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ABSTRACT

The first part of this dissertation describes the preparation
and properties of some vanadium(III,IV,V) tropolonates.

The tropolone

anion has the structure:

The coordina tion number, usually six, but possibly five or seven in
some of the new compounds, and the probable structures of these
complexes are discussed.

The products formed by the oxidation of

the vanadium(III) tropolonates to the oxovanadium(IV) tropolonates
are Isolated and studied also.

One particularly stable complex

was obtained by thermal decomposition of the tris(tropolone)chlorovanadium(III), which caused release of one of the three tropolone
molecules, producing a five-coordinated vanadium(III) complex,
VT^Cl.

The tropolone complexes were characterized by the following

physical methods:

elemental analyses, differential thermal analysis,

thermogravimetrie analysis, magnetic susceptibility determinations,
conductance measurements,

infrared spectroscopy, mass spectrometry,

and optical spectroscopy in the visible and near infrared regions
of the spectrum.
In the second section, the preparation, characterization, and
optical spectral study of new vanadlum(III) complexes is described.
The ligands used in the preparation of these complexes contain
xi

phosphorus, nitrogen, or sulfur donor atoms.

Some of these complexes

contain ligands which are monodentate, but most contain bidentate
ligands.

The physical methods which were used for the characterization

of the tropolonates and which are listed in the preceding paragraph,
were used in the study of these compounds to the extent required for
their identification.

These new complexes along with two of the

tropolonates, V T 2(HT)C1 and VTjCl, have been further studied' by the
measurement of their low temperature (77°K) optical spectra in the
5.5 to 35 kK region.
made.

Assignments of the observed bands have been

Some of the bands assigned are not observed in the spectra

recorded at room temperature, and therefore they have not been
reported in previous studies made of vanadium(lll) complexes.
Values for Dq, the ligand field splitting parameter, and B, the
Racah parameter for the complexes V(III) have been calculated.
Based on these calculations, a spectrochemlcal series is reported
for the ligands used.

The series arranged according to the increasing

values of Dq is as follows:

2-amino-3-methylpyridine < dithiooxamide <

ethylenebls(diphenvlphosphine) < 1,10-phenanthroline < 2,2'-dipyridyl <
urea < tropolone.
In part three there is presented an ESR study of the
vanadium(III) compounds which were prepared.

The only previously

reported ESR spectra have been recorded at low temperatures (77° and
4.2°K) on

doped in Al^O^, CdS, or ZnS crystal lattices.

Spectra

reported here, were obtained on powdered solid samples of the complexes

xil

and also upon solutions in such solvents as benzene,
and dimethylformamide.

nitromethane,

Values of (g), the average g tensor, were

determined from the measured field strength and the observed microwave
frequencies.

The hyperfine splitting parameters, A, were calculated

from the hyperfine splitting distances, measured in gauss, observed
in the solution spectra.
Relative spin-orbit coupling constants were calculated using
the Dq values obtained from the optical spectra and the (g) values
of the complexes.

The values of the spin-orbit coupling constants

were then correlated to the nephauxetic ratio, 0, which is the ratio
of the Racah parameter, B, of the complex to Lhe Racah parameter, Bq ,
for the free V

3+

ion.

The deviation of the (g) values from that of the free
electron value,

2.0023, and the deviation of the nephelauxetic ratio

from unity are used to provide information about the electron density
around the metal ion and to explain why the amount of spin-spin
interaction between the two unpaired electrons of

has been

sufficiently reduced so that the other interactions, such as the
Zeeman effect and the nuclear-spln -- electron-spin interactions,
can be observed in the electron spin resonance spectra.

xiii

CHAPTER I
INTRODUCTION

Though

Che chemistry of vanadium(III), a d

2

electronic

system, is not nearly as well established as that of the oxovanadium(IV)
cation and its complexes,

there is a sufficient number of compounds to

establish a trend in the stereochemistry of the complexes which are
formed by vanadium(III).

The most common structure is that of the

six-coordinated complex.

This leads to an octahedral ligand array with

some trigonal distortion, due often to the ligands per se.

Five-

coordinated complexes are now well established,and they arise
particularly when phosphines and phosphine oxides are used as
monodentate ligands.

Tetrahedral complexes of vanadium(III) are very

rare, only a few having been prepared and definitely characterized
structurally.
On the basis of the octahedral field, ft has been predicted
(1) that there should be three spin-allowed d-d transitions.
arise from the triplet terms of the atomic 3d
and

3
P.

The

2

configuration,

These
3
F

3
F term is the ground state term and it would remain so

regardless of the strength of the ligand field, since pairing of the
two electrons is energetically very unlikely.

Figure 1, which is an

energy level diagram including only these two free ion terms,
illustrates the effect on the energy levels of a cubic crystal field
of increasing strength.

The predicted transitions are indicated by

vertical arrows on the diagram.

The predicted spin-allowed transitions

2

Figure 1:

Spin Triplet Terms for V^+ in an Octahedral Field (24)

o
3

l.

3
are then written as follows:

3

T «_______ 3T
2
I

\ ( v y * ----- 3t x
3
3
* 2 * -------- \

The first two predicted transitions have been observed in most of the
six-coordinated complexes for which the electronic spectrum has been
obtained.
20,000 cm

They are reported to be approximately at 13,000 and
respectively, but the actual values may vary a few

thousand wavenumbers depending upon the strength of the field.
However, as may be seen in Figure I, the third transition would likely
occur above 30,000 cm \ a n d

therefore would probably be hidden by the

more intense allowed charge-transfer bands of the complex (2).
Complete cubic crystalline field calculations for V 3*
have been carried out (3).

From the energy level diagram, shown in

Figure 2, which illustrates the results of these calculations, it is
predicted that one spin-forbidden transition,

lT 2)(D)a

3T r

should lie at an energy below the first spin-allowed transition.

In

the pure octahedral field the 3E and the ^T^CD) levels are nearly
degenerate, but they would be split in a lower symmetry molecule
where distortion of the octahedron has taken place.

There are five

more spin-forbidden transitions predicted at higher energies, but most

4

Figure 2:

Energy Level Curves for a d

2

System in Field of Octahedral

Symmetry for \ Equal to 65 cm 1 and F^ Equal to 70 cm * (3)

(^UIP ) b o
W t

OOP!

OOOf

OOOft

OOOfC

OOOfC

It

of these would probably be hidden beneath the more Intense spin-allowed
d-d bands or under the very Intense charge transfer bands.

At best,

perhaps they might show up as shoulders on these bands.
In a trigonal field, the octahedral ground state term,
3

would be split into

3

and

coupling will further split the

3
E components, and spin-orbital

3
A^ term (4,5,6).

Since the

3
E

term is doubly degenerate orbitally, it seems likely that this term
might also be split.

These splittings are illustrated in Figure 3.

The splitting due to the trigonal distortion is indicated in the
diagram by A^*

The further splitting due to the spin-orbital coupling

is given by 6, the zero field splitting.

These two parameters, Aj,

and g, and the spin-orbital coupling constant, X, have been determined
in several says.

For example, Zverev and Prokhorov (7) used data

obtained from electron spin resonance absorption; Pryce and Runciman
(4) and McClure (5) used data obtained from optical spectra; and Quade,
firumage, and Lin (6) measured the magnetic susceptibility along and
perpendicular to the trigonal axis of a crystal over a temperature
range from 77°K to 285°K, from which they determined g^, Aj* and
Zverev and Prokhorov (7) reported A^, to be approximately 280 cm *, but
two other groups of researchers (5,6) placed the value at approximately
1000 cm

g was determined to be about 8 c m \
The splittings due to the trigonal distortion, Aj» should

give rise to bands in the optical spectra in a region where they have
a chance of being observed.
acetonato)vanadium(IIl)
band.

Therefore,

Spectra taken at 77°K of the tris(acetyl-

(7) show shoulders on either side of the first

it was felt that low temperature spectra of other

6

Figure 3:

Energy Level Diagram for a d

2

Electronic System Showing

the Ground State and First Excited State in Cubic Field
with Splitting Due to the Trigonal Field

v

'E
*7

,^-TF
‘v

'e

y,
Energy

t

'

Sphtting

in

a

*

m *°

T^igonaI

Field

7

complexes might permit the assignments of these transitions to be made,
vs* Well as [Aake:sbme assignment'a idtfvBome spin-forbidden transitions.
Many pertinent details of all of the vanadium(III) complexes
previously studied and the assignments made in the optical spectrum of
each complex so examined will be presented in Chapter II.

However it

should be noted that most of the complexes investigated have been those
containing ligands in which the donor atom is either oxygen or halogen.
Also, these spectral studies for the most part have been carried out at
room temperature only.
It is a primary purpose of this investigation to extend the
spectral studies to vanadium(III) complexes which have donor atoms of
nitrogen, sulfur, or phosphorus; and in particular to examine the
low temperature spectra for any further or clarifying splittings which
may be revealed under these conditions.

In the instances where the

ligands chosen are those which will confer low symmetry on the complex,
lew temperature spectra (77°K) should enhance the possibility of
observing some of the bands due to the splittings (vide supra) of the

3

octahedral

energy level.

The magneitc susceptibilities of the complexes were also
determined.

These data are used primarily as evidence for the

oxidation state of the metal.

Such data are also potentially useful,

however, in determining structure should any dimeric species be
prepared.

Magnetic susceptibilities were measured in solvents by

the nuclear magnetic resonance technique of Evans (8) and/or by the
Gouy method as applied to solids.

8
Elemental analyses and conductance measurements are used to
aid in the formulation of the complexes which were prepared.

The

following determinations were used for further characterization of the
complexes whenever they were feasible or deemed necessary:

mass

spectrometry and infrared and ESR spectroscopy; melting or decomposition
points, differential thermal analysis (DTA); and thermogravimetric
analysis (TGA).
In addition, a study has been made of a series of complexes
prepared by the reaction of tropolone and several different vanadium
and vanadyl halides.
as the donor atoms.

This ligand is a bldentate monoanion having oxygen
Previously prepared complexes (9,10) using the

tropolone ion as the ligand and vanadium as the central metal ion
have proven to be very stable and have suggested some unusual
coordination numbers for the vanadium.
Electron spin resonance spectra were obtained on powdered
solids as well as on solutions of some of the complexes prepared.
These spectra are used to determine parameters such as the average
g splitting factors, spin-orbital coupling constants, and Fermi contact
constants.

Some correlations are made between these data and that

obtained from the visible spectra and/or the theoretical calculations.

II.

(A)
1.

HISTORICAL DEVELOPMENT

Complexes of Tervalent Vanadium
Complexes of Organic Acids
Prior to 1905, the year in which Alfred Werner published

his book in which he set forth his Coordination Theory, tervalent
vanadium compounds were already known (11).

In this publication

there is a discussion of the double oxalate salt with the formula
V(C20^)^R^, where R is the sodium ion or the ammonium ion.

Werner

suggested that the oxalato group occupies two coordinate positions,
thereby forming the oxalatovanadate ion in which vanadium would be
in the +3 oxidation state*
Examination of these compounds by Morgan and Moss (12) in
1913, led them to the conclusion that they possessed octahedral
symmetry.

In their study they prepared the tervalent vanadium

complexes of acetylacetone, V(aca)^, and bensoylacetone, V(bza)^,
by mixing the anhydrous VCl^ and the appropriate organic moiety.
As shown in their formulation, these compounds were also proven to
contain six-coordinated vanadium(III).
Between the time of the preparation of these compounds
and 1930, there were other organic acids used as ligands to prepare
vanadlum(III) complexes (13).

Included were the complexes of

malonic, sallcycllc, formic, acetic, citric, and the catechols.
The formate of vanadlum(III) was first erronously reported
as a vanadlum(IV) compound, V(00CH)^.

However, Seifert (14) showed

this to be V(00CH)^HC00H, by titration methods which established
9

10
the oxidation state of the metal.

The formic acid molecule which is

attached to the complex can be removed _in vacuo at 180°C leaving
V(OOCH)^, a green solid which has an effective magnetic moment of
2*7 B.M.

More recently the polymeric vanadlum(lll) formate, which

is extremely insoluble, has been isolated (15)*
A hydrated acetate was first reported (16) thirty years
ago, but the anhydrous form, a dimeric species, has only recently
been prepared (17) by the reaction of vanadium diboride and acetic
acid.

2VB? + 6CH3COOH ------- ► V2(OOCCH^6 + 3H2 + 4B

The molecular weight determinations Indicate a dimer, and based
on NM R and infrared data the following structure has been
proposed (18):

CMe

MeC
MeC

v

i
i
i
i
i
I

CMe
CMe

V
0,

Me
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The dimeric species is readily hydrolyzed in moist air and decomposes
in solutions of solvents which are themseLves good ligands.

Glacial

acetic acid reacts with anhydrous vanadium trichloride to give other
polymeric species of vanadium(lll) complexes.

In aqueous solution,

the product formed is V-(OOCCH_)aOH, and in methanol the reaction
j
Jo
produces a complex with the empirical formula, V C O O C H ^ ^ O H (19).
The complex was found to be insoluble in all of the common organic
solvents and was presumed to be polymeric though this was not
definitely established.
A vanadium(III) chelate of picollnic acid, VL^* has been
isolated in the solid state as the perchlorate salt (20).
The complex
I
is formed by electrolytic reduction.
The hydrate of a tris complex
of vanadium(lll) and picollnic acid, formulated as V ^ ^ H ^ N C O ^ ^ H ^ O ,
had been previously reported by Cavicchi (21).

This compound was

obtained by the reaction of sodium picolinate and ^ ( C O N j H ^ g ^ C l O ^ ) ^ *
Among the dicarboxylic acids (22) which react with vanadium
in the tervalent state are oxalic, malonic, and salicylic.

The

oxalate and the malonate react in a ratio of metal to acid of 1:3.
The absorption spectrum indicates that the salicylic acid complex
4.
should be formulated as V(sal)

(23).

Aqueous quinaldinic acid

(24) forms a blue-violet complex which has an effective magnetic
moment of 3.02 ELM. and has been assigned the formula VQ2(QH) * 3H20.
In chloroform quinaldinic acid (25) reacts with V(aca)^ to form a
red-brown tris complex in solution, VQ^.

The effective magnetic
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moment of this compound is 2.66 B.M.

The optical spectrum shows

absorption bands at 26,000 cm * and 21,700 cm

Chloroacetic

acid (26) reacts with an aqueous solution of VCl^ to give a series
of complexes which have metal to acid ratios of 3:7, 3:8 and 3:9.
It is presumed that these are polynuclear compounds*

Crystals of

two of the complexes have been isolated and their formulas have
been determined to be as follows:

[V^CClCH^COOJgCOH^l^CClCHjCOO) ] •

and CV 2(OH> 2+ ]r(ClCH 2COO )‘]4 * 2H20 (27).

The latter compound is

formed when the VCl^ is in excess in the solution.

In the first

of these two crystalline compounds an ammonia group can be
substituted for one of the hydroxyl groups.

However,

the four

molecules of water are retained in the structure.

The effective

magnetic moment for these confounds was 2.80 B.M.

This value suggests

that the three vanadium atoms are symmetrically arranged in the
structure with no antiferromagnetic interactions occurring.

2.

Nitrogen Donor Ligands
Several primary, secondary, and tertiary amines have been

reacted with vanadium trichloride to form complexes in which the
ligand is monodentate.

Some of these are listed anf referenced in

Table 1 along with those properties which are available.
Complexes of ethylenediamine and n-propylenediamine (28)
have been prepared from the reaction with anhydrous vanadium
trichloride and the diamine.

These are both six-coordinated structures

which contain three moles of the diamine per mole of the V

3+

ion.
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TABLE I
MONODENTATE AMINE COMPLEXES

Compound

Properties

Reference

VC 1 3

9

2N M e 3

Yellow, 2.69 B.M.

32

vci3

*

E t 2NH

Black, m.p. 60°

33

VC1 3

•

E t 3N

Black, m.p. 190°

33

VC13

•

IBuNH

Greenish-gray, m.p. 210

33

VC1 3

#

3NH 2C 3H 7

Yellow, 2.70 B.M.

34

vci3

■

3NH 21-Bu

Brown

34

vci3

•

4NH 2Bu

Purple, 274 B.M.

34

VC13

•

3NH2Pentyl

Purple,

34

VBr 3

•

2N H e 3

Pink

263 B.M.

35,36
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Pyridine (29) reacts with vanadium trichLoride and with
vanadium tribromide to give complexes which have the general formula,
V(X)^ * 3py, where X is either chloride or bromide.

When pyridine

and VCl^ were reacted in benzene, green crystals and a purple solution
were formed.

The green crystals were found to be the tris-pyridine

adduct, VCl^ • 3 p y .

