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ABSTRACT 

FACULTY OF SCIENCE 

CHEMISTRY 

Doctor of Philosophy 

COMPLEXES OF TERVALENT 
VANADIUM AND CHROMIUM 

by Peter Townsend Greene 

A summary of the coordination chemistry of vanadinm is 

followed by a consideration of the theoretical prin-

ciples underlying the physical methods used for 

structure determination. The various experimental 

techniques employed during the course of the work are 

discussed in the appendices^ 

The reactions of vanadium(III) chloride and bromide 

(or their trimethylaraine and acetonitrile complexes) 

with pyridine, 2,2'-bipyridyl and 1,10-phenanthroline 

have been studied. With pyridine, the adducts 

VX^,3py are isolated, but the products obtained when 

the bidentate ligands are depend on the reaction 

conditions and starting' materials o With excess 

ligand, compounds of the type VX^,2B (B = phen, 

X = CI, Br; B = bipyr, X = Br) are formed and are 



characterize^ as the cationic species cis [VX^B^lX. 

The adduct 2VCl^,3bipyr is assigned the ionic structure 

[VClg (bipyr) (bipyr ) ] « Several neutral species 

e.g. VCl^,bipyr,CH^CN are also obtained. Spectro-

scopic data are consistent with the presence of a 

six coordinate vanadium(lll) species in all these 

complexes„ 

The reaction of tetrahydrofuran (TJIF) and 

1,2-dimethoxyethane with vanadium(III) 

chloride and bromide yield the complexes VX^,3THF 

(X = CI, Br) and V X ^ , 1 » ; thermal decomposition 

of the latter compounds gives the adducts 

The spectroscopic and magnetic properties of these 

compounds have been interpreted on the basis of 

six coordinate vanadium(III) species* 

In addition to the previously reported five 

coordinate complexes VX^,2N(CH^)^ (X = CI, Br) and 

VCl^ , 28 (CIÎ  ) 2 9 some new compounds, namely VBr^ , 2S (CH^ ) ̂  s 

the t etrahydrothiophen (C^HpS) adducts VX^,2C^IIgS 

(X = CI, Br) and CrCl ,2N(CH^) have been 

synthesizedo A variety of physical data indicates 

that all the complexes are five coordinate in benzene 

solution; in the solid, the sulphide adducts appear 

to contain six coordinate vanadiura(III) species, 



whereas the trimethylamine adducts retain their five 

coordinate geometry. 

A molecular structure determination of CrCl^,2N(CH^)^ 

by single crystal X-ray diffraction confirms that 

the molecule is pentacoordinate in the solid state 

with symmetry. 
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PREFACE 

The work described in this thesis forms part of 

a research programme (under the direction of 

Professor G.W.A. Fowles) the aim of which is the 

elucidation of the complex chemistry of the early-

transition elements. 

This research is concerned with the preparation 

and characterisation of some complex compounds of 

vanadium(IIX) chloride and vanadium(III) bromide, and 

emphasis is placed on the measurement of their 

spectroscopic and magnetic properties„ The range 

of known six-coordinate vanadium(lll) complexes is 

extended, and five-coordinate adducts with organo-

sulphur donors cire prepared and characterised. The 

synthesis of trichlorobistriraethylarainechromium(III) 

is described and a single crystal X-ray study shows 

that the molecule possesses pentacoordinate geometry 

in the solid state. 

The experimental results arc preceeded by a 

survey of the existing clier:'istry relevant to the 

work, and a discussion of the physical methods used 

for structure determination. 



CHAPTER ONE 

THE CHEMISTRY OF VANADIUM 



Introduction 

Vanadium is a typical transition element belonging 

to the first transition series, which, for the purpose of 

this thesis embraces those elements lying between scandium 

and zinc in the periodic table. The element possesses a 

ground state with an incomplete "d" shell, namely 

•2 O 

CAr]3d 4s , it has the ability to form complex compounds 

in formal oxidation states ranging from +5 to -1, and many 

of its complexes are paramagnetic, exhibiting a wealth of 

colours, 

The Chemistry of Vanadium 

In common with other first row elements, the chemistry 

of vanadium differs from the other members of its sub-group, 

which belong to the second and third transition series. 

