488 8. 502 8, 498 8. 

^Excitation: Argon ion O.488O |i laser line. 
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T A B L E VI. 2. 

Observed vibrational frequencies (cm. for TiGlj,NMe: 

RAMAN* 

Solid 

INFRARED 

Mull 

CALCUIATED 

101 8. 

1&k8. 

141 8. 

185 m. 

200 T.w. 

obscured 
by laser 
line 

308 v.s. 

438 w. 

463 w. 

496 m° 

74 8. 

^9 v,w. 

121 m. 

140 w. 

182 s. 

200 m.shc 

264 8. 

385 s.br. 

444 8« 

467 w.3h. 

507 8. 

47 

74 

94 

137 

146 

2 2 4 

236 

253 

307 

4 1 0 

4 1 0 

4 2 7 

512 

*Ezcitation: Argon ion O .488O p laser line. 
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T A B L E VI, 3„ 

Calculated frequencies (cm. "̂ ) for TiCl^;2NMe^ in symmetry, 

3 SERVED CALCULATED SYMMETRY PoE. CONTRIBUTIONS 

47 e' GTiNg 

74 74 e" GTiNg 

99 94 ag" 6TiClj O.P. 

124 137 -1' vTiNg 

140 146 e" STiCl^ I,P. 

185 2 2 4 e' PrNCj 

200 236 e" PrNC^ 

264 253 ^2" vTiNg 

308 307 -1' vTiCl^ 

385 410 e" SNCj 

444 410 e' SNCj 

467 427 e' vTiClj 

496 512 a/ 6NC 

507 517 5NC 
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T A B L E VI, 4. 

Observed, vibrational frequencies (om« ') for VCl2,2MKe2. 

rUWUm* INFRARED 

Solid Mull Benzene Soln. 

90 m. 

185 3o I84 So 

258 S . 262 s. 

310 304 m« 284 m. 

415 8. 414 8» 

4-48 s 0 ^ o 

508 8. 5O8 So 

*Excitation: heliuq/neon laser. 
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T A B L E VI. 5, 

ObBerved. vibrational frequencies (cm. ') for CrCl^aZNMe?, 

RmAN* INPRAEED 

Solii Mull Benzene Soln. 

140 w. 

24J w. 254 w. 

294 280 8. 286 8. 

350 w«8h» 360 m.sho 

380 m»sh. 38O w,8h. 

399 VoS* 400 8. 

449 8a 450 m. 

470 w. 470 w. 

307 w.8h« 497 w. 

525 8. 

^Excitations Argon ion 0*4727 p ani O.488O ̂  laser lines. 
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T A B L E VI. 6. 

Observed vibrational frequencies (cmc ) for FeGl?,2NM6 

Rm&N* 

Solid. Benzene Soln. 

106 WoSb. 

136 m. 

162 8 . 

178 w.sh, 

196 w.sh.br. 

234 mubrc 

305 8. 306 s.P. 

350 v.Wobro 

489 8. 485 m«Po 

* Excitation: helium/neon laser. 

INFRABED 

Mull Benzene Soln, 

112 

173 8. 

217 w.brc 

276 moSho 

300 mosho 

310 So 

3 6 0 Su 

466 Mo 

496 So 

182 s, 

210 w.brc 

260 m. 

298 rn.sb. 

310 8c 

380 80 

) Wc 

490 8( 
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VI. 6. Experimental. 

Infrarei mull Bamples were examined between polythene plates 

and prepared in a dry nitrogen glove box (see Chapter III). Solid 

Raman samples Were contained in vacuum ampoules. Solutions for 

infrared work were contained in polythene cells and were prepared 

on a vacuum line. Solution Raman samples, contained in pyrex 

capillary cells, were prepared in an all glass vacuum systemo 

Infrared spectra were run on a Beokman loR. 11 spectrometer 

and Eaman spectra were run on both a Gary Raman spectrometer and a 

Spex monochromator with both helium/neon and argon ion lexer 

excitation. 
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C H A P T E E VII, 

The vibrational spectra of some adducts of general formula 

MCl^fZPMe^ for metals of the first transition serieso 
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VII. 1. Introduction. 

Although, as aiacussed in Chapter V, the preparation of a few 

phosphine complexes of the trichlorides of metals in the first 

transition series have been described., no data on their far infrared 

qr Raman spectra have so far been reported. Recently, however, the 

vibrational spectra of some group Ill(b) trihalide complexes with 

trimethylphosphine have been reported ($6). The adducts AlCl^,2PKe^ 

and InCl2,2PMe2 were considered to adopt a monomeric trans 

structure, since their vibrational spectra were shown to be closely 

cong)arable with those of the adducts AlGl^,2NKe^ and InCl^,2MMe^. 

During the course of this work, vibrational spectra were 

measured for the adducts MCl^,2PMe^, (where M = 8c, Ti, V, Or, Pe, 

Co, Ni), whose preparation and characterisation were described in 

Chapter V. It will be shown that the spectra obtained all bear a 

close similarity to each other, and to the spectra of the analogous 

MCl^,2NMe^ adducts, described in Chapter VI. In each case, the 

Spectra are interpretable in terms of a monomeric geometry, and 

support for these assignments is provided by the observation that the 

adduct CrClj,2PNe^ is monomeric in benzene solution (see Chapter V)» 

A G.V.F.P. calculation has been carried out for TiCl^,2PMe^ and the 

results obtained confirm the interpretation in terms of geometry. 

For this reason the TiCl? adduct will be considered first. 
3 
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VIIo 2. The Adduct TiCl^,2PMe^o 

The vibrational spectra observed for this molecule are listed in 

Table VII. 2. Comparison with the results for TiCl immediately 

shows that the Me^P deformations, as expected, are at much lower 

frequencies than those for Me^N. The highest frequency strong band 

at 353 cm. ^ in the infrared is therefore assignable to the e' anti-

symmetric TiCl^ stretching mode. The trimethylphosphine deformations 

by comparison with the assignment for TiCl^j2PMe^ (Chapter IV) and the 

analogous group Ill(b) trihalide complexes, are expected to occur in 

the regions 3^0 - 310 cm, ^ and 270 - 250 cm. ^ (19)° It is 

therefore likely that the a^' and deformations which are expected 

to occur at similar frequencies are concealed beneath the strong 

353 cm.~^ band. By analogy with the results of Chapter VI^ assignment 

of the strong 305 cm. '' band in the infrared as being principally due 

to the a^" TiPg stretching mode is the most likely possibility, since 

the a^' and Me^P deformations are expected to be much weaker, as 

is found to be the case in the results for InCl^,2PMe^ (56)» The 

strong band at 288 cm."^ can be assigned to the antisymmetric e° and 

e" Me^P deformations (likely to be very close in frequency - see 

— 1 

Table VII. 3.) and the strong band in the Raman at 282 cm. to the 

' symmetric TiCl^ stretching mode. Reference to the results of 

the G-cVoF.F. calculation for this molecule reported in Table VII. 3°, 

lends support to this assignment of the bands observed in the 

Ti - CI stretching region. However, it is apparent that, as was 
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found to be the case for the TiCl^,2NMe^ calculations reported in 

Chapter VI, the agreement between observed and calculated frequencies 

for the e' TiCl^ and the a^" TiP^ stretching modes is rather poor. 

However, as stated there, the approximation used in the calculation 

that f^ici TiCl/^TiCl ^ free TiCl^ value may be a poor one to 

adopt for this molecule. Moreover, the calculations suggest that 

the a^' and ag" TiPg stretching modes couple strongly with the PC^ 

deformations* For the infrared spectrum below 280 cmo there is 

good agreement between the calculated and observed frequencieSo 

Prom these results, it is evident that the spectra obtained for 

this molecule closely resemble those obtained for TiCl^,2NMe^ and 

that they can be interpreted satisfactorily on the basis of 

symmetry for the molecule. However, the calculation suggests that 

although the Ti - Cl^ stretching modes may be quite pure, the a^' 

and ag" TiPg stretching modes couple seriously with the PC^ 

deformations. It is therefore less meaningful to assign bands in 

these and the following spectra specifically to TiPg stretching 

vibrations® It seems evident that several bands will possess 

considerable (approximately 30 ~ 70^)TiP bond stretching charactero 

Deuteriation studies will undoubtedly help to assign these 

bands with more certainty. It is unfortunate that the Raman spectrum 

obtained was weak, but this is most probably due to the intense dark 

blue colour of the adducto Similarly no polarisation data are 

available, since the adduct is insoluble in benzene and it was not 
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found possible to obtain spectra from a solution in trimethylphosphine» 

VIIo 2. The Mduct ScCl^,2PMe . 

The vibrational spectra obtained for this aaduct are reported in 

Table VII. 1« It is immediately apparent that a close similarity 

exists between these and the data obtained for TiCl^,2PMe^o 

Accordingly, the strong band at 359 cm. in the infrared can be 

assigned to the e' ScCl^ stretching mode.. It is also likely that the 

strong band observed at 350 cm. in the Raman is due to the ' 

PMe^ deformation, as the e' ScCl^ stretching mode, although Raman 

active, might reasonably be expected to be weak. This would 

represent a coincidence of these two modes, and a consequent masking 

of the a^' deformation by the e' ScCl^ stretching mode in the infrared; 

as suggested in the discussion of the results for TiCl^,2PMe^ above» 

By analogy with the results for the latter adaucty the strong 

shoulder at 337 cm. ^ may be tentatively assigned as being due5 

partially at least, to the ag" ScP^ stretching mode. The band at 

288 cm.""' (strong in the infrared) and 284 cm» (medium in the 

Raman) together with the band at 276 cm."'' (strong in the infrared) 

may be assigned partially to the e' and e" PC^ deformations, whilst 

the very strong band at 268 cm. in the Raman spectrum can be 

confidently assigned to the a^' totally symmetric ScCl^ stretching 

mode. The calculated results on TiCl ,2PMe^ suggest that either of 

- 1 - 1 
the weak bands observed in the Raman at 192 cm. and 154- cnio maj*" 
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be due to the ' SoPg stretching mode, and that the medium 

shoulder observed in the Raman at 250 cm, ^ might be a mixed mode due 

to the ag" PC^ deformation, ScPg stretch and ScCl^ out of plane 

deformation, and correspond to the strong infrared band at 240 cm. « 

Although vibrations of a^" symmetry are not expected to be Raman 

active, the observation cf this band in the Raman spectrum of the 

solid may be due to a solid state effect» (The treatment of the 

single crystal Raman data for InCl^sSNMe^ has been carried out on the 

basis of symmetry for a molecule in the crystal (102)® On this 

basis modes of ag" symmetry type for a free molecule under 

symmetry can give rise to Raman active components in the crystal). 