This chloro compound is soluble in an excess

of pyridine, in which it forms a reddish-purple solution.

This would

seem to account for the purple solution encountered in the reaction
mixture.

The crystals formed by the reaction of pyridine and

vanadium tribromide in benzene are brown.

The bromo product did

not appear to be soluble in an excess of pyridine.
however, were slightly soluble in chloroform.

Both complexes,

The effective magnetic

moments of these two complexes were determined to be 2.73 B.M.
The same complexes,

i.e., V(X)^ * 3py, are formed when

V(X)^ * 2NMe^ and pyridine are the employed as starting materials (30).
Complexes of tervalent vanadium with the bidentate ligands,

2,2 '-dipyridyl and 1, 10-phenanthroline, vary in composition depending
upon the reaction conditions (30,31).
the reaction mixture,
However,

With an excess of ligand in

the products formed were ionic species.

several non-ionic complexes were also prepared.

Table II

is a list of these complexes with their probable structures and the
reaction conditions under which each was made.

The structures

indicated were deduced from the infrared spectra and the conductance
data obtained on the complexes.

All of the compounds reported in

TABLE II
BIDENTATE AMINE COMPLEXES

Complex

Solvent

Properties

Probable Structure

V C 13 -

2dipy

Benzene

Mustard yellow

[VCl2(dipy)2]Cl

VC 13 •

2phen

Benzene

Mustard yellow

[VCl 2(phen)2]Cl

VBr 3 *

2dipy

VBr 3 •

2phen

Golden Brown, I.R. D = 760 cm

1

[VBr2(dipy)2]Br
[VBr 2(dipy)2]Br

c h 3c n

Brown, 2.73 B.M.

VC1 2(SCN) 2phen

KSCN

Orange, v = 2055 cm

V(SCN )3 • 2dipy

ch 3no 2

Orange, I.R. v = 2075 and 2085 cm

VBr 3 *

CH3CN

Green, I.R. >j = 2260 cm

VC 13 * dipy

Benzene

Yellow-brown, 2.73 B.M.

[VC13 dipy ]2

V C 13 dipy CH3CN

c h 3c n

Light green, 2.78 B.M.

fVCl 3 dipy ch 3cn]

V C 13 * phen *

c h 3c n

Green, 2.75 B.M., v = 2260 and 2300cm"1 [VC13 phen CH 3CN]CH3CN

2VC1 3 • 3 dipy

c h 3c n

Golden brown, 2.81 B.M.

[VCl 3(dipy) 2][VCl4(d ipy)]

VCl3dipy * 2NH 3Bu

Benzene

Violet, 2.60 B.M.

[NH3Bu]rVCl 3(NHBu)d ipy]

*

2dipy . CH3CN

2CH3CN

1

,1

1

[VCl 2(phen)2]SCN
[V(SCN) 2(dipy)2]SCN
rv(Br2)(dipy)2]Br • CH3CN

References(30,31)
Prepared by heating i£ vacuo a previously prepared product from a chloroform solution,
VBr3 •

2C10H8N2 * CHCV
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Table II have a magnetic susceptibility at room temperature which
falls within the range

of 2.73 - 2.81 B.M.

The optical spectra of

these complexes were reported, but this subject will be discussed
in a later section.
A 1:1 adduct of vanadium trichloride and the terdentate
nitrogen-donor ligand,

2, 2

2"-terpyridyl has been formed when the

reactants were dissolved in acetonitrile (39).

The crystals are

yellow-brown and precipitate immediately from solution.

The compound

is very insoluble and no other physical properties are available.
The proposed structure is a six-coordinated monomer in which all
three nitrogens lie in the plane with the metal
The reaction
of V

3+

ion.

between VCl^ and ammonia to form hexaamines

has been reported by several investigators (40-42), but later

work (24,43) showed that whereas the reaction may yield the hexammine,
this is followed by ammonolysis in liquid ammonia to give [VCl^NH^]
and NH^Cl when the starting material is vanadium trichloride.

If

VBr^ is dissolved in liquid ammonia at -36°C, the products formed
are [V(NH 2)(NH 3> 5]Br 2 and NH^Br.

No infrared data were reported in

this paper, but it is suggested here that confirmation of this
formula might be aided by such data.

The compound should show a

strong band for the V-NH 2 bond which would be much higher in energy
than the band for the V-NH^ bond.
Treatment of vanadium metal with a halogen, chlorine,
bromine, or iodine, in acetonitrile leads to the formation of
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acetonitrile adducts of tervalent vanadium (44)•

Chlorine produces

a green complex [VC1 3 * 3CH 3CN] * CH.jCN; bromine gives a pale brown
complex formulated as [VBr^ • 4CH 3CN](Br)3 ; and iodine yields an
unstable black complex whose structure is somewhat in doubt, but
probably is [V(CH 3CN) 6](I3) 3 .
The potassium salt of hexacyanovanadate(III) was isolated
as a blue crystalline solid in 1966 (24).

The spectrum of the complex

in solution was previously reported, but there is some doubt that the
wine red solution contains the same species.

This compound would be

expected to have V-C=N rather than V-N=C bonds, however.
The red isothiocyanate complex (45) of vanadium(III) has
the formula K 3V(HCS)^ • 4 ^ 0 .

It has been established that the

thiocyanate ion is bound through the nitrogen.

This was done by

infrared correlations of the CN and CS stretching frequency.

Hence

the complex is an isothiocyanate species.
Selenocyante complexes of vanadium(III) have been prepared
(46) and their spectra studied (47).

Here as in the thiocyanate

complex,the Infrared spectra studies clearly indicate that the donor
atom is nitrogen and not selenium and thus the complexes are
isoselenocyanates*

3,

Sulfur. Phosphorus and Arsenic Donor Ligands
Both mono- and bldentate ligands containing sulfur (48,49)

as the donor atom will react with the tervalent state of vanadium.
The monodentate ligands which have formed complexes are of the
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dialkylsulfide type e.g.,

ligands have Included:

dimethylsulfide,

diethylsulfide, dipropylsulfide, and dibutylsulfide.

The structure

proposed for the V C l ^ C S I ^ ^ confounds is the trigonal bipyramid with,
the sulfur ligand in the axial positions.

The trans-trlgonal bipyramid

structure was suggested as the result of the interpretation placed
upon the infrared spectrum in the 600 - 400 cm ^ region (48).
in this region there was only one peak,at 440 cm \
attributed to the V-Cl stretching frequency.

Thus,

which could be

Dipole moments of

2.3 D to 2.6 D for these complexes tend to support the proposed
five-coordinated structures, but firm evidence, such as that which x-ray
crystallography would provide,is lacking.
The foregoing complexes were first prepared by the reaction
of VCl^ or VBr^ and the dialkylsulfide in an excess of ligand.

The

complexes are monomeric and have the general formula,
where R is methyl, ethyl, propyl or butyl.
starting material, no precipitate is formed.

When VCl^ is used as a
In the cases of

dimethylsulfide and diethylsulfide, if the solvent is evaporated
off, a pink solid is obtained (30).

Analyses of the material made

in dimethylsulfide fit the general formula given above very well;
however, the material made in diethylsulfide did not fit as well.
Dipropylsulfide and dibutylsulfide when treated with the vanadium(IIl)
halides produced only brown oils.
The bidentate Bulfur ligands usually react to form sixcoordinated structures that are most often dimeric.

A single
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crystal x-ray structural determination has been done on tris(dithiobenzil)vanadium(III) (51).
to be trigonal prismatic.

The molecular structure was found

The dithiofluoromethane complex of

vanadium(lll) has also been prepared (52).

It, too,

a tris

complex and is assumed to have the same molecular structure as the
dithiobenzil complex.

These are among the first examples of this

geometry for six-coordination.

All six-coordinated complexes were

at one time assumed to be octahedral and only recently has this been
shown to be incorrect.

The number of examples of trigonal prismatic

coordination is still very tiny indeed.
Aqueous vanadium(III) chloride reacts with a hot solution
of salicylaldehyde thiocarbazone (Ttsa) and sodium hydroxide to give
a brown crystalline product which has the composition V(tsa)(Htsa)
(53).

* H^O

The tervalent state of vanadium is confirmed by a magnetic

moment of 2.78 B.M.

The structure proposed is octahedral with the

ligand behaving as a terdentate and chelating through the sulfur,
oxygen, and nitrogen.

If an ammoniacal solution of the Htsa is

used, the dark brown product has the composition NH^[V(tsa^lH^O.
The structure is assumed to be analogous to the non-ionic product.
Several five-coordinated phosphine complexes of vanadium(IIl)
have been reported (54).

The trlethylphosphine and tripropylphosphine

compounds have been prepared in solution by reacting anhydrous VCl^
with the ligand.

The general formula for the complexes is VCl^L^.

These complexes,

like their Bulfur analogues, are apparently trans-

trigonal bipyramid.

This assignment of structure is made on the
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basis of infrared studies since no x-ray :.tudy uas yet been done.
At a higher temperature,

300°C, the triphenylphosphine and tii^

tricyclohexylphosphine (54) will react to give orange-red dimers
containing binuclear centers.

4.

Other Oxygen-Bonded Complexes
In addition to the sulfur and phosphine complexes which are

reported to be five-coordinated,

there are a number of phosphine

oxide complexes which fit the same general formula, VCl^L^ (54).
In these complexes L is triethyloxophosphine, triphenyioxophosphine
and tricyclohexyloxophosphine.

It is assumed that the structure is

trigonal bipyramidal and again infrared studies are used to support
this hypothesis.

The coordination number five is supported by

absorption in visible spectra below 9000 cm
The ethyl acetate adduct to VCl^ is also considered to be
five-coordinated (24), however, most of the compounds that are
corrJinated through oxygen atoms to be tervalent vanadium are
six-coordinated.

Tris(methoxy)vanadium(IV), V(OMe)^, and tris-

(ethox;y)vanadium(III), V(OEt)^ have been prepared by indirect
reactions (24).

If the lithium alkoxide is dissolved in the

respective alcohol, green solids are precipitated out upon the
addition of an alcoholic solution of VCl^*
A massive study of the reaction of alcohols with VCl^,
and in one case VBr^, has recently been made by Casey and Clark (55).
Complex.es of the type ^ ( R O l O ^ C l ^ C l are formed in solution.

This
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formulation is supported by infrared spectra, conductance data, and
elemental analyses.

The optical spectra were also observed.

From

the spectral data it was concluded that the solid alcoholates may
have the same formula or may be of the type VCl^ ■ 3R0H.
Tetrahydrofuran, dioxane, and certain other ethers form
six-coordinated complexes when they react with anhydrous VCl^ (2).
Spectral studies have also been made on these compounds and will
be dis ussed later.

Diethyl ether forms a 2:1 adduct with VCl^ (14),

but t^ere are two moles of water also attached to the adduct.
Similarly, the sodium salts of organic acids react with the V

3+

ion, bat the analyses show that oxidation has occurred and the
produr.tf are the same as those obtained when oxovanadium(IV) chloride
is used as the starting material (56).
are:

<BzO) 2VOH, (o-HOCgH C O ^ V O H ,

Compounds formed by this method

(o-H^NC^CO^VOH,

and (CH 2C0 2)V0H.

The stru:cures were not reported, but in view of the reported
structures of analogous compounds,

the acid molecule which still

retains the hydrogen may be only secondarily bound rather than exist
in the first coordination sphere of the metal ion.
The hexaureavanadium(lll) perchlorate has been prepared
by two different methods (37,47).

The spectrum has been studied ir.

solutions of 0.2N perchloric acid containing 1.0M urea.

Furthermore,

the solid green, hexagonal crystals have also been Isolated and their
spectra very carefully studied.

In a recent paper by Dingle,

Ballhausen, and McCarthy (57) the low temperature (77°K) spectrum of
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the hexaureavanadium(III) ion has been compared to the spectrum of
the vanadlum(III) ion trapped in an aluminum oxide lattice, and
a complete and valuable theoretical discussion has been presented.

8-quinolinol; ortho-, meta-

Complexes of tetracycline (58);

and para-nitroanilines; p-aminobenzoic acid; aminophenol; and
buiret (33) have also been prepared but their structures and
properties are as yet uncertain.
A stable oxinate, V ^ g H ^ O H ) ^ ,

formed by

8-hydroxyquinoline

r.an be crystallized in brown tablets from certain organic solvents
(59).

It has a magnetic moment of 2.83 B.M. at room ten^erature.
Ortho-nitrophenol chelates with VCi^ in petroleum ether

as a solvent, and it is thought that the bonding occurs both through
the nitrogen and the phenolic oxygen (60).
3+
The V(H 0)
ion has been established as the principal
i D
species present in strong perchloric acid solutions of V^+ by the
electronic spectrum observed in the visible region (61).

The solid

hexahydrate, VCl^ • 6 ^ 0 is prepared by passing HC1 gas through
an aqueous solution of VCl^ (62).

These are green crystals and the

exact structural formula has not been determined.
The VBr„(H„0), complex has recently been prepared by
J 2 Q
Nicholls and Wilkinson (63) along with a series of bromoaquocomplexes of vanadium(III).
a syrupy oil, by reacting

Selbin and Holmes (64) had prepared
with alcoholic aqueous solutions

of HBr, which they identified as VOBr^.

Nicholls and Wilkinson

prepared an alcoholic aqueous solution of V 2O 5 an(* H£r in the same
way it was prepared by Selbin and Holmes.

Then they saturated

the solution with HBr gas and by so doing produced dark green
crystals which analyzed to be VBr^CH^O)^.

By using V 20^ as a

starting material and reducing it with HBr gas in alcoholic aqueous
solutions,

these additional complexes were prepared:

Rb^VBr^^O)^

C s 2VEr 5(H 20)5 , VB r 3(H 20)4 , (pyH) 2V B r 5(H 20 ) 5 , and two tetraethylammonium salts of VBr^,

X-ray powder data, electronic spectra and

magnetic moments were reported for this series of complexes.

(B)

Spectral Properties
Vanadium in the +3 oxidation state is a d

2

system.

It

can be shown that this results in a grouping of mic.rostates to
give five Russell-Saunders terms which have different energies.
These terms are;

3
1 3
F,
D,

P,

1
1
G and
S.

According to Hunds rules

3

the

5 term would represent the ground state.

Therefore, the

spin-'allcwed transitions must arise from the electron transitions
that occur within the two triplet terms,

and ^P, or more precise

that c^cur within the manifold of triplet levels which arise from
these free-ion terms.
3

In an octrahedral field the
give

\

F ground state splits to

2^(F), and ^A 2g(F), of which the ^ T ^ ( F ) is of the
3

lowest energy in the pure cubic field (4).

From the

P term arises

3

the

under these same conditions.

As can be seen in Figure
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the spin-allowed transitions that can occur are then as follows:

3T 2g(F)

------- 3I lg«

3T. (P)*------- 3T. (F)
lg

lg

‘28(F) ---------- V
Ballhausen and Llehr (3) have calculated the expected
transitions for a d

2 system such as would be found for a V 3+

complex In a pure cubic field and their results are shown in
Figure 2.

To determine whether or not thetr

aloulations were

in agreement with experimental work they considered the spectral
dara of Low (65) obtained on vanadium(lll) trapped in a matrix
of Al^O^.
1860 cm

-1

From the experimental data Dq was determined to be
,

At this value the

be at 17,400 cm
3
Tig(P) m —

3
3
T 2g(F) •+----- T ^ ( F ) was found to

the second spin-allowed transition,

3
T^g(F), was calculated to be at approximately

25,400 cm ^ and was observed to be a weak band at 25,400 cm
and the third absorption band was predicted to be at approximately
35,800 cm

-1

arising from the transition

3
A^g(F)

3
— T^g(-) j and

it was assigned to a band at 34,500 cm
Though the agreement is excellent in this particular
case, it was pointed out that one cannot generally expect that
these transitions will agree so closely for other complexes.

It

has been demonstrated that most octahedral complexes of V(III) are
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trigonally distorted and therefore deviations will occur (3,66).
Solution spectra which have been run give bands which would lead
to the conclusion that even in solution where all the ligands are
equivalent there is trigonal distortion for these complexes
(3,38,62).

Such distortion has been attributed to a Jahn-Teller

effect, especially in the excited states where there is strong
coupling with the molecular vibrations.
A number of complexes of vanadium(III) have been prepared
and their electronic spectra observed.

In most cases,assignments

have been made for the first two transitions.

The results of these

spectral studies have been tabulated in Tables 111, IV, and VI,
where only the first two observed transitions have been listed.
Spin-forbidden transitions which have been observed will be
discussed later*

For the cases where the

Dq and 15B values were

given, they have been tabulated also.
The third spin-allowed ligand field band has presented
many problems.