Whereas with vanadium, the lower oxidation states +4 and +5 

are readily accessible and more important than the +5 state, 

the known chemistry of the lower members of the sub-group 

VA, niobium and tantalum, is more or less restricted to the 

highest oxidation states, +5 and +4» Vanadium shows 

little resemblance to its immediate non-metallic neighbour, 

phosphorus, except in the +5 oxidation state. Both form, 

for example, covalent oxyhalides, POCl^ and VOCl^, which 



have similar physical properties, and a variety of anionic 

oxy-complexes such as vanadates and phosphates. However, 

the difference between the elements is more apparent 

when the chemistry of the lower oxidation states is 

examined. Phosphorus exists only in the +3 state, whilst 

vanadium behaves as a typical transition element, exhibi-

ting raultivalency and paramagnetismo 

The discussion of the chemistry of vanadium which 

follows will be limited mainly to the halides and their 

complexes,since this is the most relevant background to 

the work described later in this thesis, A rigorous dis-

cussion of the aqueous chemistry of vanadium has been 

omitted, and no mention, except where relevant, has been 

made of complexes derived from the oxovanadium(IV) cation, 

whose extensive chemistry has been summarised recently in 

1 2 
two reviewso ' An account of the early work on vanadium 

3 

chemistry has been given by Sidgwick, and a comprehensive 

review on the coordination chemistry of vanadium has 

recently been published.^ 

(i) The Binary Halides of Vanadium 

The preparative routes to these halides are summa-

rised in table l.l* The only pentavalent halide is vana-

dium(V) fluoride, a low melting solid which is a powerful 
5 

fluorinating and oxidising agent. The existence of VCl^ 

has been discussed^ and it has been concluded from 
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thermodynamic considerations that its formation from the 

stable VCl, would not be feasible* Of the halides in 
4 

oxidation state +4, all but the iodide are known, but 

their stability to dissociation to the corresponding 

vanadium(III) halides decreases rapidly in the order 

VF^ is a lime-green solid with a room temperature 

magnetic moment of I065 BoMo^ The structure of the 

solid, which turns brown on exposure to air, is unknown, 

but vanadium probably achieves six coordination via 

fluorine bridgings VCl^ is a red-brown,oily liquid which 

is violently hydrolysed by water. An electron diffrac-

9 10 
tion investigation has confirmed earlier spectroscopic 

1 1 

and magnetic measurements which demonstrated that VCl^ 

is monomeric and tetrahedral. A V-Cl bond length of 

2o13810.002% was found, VBr^ is stable only below -23°C 

at which temperature it spontaneously decomposes to VBr^ 
7 

and bromineo 

All four trihalides are known. VF^ is a green solid 

melting above 800°C, and is insoluble in water, although 
3 

a trihydrate is known„ In contrast, VCl^, VBr^ and VI^ 

are all readily hydrolysed by water and are thermally 

unstable, decomposing to the corresponding dihalides when 

heated (see table 1 <, 1) „ Although VCl^, VBr^ and their 

titanium(III) analogues have the same hexagonal close-



13 

packed Bil^ structures, their magnetic properties are 

very different VCl^ and VBr^ follow a Curie-Weiss 

law behaviour with room temperature moments near 2,70 BoM, 

whilst their titanium analogues are strongly antiferro-

magnetic <, 

Little is known of the dihalides, VCl^s VBr^, and 
13 15 

VIg have the hexagonal close-packed Cdl^ structure * 

and are ant if errornagnet ic » VCl^ is an unreactive green, 

leaf-like solid, soluble with difficulty in water and 

stable in air* 

(ii) The Coordination Chemistry of Vanadium 

As the basicity of vanadium increases with decreasing 

oxidation number, the most stable complexes of vanadium(V) 

are anionic, whilst the known complexes of vanadium(ll) 

are predominantly cationic, and the stabilities of com-

plexes of vanadium(lV) and (III) lie between these two 

extremes» 

(a) Oxidation state +5 

The presence of oxygen or fluorine is required to 

stabilise the highest oxidation state of vanadium, which 

has an empty "d" shell, giving rise to diamagnetic com-

pounds, The only binary halide known is VF^, but the 

oxyhalides, VOX^ (where X = F, CI, Br) have been prepared. 

These compounds are readily hydrolysed liquids, whose 

infrared spectra*^ have been shown to be consistent 



with their raonomeric formulation with symmetry. 