Unfortunately, due to its limited solubility in benzenej no solution 

Raman data could be obtained for this adduct. 

It is apparent from the above results that the spectra obtained 

for this molecule may be assigned satisfactorily in terms of a trans 

D,, geometry, both for the solid state and in solution in benzene, 

as was shown to be the case for the corresponding adduct with 

trimethylamdne (Chapter VI). 

VII0 3. The Mducts VCl ,2PMe, and CrCl,,2PMe^-

The vibrational spectra obtained for these two adducts are 

collected in Tables VII, 4 and 5® Once more a close similarity 

exists between them and the data for the other phosphine adduct8 

studied. Unfortunately, due to the intense colours of these 
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adducts, the Raman spectra obtained for the solid state were weak^ 

and only the strongest band was detected., Consequently, no solution 

Raman spectra were detectable, but despite this the bands at 

— 1 —1 
292 cm. and 300 cm. have been assigned to the a." VCl, and CrCl? 

' -5 J 

stretching modes respectively. The band observed in the Raman 

spectrum of VCl^s2PMe^ decreased with time, the adduct being 

decomposed by the laser beam® In the infrared spectra, the strong 

asymmetric bands at 357 cm. '' and 36O cmo ^ may be assigned to the 

e' VCl^ and CrCl^ stretching modes respectively. The asymmetry of 

these bands may be due to partial concealment of the ' arid a^" PC^ 

deformations (expected to be v/eak). The bands at 291 cm. '' and. 

3O8 cm."^ again may be partially due to the ag" VP2 CrPg 

stretching modes, and the band at 280 cm. ^ for VCl^s2PMe^ to the 

e' and e" PC^ deformations^ As for the cases of ScC1^92PMe^ and 

TiCl,s2PMe, bands are observed in the infrared around 250 cm. for 
3 3 

these adducts, and from the calculated results for TiCl.^,2PMe^^ are 

likely to be due to contributions from the ag" 6PC^ and 

6MC1^ O.P. modes. The observation that the complex CrCl^s2PMe^ is 

monomeric in benzene lends support to the assignment of the spectral 

results in terms of a monomeric structure. 

VIIo 4. The Adducts geC1^^2PMe,, CoCl^,2PMe^ and NiCl^,2PMe^. 

The vibrational spectra observed for these adducts are collected 

in Tables VII. 6, 7 and 8. Once again the spectra are very similar 
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to each other aad to the results for the foregoing ad&uctso Because 

of the dark red colours of all of these a&ducts the Raman spectra 

obtained for the solii state were weak, ani no solution lata were 

obtainable. However, bands were observed at 3)0 cm. 340 cm. 

and 364 cm. ^ and these have been assigned to the a^' FbGl^^ GoGl^ 

and NiCl^ totally symmetric stretching modes, respectively, These 

bands were found, in each case, to decrease with time, indicating 

that decomposition of the adducts was occurring in the laser beam., 

By analogy with the results of the foregoing sections, the bands in 

the infrared have been assigned on the basis of symmetry for 

both solid and solution states, as follows. The strong bands at 

356 cm."1, 358 cm.~^ aad 350 cm."^ have been assigned to the e' 

PeCl^, CoCl^ and NiCl^ stretching modes respectively, and the strong 

baads at 303 cm."^, 320 cm."^ and 332 cm."^ to the ag" PePg, CoPg 

and Nip2 stretching modes. The medium bands observed at 342 cm. 

for FeCl2,2PMej and 340 cm."^ for NiCl2,2PMej can be assigned to 

the ay' or a^" PC^ deformations, and would correspond to a resolution 

of the asymmetries observed for the e' VGl^ and CrCl^ stretching 

baads (Tables VI. 4 and 5). The t inds at 266 cm. , 271 cm. and 

280 cm."^ can be assigned to the e' and e" PG^ deformations* The 

infrared spectra obtained for these adducts were of good quality, 

except that the mull spectrum for GoCl^,2PMe^ was rather poor. This 

is attributable to the rather sticky nature of this adduct as it was 

prepared during the course of this work. Because of this, it was 
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rather difficult to produce a good quality mull. The solution data 

also are rather poor, since the solution in benzene decomposed 

slowly during the course of the measurement (decolourised after one 

hour). There is no doubt, however, as to the general similarity of 

the spectra for this adduct to the spectra obtained for ?eGl^,2PMe^, 

aad NiClzfZPMe?. It should be noted that solutions of NiCl^fZEKe? 
3 3 3 3 

in benzene also rapidly decomposed (decolourised after approzimately 

10 minutes), so that no solution data were obtainable for this adduct« 

The assignment described above for the vibrational spectra of 

NiCl2,2fMe?, leads to a rather unusual conclusion, namely, that the 

e* NiCl^ stretching mode occurs below the a^' NiCl^ stretching mode. 

Although this state of affairs is unusual, it is by no means unknown 

and the assignment of the antisymmetric stretching mode below the 

symmetric stretching mode has been made for such species as 

TiClg^" (59), Me^N (8) and Me^P (104). This assignment would 

suggest an unusually high value of NiCl/^NiCl NiCl^fZPMe^. 

Further discussion of this problem is postponed until Chapter VIII, 

VII. 5. Conclusion. 

Prom the results of Chapters "VI and VII, it is evident that the 

two series of complexes, MGl^,2MMe^ and MCl2,2PMe2, exhibit closely 

similar spectra which are interpretable in terms of a monomeric 

geometry both for the solid state, and in solution. This 

conclusion is supported by the results of calculations on TiCl^,2RMe^ 
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and TiGl^,2PMe . However, the approximation employed in these 

calculations that is equal to the value of this 
TiCl,TiCr TiCl 

ratio for free TiCl^ is of only limited usefulness, and in the light 

of the results for NiCl^fZPMe^ is likely to become even more 

inappropriate for the analogous adducts of the later members of 

the first transition series. For both series of complexes, the 

calculations suggest that the MCl^ stretching vibrations are likely 

to be essentially pure modes, but that the MP^ stretching modes are 

likely to couple seriously with the Me^P deformations. In the light 

of these general conclusions, the two series of spectral results 

will be compared more closely in Chapter VIII, and the results of 

this comparison discussed in terms of the probable nature of the 

bonding involved in these complexes. 
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T A B I E VII. 1 

Observed, vibrational frequencies for ScGl^fZPMe? 

RAMAN* IKFRAEED 

Solid Mull Benzene Soln. 

74 ni» 

116 8. 120 w. 

136 S» 143 M. 152 Wo 

154 w« 

192 w. 193 w. 

239 s. 238 8. 

251 m.sh. 

268 v.s. 276 m.sh. 268 s.sh. 

284 m.sh. 288 s. 294 s. 

326 w. 

337 SuSh. 334 s.sh, 

350 8. 359 8. 372 8. 

*E%citation: Argon ion O.488O ^ laser line. 
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T A B L E VII. 2. 

Observed vibrational frequencies (cm. ) for TiCl?,2PMe . 
) ( j 2 

RAMAN* 

Solid 

282 

380 w. 

IMFRARED 

Mull 

75 w. 

87 w. 

140 m. 

150 m. 

249 m. 

288 s.sh. 

305 8. 

353 5. 

CALCULATED 

52 

96 

122 

128 

131 

145 

175 

248 

279 

291 

291 

336 

372 

387 

*Excitation; Argon ion O.488O ^ laser line, 
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I A B L E VII. 3. 

Calculated, vibrational frequencies for TiCl^fZPMe, in 

symmetry ^ = 1.0 md. . 

OBSERVED CALCULATED SYMMETRY P.E. CONTRIBUTIONS 

75 52 e' GTiPg 

87 96 e" GTiPg 

122 ag" 8TiGl? 
3 
O.P. 

128 
( [ 6PC% 

3 

vTiPg 

131 e' 
( 
r > 
I 

6TiCl, 
5 

jprPC^ 

I.P. 

140 145 e" jDrPCj 

150 175 e' 
( 
( 
I 
( 

GTiClj 

prPCj 

6PCj 

I.P. 

249 248 
^2" 

\ 
1 

wTiPg 

GTiCl O.P. 

282 279 a.,; vTiCl, 
3 

288 291 e» 6PC_ 
3 

305 291 e" GPCj 
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T A B L E VII. 3 (cont.) 

OBSERVED CALCUIATWD SYMMETRY P.E. CONTRIBUTIONS 

353 336 a, 1 

( 5PG 

vTiPg 

( GPC, 

380 372 ^ 

^ ( vTiPg 

387 e' vTiClj 



T A B L E V I I . 4 . 

Observed , v i b r a t i o n a l f r e q u e n c i e s lorn. ) f o r VCl7,2PMe 

166 

EAMM* 

Solid 

IKPRAEED 

292 

Mull 

76 m. 

135 m. 

157 w. 

181 w. 

246 m. 

265 m. 

281 m. 

291 m. 

3 5 7 8* ( a s y m m e t r i c ) 

Benzene Soln. 

180 w . b r . 

252 w . b r . 

270 m . b r . 

288 m. 

362 8. 

*E2citation: Heliuo/neon laser. 
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Observed vibrational frequencies (cm. ) for CrCl^j 2PMe. 

RAMAN* 

Solid 

IimUEED 

Mull 

154 W' 

205 w. 

Benzene Soln. 

164 m, 

212 m. 

300 

250 m. 257 m°8h. 

308 8. 

360 V . 8 , 
(asymmetric) 

314 8°br» 

369 8. 

(asymmetric) 

*E%citation: Argon ion O.488O p laser line, 
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Observed. Tibr&tioaal frequencies (cm. for FeCl^, 2PMe, 

Rj&MM* 

Solid 

IKFUAEED 

330 

Mull 

144 w. 

194 m. 

250 8. 

266 m. 

303 8. 

Benzene Soln. 

146 w. 

204 m. 

250 Mo 

284 m. 

304 8. 

342 m.sha 346 m.sh. 

356 s. 370 8. 

*E%oitation: Helium/neon laser. 
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T A B L E VII. 7. 

Observed, vibrational frequencies (cm. for CoClj,2fMe 

RAMAN* INPBARED 

Solid Mull Benzene Soln. 

186 w.br. 

251 m.sh. 250 m. 

280 8. 282 s. 

320 s. 305 8. 

344 

358 s. 374 8. 

*Excitation: Helium/neon laser. 
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T A B L E VII. 8. 