Hartmann and Furlani (38)

bands for hexaaquovanadium(lll)

at about

reported only two absorption
16,250 and 24,200 cm

Due to the asymmetry noted in the higher bands, they deduced that
both the transitions from the ground state to the ^Tj^(P) an(* the
3
A^gCf) excited states were represented in the higher band.
Ballhausen subsequently pointed out that this seemed unlikely since
the third transition should occur at a much higher energy,
approximately 36,000 cm * (67).

Ballahusen further pointed out
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TABLE III
RESULTS OF ELECTRONIC SPECTRA OF V(III) COMPLEXES
W I T H MONODENTATE LIGANDS: ALL EQUIVALENT
(cm x>

Complex

Dq

15B

1850

9,030

Ref.

V1

V2

[V(H 20) 6](f:l04)3

17,250

25,000

NH 4V(S0 4)2 *12H20

17,800

25,700

Cs V(S0 4)2 • 12H20

17,800

62

(nh 4)3 v(ncs >6

16,700

45

38
62

16,250

24,200

k 3[v(ch 2c 2o4 )3]

16,450

23,800

45

V III[A1 20 3] 77°K

17,510(|1)

24,930(11)

65

17,420(x)

25,310(x)

14,800

23,250

1610

9,730

39

(nh 4) 3vf 6

14,800

23,250

1610

9,730

67

K-VCl
(400°C)
J
0

11,000

18,000

(pyh) 3VCI 6 (160°C)

11,600

18,350

K 3W 6

1750

9,220

38,57

39
1265

7,700

39
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TABLE IV
RESULTS OF ELECTRONIC SPECTRA OF V ( I i n

COMPLEXES

W I T H MONODENTATE LIGANDS: NOT ALL EQUIVALENT
(cm~X)

Compound

1

V

2

Dq

15B

Ref

nh 4 [vf4<h 20)2]

16,000

23,800

68

Cs [VF

15,870

23,810

68

15,500

23,500

68

15,630

23,810

68

[V(CH 3oh) 4ci2]ci

14,900

22,450

62

[ v ( c 2 h5oh> 4ci2]ci

14,750

21,850

62

[V<n- c 3h 70H) 4c i 2 ]ci

14,450

21,900

62

[V(I- c 3h 7oh) 4c i 2]ci

14,300

21,300

39

[V<n- c 4h 9oh) 4c i 2]ci

14,500

22,000

39

Cv<i- c 4h 90H) 4ci2]ci

14,350

21,450

39

[V(S“ c 4h 90H) 4ci2]ci

14,300

21,100

39

<— i
<
w

V

16,200

24,500

68

14,400

21,400(sh)

[ v c i 3 • 3C 2H 5CN]

14,600

21,750(sh)

39

»—i
CJ
>

13,300

19,900

31

[VC1 3 * 3C6Hu O H ]

13,600

20,950

31

[vei3 *

13,900

20,850

39

4<H 20 ) 2^

(n h 4 ) 2[vt 5(h 2o)]
k

2[v f 5<h2°)]

• 3H 20]

r">
o
£»
t— 1

■ 3CH 3CN]

■ 3W

^

3C 2H 5OH]

1550

8100

39

28
TABLE IV (Continued)

Compound

V

1

V

2

Dq

15B

Ref.

Ph 4As[VCl 4 * 2CH 3CN]

13,500

20,000

1475

7650

31

Et4N f>C14 * 2c s H5N 3

13,100

21,200

1430

9300

31

E t 4N[VBr 4 • 2CH 3CN]

12,900

19,350

1395

7450

39

29

TABLE V
RESULTS OF KLErTRflMIC SPECTRA OF V ( i m

COMPLEXES

WITH M U L T U E N T A T E LIGANDS (cm*1)

I

Compound

V

2

Dq

Ref.

V(en) 3C l 3

21,300
17,100

29,500

Et 4N(VCl 4 • C 12H 8N 2)

13,800
12,500

22,200
20,000

31

v 2(° 2cch 3)6

16,500

29,200

17

W

16,400

W

s

~2150

28

17

V C 1 2(phen)MeCN

15,310

22,390

30

VC1^(phen)2MeCN

14,490

23,530

30

<VCI 3 d i p y )2

13,160

20,600

30

[VCl 2(dipy) 2][VCl 4 (dipy)]

13,110

20, 500

30

[VCl 3(2phen>]

13,600

20,600

30

[VBr^(d ip y )2]Br • CH 3C1

16,800

26,000

30

[VBr 2(phen)2]Br

16,700

22,000

30

[VBr 2<dipy)2]Br

12,300

17,100

30
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that the asalgnment made by Hartmann and Furlani (38) would require
a simultaneous transition by two electrons.

He preferred to explain

the asymmetry of the broad band as a Jahn-Teller effect.
Shortly thereafter, Low (3) obtained the spectrum of the
single crystal of V^+ doped in an Al^O^ lattice.

In this spectrum

by Low the third transition was observed and found to be rather
intense.

This indicated that the probability of the third transit! ons

occurring is not small,

suggesting that the difficulty of normally

observing this band is due to the presence of strong charge transfer
and intraligand bands in the complexes with organic ligands.

In

only two other complexes has an assignment been made of this third
transition.
39,000

Clark and Greenfield (28) observed a broad band at

cm” * for the trichlorotris-(ethylenediamine)vanadium(III) and

t h e trichlorotris-(propylenediamine)vanadium(III) complexes.

Since

the extinction coefficient was approximately the same as that of the two
lower transitions, the possibility of it being a charge transfer band
was ruled out.
Low (3) further observed very weak bands at 21,000,
25,400,

29,300 and 30,150 cm” * as well as the charge transfer bands

which in the single crystal spectrum began at 36,000 cm *.

The

weak bands were assigned as transitions from the ground triplet
state to the various singlet levels.

This single crystal spectrum

of V^+ in AljOj reported by Low was recorded at 77°K.

It should

be noted that all of the spin-forbidden bands that have been found
are above

20,000 cm *.
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In some electronic spectra recorded at room temperature
the (^E .
v g*
13,000

)m
lg'

^T,
transition has been located from
lg

8,000 to

cm ^ in compounds such as Ven^Cl^ (28), (NH^)^VFg( 68) ,

K 3[V(NCS)6 ] •

(45), and others.

These bands are invariably

very much weaker than the spin-allowed transitions.
Only in the V e n ^ l ^ (28) is there observed a band splitting
which could be due to splitting of the ground state by a trigonal
distortion.

C.

This splitting is about 4000 cm

Tropolone Complexes
In a massive study of metal complexes in which the metal

ion exhibits high coordination numbers, E.L. Muetterties and
C.M. Wright (9,69-72) explored the conditions and properties of ligands
which are desirable for the formation of such complexes.

Among the

chelating agents found to possess the desirable properties were the
tropolone ion, T, and aminotroponimine, A.

These bidentate ligands

possess a copianar ring structure and therefore, are rather compact.
The considerable stability found in many of the complexes is perhaps
due to a delocaliaed TT-system in the ring.

Structures of these

ligands are shown below:

C Hj
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Coordination numbers ranging from 4 to 10 wit h a variety of
metal ions have been obtained.

The central metal ion has been varied

from first row elements through some of the actinides.

Some of the

complexes formed with these ligands are cationic, some are anionic, and
some are neutral.

Their synthesis, structural properties, and

physical properties are reported in detail (9,69-72).
It was found that coordination number is a function of ion
size, ion charge, and the reaction conditions.

In general, ions of

low charge and small ionic radius give coordination numbers of 4 or

6 , while high charge, +3 or higher, in polar solvents with an ion
f
size greater than

0 .70& in diameter give coordinations numbers of

7,8 or even 10.
fv-r scandium and the rare earths both the tris(tropolonates)
and the tetrakis(tropolonates) were prepared.

In each case the

tropolone ion was introduced into the reaction mixture as the
sodium salt.
was formed.

When the solvent used was methanol, the tris-complex
However, in a more polar solvent, acetronitrile, the

sodium salt of the tetrakis anion was isolated, Na+ (MT^) .
A complete hydrolysis study (69) shows the tropolone
complexes to be stable in acidic or neutral solutions, but they
hydrolyze readily in strong basic solutions.

The attack of the

hydroxide occurs initially on the ligand rather than the central
metal ion.
Attempts were made by Muetterties and Wright (70) to
extend the study of tropolonates to tervalent metal ions other than
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the rare earths.

However, sodium tropolonate gave no reaction with

iron(III), gallium(III), and rhodlum(III) salts.
Two vanadium complexes of tropolone (70) were reported by
these researchers.

The reaction of vanadlum(V)oxychloride and

tropolone yielded a dark green octahedral complex, VOCIT^.

This

complex showed an absorption band in the infrared region of the
'
_i
spectrum at 970 cm
which they assigned to the V=0 stretching
frequency.

Reaction of the VOCIT^ with sodium propionate gave an

apparently seven-coordinated species in which the V=0 band was
shifted to 930 cm
formula V O T ^

The analyses of this complex gave the

®ut no further evidence for this formulation was

produced.
Selbin and Vigee (10) report two other vanadyl tropolone
complexes.

Using VOSO^ * AH^O and tropolone in a 1:2 molar ratio

in methanol, VOT^ was prepared.

Based on solubility, Infrared,

and magnetic susceptibility measurements, the authors concluded
that the tan complex formed by this reaction is a polymer, probably
a dimer.

The v(V=0) was assigned to a strong peak located at

98A cm ^ in the IR spectrum.
A monomer containing tropolone complexes to the vanadyl
Ion was obtained by Selbin and Vigee (10) by adding pyridine to the
VOT^ polymer in a quantity sufficient to dissolve the solid.

The

addition of petroleum ether produced crystals which analyzed as
VOT^ * py.

The researchers showed by the Infrared spectrum that
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the pyridine was in the sixth position below the oxygen.

The V=0

stretching frequency was lowered to 950 cm ^ by the presence of the
pyridine in the sixth position.
Muetterties and Wright reported an absorption peak for the
rare earth tris(tropolonabes) in the 1600-1500 cm * region.

This

peak was not observed in the tris(tropolonates) of gallium, iron,
chrominum, and aluminum.

The band was ascribed to a carbon atom

movement characteristic of polymeric metal tropolonates.

No further

information is given to elucidate the expression "carbon atom
movement".

Selbin and Vigee (10) reported a band in the same

region for the VOT^, but it was absent in the spectrum of VOT 2 * py.
Niobium tetrachloride (73) reacts with tropolone in carbon
tetrachloride in the presence of bases such as triethylamine, to form
a neutral eight-coordinated complex.

The spectrum in the visible

region was obtained but was not reported in the communications.
Muetterties et al. had also prepared an eight-coordinated complex
of niobium, but they had reported it as a cation (Nb T^)

.

The

cationic structure was found to be easily oxidized to NbOT^, but the
exact structure of the oxidized form was not unambiglously determined.

III.
(A)
1.

PREPARATION AND CHARACTERIZATION OF COMPLEXES

Apparatus
Elemental Analyses
Certain analyses were determined by a commercial laboratory,

Galbraith Laboratories,

Inc. of Knoxville, Tennessee*

of analyses was not specified by the laboratory.

The method

In general, the

vanadium, phosphorus, and chloride were done commercially.

Other

analyses were done in the laboratories of Louisiana State University.
Mr. R.L. Seab used a Carbon-Hydrogen Analyzer manufactured by Coleman
Instruments, Corp. Maywood, Illinois for the determination of carbon
and hydrogen when this was all that was requested from him.

If

nitrogen was also requested, Mr. Seab employed an Elemental Analyzer,
Model 240, manufactured by Perkin-Elmer, Corp., Norwalk, Connecticut,
for the analyses of carbon, hydrogen, and nitrogen.

2.

Infrared Spectra
A Beckman Model IR-7 Spectrophotometer, made by Beckman

Instruments,

Inc. of Fullerton, California, was used for obtaining

spectra in the region from 4000 to 650 cm
prism-grating instrument.

This is a double beam

A prism is used for the initial dispersion

of the spectrum into broad bands which are then further resolved by
a grating.

The specifications on the instrument indicate a resolution

of 0.3 cm * and a frequency accuracy of ±2.0 cm
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Solid samples
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were run in a mull which was placed between sodium chloride pi ares.
The mull was prepared by grinding the solid with Nujol, a heavy
liquid mixture of hydrocarbons commonly known as mineral oil.
Preparation of the mulls was carried out in a polyethylene glove
bag which had been flushed and then filled with dry nitrogen.

The

plates were then transported to the instrument room sealed in a
nitrogen filled polyethylene bag.

In spite of these precautions

traces of oxidation were observed in most samples.
from 600 - 300 cm \

a Beckman IR-10 was used.

is a double beam grating instrument.

For the region

This instrument

The samples were run in

Nujol mulls pressed between cesium iodide places.

The samples were

prepared and handled in the manner described above.

3.

Electronic Spectra
The instrument used for the recording of the optical

spectra was a Cary Model 14R Spectrophotometer.

The spectra

recorded at room temperature were solution spectra using reagent
grade or spectrochemical grade solvents.

No further solvent

purification was done, but most of the dissolved oxygen was removed
b y continuous bubbling of nitrogen through the solvents for periods of
a half-hour or more.

Under these conditions the solutions remained

stable for a period of about twelve hours.

One centimeter quartz

cells were used, and a solvent vs solvent base line was run for each
solvent used.

The region of observation began at 5.5kK and extended
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until either the solvent or the concentration of the sample made
observation no longer possible.

At this point the sample was diluted

and the observation range extended to 40kK.
The same spectrophotometer. Cary Model 14R was used for
the determination of spectra at 77°K.

The top plate to the sample

compartment of the instrument was removed and replaced with one
through which an optical dewar with quartz windows could be inserted
into the sample compartment.

The sample was ground into a mull with

N u j o l , then spread upon filter paper and taped to a brass plate over
a hole in the plate two centimeters in diameter.
prepared in an oxygen-free atmosphere.

The sample was

Liquid nitrogen was placed

in the dewar and the brass plate was inserted so that the liquid
nitrogen covered the sample.

After the equilibrium temperature

was reachedf some of the nitrogen was removed so that the liquid
level was below the sample and then the dewar was stoppered loosely.
In this way the nitrogen bubbling did not Interfere with the spectra,
yet a sufficient amount was left to both maintain the temperature
and to keep the atmosphere free of oxygen.

The dewar was placed

in the sample compartment and adjusted so that the sample was in
the light beam.

Nitrogen gas was passed through the sample

compartment to prevent the condensation of moisture in the air
upon the windows of the dewar.
used in the reference beam.

Nujol smeared on filter paper was

4.

Magnetic Susceptibility
3Vo methods were used for obtaining magnetic moments of

the samples.

If a suitable solvent could be found in which r.h^

compound was stable, then the magnetic susceptibility was
determined by NMR measurements.

The NMR spectra were recorded on

a Vartan A60-A NMR Spectrophotometer, manufactured by Varian
Associates of Palo Alto, California.

The sample tube was a coaxial

tube containing a small diameter tube centered inside a normal size
N M R sample tube.

These special tubes were purchased from Wilmad

Glass Company, Buena, New Jersey.
nitroinethane and

A mixed solvent containing 90%

10% methylene chloride by v. L .'.me was used to

dissolve the sample.

Some of the solvent mixture was placed in the

inside tube, and the solution containing the sample was placed in
the space between the two tubes.
50 cps sweep.

The spectrum was recorded at a

This resulted in a splitting of the CH^Cl^ peak due

t o the paramagnetism of the compound in solution.

The number of cps

displacement of the solvent peak in the solution compared to the
diamagnetic solvent was used to calculate

the magnetic susceptibilif

of the compound according to a method developed by D.F. Evans (8).
If the compound was insoluble in all of the suitable
solvents available, or if it was unstable in all of the solvents that
could be used to determine the magnetic moment by the above method,
then the Gouy method was used on the solid.

In accordance with this

method, the sample was packed in a glass tube with an inside diameter
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of 3 ran.

The tube was weighed both in and out of a magnetic fi^ii

above 3000 gauss.

The apparent change in mass is related to thti

magnetic susceptibility of the compound.
The balance used was an Ainsworth type BCT with magnetic
damping.

The sensitivity of the balance was 0.05 mg.

The magnetic

field was provided by a model AL7500 Electromagnet manufactured by
Alpha Scientific Laboratories, Inc. of Berkely, California*

The

magnet poles were four inches in diameter, and the air space between
them measured 1^ inches.

A variable output power supply was connected

to the magnet, and according to the manufacturer, when operated at a
current of eight or nine amperes the magneti . f ield strength was
between 5500 and 6500 gauss.