Neutral complexes of vanadium(V) are limited mainly 

to those formed by the oxyhalide V0C1^» VOCl^ under-

goes either addition reactions with donor molecules to 

produce complexes of the type VOCl^gSL (L = acetonitrile, 

^ipyr, for example),^ or it may participate in a variety 

of solvolytic reactions with alcohols, phenols and 

carboxylic acids,^ exemplified by the preparation of 

VO(OCH_)„ from VOCl and methanol The structure of 
3 J) 3 

VO(OCH^)^ has recently been deduced by X-ray analysis^® 

to be a polymeric system of dimers linked by methoxyl 

bridges, in which the vanadium atom is six coordinateo 

This may be compared with VOCl^ in which vanadium is in 

17 

an essentially tetrahedral environmento 

Interesting neutral adducts, 2XeFg,VF^ and 

2XeOF^gVF^, have been prepared by allowing the appropriate 
21 

inert gas compound to react with VF^; the structures 

of these addticts are unknowns Several anionic fluoro 

complexes, including the hexaflubrovanadate(V) anion are 

k n o w n , b u t the only other anionic halogeno complex reported, appears to be [VOCl.]~o 

(b) Oxidation state +4 

The electronic configuration of vanadium in this 

oxidation state is [Ar] 3d^? complexes are therefore 

paramagnetic and of spectroscopic interest* This is the 



most important and widely studied oxidation state of 

vanadium, which is dominated by the chemistry of com-

pounds derived from the oxovanadium(lV) species whose 

properties will not be discussed here. 

VF^ forms 1:1 adducts with ammonia, pyridine and 

selenium(lV) fluoride.^ The structures of these com-

pounds are unknown, but the ammonia and pyridine deriva-

tives are believed to be fluorine bridged polymers* If 

VF^ is allowed to react with XF^ (X = P, As, Sb) then 

8 
the first product of the reaction is VF^: 

2VF_+XF_ > 2VF,+XF_ 
5 3 4 5 

VF^ will then react with XF^, and complexes formulated 

as VF^^XFg" have been isolated* The anion XF^ was 

identified by its infrared spectrum, but the nature of the 

VF^* species is unknown; it may be a fluorine-bridged 

polymer„ 

Vanadium(lV) chloride may undergo addition, sol-

volytic or reduction reactions depending upon the nature 

of the ligand and the experimental conditionso Some 

nitrogen or sulphur donors cause reduction to vanadium(III), 

but generally, this may be avoided if dilute solutions of 

ligands in inert solvents are used, and the reaction per-

formed at low temperatures„ A wide variety of complexes 

with bidentate and monodentate 3igands has been reported,^ 

and their spectroscopic and magnetic properties have been 



interpreted in terms of octahedral structures with tetra-

gonal distortions* The complexes are very susceptible 

to hydrolysis. 

Seven coordinate vanadium(lV) has been claimed 

recently to account for the properties of the complexes 

VCl^,tas where tas is either of the terdentate arsenic 

ligands o-tas (bis(o-dimethylarsinophenyl)methylarsine) 

22 

or v-tas (tris 1,1,1(dimethylarsinomethyl)ethane). 

These compounds are monomeric and isoraorphous with their 

titanium(IV) chloride analogues, whose N.M.R. spectra 

show that all the arsenic atoms are coordinated to the 

metal. The 1:2 adduct formed when VCl, interacts with 
4 

23 

o-phenylenebisdimethylarsine (diars), is isostructural 

with its titanium(lV) analogue, which has been shown by 

X-ray structure analysis^^ to possess an eight coordinate 

stereochemistryo It is interesting to note that the 

analogous o-phenylenebisdiethylarsine yields only a 1:1 
25 

complex when it reacts with VCl^, 

Although vanadium(IV) chloride is violently hydro-

lysed to species containing oxovanadium(IV) with water, 

other protonic solvents cause incomplete solvolysis* 

Generally, two vanadium-chlorine bonds are solvolysed by 
26 27 

primary and secondary amines, and alcohols, but no 
reduction to the tervalent state occurs* 

A novel complex containing no halogens or 0x0-



vanadium(IV) species has been synthesised by reacting 

28 VOSO^ with TTMBH (C^H^SC(SH) = CHCOCF ). It is dimeric 

in nitrobenzene and has been assigned the following 

structure: 