Observed, vibrational frequencies (cm. for NiCl,*2PMe,. 

RAMAN* INFRARED 

Solid Mull 

70 w. 

96 w. 

212 m. 

251 8. 

271 s. 

332 s. 

340 m. 

350 s. 

364 

*Exoitation: Heliuq/neon laser. 
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VII. 6. Ezperimental. 

Infrared, niull san^les were examined, between polythene plates and 

prepared in a dry nitrogen glove boz (see Chapter III). Solid 

Ramaa samples were contained in vacuum ampoules. Solutions for 

infrared work were contained in polythene cells and were prepared 

on a vacuum line. Solution Raman samples, contained in pyrez 

capillary cells, were prepared in an all glass vacuum system. 

Infrared spectra were run on a Beckman I.E. 11 spectrometer, 

and Raman spectra were run on both a Gary Raman spectrometer and a 

Spez monochromator with both helium/neon and argon ion laser 

excitation. 
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C H A P T E R VIII. 

A cong)ari8on of the vibrational spectra obtaiaea 

for the 2:1 ^omplezes of trimethylamine an& 

trimethylphosphine with the trichlorides 

of metals in the first transition series. 
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VIII. 1. Bonding in Pentacoor&inate Transition Metal Complezes with 

D Symmetry. 

(a) The crystal field approach. According to simple crystal 

field theory, where the interaction between a metal ion and its 

surrounding ligands in a complex is considered to be a purely 

electrostatic one, the d-orbitals of a free gas ion are split under 

symmetry according to the following scheme: 

1 (a,2) 

"========" (a^'Ays) 

The separations of these levels relative to the energy of the levels 

in the free ion are expressible in general in terms of two crystal 

field parameters (105) one representing the contribution to the crystal 

field of aaial ligands and one of equatorial ligands. In simple 

crystal field theory, electrons occupying the d-orbitals are assumed 

to play a non-bonding role in the metal ligand bonding. The basic 

assumption of the crystal field theory that purely electrostatic 

interactions occur between the metal ion and the surrounding ligands 

is an obvious over-simplification of the state of affairs pertaining 

in real complexes. At the other extreme, one can treat this problem 

in terms of purely covalent bonding between the metal ion and its 

surrounding ligaads, by the methods of molecular orbital theory. 

(b) Tha molecular orbital approach. The molecular orbital 

description of the bonding in pentacoordinate molecules with 
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symmetry has been aescribei in detail elsewhere (8). The resulting 

molecular orbital diagram giving the molecular orbitals mhioh from 

symmetry consiaerations one can form from the appropriate combinations 

of ligand orbitals aad acceptor orbitals of the same symmetry is 

shown in Figure VIII. 1. The energy separations shown there are 

purely diagrammatic, but represent qualitatively the order of the 

molecular orbitals \n increasing energy. It can be seen that the 

orbitals enclosed within the broken lines are analogous to the 

d-orbital splitting predicted on the crystal field model, and on 

filling up the molecular orbitals with electrons, it is just these 

orbitals which will take the "d-electrons" of the metal ions of the 

first transition series. However, although the e"and e' degenerate 

pairs are formally non-bonding, as in the case of the crystal field 

treatment, it can be shown (8) that it is possible to form linear 

combinations of the ligand orbitals with which, on symmetry 

considerations, the e" and e' degenerate pairs of orbitals may form 

%-type molecular orbitals. Furthermore, whilst the e' pair can form 

K-type molecular orbitals with orbitals from the equatorial ligands 

only, the e" pair can form %-type molecular orbitals in both the 

aalal aad equatorial directions. This treatment therefore suggests 

that, from symmetry arguments, there is the possibility of electrons 

in the e" and e' orbitals being involved in%-bonding with the ligands, 

Of course whether %-bonding is energetically likely for any given case 

is much more difficult to decide, and the extent of %-bonding in 
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coordination compounds generally is very much an unknown factor. 

Finally, it is perhaps worth noting that the highest "d-shell" 

molecular orbital (a^') is predicted to be antibonding in character* 

For the series of compounds considered in this thesis in their ground 

states, no electrons are likely to occupy this orbital until the 

Fe(lll) case (d^). The results of the magnetic measurements 

recorded during this work indicate (Chapter V) that the complexes 

FeCl^,2NMe^, FeCl^,2PMe2 and NiCl^fZPMe^ all adopt the low spin 

arrangement, and work on CoCl^s2PEt^ (99) shows that this too adopts 

a low spin configuration of its d-electrons. These results are 

therefore in agreement with the bonding scheme outlined above j, and 

the assignment of antibonding character to the a^' orbital (originating 

from the metal d^2 orbital). 

VIII. 2. The Classification of Donor-Acceptor Interactions» 

The first comprehensive classification scheme was proposed by 

Ahrland, Chatt and Davies (106) in 1958. These authors divided both 

acceptor ions and molecules into two general classes. Class (a): 

Those which form their most stable complexes with the first ligand 

atom in each Periodic Group, i.e. K, 0, Class (b)s Those which 

form their most stable complexes with the second or a subsequent ligand 

atom of each Periodic Group. Stability was measured in terms of the 

free energy of a reaction, usually quoted as a stability constant, 

without regard to solvent. It was noted that Class (b) cationic 

acceptors in water in their normal valence states were found together 
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in one part of the Periodic Table in a more or less triaagolar area. 

The apex of the triangle was at copper, and the base stretched from 

tungsten to polonium (approximately). Acceptor ions well removed 

from this area of the Periodic Table were foun& to be well defined 

Class (a) acceptors. Acceptor ions on the borders of this triangle 

e.g. Fe(Il), Fe(lll), Go(ll), Go(lll), Ni(ll), Mn(ll), etc. were 

considered to be borderline cases. 

The second general classification scheme which has gained 

currency was due to Pearson (107). By comparing values for the 

gaseous replacement reaction MX(g) + Y (g) = MY(g) + Z (g) where Z 

and Y" are halides, one can measure the amount of stability which 

Y" the fluoride has over X", the iodide, and this Pearson considered 

(107) to be a measure of Class (b) character. Having listed a wide 

range of metal ions and Lewis acids as Class (a). Class (b) and 

borderline, Pearson related these divisions from considerations of 

polarisability to the terms "hard" and "soft" for Class (a) and 

Glass (b) respectively. Pearsons "hard" and "soft" classification 

corresponds roughly with the Class (a) and Class (b) classification 

of Ahrland et al. (106). 

However, rather than being closely related to classical 

polarisability, the (a) and (b) classification has been shown to be 

closely linked with the balance between ionic and covalent bonding 

(108), (109), (110). It has also been shown that Class (a) or (b) 

character is often dependent on changes in solvent, and in the charge 
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type of the reaction under consiAeration. Specifically, since the 

classification schemes outlined above were drawn up on the basis of 

thermodynamic measurements on reactions of metal ions and halide ions 

either in aqueous solution or in the gas phase, it must not be 

expected that these classifications will hold in detail when one 

considers the donor-acceptor interactions of neutral molecules in 

"non coordinating" solvents such as benzene. In this case, the ionic 

contribution to the coordinate bond has been reduced to a dipole -

dipole interaction, and covalent bonding will become more important. 

It must not therefore be thought too surprising if the halide of a 

particular metal ion (normally thought to be of Glass (a) character 

as judged by its relative affinity for halide ions) displays 

pronounced (b) character. In addition, energy terms due to London 

attraction and classical polarisability must be considered in the 

expression for the energy of the bond concerned (108). Since 

calculations of these last two terms and also the covalent term are 

extremely unreliable, it is not possible to predict donor-acceptor 

properties in cases of this type. Moreover, in a comprehensive 

review of the acceptor properties of molecules of the group Ill(b) 

elements, towards neutral molecules. Stone (111) haa demonstrated the 

complexities of the problem of attempting to predict from aa 

accumulated mass of experimental data on similar systems, the precise 

stability sequence to be observed from aay series of neutral donors 

aad acceptors. Prom a brief consideration of the formation of a 
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neutral adduct from neutral acceptor and donor molecules in terms of 

a thermodynamic cycle of formation, Stone shows that it is impossible 

to assign definite strengths to electron-pair donors and acceptors 

valid for every donor acceptor reaction. Thus the acceptor 

properties of a given acceptor molecule vd.ll depend on the "base in 

question, and the same will hold true for donor molecules. No 

completely rigid classification scheme can be drawn up to cover all 

conceivable cases. 

Finally, it should be mentioned that for the donor-acceptor 

interactions of molecules, steric factors are likely to become 

important in determining relative stabilities, especially for bulky 

donor molecules such as trimethylamine and trimethylphosphine. 

VIII. 3, Studies of the Relative Affinities of ScCl, and FeCl, 
3 3 

towards M e ^ and PMe^. 

In order to compare the spectral results of Chapters VI and VII 

in terms of the nature of the bonding involved in the complexes 

studied, it is necessary to have some knowledge of the relative 

affinities of the trichlorides of e metals of the first transition 

series for the neutral donor molecules and PMe^. Ideally., one 

requires values of the heats of formation for the series of adducts 

in the gas phase; 

MCl^(g) + 2 Me P(N) (g) >MCl^,2Me^P(N) (g) 

However, this is not experimentally possible. Moreover, due to the 
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insoluble nature of the parent trichlorides in non coordinating 

solvents such as benzene, no heats of formation can be obtained in 

solution. In order to obtain some idea of relative stabilities, it 

is therefore necessary to carry out relative stability studies in 

solution, e.g: 

MCl^,2KMe^ + excess Me^P > products 

and M'Cl̂ j,2NIfê  + M"Cl^,2PMe^ ^ products 

etc. However, a complete study of the relative stabilities of the 

adducts in question is clearly outside the scope of this work. 

Instead,a series of competition reactions was undertaken to provide a. 

qualitative idea of the relative affinities of ScCl^ and PeGl^ towards 

M e ^ and PMe^. In these,solutions of ScCl^,2ffle,, ScCl^aZPMe^? 

PeCljjZNIiIê  and FeCl^,2PMe^ vrere made up in benzene, and to each of 

these was added a benzene solution of the alternative donor, so that 

a 10:1 mole excess of alternative donor to complex studied was present 

in the mixtures: 

(a) ScCl^,2me^ + PMe^ (c) FeCl ,2NMe + PMe^ 

Cb) ScCl2,2PMe2 + MWej (&) FeCljjZPMej + NKe^ 

On evaporation to dryness, the infrrred spectra of the solid products 

were measured and the results are listed in Tables VIII = 1 azid 2. 