It was found *hat operation of the

apparatus at a nine ampere current for a lengthy period of time
produced overheating and variation in the field strength.
this, operation was limited to short periods of time.

To prevent

The sample

tube used was calibrated for both current settings on the apparatus
and the results obtained suggested that more reproducibility could
be obtained at the lower current strength of eight amperes.
The sample tube used was approximately 18 cm in length and
was divided near the center by a glass partition.

The bottom end

r

was sealed and contained only air.

The top half in which the sample

was uniformly and tightly packed had a larger opening which was
/
threaded.
This end screwed into a cap which was attached to the
valance beam with a nylon thread.

The length of the thread was

adjusted so that the glass partition was located in the center of
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the magnetic field.

Movement of the sample tube by air currents was
I
prevented by a larger glass tube, 2 inches in diameter, whi -h
exteneded from the balance to a point below the end of the sample
tube.

Packing of the tube with the sample was accomplished in a

nitrogen atmosphere to prevent oxidation of the vanadium during
the sample preparation.

5.

Mass Spectra
The mass spectrographs reported in this dissertation were

obtained by Mrs. Cheryl White of the Louisiana State University on
a Varian model M -66 manufactured bv Varian A.->- elates of Palo Alto,
California.

6.

Equivalent Conductance
Conductivity measurements were made using a model RC 16

conductivity bridge manufactured by Industrial Instruments, Inc.
Constant temperature was maintained by a thermostatically controlled
oil bath set at 25°C.
dimethylformamide.

The solvents used were nitromethane and

The nitromethane was a spectrograph!; grade

and the DMF was reagent grade.

Both were redistilled prior to use.

The conductivity cell constant was determined by using a
10

•4

M aqueous solution of KC1.

It was determined to be 0.301.

This was in good agreement with the cell constant determination
previously made by Harry Pence (74).
of 0.295.

He reported a cell constant

The formula used for calculation of the constant was:
1/R = constant * K

....1
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where R is the resistance of the solution In ohms and K Is the
specific conductance of KC1 in water at 25°C.
t

7.

Differential Thermal Analyses and Thermogravlmetrlc Analyses
A Dupont Model 900 Differential Thermal Analyzer,

manufactured by Dupont, Inc. of Wilmington, Delaware, was used
for the recording of DTA curves.

For the thermogravlmetrlc analyses

the same instrument was used with the attachment of a Dupont Model
950 Thermogravlmetrlc Analyzer, manufactured by the same company.

(B) Theory of Magnetic Susceptibility
There are several good books whi .h give a very complete
discussion of the theory of magnetic susceptibility.

In particular,

the reader is referred to the works of Van Vleck (75) and of Figgis
(76) for detailed treatments of magnetism In complex ions.

Very

understandable and less theoretical treatments are given in text
by Day and Selbin (77) and that by Drago (78).

For better

understanding of the methods used here for the determination of
effective magnetic moments, a brief discussion of the theory is
presented.
When a substance is placed in a magnetic field,

there is

a magnetic induction produced within the substance which differs
l
from the free space value of the applied magnetic field.
This
difference can be related by the equation:
B = H

o

+ 4nl

....2
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where B Is the induced magnetism, H q is the applied magnetic field,
and I is the "intensity of magnetization" or the magnetic moment:
per unit volume.

Dividing the expression by H^, the equation

b ecomes:

B/H

= 1 +

o

4 ttK

....3

and B/H q is referred to as the magnetic permeability of the
substance.

K is a measure of the susceptibility of the substance

to polarization by the field.

It is called the magnetic

susceptibility per unit volume.

A mere us^r*-I term is the specific

magnetic susceptibility, x» which is related to K and to the density
of the substance:

x = K/d

....4

The molar magnetic susceptibility is then given as:

M = ^

.. . .5

where M is the molecular weight of the substance.
Opposing this magnetic induction, or this tenden-.y of
the molecules or atoms to align themselves with the applied magnetic
field, is the thermal energy which causes random distribution.

Except

at very low temperatures the thermal energy available to the system,
kT, is larger than the magnetic forces within the system.

Consequently,

the population of the aligned particles is small and the magnetic
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susceptibilities of substances are small.

Due to the small population

of the aligned particles, the interaction between adjacent magnetic
dipoles occurs in only a reladuely few cases and thus, such a material
is said to be magnetically dilute*

Magnetically concentrated substances

exhibit more complicated magnetic behavior, either ferromagnetism or
antiferromagnetism.
In the complexes of vanadium that are discussed here only
the properties of magnetically dilute compounds are observed.

There

are two types of magnetic behavior which may be apparent in
magnetically dilue substances.
Diamagnetism arises from M e motion of electons in the
closed shells and is opposed to the applied field.

Diamagnetism

has a negative effect upon the magnetic susceptibility of a compound.
Since all atoms have electrons, all substances have diamagnetism,
and in large molecules this effect may be appreciable.

The

diamagnetism of a molecule is assumed to be the summation of the
diamagnetism of all the atoms in the molecule plus the diamagnetic
effect due to the electrons in the bonds.

By examining a large

number of molecules and atoms Pascal (63) arrived at a list of values
for

atoms, ions, and different kinds of bonds.

These values are

known as Pascal's Constants and are available in Selwood's book,
Magnetochemistrv (79).
Magnetic susceptibility values reported in this dissertation
are corrected for diamagnetic effects according to this table of
Pascal's.constants by a summation process.

Since diamagnetism is

independent of both temperature and the applied magnetic field, no
f urther correction to the values given in the table is required.
Particles which contain unpaired electrons possess a
permanent magnetic moment that arises from the spin and the
angular momenta of the unpaired electrons.
be atoms, ions, free radicals, or molecules.

These particles may
Alignment

of

paramagnetic substances in an applied magnetic field is in the
same direv:tion as the field.

Therefore, paramagnetism contributes

positively to the magnetic susceptibility of the substance.

It is

independent of the strength of the applied magnetic field but is
dependent upon the temperature.

Since thermal energy tends to oppose

alignment with the field, the magnetic susceptibility is inversly
proportional to the temperature; according to the Curie-Weiss Law:

where C is the Curie constant and Q is the Weiss constant.

These

constants are determined by temperature studies of the magnetic
properties of Individual substances.
When discussing magnetic properties of complex ions, the
most usual practice is to use the term "effective magnetic moment"
rather than magnetic susceptibility.

These two values are related

in the following manner:

^eff =

****7
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where N is Avogadro's number, B is the Bohr Magneton, and kT is
{

the thermal energy of the system.

If the constants are factored

out and reduced to a single value, the equation is:

M*e f j =

2-84Cxmt )^

and the unit of u ^ is the Bohr Magneton.
eff
For most of the first row transition metals which have
less than half-filled d orbitals, the orbital angular momentum
contribution to the paramagnetism is very small.

For these metals

and their complexes the magnetic moment is usually very close to
the value due to spin effects only.

This value is known as the

spin-only value and can be calculated from the expression:

p>e ff - |_4S<Sfl)]%

where S is the total spin quantum number.

....9

For vanadium(III) which

has two unpaired electrons the spin-only value is 2.83 B.M.

The

observed effective magnetic moment for most V(III) complexes falls
in the range of 2.5 - 2.9 B.M. (28).

1.

Gouv Method
For the most part determination of magnetic susceptibilities

for the purpose of this study was made by the Gouy method (79).

A

cyclindrical sample of the material is suspended from a balance beam
such that half of the sample will be between the poles of a magnet
with a large field strength, and the other half will be in a region

46
of negligible field.

When the field is applied, the resultant force

upon the sample will be:

f - %K H 2 A - g fip

where A is the
strength, K
and

....10

cross-sectional area ofthe sample,

is thevolume susceptibility, g is

H is the

field

the force of gravity,

is the apparent weight change of the sample when it is measured

with the field on, then with the field off.
Powdered sanples are measured by packing them into a
cyclindrical tube.

Correction must be made for the susceptibility

of the glass and for the weight and susceptibility of the air in
the enpty tube.

If measurements are made at a constant field, the

above equation becomes:

V

*g

Again

=

c * AW
w

« i i • 11

is the apparent weight change, w is the weight of the

sample,and c is a calibration value for the sample tube.

Using

a substance of known high paramagnetism, ferrous ammonium sulfate,
/

the constant for the tube used in this experimental work was
determined.

Then using this calibration value for the tube,

magnetic moments of other complexes were determined.

2.

NMR Method
In some cases where the complexes studied were stable

in solution, the effective magnetic moment was determined in solution.

This is generally a more accurate method since it eliminates the
error due to inconsistent packing of the sample tube, and assures a
more random directional distribution of the particles.

An excellent

method for determining magnetic moments in solution is described
by Evans (8).

This method employs nuclear magnetic resonance

techniques, and has the advantage of requiring only dilute solutions
and a very small quantity of the solution.
The method is based upon the principle that the position
of a proton resonance spectrum of a molecule is dependent upon
the bulk susceptibility of the medium in which the proton is found.
The chemical shift of a proton resonance line of an inert substance
due to the presence of a paramagnetic ion is given by the expression

f

where

O

- I 31 <*v - Xv'>

6^ is the shift, vq is the applied magnetic field, ^

is the

volume susceptibility of the solution containing the paramagnetic
ions and

is the volume susceptibility of the reference

solution,
A concentric tube is used for the measurement.

The

solution containing the paramagnetic ion is placed in the inner
tube and the solvent is placed in the annular section of the tube.
The solvent chosen must be one which gives a single proton resonance
line.

When the sample cell is placed in the magnetic field, two

resonance lines will be observed.

The splitting is due to the
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effect of the paramagnetic ion on the solvent protons.
The mass susceptibility of the dissolved substance can then
be calculated from the following relationship:

-

3&V

,

,

do ds

~ 2tty m ^ o ^ - o m

,„

••••

o

6V is the separation in cycles per second between the two resonance
lines, v

o

g/ml,

is the field, m is the concentration of the solution in
*
is the mass susceptibility of the solvent, dQ is the density

of the solvent, d g is the density of the solution.
In practice, the last term is ve rv $mall and can be
neglected, since the densities d and d
*
o
s

ar-. so close in value and

their difference is very small compared to m.

(0)
1.

Tropolone Complexes of Vanadium(III.IV.VI
Preparation of VT^CHT)Cl:

Fifty milliliters of reagent grade

benzene was deoxygenated by passing dry nitrogen through the benzene
for a period c£ thirty minutes.

Tropolone and anhydrous vanadium

trichloride were then added to the benzene under cover of dry
nitrogen.

Exact weights of the reagents were very difficult to

obtain under conditions that would assure that no oxidation would
take place, therefore 5.0 grams (0.041 moles) of tropolone was
added to the benzene first and stirred until all of it was in
solution.

The VCl^ weight was only approximated, but care was taken

so that the weight would be less than 1.0 grams (0.006 moles).

The
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mixture was then allowed to stir In a nitrogen atmosphere for fortyeight hours.

At intervals the system was flushed with nitrogen.

The

precipitate formed was filtered off and washed repeatedly with benzene
to remove any unreacted tropolone.
then dried In a vacuum.

The dark green crystals were

Recrystalllzatlon was not possible because

It was found that the complex oxidized very easily in solution.
The compound was soluble in methylene chloride, acetone,
chloroform, acetonitrile, nitromethane, tetrahydrofuran,
dimethylsulfoxide, and dimethylforraamide.

It was slightly soluble

in cyclohexanol, and Insoluble in water, benzene, hexane, and
o-xylene.
A qualitative test for chloride was made by adding aqueous
AgNO^ to a DMF solution of the complex.

The test was negative indicating

that no ionic chloride was present, but a similar test made after
hydrolysis of the complex with KOH followed by acidification with
HNO^ gave a positive test for chloride.
Conductivity measurements made in deoxygenated nitromethane
indicated a slight increase in resistance of the solution when
compared to pure nitromethane.

It was concluded that the complex

is non-ionic.
Magnetic susceptibility measurements were made by both
Gouy and NMR methods.
He^ ( c o r r . )

The results were as follows:

= 2.77*0.05 B . M . ; NMR:

Gouy:

(corr.) = 2.75d0.O5 B.M.

The spin-only value for two unpaired electrons is 2.83 B.M.

It
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should be noted here that the vanadium( 111) complexes which are listed
In Table 111 have magnetic susceptibilities which fall in the range:
2.73 - 2.81 B.M., that is, always on the low side of the spin-.mly
value.
Analyses:

Observed:

7.C - 56.19 (an average of four

preparations), 7.H = 4.04, 7.V - 11.29, 7.C1 = 8.26; calculated for
V T 2(HT)C1:

2.

%C = 56.06, %H - 3.35, 7.V -- 11.30, 7X1 = 7.90.

Preparation of V0T(HX)C1:

in 100 ml of
sixteen hours.

Two grams of V T ^ H T j C l was dissolved

Dry air was pulled through the solution for
To keep the complex in sc'lufKn, methylene chloride

was added intermittantly during the period of oxidation.

Toward the

end of the time period (the volume was permitted to reduce to
/
approximately one-half of the original volume.

The oxidized complex

was then precipitated from the deep blue solution by the addition
of petroleum ether.

The precipitate was recovered by filtration

through a fritted glass disk.

It was washed with petroleum ether

and dried in vacuo.
As with the parent comp >■and, chloride was found
qualitatively only after hydrolysis of the complex in a basic
solution.
Magnetic susceptibility determination was done by the
Gouy method and found to be:

^ ^ ^(corr.) = 1.80±0.05 B.M.

The

spin-only value for one unpaired electron is 1.73 B.M., therefore
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It Is concluded that the oxidation state of the vanadium In this
complex Is +4,
Conductivity measurements were made in nitrobenzene.

The

resistance of the solution and the resistance of the pure solvent
from which the solution was made were the same, 24,500 ohms.

It

was concluded that the complex was not ionic.
(
Analyses: Observed:
XC - 49.04, %H = 3.34, 7.V = 15.26,
7.C1 = 9.13; calculated for V0T(HT)C1:

%C. = 48.68, %H = 3.19,

XV - 14.80, %C1 - 10.28.

3.

Preparation of V T ^ C l :

When VT 2(HT)C1 v *5 heated at 100°C in

a nitrogen atmosphere at a pressure just above atmospheric pressure,
the product produced was dark green crystals, the original confound
having lost one molecule of tropolone according to the reaction:

VT 2(HT)C1

► V T 2C1 + HT

....14

The product of the heating process is just slightly lighter in
color than the original tropolone complex.

The reaction given

above was confirmed by recovering the tropolone in a sublimation
apparatus and identifying the crystals by their melting point.
A qualitative test for chloride indicated that no ionic
chloride was present.

But hydrolysis in a KOH solution produced

a solution which did give a positive test for chloride when silver
nitrate solution was added.

However, the hydrolysis in KOH solution

had to be carried out at 100°C in order to get a positive test for
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chloride*

From this it was concluded that the chloride is more

tightly bound in this complex than in the parent compound,
VT 2(HI)C1, or in the vanadyl complex, VOT(HT)Cl.
A solution of this complex, VTjCl, in nitromethane had
a resistance of 24,600 ohms compared to that of pure nitromethane
of 24,500 ohms.
differences.

The difference was most probably due to temperature

The compound was concluded to be non-ionic.
t

Analyses:
for VT^Cl:

4.

Observed:

%C = 51.14,

Preparation
of V0T_C1:
---------------2—

—

%C - 51.63, %H = 3.11; calculated

- 3.05.

In 100 ml of C'.'.4 xhlch had been

distilled, 0.04 moles of tropolone was mixed wLch 0.01 moles of
VOC'l 2 and 0.01 moles of triethylamine.

The reaction occurred

immediately, but the mi>t£jre was allowed to stir overnight to
assure the completeness of the reaction.
w*s formed.

A black precipitate

The triethylamine acted here as a base to remove

the hydrogen from the tropolone and to thereby give a larger
concentration of tropolone ion in solution.
The precipitate was recovered by filtration and washed
repeatedly with carbon tetrachloride.
soluble in CCl^ and in benzene.

The compound is slightly

It is soluble in acetone, methylene

chloride, and nitromethane, but it is insoluble in water.
Conductivity measurements were made in nitromethane and
in nitrobenzene.

The concentrations of the solutions were as

follows:

VOT^Cl In nitromethane, 4.64 x 10 ^ moles/1) VOT^CI in

nitrobenzene,
as follows:

3.71 x 10

-4

moles/1.

Resistance measurements were

spectral grade nitromethane,

solution in nitromethane of same grade,

1.07 x 10^ ohms;

3.5 x 10

4

data calculate to give an equivalent conductance,

2

ohms.

<Yi

These

i\, equal to

2

1 2 . 5 an ohas. This

value is very low compared to a value of 119 cm ohms

o
*4
i
for KI in nitromethane at 25 C at a concentration of 10
moles/1
(81).