Anionic Complexes 

Hexahalogenovtinadates (IV) have been isolated with 

fluorine and chlorine as donor atoms. Reaction of vanad-

iura(lV) fluoride with potassium fluoride in selenium(IV) 

fluoride yields K^VFg^ which obeys the Curie-Weiss law 

with a room temperature magnetic moment of lo76 B,M, 

The hexachlorovanadate(lV) anion has now been stabilised 

29 30 

with a variety of cations. ' The dark-red solids 

have room temperature magnetic moments near 1.73 B.K. and 

their visible spectra contain a broad, asymmetric band 

at /^15iiOOO cm. ^ assigned to the ^ ^T transition, 
S 

The asymmetry in the band is due to the presence of a 

Jahn-Teller distortion. Oxotetrachlorovanadate(IV) and 

oxotrichlorovanadate(IV) anions, [VOCl^] ~ and [VOCl^]" 

have been precipitated from saturated ethanolic hydrogen 

chloride solutions of vanadium(lV) by addition of the 



appropriate basic chloride. Their physical properties 

have been i n v e s t i g a t e d , b u t their structures are 

uncertain* 

(c) Oxidation State +3 

2 

The configuration 3d , which has been the subject 

of extensive theoretical treatment, is the electronic 
"z 2 

ground state of vanadium(III)„ The spectral and 

magnetic*^ properties of many octahedral vanadium(III) 

complexes have been explained using a ligand field 

model which requires the presence of a trigonal dis-

tortion of the regular octahedral field* Vanadium(III) 

forms cationic, neutral and anionic complexes, with the 

metal attaining its usual coordination number of six; 

however, four and five coordinate compounds are also 

knowno 

Cationic Complexes 

The most common cationic species is the green hexa-

aquovanadiumCIII) ion whose spectral properties have been 
3 3 

extensively studied in solution, and its magnetic pro-

perties as the alum NH,V(SO,) „ W h e n ethylene 

and propylenediamine react with vanadium(lll) chloride, 

compounds of stoichiometry V(en)^Cl^ and V(pn)^Cl^ are 

isolated in which the vanadium is believed to exist as 

the cationic species, V(en)^^^ ( V ( p n ) ^ ) o 



10 

Neutral Complexes 

VCl^ and VBr^ both have polymeric structures and they 

react slowly with donor molecules. Comparatively few 

complexes with monodentate ligands have been reported and 

only the 3:1 adducts formed by reaction of the halides 

68 
with nitriles appear to have been well characterised. 

22 

Clark reports the preparation of the complexes VCl^,otas 

and VCl^jVtas, where otas and vtas are the terdentate 

arsenic ligands described earlier. The complexes are 

monomeric and low infrared spectral data indicate that 

the three chlorines possess a cis configuration. 

Alcohols do not solvolyse vanadium(lll) chloride but 

form addition compounds such as VC1^,3C^H^0H, which is a 

T . . 38 
green solid. 

39 

The interaction of liquid ammonia with VCl^ or 

VBr^^^ causes ammonolysis of one vanadium-halogen bond, 

and a mixture of solvolysis products is obtained, 

Carboxylates of the form V(OOCoH)^ prepared from vanadiura(lll) 

chloride appear to be normal tervalent vanadium complexes 

with magnetic moments around 2„7 BoM,^ However, if 

vanadium diboride (VB^) is allowed to react with acetic 

or benzoic acids, carboxylates of the form VCO^CR)^ are 

produced, the acetate derivative being dimeric in freezing 

acetic acid. Although vanadium is in oxidation state 

+3, the magnetic properties of these compounds are 



The pseudo halide V(NCS)^ has been isolated by 

11 

complicated as the room temperature magnetic moment is 

only 0,77 B„Mo per vanadium. On the basis of magnetic, 

infrared and N,M,R, data, a diraeric structure with four 

4 1 
bridging carboxylate molecules has been proposed, by 

analogy with the known structure of the diamagnetic 

12 
chromium(ll) acetate dihydrate* 

ha 

the following series of reactions;''^ 
100° 

VCl_+3NaSNC/0Et_ >V(NCS) _„3Et„0 ^VlNCS)^ 
^ ^ p=2.35 B.M. 

Recently, complexes of this Lewis acid have been prepared 

direct from vanadium(III) halides by reaction with alkali 

43 

thiocyanates in various organic media. In this way, 

complexes such as CV(NCS)^,(CH^CN)^]s2CH^CN and 

V(NCS)^,3THF were isolated from acetonitrile and tetra-

hydrofuran solutions respectively* 

Anionic Complexes 
3-

Complexes of the type VXg have now been prepared 

when X = Cl,^^ Br,^^ NCS,^^ NCSe,^^ and the spectral 

and magnetic properties of the hexahalogenosalts have 

been investigated„ Several hydrated fluoro and chloro-
2- - 4 anions such as VX_,H„0 and VX,,2H_0 are also known, 