It was assumed here that the volatilities of Me^K and Me,P, and the 

solubilities of the adducts MCl^.ZNMe^ and MCl^,2PMe^ were comparable, 

so that evaporation of the equilibrium mixture to dryness did not 

disturb the equilibrium to any large extent» Quite clearly, the 



180 

ad-dition of PMe to SoCl_»2HMe, aiii to 8cGl_,2PMe^ results 

essentially in a mixture of the two ad&ucts (or in a mixed adAuct 

ScGl2,(MMe3^(PMe2)). However, a&iition of PMe^ to FeCl^,2NMe2 aad 

NMe^ to PeCl^fZPMe^ results only in the formation of FeCl^pZPMe^. 

i 

No bands due to coordinated trimethylamine between 400 - 500 cm. 

could be detected in the infrared spectra (unlike the case for the 

scaadium complezes) and so it is reasonable to assume that the result 

of these two experiments is largely the formation of FeCl^fEPMe^* 

Similarly, addition of excess trimethylamine produced no 

spectroscopically detectable effect on the adduot CoClj,2PM6^ 

(Table VIII. 3.). 

It seems from the results of these experiments that the complexes 

ScCl2,2NMe2 and ScGl^pZPMe^ are of comparable stability, whilst the 

complex feGl2,2PMe2 is considerably more stable than FeGl^fZNMe^' 

It also seems likely that the high stability of the trimethylphosphine 

complexes is at least carried over (if not enhanced) in the completes 

of CoGlj aad NiCl^. It is presumed that a gradual transition of 

relative stabilities from P > N to P ± N is observed on moving from 

Ni, Co and F@ to Sc through Mn, C-; Y and Ti. It should be noted 

that these results approximate roughly to the stability order 

predictable on the basis of the classification due to 8. Ahrland 

et al. (106). 
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VIII. 4« Comparison of the Spectral Results for the L C o m p l e x e s 

Studied. 

Part of the purpose of this work was to con^are the vibrational, 

spectral results obtained for the series of complexes obtained 

with L = trimethylamine and trimethylphosphinej to see if changes in 

the frequencies of the metal-chlorine and metal-ligand vibrations 

could be correlated either with the d-electron configuration of the 

central metal or with the (a) and (b) donor-acceptor classification. 

With regard to the effects of d-electrons on metal-halogen vibrations 

it should be noted that a study of the infrared spectra of the high-

spin MClg^~ species where M = Or, Hn, Fe, In and Ir has been under-

taken with this purpose in mind (l12a), and that, significantly, from 

a comparison of the frequency of in the infrared spectra of these 

species for PeGlg^" was found to be very low as compared with 

for the other species. This was rationalised in terms of the anti-

bonding character of the e orbitals and the d-electronic configuration 

tp^ e^ for this ion. In studies of this type it should, of course, 

always be borne in mind that bond stretching force constants and 

bond strengths are not equivalent '."•''12b), but Tor a series of closely 

related species, a con^arison of stretching frequencies or force 

constants with relative bond strength can be of interest. 

Comparison of the frequencies found for the a^' MCl^ totally 

symmetric stretching mode, the ag" "MLg antisymmetric stretching mode", 

and the e' MCl^ antisymmetric stretching mode for the two series of 
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c o m p l e x e s s t u d i e d , i n t h i s w o r k a r e p r e s e n t e d i n F i g u r e V I I I 

2 , 3 a n d 4 r e s p e c t i v e l y . 

I n t h e c a s e o f t h e a ^ ' M C l ^ s y m m e t r i c s t r e t c h i t i s a p p a r e n t t h a t , 

w h i l s t t h e r e seems t o b e n o o b v i o u s c o r r e l a t i o n w i t h t h e d - e l e c t r o n 

c o n f i g u r a t i o n a s s u c h ( i n t e r m s o f c r y s t a l f i e l d s t a b i l i s a t i o n 

e n e r g i e s ) t h e r e i s a m a r k e d d i f f e r e n c e i n b e h a v i o u r b e t w e e n t h e t w o 

s e r i e s o f c o o p l e z e s . W h i l s t t h e f r e q u e n c i e s f o r t h e MX^ ,2NMe 

c o m p l e x e s r e m a i n , w i t h s l i g h t v a r i a t i o n s , a r o u n d t h e 3 0 0 c m . 

p o s i t i o n , t h e r e i s a s t e a d y i n c r e a s e i n t h e f r e q u e n c y o f t h i s mode f o r 

t h e t r i m e t h y l p h o s p h i n e c o m p l e x e s , T h e r e s u l t s o f S e a t t l e a n d O z i n 

f o r t h e a d d u c t s I n C l 2 , 2 N M e ^ ( 4 ^ ) a n d I n C l ^ , 2 P M e ^ 1 ^ 6 ) h a v e b e e n 

i n c l u d e d i n F i g u r e s V I I I . 2 , 3 a n d 4 t o p r o v i d e a d c a s e . ( T h e a d d u c t s 

G a D l j , 2 M M e 2 a n d & a C l 2 , 2 P M e 2 h a v e n o t b e e n p r e p a r e d so f a r , o n l y t h e 

1 : 1 a d d u c t s ) a n d h a v e b e e n l i n k e d t o t h e r e s u l t s o b t a i n e d i n t h i s w o r k 

b y b r o k e n l i n e s . A s s u m i n g t h e f r e q u e n c y s e p a r a t i o n b e t w e e n a ^ ' v MC1% 

f o r t h e h y p o t h e t i c a l 1 : 2 G a C l ^ a d d u c t s w i t h NMe^ a n d PMe% t o b e o f t h e 

same o r d e r ( a n d i n t h e same s e n s e , i . e . v a ^ ' & a G l ^ ( M ) > v a ^ ' G - a C l ^ ^ p ) ) , 

a s h a r p d e c r e a s e i n t h e f r e q ^ a n c y o f t h i s mode f o r t h e p h o s p h i n e 

7 10 -
a d d u c t s e r i e s i s p r e d i c t e d f o r d - * i , w h i l s t t h e c o r r e s p o n d i n g 

f r e q u e n c y f o r t h e a m i n e a d d u c t s e r i e s i s e x p e c t e d t o r e m a i n r o u g h l y 

7 10 
c o n s t a n t f o r d — > d 

T h e m o s t o b v i o u s i n f e r e n c e t o b e made f r o m t h e s e r e s u l t s : h a t 

t h e m e t a l - c h l o r i n e b o n d s t r e n g t h s i n c r e a s e o n p a s s i n g f r o m s c a n d i u m 

t o n i c k e l , a n d t h e n d r o p a g a i n a t d ' ^ , f o r t h e p h o s p b % n e a d d u c t s , b u t 
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remain fairly constant for the amine series. The results of the 

competition experiments described in section VIII, 3 suggest moreover, 

that this increase in metal-chlorine bond strength is not at the 

expense of the metal-phosphorus bond strength, as these results 

suggest that there is a corresponding increase in this relative to 

the metal nitrogen bond strength. 

A comparison of the frequencies of the ag" antisymmetric 

stretching mode suggests such an increase in the metal-phosphorus 

bond strengths, the frequencies reaching a maximum around Fb, GO and 

Ni, with a final drop from Ni to In (corresponding to the behaviour 

of the a^' V MCI- mode). The high value of the ag" PeNg frequency 

is somevfhat disturbing in this context, However, it should be 

remembered that (a) this mode is likely to be considerably coupled 

vfith other ligand modes, especially for the phosphines, and (b) since 

this mode involves movement of the central metal, atom it is not so 

reliable as a guide to the relative strengths of metal-ligand bonds 

as the a,|' totally symmetric MCl^ stretcliing mode is, where no 

movement of the central metal atom occurs, 

A similar consideration appli .;? to the e' antisymmetric MCl^ 

stretching mode, but the calculations on TiCl^,2EMe^ and TiCl^j,2PMe^ 

(chapters VI and VIl), suggest that it is likely at least to be 

relatively unmixed with other modes. Examination of Figure VIII. 4 

reveals that whilst the frequency of this mode decreases for the 

amine series, it stays roughly constant for the phosphine series^ with 
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a f i n a l d r o p i n f r e q u e n c y f r o m N i t o I n ( c o r r e s p o n d i n g t o t h e 

b e h a v i o u r o f t h e v M G l ^ m o d e ) . T h i s c o u l d b e d u e t o a b a l a n c i n g 

o f i n c r e a s e i n m a s s and. i n c r e a s e i n b o n d s t r e n g t h , a l t h o u g h i t i s s e e n 

t h a t f o r t h e c a s e s o f P e G l ^ , 2 P M e 2 , C o C l ^ f Z P M e ^ a n d N i C l ^ , 2 P M e 2 we 

h a v e t h e r a t h e r u n u s u a l s i t u a t i o n o f t h e s y m m e t r i c a n d a n t i s y m m e t r i c 

s t r e t c h i n g f r e q u e n c i e s b e i n g a l m o s t c o i n c i d e n t . A s s t a t e d i n 

C h a p t e r V I I , i t i s l i k e l y t h a t t h e s e r e s u l t s c o u l d a l s o b e e x p l a i n e d 

b y a n i n c r e a s e i n t h e v a l u e o f t h e r a t i o M C l / ^ M C l ^ h e 

s e r i e s o f t h e p h o s p h i n e c o m p l e x e s . 

I t i s a p p a r e n t f r o m t h e f o r e g o i n g r e s u l t s t h a t , f o r t h e s e r i e s 

o f p h o s p h i n e c o m p l e x e s , a s t e a d y i n c r e a s e i n M - C I a n d M - P b o n d 

s t r e n g t h s i s l i k e l y a n d t h a t t h o s e c o m p l e x e s w i t h t h e g r e a t e s t a ^ ' 

V t l c i j f r e q u e n c i e s a r e t h o s e w h i c h t h e c o m p e t i t i o n e x p e r i m e n t s s u g g e s t 

a r e t h e m o r e s t a b l e a s c o m p e r e d t o t h e c o r r e s p o n d i n g a m i n e c o m p l e x e s . 