For the determination in nitrobenzene, resistance measurements

were as follows:

pure

in nitrobenzene,

nitrobenzene,

2.7 x 10^ ohms.

2.6 x 10^ohms;VOl^Cl solution

These data give an equivalent

2

conductance, N, equal to 3.2 an ohms,which is very low compared to a
1:1 electrolyte, Ag(ClO^) at the same temr--..r
of 38.4an^chms(83).

are and concentration,

These results indicate that there is slight

dissociation of the complex in solution, but not enough to consider
it an ionic compound.
It is noted here that the percent composition is such that
this product may be the same as the oxovanadlum(IV) product, V0T(HT)Cl
however, evidence will be offered in the discussion section to prove
that these two compounds are net the same.
Magnetic susceptibility measurements by the NMR technique
showed this complex to be diamagnetic.

To confirm this, a solid

sample and one in a solution of nitromethane were checked for an ESR
signal, and none was found.
recorded as 176°C.

The decomposition temperature was
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Analyses:

Observed:

%C = 49.29, %H = 3.52, %V = 12.71,

%C1 = 10.89; calculated for V0T 2C1:

%C = 48.77, %H = 2.90,

%V = 14.80, %C1 = 10.30.
It should be noted here that the vanadium analysis, which
was done on a single sample by a commerical laboratory,
an absolute value of 3%.

is low by

However, this is not low enough to change

the vanadium-tropolone ratio in the sample,
formula would seem to be correct.

therefore the proposed

From the carbon and hydrogen

results it would appear that the sample sent for analyses must
have contained some unreacted tropolone.

5.

Preparation of V0FT„ :

This complex was prepared in the same

manner as the foregoing complex except that VOF^ was used as a
reactant in place of VOCl^-

The same molar ratio of VOF^ to

tropolone to triethylamine was used, viz.,
product formed was black,

1:4:1.

The solid

but in nitromethane solution it appeared

to be greenish-yellow if concentrated, or yellow in very dilute
solutions.

The complex is diamagnetic as confirmed by the NMR

method for measuring susceptibility and by the fact that no ESR
signal could be detected on either a solid sample or one in
nitromethane solution.
Conductivity measurements were made in nitromethane.
Spectral grade nitromethane gave a resistance reading of
1.07 x 10

5

ohms.

A 4.69 x 10

-4

M solution of V0FT 2 in the same

grade nitromethane gave a resistance reading of 1.09 x lO’’ ohms.
The slight increase was probably due to small differences in
temperature.

It was concluded that the compound is non-ionic.

The complex is very unstable thermally.
sublime at temperatures below 100°C.

It appears to

The DTA and the TGA of this

complex will be discussed later.
Analyses:

Observed:

7,C = 49.00, %H = 3.52, %V = 15.11,

%F = 6.44; calculated for VOFT2 :

%C - 51.22, %H = 3.05, %V = 15.54,

%F = 5.79.

6.

Reaction of VCl^ and Tropolone:

in freshly distilled

CCl^ was prepared in a dry box in which there

was a nitrogen atmosphere.
was pipetted into 50
tropolone.
1:4.

A 10% solution of liquid VCl^

Ten milliliters of this

solution

ml of CCl^ which contained 2.0 grams of

The molar ratio of VCl^ to tropolone was approximately

A reaction took place immediately, forming a black precipitate.

However,

the mixture was allowed to stir in a dry nitrogen atmosphere

for a period of fifteen hours.

The precipitate was then removed

by filtration and washed repeatedly with dry, freshly

distilled

CC1,, and dried in a vacuum.
4
The complex formed is insoluble in CCl^, benzene, and
water.
acetone.

It is soluble in nit rennet hane, methylene chloride, and
Conductivity measurements were made in spectral grade

nitromethane with results as follcws:

nitromethane, 8.80 x

10^ ohms;
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0.0057 grams of complex dissolved in

50 ml of nitromethane,

It was concluded that the complex is

non-ionic.

8.7 x

10^ ohms.

The thermal stability of the complex appeared to be somewhat
greater than that of other tropolone
melting point tube.

complexes when observed in a

The decomposition occurred at 185°C.

A number of analyses were done on this complex with varying
results.

On the first preparation the values for the percent carbon

obtained were:

38.637., 42.107., and 37.607.; hydrogen results were:

3.257., 2.50%, and 3.40%; one vanadium analysis gave;
three chloride analyses gave as follows:

15.76%,

15.287., and

19,207., and 22.60%.

A second preparation was done using VCl^ from a different
bottle provided by the same company, Aldrich Chemical Company.
analyses of this preparation were as follows.

The

7.C = 47.53, 7.H = 3.45.

It was concluded that the VCl^ was not a pure compound and therefore
either our product was a mixture, or further reaction was taking
place after the precipitate was isolated, or perhaps both was
occurr ing.
A magnetic susceptibility was done by the Gouy method
with results as follows:

u, ,,(corr.) = 1.99.
eff

This value is

certainly not reliable since we were only able to approximate a
molecular weight from the analyses, but it is an indication that
the oxidation state of most of the vanadium is still in the +4
state.
A mass spectrum on this material was obtained and will
be discussed later.
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Hereafter, the formula given to the complex will be
V C ^ T ^ i which seems to be a reasonable choice as a major
ingredient in the mixture, although its presence can not be verified
by the mass spectra.
Calculated percentages for V C 12T 2 are:

(D)
1.

%C = 46.15, %H = 2.75.

Discussion of the Tropolone Complexes of Vanadium
Thermal Stability
All of the complexes prepared here having vanadium as

the central metal ion are thermally unstable.

Thus in every case

decomposition occurred before the complex melted.
has a very low melting point.

Tropolone itself

Using a Fischer melting point

apparatus, the melting point was found to be 51°C.

From the

differential thermal analysis (DTA) curve, shown in Figure 4a,
the strong sharp endothermic peak at 53°C is interpreted to be the
melting point of tropolone.

This compound also shows a shallow

broad band at 235°C and a shallow sharp peak at 410°C.

All of these

temperatures have been corrected for the scale correction of the
chromel-alumel thermocouple used as the temperature indicator in
the apparatus.
Figure 4b is the DTA of VT 2(HT)C1.

It is observed that

the first endothermic peak occurs at 129°C and others occur at
170°C,

185°C, 249°C, and 411°C.

This last peak appears to be
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Figure 4

(a)

DTA Curve of Tropolone

in a Nitrogen Atmosphere

(b)

DTA Curve of VT 2(HT)C 1 in a Nitrogen Atmosphere

H

•C
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due to the uncombined

ligand which is present after decomposition

of the complex.

of these DTA curves were run in a nitrogen

Both

atmosphere at a pressure just above atmospheric pressure.
An understanding of the various peaks in the DTA curve
can be obtained by studying the thermal gravimetric analysis (TGA)
curve shown in Figure

5.

nitrogen atmosphere, but
loading of the sample.

This TGA curve was also obtained in a
there was some exposure to oxygen in the

Beginning at a temperature near the melting

point of tropolone, there is a constant weight
of 165°C.

loss to a temperature

This corresponds to a weight loss of 35.87. which can be

explained by the following equation:

V T 2(HT)C1 ---- > VT 2 + HT • HC1 (loss)

15

Thus, a loss of the KT • HC1 enitity would represent a loss in
weight of 35.27..

It is also noted that the changes in the slope

of the TGA curve correspond very well with the temperatures of
the endothermic peaks on the DTA curve.
The DTA curve for the complex, V0T(HI)C1 is shown in
Figure

6 . There is a sharp peak at 60°C and one broad peak

beginning about 100°C and extending over 150 degrees.

The

peak due to the presence of the free ligand which should appear
at about 410°C is not apparent which indicates that in the
decomposition of this complex there is no loss of tropolone.
is confirmed by analyses.

A 1.0 gram sample of V0T(HT)C1 was

This
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Figure 5:

TGA Curve of VT 2(HT)C1 in a Nitrogen Atmosphere
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Figure

6 : (a)
(b)

DTA curve of V0T(HT)C1 in a Nitrogen Atmosphere
DTA Curve of Complex Prepared from VOCl^ and Tropolone
in the Presence of a Base, VO'I^Cl
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heated in a nitrogen atmosphere at 100°C for three hours.

The

weight loss was 10.3% which is equivalent to 35.6 amu out of a
molecular weight of 345.5 amu.

This is very close to the weight

which would be equivalent to one molecule of HC1.
equation which

Consequently,

the

best represents the loss in weight is as follows:

V 0 T(HT)C1 --------- » V O T 2 + HC1

Analyses of the residue was found to be:
calculated for VOT2 is:

16

%C - 54.77, %H = 3.94;

%C = 54.57, %H = 3.25.

The complex, V0T2> is soluble in methylene chloride,
nitromethane, and acetone.

It is insoluble in benzene and in carbon

tetrachloride; and it hydrolyzed in water.
Figure 6b is the DTA curve for the complex VOTjCl, which
was prepared by the reaction of VOCl^ and tropolone in the presence
of a base.

It shows a single endothermic peak at 180°C., corrected

for the scale change due to the chromelalumel thermocouple.

On

comparing this with the DTA curve in Figure 6a, we conclude that
these two complexes are not the same structurally even though the
analyses suggest the same composition.
DTA and TGA studies of the fluorine complex, VQFT2, are
illustrated by the curves in Figures 7a and 7b, respectively.
Observation of the complex while it was heated up to 210°C. revealed
no change in the complex.

However,

it was noted that some condensation
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Figure 7

(a)

DTA curve of VGFT^ in Air

(b)

TGA curve of VGFT 2 in Nitrogen
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appeared on the walls of the melting point tube above the level of
the oil bath.
100° and 250°C.

The DTA shows two broad endothermic peaks between
A sharp peak is found at 379°C corrected.

'Ihis curve

was obtained while heating in an atmosphere of air at standard pressure.
The TGA shows a gradual loss of weight over a long temperature range
which corresponds to a loss of weight comparable to two fluorines.

At

approximately 370°C there is a rapid loss of weight which in percentage
is equivalent to the two tropolones in the molecule.
a leveling off at 207. of the original weight.

At 450° there is

These respective

weight losses confirm the proposed formula of the complex.
The complex prepared from VCl^ and tropolone appears to
be quite stable toward heat when heated in a melting point tube, but
the TGA shown in Figure 8a reveals a loss of weight upon heating from
65°C up.
C^*

At temperature of 250°C, the weight loss is equivalent to

The tropolone molecules are lost upon further heating.

can see that the weight loss is continuous.
the DTA (Figure 8b) which has no sharp peaks,

One

This is confirmed by
but rather broad

endothermic peaks.

2.

Infrared Studies of Tropolone Complexes
Three regions of the spectra in the infrared region have

been helpful in determining the composition and structure of these
tropolone complexes of vanadium.

In the 300-700 cm ^ region we

generally find the metal-ligand vibrations.

Therefore,

it is in this
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Figure 8

(a)

DTA Curve of Product from Reaction of VCi^ and
Tropolone

(b)

TGA Curve of Product from Reaction of VCl^ and
Tropolone
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region that we would look for evidence of vibrations within the
molecules that are due to the presence of the vanadium-halide bonds.
The IR spectra of tropolone and the tropolone complexes of vanadium
which have been prepared are shown in Figures 9 and 10.
is the spectrum of the tropolone ligand.
are no'

Figure 9a

It is observed that there

absorption bands in the 500-600 cm * region.

There are

peaks at 330, 350, 380, 440, and 480 cm *.
Duckworth, Fowles and Williams (48) used the infrared
spectra in this region to determine the structural characteristics
of the dialkylsulfides of vanadium(III).
424-444 cm * to the V-Cl stretching.

Th-=y assigned bands from

Fowles (49) in a later paper

suggests that in a six-coordinated complex, the V-Cl stretching
frequency should be found between 360 and 400 cm *.

He further

stated that the frequency should decrease with higher coordination
numbers.
In the spectra of the tropolone complexes we find all
of the ligand bands except the one at 480 cm \
are new strong bands at 435-440,

In addition, there

540, 560, 590-605, and one or two

shoulders on the high energy side of the band near 600 cm *.
It would be expected that we should find in this same
region, 400-600 cm'*,
the V-0 single bonds.
V-0 single bonds,

the bands due to the stretching frequency of
In order to locate the bands due to the

the infrared spectra of vanadyl acetylacetonate was
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Figure 9 :

Infrared spectra of tropolone complexes in the 400-600 cm
region
a.

Tropolone

b.

vt 2(ht)ci

c.

v t 2c i

d.

V0^HT)C1
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I_____ i
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Figure 10:

Infrared spectra of tropolone complexes in the 400-600 cm
region
a.

V0T 2C1

b.

V C 12T 2

c.

V0FT 2

d.

VO(aca )2

*00

400
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400

FREQUENCY, cm*'
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run under the same conditions as the other complexes.
is shown in Figure lOd.

This spectrum

In the acetylacetonate spectrum there are

strong bands at 360, 490, and 595 cm

There are weak bands at

415 and 550 cm *, and some shoulders on the strong bands at 360 and
490 cm

In this complex the absorption peak at 490 cm \

which is a

very sharp, strong bnad, has been assigned to the V-0 single bond
stretching frequency.

And since the V=0 stretching frequency is

located at approximately

1000 c m * \ all of the other bands in the

400-600 cm ^ region must be due to the ligand.
It would be
in

the vanadyl acetylacetonate would be shifted to a higher

probably above
in

expected that the V-0 peak located at 490 cm ^

550 cm \

in the tropolone complexes.

energy,

Other peaks

the spectra of the tropolone complexes which are located above

500 cm ^ are probably ligand bands which have shifted to higher
frequencies.

The medium strong band in the tropolone complexes which

is found from 435-440 cm ^ is believed to be the V-Cl band.

This

peak is absent in both the tropolone ligand and in the vanadyl
acetylacetonate, and it is located in the region where previous
assignments to this band have been made (48,49).
Muetterties and Wright (9) reported a weak sharp band at
approximately 1590 cm * in the rare earth tris(tropolonates).

It

was ascribed to a carbon atom movement which the researchers
considered characteristic of "polymeric" metal tropolnates.

The
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band was absent in the monomeric species which they prepared.

Selbin

and Vigee (10) also reported a sharp weak band at 1559 cm ^ in the
vanadyl tropolonate, which because its solubility properties
they considered to be a polymeric compound.

Significantly,

the band

was absent in the pyridine derivative of this complex.
The infrared region between 1600-1500 cm * is shown in
Figure 11 (a-g) on the left hand side of the pages.

It is noted

that no peaks occur between 1550 and 1600 cm ^ other than the strong
peak at 1590 present in the ligand.
peak is hidden by

It is possible that the weak

the stronger absorption peak, but the tropolone

complexes prepared were generally soluble in organic polar solvents
which would not be expected for polymeric species.
The right hand side of Figure 11 (a-g) shows the infrared
region of the spectrum between 1000 and 900 cm

In this region

we show the strong sharp band due to the stretching frequency of the
vanadyl group (V=0).

For the tropolnates prepared here which contain

the vanadyl group, this peak is observed at 968 cm

Even in the

complexes which do not contain this group, a smaller band is noted
at this wave number.

This is attributed to oxidation which could

easily have occurred during the preparation of the mull and the
running the spectra.

Though the "Nujol" gave some protection,

seemed impossible to prevent some contamination.
intensity of the peak to the one at 881 cm \

it

By comparing the

which is a ligand peak,
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Figure 11:

Infrared Spectra of Vanadium Tropolonates in the
1600-1500 cm ^ and 1000-900 cm ^ regions
a.

VT 2(HT)C1

b.

V0T 2(HT)C1

c.

VT2Cl

d.

V0T 2

e.

vci 2t 2

f.

V0C1T 2

g-

V0FT 2
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it can readily be seen which complexes contain the V=0 stretching
frequency.

It is noted that the product obtained by the reaction

of VCl^ and tropolone, which is undoubtedly impure does contain a
rather strong V=0 stretching band.

This would seem to indicate that

the impurity present in the VCl^ was the vanadyl species resulting
from the oxidation of the VCl^.

The most probable species is VOCl^*

The infrared data coupled with the magnetic susceptibilities
has permitted the characterization of the complexes as containing
V 3 + , V4 \

3.

V02\

or V03+.

Mass Snectrographic Studies
In an effort to obtain more information on relative bond

strengths, decomposition products, and molecular weights, mass
spectrographic studies were carried out.

Table VI is a summary of

the data obtained on the four tropolone complexes run in these studies.
In the complexes in which a definite empirical formula could be
ascertained there is no evidence for masses higher than the proposed
molecular weights.

From this we conclude that the vanadium(III) and

vanadium(V) complexes are monomers.