and their spectroscopic properties have been interpreted 

on the basis of six coordinate vanadium(lll) species, 

3_ 
The binuclear complex V^Cl^ has been isolated as its 



12 

tetraethylamtnonium salt,^^ which is isomorphous with its 

titanium(III) and chromium(III) analogues, 

Six coordinate anionic complexes of the type 

M CVX^,2L] have been synthesised with a variety of 

49 

nitrogen donors. Thus for X = CI, ligands used include 

acetonitrile, pyridine and 2,2'-bipyridyl; for X = 

Br, I, only acetonitrile complexes were reported. The 

compounds Ph^CH^As[VX^,2CH^CN] (X = CI, Br) undergo 

thermal decomposition at 80°C in vacuo when the tetra-

hedral species VCl^ and VBr^" are isolated, 

Trisoxalato complexes of vanadium(III) are well 

established,^ but it is only recently that the structure 

of the potassium salt has been determined by X-ray analy-

50 

sis. The vanadium atom is in a six coordinate environ-

ment with bidentate oxalate groups, giving the anion 

symmetry. The salt is isomorphous with its chromium, 

iron and aluminium analogues, 

A variety of five coordinate complexes of vanadium(III) 

halides is now knowy^but discussion of these adducts is 

deferred until a later chapter, 

(d) Oxidation State +2 

The chemistry of this oxidation state has received 

little attention and few complexes have been well charac-

terised, Cationic, neutral and anionic species are 

known, but,as aqueous solutions of vanadium(ll) are very 
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susceptible to atmospheric oxidation, most work has been 

limited to a study of complexes formed in fused melts, 

or non-aqueous solvents. 

Cationic Complexes 

The violet hexaaquovanadium(ll) cation is readily 

prepared by the zinc reduction of an acid solution of 

vanadium(V)» Addition of a solution of 2,2'-bipyridyl 

and potassium iodide in methanol produces a green solu-

51 

tion from which VCbipyr)^!^ is isolated. Its magnetic 

moment of 3o7 B„Mo confirms the presence of divalent 
3 

vanadium, which has a 3d configuration. Other cationic 
2 4-

compounds of vanadiura(ll) of the type VL^ , where n is 

4 or 6 and L = oxygen or nitrogen donor,have been stabi-

lised with the anion V(CO)g . A recent X-ray crystal 
59 

structure determination of the Tutton salt, 

V(NH^)2(S0^)26H20^has established that the vanadium atom 

is octahedrally coordinated by water molecules, with the 

axial vanadium-oxygen bonds slightly shorter than those 

in the equatorial plane. 

Neutral Complexes 

These complexes are virtually unknown„ Some com-

plexes of vanadium(ll) chloride with nitrogen donors have 
53 

been isolated. For example, the pyridine complex 

VClgf^py is a cherry-red solid with a of 3»87 

and addition complexes of vanadium(ll) chloride with 



14 

ammonia and raethylamine are known, but they are unstable 

in aqueous solution and lose ligand when heated to about 

__o . 54 

70 xn vacuo. 

Anionic Complexes 

Anionic complex chlorides of divalent vanadium have 

been isolated from potassium or caesium chloride melts,^ 

and, from spectral measurements on VCl^ dissolved in a 
4-

LiCl-KCl eutectic, the presence of VCl^ has been 
55 

inferred, 

(e) Oxidation States +1, 0, -1 

These low oxidation states of vanadium have been 

stablised by ligands of low electronegativity such as 
II 

CO, PPh^, CN , and bipyridyl and phenanthroline„ 

Vanadiiim(l) is present in the cation [V( CO) ̂ C^Hg] ̂ , 

but when this is reduced with sodium borohydride, the 

neutral K—cyclohexadienyltetracarbonylvanadium(O) is 
56 

isolated. Vanadium hexacarbonyl itself is unique 

amongst hexacarbonyls in possessing one unpaired electron; 

however, as seen above, it readily forms the anion 

[V(CO)g] with the diamagnetic d^ "inert gas" configura-

tion. 

Perhaps the most unusual complexes of vanadium 

isolated in recent years have been those with dithiolate 

ligandso Complexes of the type [VS^CgRg]^ where 
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R = CFg, z = -2, -1, R = C^H^; z=~2, -1, 0 have been pre-

pared, for example, but the exact designation of an oxi-

dation state in these adcliicts is difficult, E.S.R. 

data support the view that the unpaired electrons appeared 

to be strongly delocalised on the ligand, A recent 

X-ray structure determination^^ of [ V S g C g ( ) g ] ° has 

shown it to possess trigonal prismatic (D^j^) symmetry, 

rather than the expected trigonal (By) coordination. 