F u r t h e r m o r e , t h e m e t a l s f o r w h i c h t h e s e o b s e r v a t i o n s o c c u r a r e j u s t 

t h o s e w h i c h a r e e x p e c t e d t o s h o w t h e g r e a t e s t C l a s s ( b ) a c c e p t o r 

b e h a v i o u r . I t w o u l d b e t e m p t i n g t o a s c r i b e t h i s b e h a v i o u r t o t h e 

f o r m a t i o n o f d * - d% b o n d s b e t w e e n t h e m e t a l a n d t h e p h o s p h o r u s d o n o r 

a t o m , r a t h e r i n t h e w a y i n w h i c h t b ; b o n d i n g i n t h e c a r b o n y l s o f 

t h e s e m e t a l s i s e x p l a i n e d . H o w e v e r , t h e r e i s n o j u s t i f i c a t i o n f o r 

d o i n g t h i s o n t h e b a s i s o f t h e r e s u l t s d e s c r i b e d i n t h i s w o r k . I t 

s e e m s m o r e p r o b a b l e t h a t t h e s e r e s u l t s c a n b e e x p l a i n e d i n t e r m s o f 

t h e s t e r i c i n t e r a c t i o n o f Me^N a n d Me P w i t h t h e p l a n a r MC1% g r o u p i n g . 
3 ^ 3 

I t c a n r e a d i l y b e s h o w n t h a t t h i s f a c t o r i s m u c h m o r e s e r i o u s f o r 
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Me N t h a n i t i s f o r M e ^ P . F o r t h e p h o s p h i n e c o m p l e t e s , a s t e a d y 

contraction may occur along the series from Sc to Ni in the M - CI 

&n& M - P b o n a l e n g t h s w i t h a a a a c o m p a a y i n g i n c r e a s e i n t h e s t r e n g t h s 

o f t h e M - C I a n d M - P b o n i s ( w h a t e v e r t h e o r i g i n o f t h e i n c r e a s e i n 

b o n d s t r e n g t h ) ami a c o n s e q u e n t i n c r e a s e i n v M C I . T h e m o r e 

s e r i o u s s t e r i c i n t e r a c t i o n i n t h e a m i n e c o m p l e x e s may p r e v e n t t h i s 

o c c u r r i n g , r e s u l t i n g i n a a e r r a t i c m o v e m e n t o f t h e f r e q u e n c y o f 

V a ^ ' M G l ^ a r o u n d 3 0 0 c m . , a l o n g t h e s e r i e s . 

I f t h i s i s c o r r e c t , c o n t r a c t i o n o f t h e M - C I a n d M - P b o n d 

l e n g U ^ i s l i k e l y t o l e a d t o i n c r e a s i n g l y l a r g e v a l u e s o f t h e s t r e t c h -

s t r e t c h i n t e r a c t i o n f o r c e c o n s t a n t s a s s u g g e s t e d a b o v e , w h i c h w o u l d 

l e a d t o t h e n e a r c o i n c i d e n c e o f t h e a ^ ' a n d e ' M G l ^ s t r e t c h i n g moaes 

o b s e r v e d i n t h e l a t e r c o m p l e x e s . 

V I I I . 5 . C o n c l u s i o n . 

I n v i e w o f t h e s e r e s u l t s , q u a n t i t a t i v e r e l a t i v e s t a b i l i t y d a t a 

w o u l d b e d e s i r a b l e f o r t h e s e r i e s o f a d d u c t s s t u d i e d h e r e , t o p r o v i d e 

a m o r e d e t a i l e d a s s e s s m e n t o f t h e ( a ) o r ( b ) c h a r a c t e r o f t h e a c c e p t o r s 

i n v o l v e d , a n d x - r a y s t u d i e s o f a l l o f t h e m , y i e l d i n g v a l u e s o f M - C I 

a a d M - L b o n d l e n g t h s , w o u l d b e o f g r e a t i n t e r e s t . 

T h e s e s t u d i e s m i g h t a l s o u s e f u l l y b e e x t e n d e d t o a a e x a m i n a t i o n 

o f a n a l o g o u s M C l 2 , 2 N M e 2 a a d M C l ^ f Z P M e ^ a d d u c t s o f m e t a l s w h o s e ( b ) 

c l a s s c h a r a c t e r i s m u c h m o r e p r o n o u n c e d t h a n t h o s e s t u d i e d h e r e . 

A l t h o u g h t h e t r i v a l e n t s t a t e i s n o t a v e r y s t a b l e o n e f o r p a l l a d i u m 
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and. p l a t i i m m , t h e a n a l o g o u s a d d u c t s o f r u t h e n i u m ( I I I ) , o s m i u m ( I I I ) , 

r h o d i u m ( i l l ) a n d i r i d i u m ( i l l ) c h l o r i d e s m i g h t b e e z p e o t e d t o b e 

a c c e s s i b l e . 

F u r t h e r , s t u d i e s o f t h e f r e q u e n c i e s o f t h e a t o t a l l y 

' S 
?_ 

s y m m e t r i c s t r e t c h i n g mode o f a s e r i e s o f MXg i o n s m i g h t a l s o 

y i e l d some i n t e r e s t i n g r e s u l t s w h i c h m i g h t p o s s i b l y b e r e l a t e d t o 

t h e ( b ) c l a s s c h a r a c t e r o f M. 
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E n e r g y 

A n t i b o n & i n g 

A n t i b o n d i n g 

A n t i b o n d i n g 

s 

P 

Antibending 

Non-bonding 

N o n - b o n d i n g 

_ y2 

" d - s h e l l " 

o r b i t a l s 

e' 

"1' 

Bonding 

B o n d i n g 

B o n d i n g 

Bonding 

^.2 

P2 

s 

Molecular 
Orbitals 

Description P r i n c i p l e A c c e p t o r 
O r b i t a l s Contributing 

P I & D E E V I I I . 1 . M . O . D i a g r a m f o r a p a n t a c o o r d i n a t e M o l e c u l e ML^ 
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T A B L E 1. 

Infrared mull spectra observed for the starting adducts and 

final products of the competition reaotions on 

and ScCl^iZTMCj. (Frequencies in cm. j. 

ScCljigNMSj ScGlj,2NMej ScCl2,2PMe2 SoCl2,2PMe2 

(pure) fPMe^ +NMe2 (Pure) 

79 m. 74 m. 

120 w. 120 w. 

140 m. 143 m. 

169 s. 172 m. 170 m, 

193 w. 

246 8. 239 8. 

260 s. 266 w.sh. 

278 m.sh. 270 m.br. 276 w.sh. 

309 v.w. 290 8. 288 8. 

336 8. 337 s.8h. 

360 s.br. 358 s.br. 359 s. 

396 v.s.br. 

440 8. 434 w. 438 w. 

502 s. 506 m. 506 s. 
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T A B L E V I I I . 2. 

Infrared mull spectra o b s e r v e d for the starting adducts and 

final products of the competition reactions on FeCl^, 

and FeCl^,2PIfe^. (Frequencies in cm. ^). 

FeCljfZMMej PeCl2,2NMe2 FeClj,2FMe2 PeCl2,2PMe2 

(Pure) +PMe2 +NMej (Pure) 

112 8. 

144 w. 

173 s . 187 v . w . b r . 194 m. 

2 1 7 w . b r . 

2 5 0 m . 2 5 0 s . 

270 m . s h . 270 m.sh . 266 m. 

2 7 6 m . s h . 

3 0 0 m . s h . 3 0 3 8 . 3 0 0 s . b r . 3 0 3 s . 

3 1 0 s . 

3 4 0 m . s h . 3 4 6 m . s h . 3 4 2 sh. 

360 8. 360 8. 358 8. 356 8. 

466 m. 

496 s . 
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T A B L E V I I I . 3 . 

I n f r a r e A m u l l s p e c t r a o f C o C l 7 , 2 P M 6 , a n d t h e p r o d u c t o f i t s 

r e a c t i o n w i t h e x c e s s t r i m e t h y l a m i n e . ^ F r e q u e n c i e s i n c m , J . 

CoCl2,2PMe2 CoCljiSPMe^ + NMe^ 

1 8 6 w . b r . 1 6 7 v . w . b r . 

2 5 1 m . s h . 2 5 0 m . 

2 8 0 s . 2 8 2 s . 

3 2 0 3 . 3 0 4 s . 

3 5 8 s . 3 7 4 8 . 
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APPENDIX A 

V i b r a t i o n a l a n a l y s e s o f T i C l ^ , P E j i n C n y a n d C y y s y m m e t r i e s . 

The force constants for titanium tetrachloride were first 

evaluated, using the F-matrix elements listed below (41): 

(A,) = fr + 3frr 

^22 

"•33 (fg) = f, -

V (F?) = 

Numerical values for the above P-matrix elements have b e e n 

c a l c u l a t e d , b y M o r i n o a n d V e h a r a ( 1 1 3 ) * T h e s e t o f f o r c e c o n s t a n t s 

t h u s o b t a i n e d f o r f r e e t i t a n i u m t e t r a c h l o r i d e w e r e t h e n m o d i f i e d f o r 

u s e i n t h e l i C l , , P R ? p r o b l e m . V a l u e s o f f L , f _ _ a n d f w e r e u s e d 
4" GL utL * OU 

w i t h o u t m o d i f i c a t i o n , w h i l s t v a l u e s f o r f ^ a n d f ^ ^ w e r e t a k e n a s 0 . 8 

o f the f r e e t e t r a h a l i d e v a l u e s . The final set of f o r c e constants 

e m p l o y e d , t o g e t h e r w i t h t h e v a l u e s o f t h e l i g a n d f o r c e c o n s t a n t s 

u s e d a r e l i s t e d i n T a b l e 1 , w i t h the a p p r o p r i a t e u n i t s . I t may b e 

noted that f ^ trans w a s taken as 0 . 7 5 of the v a l u e o f f ^ c i s . 

T h e v a l u e o f f ^ i - p t a k e n a s 1 . 8 m d . A t h i s v a l u e g i v i n g t h e 

best fit of computed a n d experimental r e s u l t s . Where certain Ti - CI 

bonds a r e not required b y s y m m e t r y t o be e q u i v a l e n t , t h e y w e r e , i n 

general, taken to be so, so far as f o r c e constant and interatomic 
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a i s t e m c e w e r e c o n o e r n e a . T h e v a l u e s o f i n t e r a t o m i c i i s t a j i o e s u s e d 

a r e l i s t e d i n T a b l e 2 t o g e t h e r w i t h r e f e r e n c e s t o t h e i r s o u r c e s , t h e 

value for the titanium phosphorus bond , l e n g t h w a s t a k e n as t h e sum o f 

t h e c o v a l e n t r a d i i . T h e v a l u e f o r t h e t i t a n i u m c h l o r i n e b o n d l e n g t h 

i s t h a t r e p o r t e d f o r t h e T i G l g ^ ^ a n i o n ( 1 1 7 ) . I d e a l t r i g o n a l 

b i p y r a m i d a l angles w e r e used t h r o u g h o u t . 