In the spectrum of the complex,

V T 2(HT)C 1 , the parent peak is observed.

But this was not the case

for the complex formed by oxidizing the above tris-tropolonate and
for the VQFT 2 compound.

In all of these spectra it appears that the

halogens are more readily lost than the tropolone molecule.
is in agreement with the TGA data.

This
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TABLE VI
MASS SPECTRAL DATA OF VANADIUM TROPOLONATES

voTdtnci

VT„(HT)C1
Peak, amu

Relative
Strength

Probable
Fragment

Peak, amu

Relative
Strength

Probable
Fragment

448

weak

vt 3ci+

309

strong

VOT*

415

weak

vt 3h+

122*

med ium

HT*

342

weak

VOT Cl*

94*

medium

309

weak

vot 2

86

weak

294

weak

V T ^

84

weak

122*

medium

HT+

94*

medium

79

medium

C6H 5OH+
VC0+

67

weak

vo+

C4H4°2

VC1 , + Tropolone

Peak, amu

VCFT5
Relative
Strength

309

strong

VOT*

188

medium

VOT

122*

medium

HT+

94*

medium

86

strong

0 H OH*
D j
V0F+

67

weak

VO+

65

C6H5OH+
VC1+

Probable
Fragment

Peak, amu

448

Relative
Strength
weak

Probable
Fragment
VOC1,T*
4 2

V 2C13T 2
VC1T+
413

medium

343

med ium

Above le
1 Cl
,1
V0C1T 2

309

strong

VOT2

188

strong

V0T+

132

medium

122*

med ium

HT+

94*

medium

C,H_0H*
6 5

Peaks found in spectrum of ligand, tropolone.
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The strongest peak, 309 amu,

In both the VO

2+

and the

V0^+ complexes Is the VOT* fragment, which is not unexpected.
all of the spectra the tropolone (HT) mass peak,
medium strength.

In

122 amu, is of

It is not understood why the peak at 188 amu,

probably due to the VOT* fragment is a medium strong peak in the
fluoride compound but is not observed at all in the chloride complexes.
The mass

spectrum of the product obtained from the reaction

of VCl^ and tropolone shows a weak peak at 449 amu which may or may
not be the highest molecular weight particle in the compound
mixture.

There are two possible molecular formulas which could be

assigned to this peak, VOCl^Tj and
found at 413, 343, and 309 amu.

Subsequent peaks are

These values could represent loses of

1,2, and 1 chloride, respectively.

This would tend to support the

molecular formula for the oxo species for the 449 amu peak.

A

molecular weight of 449 amu containing two tropolone ions or
molecules would give a carbon percentage of 37.3% which is very
near to three of the analyses results for this element.

However,

a formula of V0C1.T„ cannot be balanced as to the charge even if
4 2
the tropolone is present as a neutral molecule.

More Investigation

of this reaction is certainly called for.

4.

Optical Spectra
The optical spectra for these tropolonates were recorded

at room temperature in solvents such as methylene chloride,
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nitromethane, and in Nujol mulls.
these spectra.

Figures 12-18 are drawings of

There are only slight differences in the spectra

when measured at room temperature.

The dominant feature is one

broad somewhat asymmetric band centered between 17.0 and 16.0 kK.
In the Nujol mulls a second and third band are seen as shoulders
on the Intense charge transfer band.

In the spectrum of the

oxidized form of the tris(tropolono)chlorovanadium(III) a second
band is seen also as a shoulder.
V

And in the solution spectra of the

complex a shoulder is also noted.

When the complex, V C ^ T ^ ,

was dissolved in methylene chloride, the spectrum appeared almost
identical to the V^+ solution spectra.

Therefore, a Nujol mull

was run at room temperature.

From the differences in the two spectra

it was concluded that the V

complex was being oxidized in solution.

Table VII lists the results obtained from the optical
spectra.

Low temperature spectra were also run, but these will

be discussed later.

5.

Conclusions
Anhydrous vanadium trichloride reacts with tropolone in

an anhydrous, deoxygenated solvent such as benzene or carbon
tetrachloride to produce a tris-tropolonate complex.

However, one

of the chlorides is apparently retained in the first coordination
sphere of the complex.

Magnetic susceptibility data indicate that

the vanadium is still in the +3 oxidation state, therefore in order
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Figure 12

(a)

Optical Spectrum of VTjCHTJCl in Nitromethane at
Room Temperature;

(b)

10 to 25 kK Region

Optical Spectrum of VTjCHIJCl in Nujol mull at
Room Temperature; 10 to 25 kK Region

M

M

M J If

FNtOUKNCV,kK
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Figure 13:

Optical Spectrum of VT^Cl in Acetonitrile at Room
Temperature; 10 to 25 kK Region

20

IB
FREQUENCY, kK
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Figure 14:

Optical Spectrum of V0T(HT)C1 in Methylene Chloride
at Room Temperature; 12 to 25 kK Region
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Figure 15:

Optical Spectrum of VCI 2T 2 in Nujol Mull at Room
Temperature; 12 to 35 kK Region

20

FREQUENCY, kK
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Figure 16:

Optical Spectrum of VC\^£^ in Methylene Chloride at
Room Temperature; 12 to 30 kK Region

29

20

12

IS

FREQUENCY,

kK

10
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Figure 17 :

Optical Spectrum of VOCIT 2 in Methylene Chloride at
Room Temperature; 10 to 25 kK Region

Fitmzd a* fizc&lvzd

w i t h o u t F i g u o e 7 7.
UWIl/ERSITV MICROFILMS.

82

Figure 18:

Optical Spectrum of VOFT 2 in Methylene Chloride at
Room Temperature;

12 to 25 kK Region

f t ------------ft------------f t r ^ ------------ f t ------------f t

FREQUENCY, kK
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TABLE VII
OPTICAL SPECTRAL DATA OF VANADIUM TROPOLONATES
AT 25°C IN CM "1

Complex

Solvent

V1

v2

v t 2(ht)ci

ch 3no 2

16,800

v t 2(ht)ci

Nujol

16,000

(22,800)

VOT(HT)Cl*

ch 2c i 2

16,800

(25,750)

v t 2c i

c h 3c n

19,600

v c i 2t 2

Nujol

13,700

19,600

vc i 2t 2

ch 2c i 2

16,500

(25,600)

vot 2ci**

ch 2ci 2

16,500

VOFT 2 * HF

ch 2ci 2

16,800

★

Prepared by oxidation in solution of VT 3C1.
Prepared by the reaction of V0C1 3 and tropolone

v3

(23,200)

30,000
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to balance the charge, one tropolone molecule must have retained a
hydrogen.

Conductance data shows that this complex is not ionic, so

one would conclude that the chloride and all three tropolones are
coordinated to the vanadium.

It might be that one tropolone is

coordinated

through only one of its two oxygen atoms and that the

hydrogen is

retained attached to the oxygen which is not coordinated.

This would give the expected coordination number of six.
would then be formulated as:

V^CHlJCl.

The complex

Of course, it is also possible

and in fact

intriguing,

that even the protonated neutral tropolone

acting as a

bidentate ligand which would give the vanadlum(III) a

coordination number of seven.

While this would be most unusual,

is

it

would certainly be possible with this particular ligand.
The compound loses one tropolone upon heating, to form
VTjCl, apparently a five coordinated species.

Five-coordinated

complexes of vanadium(lll) are not uncommon, however, those reported
(48-50) all appear to be trigonal bipyramids.
formula, VCl^L^*

They have the general

The ligands are all monodentates and are located

in the trans axial positions in the molecule, with all three chlorides
in the equatorial plane.
in this tropolone complex,

Since there is only one chloride present
it seems likely that the oxygens would

all be in equivalent positions in the structure, thereby forming a
square pyramidal structure with the chloride at the apex position.
This structure is further supported by the visible spectra which was
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run in Nujol and in acetonitrile, a coordinating solvent.

In the

square pyramidal structure the sixth position which is belcw the metal
ion and trans to the chloride ion would very likely be occupied by a
strong coordinating solvent causing a shift in the principle absorption
peaks in the visible region of the spectrum.

This shift was observed

to be toward a higher energy and of a magnitude of 3700 cm

These

data are not conclusive, and further study is need to confirm this
structure, but if the complex, VT^Cl, turns out to have a five-coordinated
square pyramidal structure,

it would be the first reported example of

such a structure for a vanadium(III) compound.
Both of these tropolone complexes of vanadium(IIl) can be
oxidized to vanadyl(IV) compounds.

The following diagram summarizes

both the thermal decomposition and the oxidation reactions:

vt 2(ht)ci ---------------------------- ►
A

V0 T 2(HT)C1

vt2ci

VOT 2

From these reactions it would appear that two of the tropolones
are more tightly bonded than the third, and that the chloride is
lost only in forming the very stable vanadyl(IV) tropolonate, V0T2 .
All of these complexes decompose upon heating to temperatures below
200°C.

All are stable in slightly acidic deoxygenated solutions, but

they hydrolyze readily in basic solutions.
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VCl^ and tropolone also react in anhydrous carbon
tetrachloride to give a very good yield of a black or very dark
green precipitate.

Conductance measurements on this complex in

nitromethane Indicated that it is non-ionic.

The TGA shows that

upon heating there are chlorines lost before any tropolone is
released.

The infrared shows the presence of the V=0 stretching

frequency, and this is supported by the mass spectrographic data.
The two most intense peaks in the mass spectrograph or the 309 amu and
the 188 amu.

These two peaks correspond to the fragments VOT* and

VOT*, respectively.

Based on these data it is concluded that the

VCl^ used in this preparation was not a pure compound and that
there is contamination from VOClj*

This would result

in a mixture

in the product which could not be purified because the solubility
properties are too similar.
V0C1 3 and VOF^ also react with tropolone in the presence
of a base such as triethylamine.
formulated as follows:

The complexes formed have been

VOCIT 2 and VOFT 2 *

The chloride was

previously obtained in a slightly different reaction mixture by
Muetterties and Wright (9).

It would seem most probable that

these

are octahedral structures with the oxygen and the halogen trans to
each other, and the oxygens in the ligand lying in or near the plane
of the metal ion.
strong,

The infrared spectra of these complexes show a

sharp peak at 968 cm ^ for the chloride and 965 cm ^ for

87
the fluoride.

These bands have been assigned to the V=0 stretching

frequency, thereby establishing that the oxygen is multiply bonded,
but with a somewhat weakened bond due to the ligand trans to the oxygen.
In complexes such as vanadyl acetylacetonate in which there is no
atom in the sixth position of the octahedron,

the V=0 stretching

frequency is usually found about 30 cm ^ higher (77).
The TGA of these complexes indicate that the halogens
are lost first upon decomposition when heated to temperature above
150°C, which points out that the halogen bond is the weakest of the
b onds.
Muetterties and Wright

(72) have stated that the properties

necessary for an ion to form complexes with coordination numbers
higher than six are large size and high charge.

They prepared a

series of complexes (9) with the coordination number of eight with
ions in the +3 oxidation state.

The metal ions were scandium and

the rare earths, and the complexes had the general formula, Na+ (KT^)
Seemingly, the charge on the vanadium ion is sufficiently high for
the formation of high coordination numbers.
Muetterties and Wright

(72) also studied ion size as a

criteria for the formation of complexes with high coordination
numbers.

They concluded that the ionic radius of the metal must not

be less than

0 .68X in order for the ion to have a coordination number

higher than six.
radius,

This value was based on the fact that Ti

4+

0.68^) achieves a coordination number of seven in the

(ionic

.
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compound TiT^Cl (9), but Ga^+ (ionic radius, 0.62&) does not seem to
form complexes with coordination numbers higher than six,
It may be noted that the ion size for V^+ has been given
as 0.74^ (80) which is above that stated as a minimum requirement
by Muetterties and Wright.

Therefore, according to the criteria

establsihed by Muetterties and Wright, vanadium(III) has the necessary
charge and ion size to form seven-coordinated structures.
In the first paper (69) in this series on tropolone complexes
by Muetterties and Wright, an argument was presented that the tropolone
anion, T, is ideally suited to the formation of high coordination
structures by virtue of its planarity, rigidity and compactness.
It is concluded here that six coordinated complexes of
tropolone will form with V

3+

, VO

2+

, and V

4+

.

Upon heating any

halogens present may be lost to form five coordinated species.

And

in one case, V T ^ H ^ C l j if both oxygens in the neutral molecule are
coordinated, a seven-coordinated complex has been formed.
Table VIII summarizes the data obtained on these complexes.
A comparison of these data with respect to the two complexes which
differ in the proposed formulas by only one hydrogen, V0T(HT)C1 and
VOT^Cl,

Indicates that these two compounds are not the same.

Therefore,

it is believed that the formulas are correct even though

the presence of the hydrogen could not be unambigously determined
by either the elemental analyses or the infrared spectrum.
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TABLE VIII
SUMMARY OF SOME PHYSICAL CHEMICAL DATA ON TRPPOLONAIES
OF VANADIUM

Complex

Oxidation
State

Dec.
Temp,

Corr
ue f f (B.M.)

in
c h 3no 2

v t 2<ht)ci

3

129°C

Gouy = 2. 75
NMR - 2.77

None

VOT(HT)Cl

4

64°C

Gouy - 1.80

None

vci 2t 2

4

185°C

Gouy - 1.99

None

v o t 2c i

5

176°C

dia

None

voft 2

5

80°C

dia

None
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1.

Vanadlum(III1 Complexes with Ligands Having Phosphorus Donor Atoms
Preparation of TrlchloroethvlenebisCdlphe nylphoBphine)vanadium(III) monohydrate
In a mixed solvent containing 50 ml of 1,4-dioxane and

0.5 ml of acetone was dissolved 0.04 moles of ethylenebisfliphenylphosphine).

The solution was deoxygenated by passing dry nitrogen

through the solution for a period of fifteen minutes.

In a nitrogen

atmosphere

0.01 moles of anhydrous VCl^ was added.

All of the VCl^

did not go

into solution immediately, so the mixture was stirred

overnight.

After two hours it was apparent that yellow crystals

were forming, however, the solution still had a purple color.

After

18 hours the yellow crystals were filtered in a nitrogen atmosphere
and washed repeatedly with hot distilled benzene.

The product was

dried in vacuo.
Analyses:
%Cl" = 17.71.

Observed:

7JC = 54.14, %H = 5.33, %P = 10,39,

Calculated for VC1 3(EBDPP)H 20:

%C = 54.45, %H = 4.53,

%P = 10.81, %Cl" = 18.48.

2.

Discussion of Trichloroethylenebis(diphenvlphosphine)vanadium(III)monohydrate Complex
The compound is a mustard yellow in color and it oxidizes

upon standing in the atmosphere to a greenish yellow.
of the complex was measured in nitrobenzene.

The conductivity

The equivalent conductance,

2
A, at 25 C was found to be 3.04 mhos per centimeter.. A 1:1 electrolyte,
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AgClO^ gives an equivalent conductance in nitrobenzene at 25°C of
38.4 cm

2

ohms

-1

(81), therefore this was interpreted to mean that

the EBDPP complex is non-ionic.
The magnetic susceptibility of the complex was determined
by the Gouy method.

The corrected value for the

= 2.84 BM.

This would indicate that there are two unpaired electrons present in
the complex and that the oxidation state of the vanadium is still 3+.
The EBDPP complex of vanadium(XII)

is soluble in nitrobenzene,

methylene chloride, dimethylformamide, and acetone.
soluble in nitrobenzene and DMSO.

It is slightly

It is insoluble in benzene,

tetrahydrofuran, o-xylene, and carbon tetrachloride.

It was observed

that oxidation of the complex in methylene chloride takes place very
rapidly.
For comparison purposes it was decided
of

the corresponding diphosphine dioxide.

to prepare the complex

Since it was noted that

oxidation of the ligand occurred rapidly in methylene chloride
solution, the same reagents in the same quantities were dissolved
in

50 ml of methylene chloride containing 0.5 ml of acetone.

reaction was allowed to stir open to the atmosphere

The

for 96 hours.

At this time a green tint was observed in the yellcw crystals formed.
To Insure complete oxidation, the precipitate was not filtered for
a period of 60 days.

By this time the crystals had become light

green in color and the supernant liquid was completely clear.

The

92
solubility characteristics of the green complex seemed to be about
the same as the yellow crystals.

Data obtained on this compound

was as follows:

a £ (corr.) = 2.21 B.M.

*ef f

A at 25°C

= 6.03 cm^ ohms ^ in nitrobenzene

A study of the two compounds and the ligand was made in
the Infrared region of the spectrum.
the region from 1100-900 cm

Figure 19 shows the spectra in

There is a sharp band present in the

green complex at a frequency at 1004 cm * that is not present in the
ligand or in the tervalent vanadium.complex.
to the V=0 stretching frequency.