The Complex Chemistry of Chromium 

The coordination chemistry of chromium will not be 

discussed; any relevant chemistry will be developed as 

necessary when the chromium complexes which have been 

prepared are compared with their vanadium analogues. 



CHAPTER TWO 

THEORETICAL PRINCIPLES UNDERLYING 

THE 

PHYSICAL METHODS USED FOR STRUCTURE DETERMINATION 
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Introduction 

In this Chapter the various methods used to eluci-

date the structure of a complex compound, whose empirical 

formula has been determined by elemental analysis, are 

examined. The underlying theoretical principles of these 

methods are briefly outlined here, and the practical 

apsects of these measurements are described in appendix 

B. 

(A) Molecular Weight Measurements 

If a complex is soluble in a non-donor solvent, mole-

cular weight measurements in that solvent will indicate the 

degree of polymerization in solution, and thus a molecular 

formula may be deduced, given the empirical constitution 

determined by analysis„ 

Molecular weight data is particularly important when 

odd coordination numbers are suspected„ Thus TiCl^,NMe^ 

60 

was shown to be monomeric, and hence five coordinate, 

in benzene solution* Molecular weight measurements in 

donor solvents must be interpreted with caution because of 

the possibility of reaction between the complex and the 

solvent. Unfortunately, the majority of complexes prepared 

in this work were insoluble in solvents suitable for mole-

cular weight determinations. Molecular weights of 

suitably soluble compounds were estimated by the cryoscopic 
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method in benzene, 

(B) Measurement of Conductivity 

Conductivity measurements will detect the presence 

of ions in a compound when it is dissolved in a suitable 

solvent. Acetonitrile and nitromethane are two such 

solvents, since they are easily purified and have fairly 

high dielectric constants. Various difficulties are 

inherent in the measurement of conductivities in non-

aqueous solvents. Firstly, the complex should give ions 

which are large and spherical to avoid ion-pairing, a 

common phenomenum in non-aqueous systems which results 

from the low dielectric constant of the solvent medium, 

compared with that of water„ Ion-pairing is important 

in fairly concentrated solutions and is detected by a 

lower conductivity than expected, and deviations from 

linearity of the Onsager plot, /\ (conductivity)vs, 

(concentration)^o Secondly, the ions themselves must 

be inert to chemical reaction with the solvent. 

It has been the practice to determine the ion type 

of an unknown electrolyte by comparison of its con-

ductivity with that of a known electrolyte at a similar 

concentration (usually 10 in the same solvent. 

6l 

Walden and Birr have measured the conductivities of the 

tetraethylariimonium halides, which have been used as 
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standards, over a range of concentrations in acetonitrile, 

and found that, at 10~^M, the conductivities decrease 

from a value of •~'175 ohm ĉtn̂  for the iodide to 

^ 1 6 0 ohm cm for the chloride. They noted that, as 

a general trend, conductivities of salts with a common 

cation decreased as the size of the anion decreased; 

these findings have more recently been confirmed by 

Ilarkness and Daggett, It was also found that the 

1 / 

slopes of the /\ vs. (concentration) 2 plots for a 

variety of 1:1 electrolytes lie in the range 350-500, 

Feltham and Hayter^^ point out that comparisons of con-

ductivities at one concentration are not particularly 

meaningful since a molecular weight of the unknown 

electrolyte must be assumed. They suggest measuring the 

conductivity of the unknown over a range of concentration, 

constructing an equivalent conductivity vs. (equivalent 
1 / 

concentration) 2 plot, and comparing its slope with the 

slope of theZ\e vs /xfCe plots of known electrolyte types. 

In this way, both the ion type and molecular weight of 

the complex may be deduced. 

Conductivity determinations at one concentration 

are still useful measurements, since the presence or 

absence of ions in a complex may be quickly ascertainedo 
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(C) Spectroscopic Methods 

I Infrared Spectroscopy 64,65 

The region of electromagnetic radiation known as the 

infrared extends roughly from 50 ctn„ ^ to 10,000 cm. ^. 

In this work two distinct regions, namely 5OOO - 500 cm."* 

and 500 - 200 cm. * were used to characterize complexes, 

and it is convenient to discuss these areas of the 

infrared spectrum separately. 

Any non-linear molecule of N atoms may have 3N-6 

normal modes of vibration, of which only a certain number 

will be excited when infrared radiation of the appropri-

ate frequency is absorbed. The selection rule ijg that 

a particular normal mode will only be excited if excita-

tion leads to a change in dipole moment of the molecule. 