( i ) V i b r a t i o n a l a n a l y s i s o f T i C l f i P B ^ i n s y m m e t r y . G i l s o n 

a n d B e a t t i e h a v e c a l c u l a t e d t h e & a n d P m a t r i x e l e m e n t s f o r C g y 

LMZgYg u s i n g g e n e r a l a n g l e s ( 8 ) , ( 1 1 ) . T h e e x t e n s i o n o f the p r o b l e m 

t o c o n s i d e r a t i o n o f 1 a s Z^W i n " C g y " c o n s i d e r e d b y 

L i v i n g s t o n ( 2 0 ) . A s s u m i n g f r e e r o t a t i o n o f t h e g r o u p , t h e 

m o l e c u l e a s a w h o l e h a s C g y s y m m e t r y . T h e W-M%2Y2 g i v e s 

5ay + 3 b i + J b g + a g v i b r a t i o n a l m o d e s . T h e MWZ^ s y m m e t r i c t o p h a s 

3 a i + 3e v i b r a t i o n a l m o d e s u n d e r l o c a l s y m m e t r y , b u t i n t h e w h o l e 

m o l e c u l e , w i t h Cgy s y m m e t r y , e a c h e mode i s s p l i t i n t o t w o e q u i v a l e n t 

m o d e s b ^ a n d b g . One o f t h e a^ m o d e s ( s y m m e t r y c o o r d i n a t e = ZVMW) 

i s common to b o t h the s y m m e t r i c t o p and t h e f r a m e w o r k . Thus f o r t h e 

w h o l e molecule we h a v e : 

symmetric top = 2a^ + )b^ + 3bg 

f r a m e w o r k = + 3 b ^ + 5 b 2 + ^ 2 

I n a d d i t i o n , t h e r e i s a n e x t r a a^ mode common t o b o t h . No n e w 

r e d u n d a n c i e s a r i s e o t h e r t h a n t h o s e f o r t h e s e p a r a t e t o p a n d f r a m e w o r k . 

A s s u m i n g t e t r a h e d r a l , 9 0 ° a a d 1 2 0 ° a n g l e s , we c a n n o w w r i t e d o w n 
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t h e s y m m e t r y c o o r d i n a t e s . T h e s e a r e j u s t t h e s y m m e t r y c o o r d i n a t e s 

f o r t h e s e p a r a t e t o p a n d f r a m e w o r k , e a c h a a d b g p a i r f o r t h e t o p 

t a k i n g t h e p l a c e o f t h e p a i r o f s y m m e t r y c o o r d i n a t e s f o r e a c h 

d e g e n e r a t e e mode i n t h e f r e e t o p . M o r e o v e r , we may n o t e t h a t i n 

C g y s y m m e t r y , b ^ a n d b g a r e i n t e r c h a n g e a b l e , t h e c o n v e n t i o n u s e d 

h e r e i s t h a t o f G i l s o n ( 8 ) , t h a t b^ m o d e s a r e s y m m e t r i c t o t h e 

m i r r o r p l a n e a n d a n t i s y m m a t r i c t o t h e WMY^Yg m i r r o r p l a n e , a n d b g 

i s the r e v e r s e of t h i s . 

F i g u r e 1 g i v e s t h e i n t e r n a l c o o r d i n a t e s u s e d , a n d i t i s o b v i o u s 

b y comparison w i t h the g e n e r a l case t h a t : 

Z = R , W = P , M = T i , X = C I , Y = 0 1 ' . 

O n l y some a n g u l a r c o o r d i n a t e s a r e s h o w n i n F i g u r e 1 , t o a v o i d 

confusion. T h e c o m p l e t e l i s t i s : 

* 1 ' = R3PR2 a g ' R i P R j a ^ ' = R^PRg 

= R i P I i b g ' = RgPTi 
^3' 

= RjFTi 

= P T i C l i a g = P T i C l g C3 = C l g ' T i C l i 

= P T i G l ^ ' ^2 = P T i C l g ' G l g ' T i C l g 

= C l i * T i C l i ^2 = C l ^ ' T i C l g 

d = G l i T i C l g e G l ^ ' T i C l g ' 

The s y m m e t r y coordinates are a s f o l l o w s : 

a^ t y p e 

Si = ^ (6FRi + APRg + dkPRj) 

^ +'6*2' + 
1 + 
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Sj = AliP 

(ZiTiCl^' + /iTiClg') 

5^ = ^ (^TiCl^ + flTiClg) 

_ 1 

/i^/2 + 

y^/Z + 4n gT 

Sg = — J ^ / & e - l/2Ab^ - 1/2 Akbg + + Acg" + fkc^" 

)_yr 

Sy =^ - — - 1/2 Ak â  - 1/2 /^ag + 112(^0^ ' + /Icg' + 

+ & c 

w h e r e : = / j 3 c o s b / c o s a ' / 2 ( b = I 8 0 - b * ) = Z - Y F c o s b / \ J l + 3 c o s ^ p 

(V"+ v e ) 

Dg = c o s b / 2 s i n a / 2 / 2 s i n 0 

n ^ = c o s a / 2 s i n b / 2 / 2 s i n c 

c ' a n d c " = l / Z c ( i n v o l v i n g C l ^ g r e s p e c t i v e l y ) 

a g t y p e 

8̂  = l/2( Ac^ - i^Cg -

b ^ t y p e 

Si = ( 2&PK1 - fkPG2 -

Sg = ( 2/Sa^' - 6 Ag' - /2k ' ) 

( 2Ab^' - ̂ kbg' - /^b^'j 

5 = ^ ( A T i C l ^ - A T i C l g ) 

^5 ~ "fz ( ~ 

Sg = 1 / 2 ( A c ^ - j C i C g + ^ 
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bg type 

(2 - APRg -

Sg = ̂  (2 2^ ' - A 8-2' " ) 

S3 = v & (2 

\ = V & - ATiClg') 

^ - Abg) 

Sg = l/2(6c^ +/\02 + A c j + A % ) 

T h e G - m a t r i z e l e m e n t s e x c e p t t h o s e i n v o l v i n g c r o s s t e r m s b e t w e e n 

t h e t o p AMfl t h e f r a m e w o r k a r e t h e same a s t h o s e o b t a i n e d i n t h e c a s e 

o f t h e f r e e t o p a a d f r a m e w o r k ( 8 ) , ( I I 8 ) . T h e & - m a t r i x e l e m e n t s 

i n v o l v i n g c r o s s t e r m s h a v e b e e n c a l c u l a t e d , b y L i v i n g s t o n ( 2 0 ) » 

T h e c o m p u t e r p r o g r a m m e u s e d r e q u i r e d o n l y t h e v a l u e s o f t h e f o r c e 

c o n s t a n t s , a n d c a l c u l a t e d t h e v a l u e s o f t h e s y m m e t r i s e d F - m a t r i % , so 

t h a t g e n e r a l F - m a t r i x e l e m e n t s w e r e n e v e r a c t u a l l y o b t a i n e d . T h e 

f o r c e c o n s t a n t s u s e d i n t h e c a l c u l a t i o n , i n c l u d i n g i n t e r a c t i o n f o r c e 

c o n s t a n t s n o t s e t e q u ^ l t o z e r o , t o g e t h e r w i t h t h e i r r e l a t i o n s h i p t o 

t h e f o r c e c o n s t a n t s t a k e n f o r t h e f r e e l i g a n d s a n d t h e ( m o d i f i e d ) 

f o r c e c o n s t a n t s d e r i v e d f o r t i t a n i u m t e t r a c h l o r i d e , a r e g i v e n i n 

T a b l e 3 . 

( i i ) V i b r a t i o n a l a n a l y s i s o f T i C l ^ ^ P E ^ i n C ? y s y m m e t r y . U n d e r 

s y m m e t r y we h a v e f o r t h e w h o l e m o l e c u l e 6a^ + a g + 7 e , t h e a g mode 

18 i n a c t i v e i n b o t h t h e Raman a n d t h e i n f r a r e d . 
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The internal coordinates are shown in Figure 2^ and. the symmetry 

coordinates are listed below! 

type 

Si = ̂  + ZVPRg + APRj) 

Sg -, ' ̂  + Zi&2' ^ A ^ -Z 
^3(1 + li i) 

Sj = ̂ PTi 

8^ = (6TiCl^ + AkTiClg + fiTiClj) 

8 =_. 1 + Zlbg + fit? - dk^l" - fLtg" - 1 %% 
> ,/3(2 + n/g) 

+jCia^XJ7 

8x = Arici' 

where n^ =.y3 cos b/cos a'/2 (b = 180 - b') = 2 4/3 cos b/V 1 + 3 oos^b 

(V"+ ve) 

ng = VF 00s b/co8 a/2 = 2 ^ cos b/^fl + 3 oos^t (/"+ ve) 

e type 

8̂  (2ZlPEi _ ZiPRg -

Sg =*/& (2/&a^' -j&ag' - ) 

53 =./& (2jWbi' - 4kt2' - ̂ ^3') 

54 =-/& (2/SliCli -j&TiClg -jClTlClj) 

8^ =,/& (2/\ai -wCkBg - /Sa-j) 

Sg (2Ab^" -j&bg" - Ab^") 

Sy ( 2 / \ b i - j O k b g -jGkb^) 

1 
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T h e & a M P m a t r i x e l e m e n t s f o r w i t h g e n e r a l a n g l e s 

h a v e b e e n c a l c u l a t e d , b y B e a t t i e a n i G i l s o n ( 8 ) , ( 1 1 ) . T h e m a t r i x 

e l e m e n t s a r e o n l y q u o t e d f o r S . V . P , P . , a n d a l t h o u g h i n t h e p r e s e n t 

a n a l y s i s a n u m b e r o f i n t e r a c t i o n f o r c e c o n s t a n t s w e r e u s e d , t h e 

g e n e r a l s y m m e t r i s e d P - m a t r i x e l e m e n t s w e r e n e v e r a c t u a l l y c a l c u l a t e d , 

s i n c e a s s t a t e d a b o v e , t h e c o m p u t e r p r o g r a m m e u s e d r e q u i r e d o n l y t h e 

v a l e n c e f o r c e c o n s t a n t s a n d c a l c u l a t e d t h e n u m e r i c a l v a l u e s o f t h e 

s y m m e t r i s e d P - m a t r i x . 

T h e f o r c e c o n s t a n t s u s e d i n t h e c a l c u l a t i o n , i n c l u d i n g t h e i n t e r -

a c t i o n f o r c e c o n s t a n t s n o t s e t e q u a l t o z e r o , t o g e t h e r w i t h t h e i r 

r e l a t i o n s h i p t o t h e f o r c e c o n s t a n t s i n T a b l e 1 a r e l i s t e d i n T a b l e 4 . 