This band may be assigned

The presence of this band and the

magnetic susceptibility leads to the conclusion that the green
compound is a vanadyl (VO

2+

) complex.

Figure 20 is the infrared

spectra of the yellow and green compounds in the 1300-1100 cm *
region.
1162 cm

The oxidized form contains a broad doublet band at 1150 and
A broad band in this region has been assigned to the

P=0 stretching frequency (82).

Also, the presence of the water

molecule of hydration was verified by the broad bands which occur
at 1650-1600 cm ^ and at 3400 cm
Based primarily on the data obtained from the infrared
analysis and on the mode of formation,
deduced to be V O C ^ ^ B D D P O ^ )

H^O.

the green complex may be

The elemental analyses support
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Figure 19:

Infrared Spectra in the 1100-900 cm ^ Region for:
Left:
Center:

Ethvlenebis(diphenvlphosphine)
TrichloroethyleneblsCdiphenylphosphine)vanadium(III)monohydrate

Right:

Dichloroethylenebis(diphenyloxophosphine)oxovanad i um(IV)monohyd ra te

1050

1000

1000

FREQUENCY, cm"1

1030

1000
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Figure 20:

Infrared Spectra in the 1300-1100 cm ^ Region for:
a.

Trichloroethvlenebls(diphenylphosphine)vanadium(III)monohydrate

b.

Dichloroethylenebis(d iphenyloxophosphine)oxovanad ium(IV)monohydrate

1 )0 0

1100

FREQUENCY, c m '1

1100
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this conclusion.
calculated:

Observed:

%C = 54.16, 7Ji = 4.86,

= 10.11;

%C = 53.2, %H = 4.44, %P = 10.57.

The optical spectra on these two complexes were run in
Nujol mulls at 25°C.

Table IX lists the bands observed and Figures

21 and 22 shew the spectra as recorded.

(F)

Vanadium(III) Complexes with Nitrogen Donor Ligands and with
Mixed Nitrogen and Oxygen Donor Ligands

1.

Dichlorobis(dipyridyl)vanadium(IIIl Tetrachloro(dipyridyl)vanadate(III)
Fifty milliliters of methylene chloride was deoxygenated by

passing dry nitrogen through it for a period of thirty minutes.
this was added

To

0.01 moles of anhydrous vanadium trichloride and

0.04 moles of 2,2'-dipyridyl.
dry nitrogen at all times.

The mixture was kept under the cover of

Within an hour a precipitate had formed.

The vessel was flushed with dry nitrogen periodically while the mixture
was stirred for approximately eight hours longer.

The yellow precipitate

was filtered in a fritted glass filter under a nitrogen cover and washed
repeatedly with dry benzene.

The yellow complex was found to be

soluble in THF, acetonitrile, acetone, and nitrobenzene.
insoluble in benzene and water.

It was

When placed in solution and exposed

to air, the solution turns blue immediately in acetonitrile and THF,
but more slowly in nitromethane.

When the blue solution of the complex

and THF was refluxed with zinc dust,

the yellow color was restored.
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TABLE IX
OPTICAL SPECTRA OF THE VANADIUM COMPLEXES WITH
EBDPP AND EBDPPO„
CM *1
2-— IN-----

VC1 3(EBDPP)H20

voci 2(ebdppo 2>h2o

11,700 cm'1
12,900
13,250 cm *

14,300

19,700

16,400

24,100

23,600

26,700

24,800

Figure 21:

Optical Spectrum of VC1 3(EBDPP)H20 at Room Temperature
9 to 25 kK Region

20

15

FREQUENCY, kK

I0
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Figure 22:

Optical Spectrum of V0C1 2(EBDPP0 2)H20 at Room Temperature;
12 to 25 kK Region

25

20

15

FREQUENCY, k K

12
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Magnetic susceptibility was determined on the dipyridyl
complex by both the Gouy method and the NMR method.
were as follows:

The results

Gouy: y ^ ^Ccorr.) = 2.39 B.M. ; NMR method in a

solution which was 57* methylene chloride and 95% nitromethane:
ye ^ ( c o r r . )

= 2.43 B.M.

Conductivity measurements were made in nitromethane at 25°r :

2

equivalent conductance, A, = 108 cra

ohms

-1

.

Potassium iodide in

nitromethane at 25°C has an equivalent conductance equal to
119 cm

2

ohms

-1

for a solution of comparable concentration.

concluded that the complex is a 1:1 electrolyte.

It was

The analyses

confirmed that the compound was the same as that prepared by Fowles
and Green (30) by another method.

They concluded that the formula

should be [y(dipy) ^C^lfrKdipyJCl^.

The data present here support that

formula.
Analyses:

Observed:

7X = 44.91 (an average of four

preparations), %H = 3.49, %V = 13.51; calculated for V ^ C l ^ d i p y ) ^ :
%C - 45.99, %H = 3.07, %V = 13.06.

2.

Pichiorof tetrakls( 2-amino-3-methylpyridine) 1vanadium(III)chloride
To fifty milliliters of deoxygenated methylene chloride

was added 0.05 moles of the ligand, 2-amino-3-methylpyridine, and
0.01 moles of anhydrous VCl^.
three days.

The reaction mixture was stirred for

After this time it was noted that there was present a

dark solution but no precipitate.

During an additional five day
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period of stirring, the mixture was periodically flushed with dry
nitrogen to try to prevent any oxidation from taking place.
end of that time the mixture was filtered.
recovered.

At the

A tan precipitate was

Dry deoxygenated methylene chloride was used as a wash

solvent and the precipitate was washed repeatedly until all traces of
the black solution had been removed.
out in an oxygen free atmosphere.

The washing process was carried

The product was dried in v a c u o .

The complex formed is unstable in air, decomposing to give a black
oil.
Magnetic susceptibility was determined by the NMR method.
The results were as follows:

^^(corn)

= 2.74 B.M.

The solvent

used for this determination was nitromethane.
The complex is soluble and apparently stable in nitromethane,
dimethylformamide, and acetonitrile.

It is insoluble in methylene

chloride, benzene, and carbon tetrachloride.

The ionic character

of the complex was tested qualitatively by using AgNO^ in DMF
solution.

A white precipitate was formed which was soluble in

6M NH^ solution.

This test indicated that there was at least one

chloride ion outside the first coordination sphere of the complex.
Conductivity was measured in nitromethane.

The concentration

of the sample used for the measurement was 0.0188 grams per 50 ml of
nitrobenzene.

The sample was not readily soluble and had to be left

standing overnight to get it all in solution.

The equivalent
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o
2
-i
conductance at 25 C was 36.4 cm ohms
.
of that expected for a

This is only about one-fourth

1:1 electrolyte, which is 119 cm

2

ohms

a comparable concentration for KI in nitromethane at 25°C.

-1

for

This

does however indicate some conductance and it is felt that the low
value may be due to Incomplete solubility or to a change in the sample
since it was partly in solution so long before the measurement was
made.
Analyses:

Observed:

7X = 48.52, 7.H = 6.17, %N - 19.57,

7X1 = 21.74; calculated for rv(C,HQN„),C1„]C1:
0 o 2 h

7.H = 5.44, %N = 19.02, 7X1 = 18.15.

2

7X = 48.90,

The chloride was run

gravimetrically and some undissolved sample may have produced the
high results.

3.

Dichlorobist1.10-phenanthroline)vanadlum(XII) Chloride
I
Fifty milliliters of methylene chloride was deoxygenated

by passing dry nitrogen through the solvent for a period of thirty
minutes.

To this was added 4.5 g (0.025 moles) of the ligand,

1 , 10-phenanthroline, and 2.0 g (0.005 moles) of VCl^ under a cover of
dry nitrogen.

The mixture was allowed to stir for 24 hours.

A dark

purple precipitate was formed which was filtered from the solution
under dry nitrogen and washed with freshly distilled CCl^.
compound was dried _in v a c u o .
acetone, and acetonitrile.

The

It was found to be soluble in nitrobenzene,

It is insoluble in water, benzene, and

carbon tetrachloride, but slightly soluble in nitrobenzene.
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The magnetic susceptibility was determined by the Gouy
method and found to be:

,,,(corr.) = 2.61 B.M.
eff

ll

A mass spectrograph was obtained, but other than the peaks
due to the elements, only a large peak at 180 amu was observed.
is the mass of one molecule of 1,10-phenanthroline.

This

Apparently the

complex decomposed upon vaporizing.
Conductance was determined in both nitromethane and nitro
benzene.
10

A solution of complex in nitromethane of approximately

A
o
M at 25 C had an equivalent conductance,

A, equal to 80.9 cm

—^

KI in nitromethane at a concentration of 10
conductance of 119 cm

2

ohms

-1

(83).

2 * 1
ohms

Q

M at 25 C has an equivalent

Under the same conditions, the

complex in nitrobenzene had an equivalent conductance, A, equal to
28.9 cm

2 - 1
ohms

.

AgClO^ in nitrobenzene gives a value of 38.4 cm

O
"4at 25 C and a 10 M solution.
about two-thirds dissociation.

2 - 1
ohms

In both solvents these results represent
However, due to the extremely large

size of the cation, one would expect lower values than the values for
either KI or AgClO^ in these solvents.
complex is a

It is concluded that the

1:1 electrolyte.

Analyses:

Observed:

%C - 55.12, %H = 3.59, %N = 11.04,

7.C1 = 16.51; calculated for rV(o-phen)2Cl2"]Cl:

%C = 55.70,

%H = 3.09, %N = 10.85, 7.C1 = 20.50.
The chloride analysis reported here is very low.
analysis was done by the author repeatedly and by Galbraith

This

.
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Laboratories.

The results obtained were very erratic, varying from

14.57. to almost 17.07..

Since we were unable to get reproducable

results either by volumetric or gravimetric results,

it was concluded

that complete decomposition of the complex was not taking place in the
acid solution,

4.

Complex of VClj and Pvridinecarboxyaldehyde
In a deoxygenated solution of ethanol, VCl^ and pyridine-

carboxyaldehyde reacted to give a black solid which was very tacky.
After stirring the mixture overnight, the solution was filtered and
dried in a

vacuum.

The material was very unstable in air and no

suitable solvent was found for recrystallization of the compound.
The crystals tended to cling together and it was obvious that
purification was needed before an analysis would have much meaning.
The analyses obtained confirmed this observation.
Analyses:

Observed:

7JC = 42.74, 7.H = 2.87, 7.N - 7.98;

calculated

for [VC1 3 • 3C 6H 5NO]:

7.C = 45.2, 7.H = 3.14, 7JJ = 8.78;

calculated

for fVCl, • 2C£H cN0]:

7.C = 38.9, %H = 2.70, 7JJ = 7.55.

5.

j

O J

Hexa(2-amino-3-hydroxvpyridine)vanadium(III) Chloride
Five grams of the ligand,

added to

2-amino-3-hydroxypyridine, were

75 ml of methylene chloride which had previously been

deoxygenated with dry nitrogen.

While this solution was stirring,

0.5 gram of VCl^ was added under a nitrogen cover.

All of the
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ligand did not go Into solution Immediately, however,
took place Immediately upon adding the VCl^.

the reaction

A deep grey precipitate

in a brown solution was one of the products of the reaction.

Due to

the fact that all of the ligand was not in solution at the time the
reaction began, the mixture was allowed to stir for about

12 hours.

The grey solid was then recovered by filtration and washed with
methylene chloride.

The solid was dried iji v a c u o .

The grey

precipitate is soluble in THF and DMF, giving wine colored solutions.
It is slightly soluble in acetone and nitromethane.

The wine-colored

solution produced when the complex dissolved turned brown when left
standing overnight.

The grey solid appeared to be stable in air for

several hours.
Conductance was measured in DMF at a molar concentration
of 10

-3

.

The equivalent conductance, A, was determined to be

400 cm^ ohms * at 25°C.

This is about vhat one would expect for a

1 :3 electrolyte.
Analyses:

Observed:

%C - 44.88, %H = 4.76; %V - 5.5,

7.N = 20.63; calculated for [V(C.H,0No),lCl_;
J O

Z 0

J

"AC = 44.10, %H = 4.41,

7.V = 6.3, 7.N = 20.56.

(G)

Vanadium(III) Complexes with Oxygen Donor Ligands

1.

Hexaureavanadiumdll^

perchlorate

The preparation procedure used for this complex was that
given by Schmidthe and Garthoff (47)•

Three grams of vanadium
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trichloride were dissolved In water.

Eight grams of urea were added.

The mixture was filtered,

then solid sodium perchlorate was added to

precipitate the complex.

After twenty minutes the precipitate was

filtered and washed with absolute ethanol and this was followed by
washings with petroleum ether.

The amount of water used in the

preparation was kept at a minimum.
Analyses:
for V(urea) 6(Cl04 )3 :

2.

Observed:

%C = 10.14, %H = 3.54; calculated

%C = 10.05, %H - 3.38.

The other oxygen donor

ligands used in these

ESR and low

temperature studies were the tropolonates, the preparation of which
was described in Chapter III.

,H
1.

Vanadium!Ill) Complexes with Sulfur Donor Ligands
Preparation of Dithiocarbamate Ligands
These ligands were prepared by a reaction of an amine with

CS^ according to a method suggested by Welcher
change in solvents.

(60) except for a

Potassium hydroxide was dissolved in ethanol to

obtain a near saturated solution.

In 100 ml of this solution 0.025

moles of amine was added.

When all of the amine was dissolved, CS^

was added such that it was

in a large excess for

the dithiocarbamate.

the formation of

The volume was then reduced to one-half of

the original volume by evaporating it down on a steam bath.

The

solution was then placed in an ice bath and the dithiocarbamate
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crystallized out.

The ligand was then recrystalllzed from methanol.

The product obtained under these conditions was the potassium salt
of the dithiocarbamate and had the empirical formula, K+ (SCSA2) ,
where A is the amine used in the preparation.

The following ligands

were prepared: potassium bis(piperdine)dithiocarbamate. potassium
bi s (4-aminomethylpiperdine)d ithiocarbamate. potassium bis(cyclohexyl)dithiocarbamate, and potassium bis(methylcyclohexyl)dithiocarbamate.

2.

Preparation of Potassium Trichloro(piperdinedithiocarbamate)vanadate(IIl)
Dissolved in 50 ml of reagent grade benzene was 0.04 moles

of the ligand, K^(pdtc)
nitrogen atmosphere.

and 0,01 moles of anhydrous VCl^ under a

A lavender precipitate was produced which was

filtered and washed with dry benzene.

The compound formed was very

unstable and decomposed immediately upon contact with air.
Conductivity measurements were attempted, but the complex
was only slightly soluble in nitrobenzene and a good value for the
concentration could not be attained.

There did, however,

seem to

be some conductivity of the solution.
Analyses:

Observed:

%C = 20.7, %H = 4.30, XV = 15.20;

calculated for K+V(C6H 1()NS2)C13 :

%C = 20.4, %H = 2.83, %V = 14.37.
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3.

Preparation of Potassium Trichloro(4-aminoplperdlnedlthiocarbamate)vanadate(III)
In 50 ml of reagent grade dry benzene,

the ligand and

anhydrous VCl^ were dissolved in a 4:1 ligand to VCl^ ratio.

The

mixture was prepared in a nitrogen atmosphere and kept under nitrogen
while reacting.

The procedure used was the same as that used in the

preparation of the pdtc-vanad ium(III) complex.

The purple crystals

that were formed were washed in dry benzene and dried Jri v a c u o .
complex was unstable in air.

The

The complex was insoluble in benzene,

carbon tetrachloride, water, nitrobenzene, and nitromethane.

It was

slightly soluble in IMF.
Analyses:
K+V(4-amp)Cl^:

Observed:

7»C = 24.21, 7.H = 5.13; calculated for

7.C = 23.32, 7.H = 5.00.

Reactions of VCl^ with other two dithiocarbamate ligands
were tried, but the yield

obtained was so poor and the complexes so

unstable that no data was

obtained on them.

4.

Preparation of Hexa(5-amino-1.3.4-thladlazole-2-thiol)vanadate!Ill)
Three grams of the ligand,

5-amino-1,3,4-thiadiazole-2-thiol,

was added to a mixture of

solvents containing 50 ml of methylene chloride

and 10 ml of nitromethane.

Dry nitrogen was bubbled through the

mixture for thirty minutes.
VCl^ was added.

In a nitrogen atmosphere 0.5 grams of

The reaction began immediately, but all of the ligand

was not in solution at this point, so the mixture was kept stirring
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under nitrogen for twelve hours.

The precipitate was filtered out on

a glass filter and was washed repeatedly with methylene chloride.
The crystals were very light green, almost colorless, and were found
to be soluble in DMF and THF.
the solvents.