It may be shown that an infrared active mode is one which 

has identical transformation properties to one or several 

of the Cartesian coordinates in the particular point group 

to which the molecule belongs. Even with these restric-

tions, the infrared spectra of fairly simple molecules 

are complicated by the presence of overtone and combina-

tion bands. 

Interpretation of an infrared spectrum is greatly 

facilitated by the concept of "group vibrations"; certain 

groups of atoms or types of bonds absorb radiation over 

a fairly narrow range of frequencies, irrespective of the 
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molecule which contains the group. However, the presence 

of overtone and combination bands introduces a limitation 

to the "group frequency" concept, since these effects 

may produce anomalous shifts of bands from their "expected" 

positions in certain molecules„ 

(i) The 5000 to 500 cm, ^ region 

It is in this region of the spectrum that most 

vibrations associated with organic molecules occur. 

When incorporated into a complex, many of the funda-

mental ligand vibrational modes are modified, and there-

fore the detection of shifts in ligand modes compared 

with those in the free ligand provides evidence of 

coordination. The most prominent modifications occur 

to those functional groups bonded directly to the metal 

atom. For example, a reduction in the As=0 stretching 

frequency of ^ 3 0 cm. ^ is observed on coordination,^^ 

and the C-O-C asymmetric and symmetric stretching fre-

- 1 
quencies in tetrahydrofuran shift by about 50 cm. on 

A 7 

complex formation. The behaviour of the —CEN 

stretching mode in alkyl cyanides is an exception to 

this general observation, as its frequency increases by 

about 40 cm. ^ on coordination,^^ The reason for this 

anomalous increase has been the subject of much specul-

ation, but calculations^^'indicate that the C-N 

O bond strength increases on donation of the nitrogen 
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lone pair, so causing an increase in the force constant 

of the C=N bond, which, in tnrn, is responsible for the 

increase in frequency. 

Changes in the internal deformation modes of ligands 

on coordination have been used as an effective diagnostic 

tool when the ligand exists, for example, as two con-

formers. Thus, 2,5 - dithiahexane (DTH) is present as 

both the trans and gauche form, with bands due to -CH^ 

rocking modes, characteristic of both conformers, in 

71 

the spectrum of the free ligand. Cotton et al, were 

able to show that, whilst the spectrum of the complex 

[Re^Cl^(DTH)contained only "gauche" CH^ rocking vibra-

tions, DTH was present as its trans and gauche con-

formers in Re^Cl^(DTH)^ ^, consistent with its formula-

tion as a polymeric compound with trans DTH bridging 

molecules, 

Complications sometimes arise in assignment of spectra 

because modes which are only Raman active or completely 

inactive in the free ligand, often become excited on 

coordination as the site symmetry of the ligand changes. 
-1 72 

(ii) The 500 - 200 cm. (Low Infrared) region 

In this region, direct metal-ligand vibrations are 

excited, and, in particular, a study of the position and 

number of metal-halogen vibrations is useful in the 

assignment of a possible stereochemistry to a complex 
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compound, 

Table 2.1 shows the number and type of metal-halogen 

stretching vibrations in some commonly occurring six 

coordinate stereochemistries. 

Table 2.1 Metal-halogen stretching vibrations 

for six coordinate complexes of the 

type 

Type Stereo-
chemistry 

Point 
Group 

^M-X Infrared active 
species 

MX^Lg trans 
^4h 

a. +b. +e 
Ig Ig u 

e 
u 

MX^Lg cis ^2v 
all 

trans ^2u 

MXgL^ cis S v 
all 

MXgLg trans S v 
2a^+b^ all 

MXgLg cis 
S v 

all 

It is thus possible, in principle at least, to dis-

tinguish between, say, cis and trans MX„L^ complexes by 

examination of their low infrared spectra, which should 

show two and three peaks attributable to metal-halogen 

stretching vibrations respectively. 
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Factors affecting the position of metal-halogen 

stretching vibrations 

(i) For a given complex, for example, MX^L^, the 

frequency of the metal-halogen bands on changing the 

halogen falls in the order F ^ C l ^ B r ^ I , 

(ii) For a given oxidation state, the frequency 

of the metal-halogen stretching mode decreases as the 

coordination number of the metal increases. This 

effect is illustrated in Table 2,2, 

Table 2.2 The effect of Coordination Number of 

the Metal-Halogen Stretching Mode 

Compound Coordination No, ^M-Cl (cm."*) 

VCl, 
4 4 482 

VCl ,2L 6 /^370 

VCl,,otas* 
h 

7 357 

VCl ,20* 8 ^^317 

+ see ref. 22 

* D = o-phenylenebisdimethylarsine 

The increase in the coordination number is reflected 

in an increase in the length of the metal-halogen bond, 

thus causing a lowering of its stretching frequency. 