Frequencies w e r e calculated f o r TiCl^gPR^ assuming b o t h Cgy 

a n d s y m m e t r i e s , t e t r a h e d r a l anA t r i g o n a l b i p y r a m i d a l angles and 

the f o r c e constants a n d G—matrix e l e m e n t s a s l i s t e d a b o v e » 

Calculations were carried out f o r R = H, D, CH^ and C D f o r b o t h the 

C g y a M c a s e s . T h e c o n ^ u t e r p r o g r a m m e u s e d w a s d e v i s e d b y 

D r . T . R . G i l s o n a n d t h i s c a l c u l a t e d b o t h t h e f r e q u e n c i e s a n d 

p e r c e n t a g e p o t e n t i a l e n e r g y c o n t r i b u t i o n s o f e a c h s y m m e t r y c o o r d i n a t e 

f o r t h e n o r m a l m o d e s . T h e L vector m a t r i c e s w e r e c a l c u l a t e d a n d 

t h e s e ga:ve t h e n o r m a l c o o r d i n a t e v e c t o r s i n t e r m s o f t h e s y m m e t r y 

w e r e 

t h e n e v a l u a t e d . T h e s e f u n c t i o n s g i v e t h e a p p r o x i m a t e c o n t r i b u t i o n 

o f t h e p o t e n t i a l f i e l d o f t h e s y m m e t r y c o o r d i n a t e t o t h e p o t e n t i a l 

e n e r g y function of t h e g i v e n m o d e . T h e y are normalised to b e 

c o o r d i n a t e s ( e . g . j . T h e f u n c t i o n s P ^ ( L ^ ^ ) 



202 

fractions of an arbitrary total potential energy of unity, and 

give a direct measure of the nature of the mode (8), (119)° 





20Z{. 



2 0 5 

T A B L E 1 

Force Constant PH^ (II4) PMe^ (115) TiCl^ 

f y ( m d . A " 1 ) 3 . 3 3 2 6 2 . 8 7 0 2 . 1 6 8 / 

( m a . A r a a " 2 ) 0 . 7 3 2 6 O . 8 3 3 0 . 5 4 0 8 

fy (ma.A"1) 0.0544 - 0.010 0.12*/ 

f (md. .A r a d - 0 . 0 2 8 6 O . O 3 6 0 . 0 4 8 4 

f p , ( m a . r a d " ^ ) - 0 . 0 3 4 4 - 0 . 0 8 8 

/ f a a d f v a l u e s = T i C l , v a l u e s x 0 . 
r rr 4 

* f c i s = f = 0 . 1 2 a a i t r a a s = 3 / 4 c i s = 0 . 0 9 , 
r r r r r r r r 
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T A B L E 2. 

B o n d l e n g t h s u s e A i n a n d T i C l ^ j P R ^ 

( w h e r e E = H , M e ) 

rpy lo419A (116) 

r ^ i p 2 .55 A 

1.85 A (115) 

i r i c i 2 . 3 A (117) 



207 

T A B L E 3. 

Force constant relationships for Cp̂ r TiCl^,PR^. 

(where E = H or Me). 

force constant Relationship to Force constant Relationship to 
in TiCl,,PR, value quoted in in TiCl, jPR, value quoted in 

4 3 ^ 4. 3 / Table 1 Table 1 

^TiCl' %iCl' c 
"ra 

^TiCl ^TiClTiCl frrCis 

a •TiCla 'ra 

r ^ 
4 a 

•TiCld 
f 
ra 

a ^TiClc 'ra 

"d 

•TiPTiCl' 

a 

a 

fy^traas 

bb 

' -be 

'ba 

aa 

5 f 

y aa 

f 
aa 

• TiPTiCl be oa 

% i P b ra 'ed aa 

f 
Tip a ra ec o aa 

^TiCl'TiCl' f trans 
rr aa aa 

'TiCl'TiCl ' ad aa 

TiCl' b ra ac aa 

^TiCl' e i^ro. "dc aa 

cc aa 
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T A B L E 4. 

Force constant relationship for TiCl^yER, , 

(where R = H or Me) 

Force constant Relationship to Force constant Relationship to 
in TiCl, j>PR̂  value quoted in in TiCl^,PRj value quoted in 

4' 3 Table 1 Table 1 

^TiCl ^TiCl b' ro, 

a 
ff 
a TiCl TiCl' 

f cis 
rr 

b" 

TiCl' 

a ^TiCl b 

aa 

ro. 

dO, 

ab' cm 

'TiPTiCl ^liCl'a ro, 

^Tif a ro. ab 
f 
oo, 

^TiP b" 
f 
ro, b"b" oo, 

'Tip TiCl' 
f trans 
rr TiCl'b ra 

Tip b ro, bb' OOL 

*T1C1 TiCl 
f cis 
rr TiCl'b ro, 

^TiCl a rok bb 
f 
oa. 
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APPEIOIX B. 

Vibrational analysis of TiCl^,2CH7CN in symmetry» 

The vibrational analysis of this molecule, and its deuteriated 

analogue J was carried out using the programme devised by 

Dr. T . R. G-ilson (8), described in Appendix ( a ) . 

For TiCl^s,2CHjCW, with the methyl groups treated in full; we 

have for the whole molecule (neglecting the two methyl torsional 

modes): 

Pmol " + Tag + 8b^ 

The internal coordinates used are shown in Figure 1« In 

addition to those given there, we have also for the linear C - C - N - Ti 

residue -

' and a^" ) ( a' and a" 
) perpendicular to ( 

' and b^" ) k b' and b" 

In order to write down the symmetry coordinates we note the 

following correlation scheme for the symmetry types for the WXY^^ VfZYZ 

and ZgWZgYg portions of the completed molecule J 

^5V ooV ^2V 

WZY WZYZ Z2WZ2T2 

-CH ) (C-C-N-

4 S 

(C-CH ) (C-C-N-Ti) (NgfiClg'Clg) 

a, 4 S 
^ 
TTa ̂  £ 

< (TTb 

' 4 
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The symmetry coordinates are* 

type 

8̂  = ACg'N' 

~ 

Sy = 

8 = ^ +j±kGi'H2' +AC^'H^') 

^ */3(l"+ nf) 

8^ = ^ (ZAC^'H^' - Ac^'Hg' - Ac^'H^') 

^8 = "/& (2/^*1' - A(^2' " ZSay/) 

Bg = */& (Z/bPi' - ̂ 1^2' " 

^10 = ji (/STiCl, + AliClg) 

8,1= ^ (/\TiCli' + ATiClg') 

^12" 

^13= & - A ° 2 ) 

^14= a/& + ̂ >^12 +j6kb2i +jSkt22 -<61^11 "i6kFl2 ^22' 

8̂  = ,yl (CkTiN' + 6T1N") 

where: 

n = 4 / ^ COS p/coB a' (p = 180° - p ' ) = 2 cos p /4 /1 + 3 cos p ( ^ + v e ) 
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2̂ type 

= Ẑ a' 

2̂ = At' 

= V^ 2 60 '̂ H/ - Ac/Hg' . 6^1 'H '̂) 

\ 
1 

= V̂  2&&i' - A 0-2 -

% 
-1 

= v^ 2Zipi' - APg' - A^3' ) 

% 
1 

= 2 j&bll - Ab̂ g - A 2̂1 + Ab 22̂  
1 
2 ZlPl1 - APi2 - APgi + Ap 22) 

type 

= Aa' 

2̂ = At' 

3̂ 
1 = 260/ E/ -Ac/Hg' --Ac^ 

\ 
1 

= V? 2/SoL/ - Aa'2' " A(̂ )' ) 

% 
— 1 2APi' - Apg' - AP;' ) 

^6 
1 = Arici - dkTiClg') 

1 
2 ZSbii + 2 ~ bgyj - Ab 22) 

=8 1 
2 + A 1̂2 " A 2̂1 - A ? 22) 

bg type 

= dkCg'N' 

Sg = A 
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4 

= Ab^' 

V 3 
1 + A c / H ' + ZXC.'H ') 

V" 

3(1 + n ) 

/ySPi' + - a(ZV&i' * ^^2 * dka^') -7 

S. 

10 

11 

12 

13 -

where s 

V F 

1 

v& 
1 

2 ^ 

1 
V 2 

1 
V 2 

26C^'H^' - AC^'Eg' -

2 AUx 

2 6A 1 

Off] 

ZlPg,' 

,0,3 

ATiCl, - ZiTiClg) 

A b 11 2\b 12 ^ ^ 2 1 - ZVb22 + A^ll -j&Fl2 + A^21 ' 41^22) 

Ac, i&o?) 1 - "^"2' 

ATiN' - ATiN") 

+ veJ n = V Y cos p/co8 g/= 24/3*008 p/«\/ 1 + 3 cos^^ (p = I8O - p' 
2 

The G-matriz elements used have been calculated, by Gilson 

and the programme using values of the force constants, calculated the 

values of the symmetrised P-matrix elements direct. The force 

constants and bond lengths used in the calculation are given in 

Tables 1, 2 and 3. The force constants used for the coordinated 

methylcyanide were obtained from the values of the symmetrised j 

matrix elements reported by Duncan (120)« Force constants for the 

IgTiClg'Glg skeleton were transferred directly from those for the 
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SnCl^^" ion (121). The method of transference is given in Table 4. 

The value of the Ti - N bond stretching force constant was taken as 

1.0 md. A and tetrahedral and trigonal bipyramidal angles were 

used. 



14 

^ $4 

^0 

u u 

00. U 

Z z 



215 

T A B L E 1 

Methylcyanide momental force constants 

(from symmetrisea (120)). 

fgg = 4,938 md.. f^g^ = 0.475 mi. red ^ 

fg = 5.159 mi. A"^ fgg^ = 0.475 ma. rad"^ 

f = 18.110 md. A"1 f = 0.655 mdo A 

UJM CL 

frn nw = 0.299 md. A"^ fq = O.861 md. A rad"^ 
vU*GN P 

fSgP = - 0.55 md.rad-1 f^ = 0.592 md. A rad'^ 
Una " 

^CHa = ma.rad"1 f^^^ = - O.O58 md. A rad"^ 

= 0.55 md. rad"^ f^^ = - O.O91 md. A rad"^ 
un,p 

= 0.038 md.rad"^ fga = - 0.120 md. A rad"^ 
vxî p HP 

f_,, = - 0.205 md. A rad ^ 
pb' 
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T A B L E 2. 