(iii) For a given stereochemistry, the metal-halogen 
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stretching frequency falls as the oxidation state of the 

metal is lowered. For example, in VCl^ occurs at 

482 cm. but in VCl^ , ^V-Cl at 406 cm ^ 

Problems encountered in the interpretation of spectra 

(i) Solid State effects 

The spectra of complexes are usually run as Nujol 

mulls. Unless a good mull is prepared, the metal-

halogen bands will be invariably broad and poorly re-

solved, and their number may not be diagnostic of the 

stereochemistry of the complex. Another danger 

associated with solid state spectra is that degenerate 

(e and t) modes may be resolved due to low site symmetry 

of the metal atom in the crystal, given a misleading 

number of metal-halogen stretching bands in the spectrum, 

(ii) Coupling with other modes 

Metal-halogen stretching vibrations may couple with 

other normal modes of the same symmetry species, so that, 

in fact, pure metal-halogen stretching modes are never 

observed. The extent of coupling with other stretching 

vibrations is a problem of some complexity about which 

no generalisations may be made, but the coupling with 

metal-halogen deformation modes is unlikely, because the 

latter occur at much lower frequencies than the stretching 

modes. For example, in the bridged molecule; 
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the "terminal" M-X stretching modes may couple with the 

"bridging" M-X modes giving bands differing in position 

from those expected for a monomeric octahedral species 

MX L . The position of the bands when extensive coupling 

is present may not be diagnostic of a particular coordina-

tion number„ 

(iii) Metal-ligand stretching frequencies 

Bands associated with metal-ligand vibrations may 

complicate the band structure of the metal-halogen stretching 

vibrationso Metal-ligand stretching modes have not been 

well characterised since they are unlikely to be "pure", 

but involve entensive coupling with internal ligand vib-

ration and deformation modes 

Interpretation of a low infrared spectrum is addition-

al ly complicated by the appearance of ligand vibrational 

modes which were either weak* Raman active or completely 

inactive in the free ligand, but which become excited on 

coordination. Examples of this type of problem are 

referred to in Chapter 3» 
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II Visible and Ultraviolet Spectroscopy^^*^^*^^ 

(i) Energy Levels in Free ions and Complexes 

The various forces acting on a multi-electron ion may 

be subdivided into the following: 

(a) central field forces 

(b) interelectronic repulsive forces 

(c) spin-orbit coupling forces 

The central field forces are the largest and give 

rise to the various atomic energy levels Is, 2s, 2p etc. 

In transition metal ions of the first row (b) (c), and 

therefore the Russell-Saunders coupling approximation 

holds, with spin-orbit coupling as a small pertubation 

on the repulsive forces. Interelectronic repulsion 

2 

splits the highly degenerate energy levels of the 3d 

configuration of into a number of terms, namely, 
•Z 4 -Z 1 4 

(in order of increasing energy): F<^ D<^ P G S, 

The term separation may be represented by combinations 

of Racah's parameters B and C; the energy separation 

between the and terms is 15B (12,920 cm« ^ in 

The triplet terms are further split into states 

by spin-orbit coupling* When an ion becomes incorporated 

into a complex, an additional perturbation, the ligand 

field, is introduced. The magnitude of the ligand field 

may be (a) less than the interelectronic repulsion - weak 

field 
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(b) of the same order as the interelectronic 

repulsion - medium field, 

(c) much greater than the interelectronic repulsion 

strong field. 

The orbital degeneracy of the Russell-Saunders 

terms is partially removed by the ligand field, and it 

may be shown that, in a field of cubic (0^) symmetry: 

The increase in these splittings as the magnitude of the 

ligand field increases may be displayed on an energy 

level (Orgel) diagram (Fig. 2.1) and the transition from 

weak to strong ligand fields is illustrated on a corre-

lation diagram (Fig. 2.2), The parameter Dq is used to 

represent the magnitude of the term splittings by the 

ligand field, and is correlated with the nature of the 

ligand which produces the perturbation, (see later). 

For first row transition elements, the splitting of the 

ligand field terms by spin-orbit coupling is small com-

pared with the magnitude of the ligand field, but it 

becomes important when considering magnetic properties 

and spectral band widths, 

There is a further second order effect, namely the 

configuration interaction (see Fig, 2.5) between the two 
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