Momental force constants for SnClg (121) 

f^ = 1.793 ma. A 

= 0.983 nido A rad ^ 

^trans ^ 0.052 md. A 

fGis = 0.104 mdo A 
rr 

f = 0.228 md. rad"^ 
ra 

f = 0.067 mdo A rad ^ 
aa 

T A B L E 3. 

Bond lengths (A) used in Cott TiCl^s2MeCN (117). 

H'̂ C 1 o 11 

C-C 1 .458 

C-N i.157 

2.19 

Ti-Cl 2.3 
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T A B L E 4. 

Force constant transference scheme for akeletoB^ 

Force constant Relationship to Force constant Relationship to 
in value in Table 2 in Lg^iGl^^ value in Table 2 

frici ^TlCliTiCl 
)ia 

TiCl' friCl.TiCl' 

"TiN .0 f, 
TiCl^'fTiClg' 

trans 

a -TiCl.TiN' V 4 f rr 

1/2 f 
0, -TiCl,TiN" 

3/4 f 
CIS 

3/4 f, a -TiCl'.TiN' 
3/4 f 

CIS 

rr 

a ^TiN'.TiN" 
1/2 fr. 

P 
3/4 f a TiCl,a 

f 
rcu 

"TiCl'd 
1/2 f 

l-CL 

^TiCl.c ro. 
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T A B L E 4° (cont.) 

Force constant Relationship to Force constant Relationship to 
in value in Table 2 in Lg^iCl^^ value in Table 2 

fTiN',Cl 

fa,c fTiCl',Pii 3/4 

fa,c 3/4 ^TiarfPii 1/2 fya 

•f -p f 1/2 f 
TiCl.tu, ra a,p / aa 

f ̂  
P129P22 

1/2 

^11 

friN'.bi^ 3/4 fpa "Gii;Pii ' GO, 

^a.,bi2 ^oa ^ti2,Pi2 ^^a 

\ l , P 2 2 
OKI, 

f\ . f fL _ 1/2 f 
bii'bi2 Pl1*Pl2 ^ 

^oa 
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jfPENDIZ G. 

Vibrational analysis of TiCl^iZXMe^ in symmetry. 

The vibrational analysis of this molecule was carried out using 

the programme iescribea in Appendix (A), for Z = N ani P. 

Assuming free rotation of the methyl groups, and consequent 

symmetry, we have for the whole molecule, treating the methyl groups 

as point masses, and neglecting the two XC^ torsional modes 

(a^M + a^'): 

f^mol = 4*1' + 4*2" + 6e' + 4e" 

The two ZC_ torsional modes have also been neglected in the 

following analysis, since they are both inactive. 

The internal coordinates used are shown in Figure 1 for the case 

of TiCl^,2FMe_. In order to write down symmetry coordinates, we 
3 3 

note the following correlation scheme between the symmetry types for 

tha individual portions of the molecule, Me^Z-Ti and XgTiCl^ (both of 

symmetry) and the completed molecule with symmetry; 

It should be noted that the â  and e type vibrations of the two 

G_-Me,I-Ti residues couple in the following wayZ 
3v 5 
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sym. + sym. 

Bg sym. - sym. 

a n t i s y m . + a n t i s y m . 
y 

% 
e " a a t i s y m . - a n t i s y m . 

T h i s t h e r e f o r e g i v e s r i s e t o f o u r ZG^ s t r e t c h i n g modes ana 

d e f o r m a t i o n a l modes ( a ^ ' , a g " , e ' and e " ) , two ZCy r o c k i n g modes 

( e ' + e " ) and two T i - X s t r e t c h i n g modes ( a ^ ' and a g " ) ' From t h e 

p o i n t o f v i e w o f t h e programme* i t was c o n v e n i e n t t o t r e a t t h e 

p r o b l e m i n a a a n a l o g o u s way t o T i G l ^ j R ^ P w i t h symmetry ^ s e e 

A p p e n d i x ( A ) ) . The symmetry c o o r d i n a t e s u s e d have t h e r e f o r e b e e n 

l i s t e d u n d e r t h e symmetry t y p e s a p p r o p r i a t e t o G%y symmetry^ 

type 

3^ = 4 ( A P ' M e / + A P ' M e j ' + A P ' M e ^ ' ) 

S , = , - ^ „ / T A b / + A b o " + A b ' - n C A a • + ' + / \ a ' ) _ 7 
1 + n 

3 =4/3 + Z^PnMeg" +/5kP"Me2") 

= , ' " ^ " + fka " + _7 

^ V3(1 + a ) ^ 

= /bkTiP' 

= y (ZSTiGl, +j&TiCl2 +/\TiCl^) 
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7 ,J3(2 + n/") ^ 1 2 . 

Sg = ATiP" 

where n cos b/cos a'/2 (b = 180 - b') 

1"' - Abg" ' 

+ n(6^a. + 

2^/3 COS b/^ 1 + 3 cos^b ^/"+ ve) 

^3^ cos b/cos ̂  
2 

2^/3008 b/rjl + 3 cos^p ^/"+ ve) 

e type 

(2 Z^P'Me l' - ZlP'Meg' _ /^P'Me^' 

^2 (2/̂ ,8̂ * - Aa2' -

-1 
(2 A b ^ ' - A b g ' - Ab^') 

= v ^ (2ZbP"Mei " - fkPWMeg" - ZSP"Mej") 

s 
1 

= v ^ (ZZba^" - A&2" " 

^6 
am 

(26b^" - Abg" -

= ̂  (2 ATiCl ̂ - Z^TiClg 

% = v ^ (2 -

s 
-1 

= V & 
(2w&b^"' - Abg'" -Ab^"') 

^10 = v s (2 Ab^ - A b g - Ab^) 
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The G—matrix elements have been calculated by G-ilaon (8), and. 

the programme, using values of the force constants, calculated the 

values of the symmetrised F-matrix elements direct. The force 

constants bond lengths used in the calculations are given in 

Tables 1, 2 and 3. The values of f^ and f^^ for the IgTiCI 

skeleton in Table 2 were calculated using the position of the a^' 

tretching mode! 

^G1 (^r * ^^rr) = *va,'TiCl, 

symmetric TiCl^ stretching mode! 

3 

(v = 282 cm."1 for TiCl%,2PMe2; 308 cm."^ for TiGl2,2MMe2) 

where ^202 = O.58851 (va^'TiCl^)^ 

1000 

and = the reduced mass of chlorine, 

and assuming f = 0.15 (the ratio of the free TiCl, values, 
2.71 as calculated in Appendix A). 

r 

The values of f , f and f were transferred directly from free 
a oa ra 

TiCl^ (see Appendix Aj). The method of transference of force 

constants is given in Table 4 for TiCl^,2NMe^ and Table 5 for 

TiCl^,2PMe^. Values of f^^^ = 0.8 md. and f^^p = 1.0 md. 

were taken, AHf) tetrahedral and trigonal bipyramidal aagles were 

used. The calculated frequencies, classified as â  and e types under 

symmetry were Identified as â  ' or a^" and e' or e" by inspection 

of the signs of the L-matrix elements calculated, corresponding to 

those symmetry coordinates making contributions > to the whole 

vibration. Contributions > 75̂ 1 were regarded aa pure modes. 



22) 
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T A B L E 1 

Momental force constants taken for the complex liRanis 

in the calculation on TiCl,,2ZMe7. 

Me^N (11) Me^P (115) 

fp 4.68 2.87 ma. 4"^ 

f 0.065 -0.010 " 
rr 

f 1.01 0.833 ma. A raa"2 

foa - 0-036 

fp 0.638 0.417 

- 0.018 " 

_1 
fp 0.065 - ma, raa 
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T A B L E 2. 

Momenta! force constants taken for the X^TiCl^ skeleton for 

TiCl_,2XMe_. 
—3n 3 3 

( 0.8 mdo A""'' (X = N) 

( 1.0'' (I = P) 

( 1 . 8 ' ' (Z = N) 

r } 1.5 " (I = P) 

( 0.1 " (Z = N) 
f ( 

( 0.08" (% = P) 

f ) 

a free TiCl, values used 

f ) 
oa ) (see Table 1^ Appendix A) 
f ) 
ra ) 

T A B L E 3» 

Dimensions (A) used in the calculations on TiCl^;2XMe^ < 

^N-Me (11) 

^Ti-N 2.183 (95) 

1-85 (115) 

*Ti-P 

^Ti-Cl 

2.55 (117) 

2.216 (%)) 
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T A B L E 4. 

Traasferenoe scheme for skeletal force coast&nts in D,. TiCl ,2Hke_, 
v" ~~~ J 

Force constant 
for TiCl2,2NMe2 

Relationship to Force constant 
value quoted, in for TiCl_,2NMe_ 

Table 2 ^ ' 

Relationship to 
value quoted, in 

Table 2 

^TiN' 0.8 TiCl a 
f 
ra 

TiCl ^TiCl b'" 3/4f 
ra 

a friClsTiN" 3Af rr 

l/2f 
o, 'TiCl b V4f, ro. 

TIN" 0.8 GLO, 

V4f 
CLO, 

l/2f 
0. TiN" a 3/4f. 

ro, 

^IlN'TiCl V4f. rr ab 3/4f oa 

TiN'a 

^TiN'b" 

3/4f ra 

l/2f 
ro, 

'b"'b' 

'bb' 

l/2f 

l/2i 

aa 

OCL 

TiN'TiN" l/4f. rr 
f, TiN"b l/2f ro. 

TiCl,TiCl rr 'bb 
l/2f 

oa 
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T A B L E 5. 

Traasferenoe scheme for skeletal force constants in TiCl ,2PMe^ 

Force constant Relationship to Force constant Relationship to 
for TiCl7,2PMe_ value quoted in for TiCl,,2PMe value quoted, in 

J J m„VT ̂  o J J Table 2 Table 2 

f 
TiP' 

1.5 TiCl a ro, 

TiCl "TiCl b"' ro. 

f 
a ^TiClTiP" 

f 

0, TiCl b ro, 

TiP" 
1.5 

8.8, CLO, 

OL 
f ab'" CkCL 

TiP'TiCl rr 'TiP"a ra 

'TiP'a 
f 
ro. 

f , 
ab CLO, 

TiP'b' 
f 
rn b"'b'" CLO, 

TiP'TiP" 
1/4f 

rr 
f. 
bb' CLCk 

^TiClTiCl rr 'TiP"b ro, 

f. 
bb 
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