They gave a yellow solution in each of

They were insoluble in nitromethane, carbon tetrachloride,

and chloroform.
A qualitative test for chloride using AgNO^ was negative
showing that any chloride present was not as the chloride ion.
-3
A 1.94 x 10

M solution of the complex in nitromethane

gave the same resistance readings,
nitromethane from the same bottle.

24,900 ohms, as did the pure
This indicated that the compound

was not ionic.
Magnetic susceptibility was attempted by the NMR method.
A solution was made using 107, Ci^Cl^ and 907, DMF, but it was
apparent that the effective magnetic susceptibility was decreasing
with time in this solution, so a reasonable value could not be
obtained.

The compound was too unstable to obtain a measurement

by the Gouy method with the equipment that was available.
Analyses:
for V( H 3C 2H 3N 3S2)6 :

5•

Observed:

%C = 17.03,

= 2.46; calculated

7.C = 17.08, 7.H - 2.12.

Preparation of Dichlorobis(dithiooxamlde)vanadlum(III) Chloride
Anhydrous VC1 3 and dithiooxamide were reacted in a solution

of benzene to which

1 ml of triethylamine had been added for every
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50 ml of solvent.

The two solids were weighed out such that there

was 0.025 moles of VCl^ to 1,0 moles of dithiooxamide.

A dark brown

precipitate was filtered in a dry nitrogen atmosphere and washed
repeatedly with benzene.

The crystals were dried in a vacuum.

The complex was slightly soluble in THF, acetone, and
nitromethane.

It was Insoluble in benzene, water, and carbon

tetrachloride.
Conductivity was measured in nitromethane.

A 2.97 x 10

-4

M

solution of the complex gave an equivalent conductance at 25°C of
20.1 cm

2

ohms

-1

.

This is considerable less than that obtained by KI

o
2
—
in nitromethane at 25 C , 119 cm ohm for a 10 M
Analyses:

Observed:

calculated for V C C ^ N ^ )

solution.

7.C = 12.39, "4H = 2.97, %C1 = 20.32;

2C1 2 Cl:

%C = 12.11, %H = 2.03, 7.C1 = 26.65.

It is noted that the chloride is low by

6%.

This analysis was done

gravimetrically and there was extreme difficulty in getting the complex
into solution without boiling it.

If it was heated part of the

chloride was lost, and without heating one could not be certain all
of the complex was decomposed.

IV.

(A)

LOW TEMPERATURE SPECTRAL STUDIES OF VANADIUM(III) COMPLEXES

Theory
The theory for electron transitions in a d

2

system has been

worked out in detail by several groups of theoreoticians.

Liehr and

Ballhausen (3) worked with the cubic crystal field as would be observed
in a regular octahedron.

Pryce and Runciman (4) have worked out the

theory for the transitions of the d

2

system in a trigonal field.

In

both of these cases the spin-orbit coupling has been neglected.
Figure 23 summarizes the results of the calculations made
by Liehr and Ballhausen and by Pryce and Runt Lman.
case the parameters assumed were:

Dq - 1860,

For the octahedral

X - 65, and

60 cm

3
The ground state in the cubic symmetry is the

T^,

energy

3
level, but in the trigonal

field there is a split of the

3
3
A„
and the
E levels.
*O
3
the ground state becomes the A_

into the

2g

Therefore,

level

in the lower symmetry,

state.

Macfarlane (84) also worked with a trigonal field and
included

in his calculations the spin-orbit interaction effects.

On

3
this basis he predicted a further splitting of the
shown below;

A^

level as is

ill

Figma 23
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This splitting due to spin-orbit coupling was initially
calculated from the Zeeman splitting (4) to be only about

8 cm

It has since been observed in the fine structure of the near
infrared at 9748-9741 cm
In addition to the triplet ground state which arises
from the t

2

configuration, there are three singlet states which

arise from this configuration.

2g

, and the

lg

.

These are in the cubic field ^

As shown in Figure 23 the
°

2g

2g*

are further

split in the C^. symmetry field.
Arising from the
states,
into

configuration there are two triplet

3
3
T£g and

are also split in the lower symmetry

3
3
3
3
A^ and E, and A 2 and E, respectively.

The amount of the

splitting in this configuration should be approximately h of the
splitting in the ground state.
from this configuration,

lg

There are two singlet states arising
and

2g

.

Each is triply degenerate

orbitally and consequently they too will be split in lower symmetry
fields.
The e
states,

1
1
E and

2 configuration gives rise to a 3
A, .
lg

Of these the

3
A

2g

and two singlet

is rarely observed, and there

have not been any reported observations of transitions involving the
singlet states.
The magnitude of these splittings between the A-s

E

energy levels is expressed in terms of the trigonal field splitting
parameter, K(85).

For the ground state this magnitude is calculated
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to be 3K and for the excited states, 3K/2.

Using their data, Seed (86) has

have evaluated K to be -400 cm
shown that K = -320 cm
of

Pryce and Runciman(A)

gives a better fit.

Also, using a value

8 cm * for X, the splitting due to the spin-orbit coupling, Seed

calculates K to be -266 cm

The value of

8 cm * for X was obtained

from the calculations of Price and Runciman.
To date the bands which have been observed are in good
agreement with the theoretical calculations if the proper symmetry
is considered.

Though the spectra have been observed for a relatively

large number of complexes (discussed in Chapter II), only the first
two spin-allowed transitions are usually.seen.

In fact, most of

the reported spectra have been solution spectra which were recorded
at room temperature.

The first spin-forbidden transition, which

occurs at approximately
complexes (39),

10,000 cm \

has been observed in several

And the third spin-allowed transition, which would

require a two electron jump, has been observed at abo>t 30,000 cm ^
in at least two cases (65, 87).
A study made by Low (65) of V^+ ion in

at 77°K

records all three spin-allowed bands and a number of spin-forbidden
bands.

Table X shows the calcula ted and observed energy levels as

reported in this study.
Piper and Carlin (87) studied the polarized crystal spectra
of aluminum tris-acetvlacetonate in which some of the Al^+ was
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TABLE X (65)

ENERGY LEVELS FOR V 3+ IN A K O j AT 77°K

V

-3v

0

Al
E
E
E

lg

7.9
836
946
1032
1050

A2

*E /
g

t

2g

2g

\ s
lg

810-850
960

9 f067
9,967
10,106

8,770
9,660
15,890

A2

17,420
17,510

E

17,088
17,094
17,444
17,449
17,486
17,520

Al

20,484

21,025

A1

25,020
25,034
25,296
25,322
25,364
25,407

A1
a2
E2

E

3T.

8 at 4.2°K

E
E
A

E

3t

,

-1

Cubic

A2
E
E

*

24,900
25,310

2g

A1

27,210
27,584

1t lg
i

A2

29,418
29,881

29,300
30,150

A1

35,376
35,376

34,500

E

E

45,376

lE

g

E

E

-1
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replaced by V^+ .

This study was also done at 77°K.

ground state was split by the trigonal field.

Again the

Previously, the solution

spectra of V(aca)^ *-n ethanol had been reported (88).

No maximum was

observed by two shoulders at 18,000 and 21,700 cm ^ were assigned to
the transitions,

3
T_

2g

•-

3
3
3
T,
and T, (P) •- T,
respectively.
lg
lgv '
lg
r
J

The

low temperature crystal spectra showed additional low energy shoulders
at 17,000 ( \ |) and 18,800 (i) cm

This is consistent with a negative

splitting constant, K, of about 900 cm

No absorption peaks were

observed in the near infrared region which could be assigned to the
f irst spin-forbidden transition.
One main purpose of the study reported in this dissertation
has been to prepare complexes of tervalent vanadium which have
different symmetries and different donor atoms, and to observe the
optical spectra of these complexes at 77°K in order to obtain
additional information about the electrons in the d

(B)

2

system.

Experimental
The low temperature (77°K) spectra were run on the

following compounds:

VT 2(HT)C1, VT 2C1,

[V(dipy> 2Cl 2 ]rv(dipy)Cl4 ],

V(EBDPP)C1 3(H 20) , rV(o-phen) 2Cl 2]Cl, V C l ^ C ^ N C l ^ N H , ^ ,

VC1 3(C2H^NS2) ^

and [V(urea) 6](C10^)3 .
The preparation and characterization of these compounds
is described in Chapter 111.
solid samples in Nujol mulls.

The spectra were run on powdered
The method of preparing these mulls

was also described in Che preceding chapter.
Drawings of the spectra obtained are shown in Figures
24-31.

Table XI lists the absorption peaks that are observed in

the region from 5.5 to 35 kK in the experimental spectra.

The

assignments made to the various energy level transitions are Indicated

(C)

Discussion of the Low Temperature Optical Spectra
In the solution room temperature optical

d

2

complex system,

spectrum of a

the dominant feature in the visible region is a

broad slightly asymmetrical band which is assigned to the
3
3
T„*------- T„ transition.
2g
lg

Secondly,

there is a shoulder, of

approximately the same extinction coefficient,

located on the low

energy side of the more intense charge transfer band.
is generally assigned to the

3
T ^ g (P)«

3
T^

The shoulder

transition.

The third spin-allowed transition, which corresponds to
the simultaneous excitation of two d electrons, e

2

------

2
t , would

be expected to have a very low probability and therefore the band
would have very low intensity.
it has been seen,

Nevertheless,

in those cases where

it has been almost equivalent in intensity to

the other two spin-allowed bands.
The

3
3
F ------► P energy separation, which may be expressed

as 15B (B = Racah interelectron repulsion parameter)
decreased considerably upon complex formation.

is often

The energy of the
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Figure 24:

Low Temperature (77°K) Optical Spectrum of VT^CHTJCI
in a Nujol Mull; 10 to 25 kK Region
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10

FREQUENCY, kK
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Figure 25 :

Low Temperature (77°K) Optical Spectrum of VT 2CI in
a Nujol Mull; 10 to 25 kK Region
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FREQUENCY, kK

10

I
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Figure 26:

Low Temperature (77°K) Optical Spectrum of
Hexaureavanadium(III) Perchlorate in a Nujol Mull;

6 to 30 kK Region
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Figure 27:

Low Temperature (77°K) Optical Spectrum of
V(EBDPP)C1 3 (H 20) in a Nujol Mull; 9 to 40 kK Region

!
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10
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Figure 28:

Low Temperature (77°K) Optical Spectrum of
[V(o-phen)^C^lCl in a Nujol Mull; 9 to 40 kK Region

40
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12
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Figure 29:

Low Temperature (77°K) Optical Spectrum of
[V(dipy)2Cl2]rv(dipy)Cl4 ] in a Nujol Mull; 10 to 25 kK
Region

20

10

FREQUENCY, kK
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Figure 30:

Low Temperature (77°K) Optical Spectrum of
[V(2-amino-3-hydroxypyridine)^C,l
10 to 35 kK Region

]C1 in a Nujol Mull;

25

20

FREQUENCY, cnT
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Figure 31:

Low Temperature (77°K) Optical Spectrum of
[V(ditliiooxdiuidc)^ Cl^lCl in a Nujol Mull; 10 to 25 kK
Region

15

12

FREQUENCY, kK

TABLE XI
OPTICAL SPECTRA BAND ASSIGNMENTS (cm‘ L)

Complex

LE, lT

3T2

*A

3t x (p )

^T

2

VT2(HT)C1

(13,900)

(15,450)
16,100

(20,750)

(21,800)
22,600

(23,200)

v t 2c i

(13,100)

(14,900)
15,900

(18,300)

(19,300)
(20,400)

(23,500)

[V(urea)6l ( C I O ^
v

9,900

(e b d p p )c i 3(h 2o )

[v(o-phen)2Cl23 Cl

(11,400)

Lv(dipy) , C l j [V(d ipy) c Q (111400)
z z
13.100
14,400
(15,100)

1t i

(25,200)

24,800

16,150

3a

38,200

(12,900)
13,400

(15,100)

17,400
20,700

24,400

26,600

31,700

14,870

(15,800)

18,500
21,970

(26,700)

(28,500)

34,500

(12,650)

(15,900)

(23,300)

(28,200)

(25,000)

31,200

^(2-am-3-mp)4Cl2]Cl

(10,150

12,900

(14,500)

23,600

^(dto^Cl^Cl

(10,500)

13,300

(17,550)

(18,350)
19,600

30,300
20,900

(24,700)

33,400
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second spin-allowed transition should thus greatly reflect this
decrease In 15B.
The two different
and

3
Tjg(P),

can interact.

3
3
T,
energy levels, written T, (F)
lg
*
lg
The extent of this interaction can be

determined by solving the following secular determinant:

-6 Dq - E

4 Dq

4 Dq

15B - E

Solution of this secular determinant leads to the following equations
for the energies of the three spin-allowed transitions:

Vl(3T 2g --- 3T lg) = 5 Dq ■ 7.5 B + %(100Dq2+180Dq • B + 225B2) ^ ---- 17

18

v2(3T lg(P) --- 3T lg) =(100 D q 2 + 180Dq • B + 225B2)^

v3 ^ A 2g

^ l g 5 = 15 °q " 7 *5B + ^ 10° D q 2+180Dq • B + 225B2)^
. ...19

Combining the first two equations we can arrive at a relationship
between the first two transitions in terms of Dq and B as follows;

2vl " v2 =

....20

By combining the second and third equations (18 and 19) we can
derive another equation from which we can predict the energy of the
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third transition.

This relationship is given below:

= 15Dq - 7.5B +

....21

From the low temperature spectra of the vanadium(III)
complexes which were prepared in this study, values were assigned
for the first and second spin-allowed transitions,

and

This

was done by choosing from the data those absorption peaks which were
spin-allowed as determined by their broadness and from consideration
of the position of the peaks run at room temperature.

Using the

equation for the second transitions as given above (Equation 18)
and the relationship between the first and second transitions
(Equation 20), Dq and B were calculated.

By substitution of these

values into Equation 21, the third spin-allowed transitions can be
predicted.

Table XII tabulates these calculated values.

Column 3

lists the nephelauxetic ratio, 8 = (B/Bq) , where B is the Racah
parameter for the complex as calculated from the spectra data and B q
is the Racah parameter for the V

3+

free ion, 860 cm

-1

(76,89).

In these low temperature spectra more peaks have been
observed than have previously been seen in complexes of the
vanadium(III) ion.

It appears that there are bands being seen which

are transitions from the ground triplet state to some of the lowerlying singlet excited states.

Also observed are bands arising from

splittings due to the distortions of the octahedral structure to

TABLE XII

CALCULATED PARAMETERS FROM ELECTRONIC SPECTRA OF VANADIUM(III) COMPLEXES

Complex

Dq
-1
cm

B

[VT2(HC)C1]

1904

320

0.37

37,460

---

[v t 2c i ]

1673

355

0.41

32,633

---

[V(urea)6](C104 )3

1748

665

0.74

33,632

TVCdipy) Cl ][V(dipy)ClJ
£ £
H

1400(1)
1652(2)

800
755

0.92
0.88

26,650
31,617

28,200
31,200

[V(o-phen)2Cl2]Cl

1602

550

0.75

30,890

34,500

[V(EBDPP)C13 (H20)]

1451

561

0.65

27,900

31,700

[V(2am-3mp)4Cl2]Cl

1430

808

0.94

27,200

30,300

[v(dto)2 c i 2]ci

1430

487

0.57

27,598

33,400

6

Predicted
-1
cm

Observed
-1
cm
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lower symmetry geometries.
For C^y symmetry, Pryce and Runciman (4) and Seed (86)
3
3
T- , splitting into A_ and E
lg
*

determined that the ground state,

should be of a magnitude equal to 3K and fall in the range from
760-1200 cm

In the excited states this splitting should be

about 3K/2 and should range from 350-600 cm

These calculations

also predicted that K should be negative (vide supra) .

Zverev and

Prokhorov

(7) using ESR data determined K to be much lower and the

magnitude

of the splitting to be near 400 cm
In

splitting
in the

the V T 2(HT)C1 complex (Figure 24) there is observed a

of 650 cm ^ in the first broad band of the optical spectrum

visible region.

of the ground state,

3
T^

This is interpreted to be due to the splitting
into the

3
3
A^ and E energy level.

two transitions are seen to the higher

3
T 2 energy level.

Consequently,

Due to the

fact that the peak is so broad and one of the bands is a shoulder,
the error in this measurement may be as large as ± 2 5

cm

The

experimental value is slightly lower than the calculated, but nearer
the values predicted from optical spectra data, than to the values
calculated from ESR spectral data.
A similar splitting (800 cm
spin-allowed transition,
excited state.

that is

is observed in the second

3
3
3
A^ and E levels to the T^(P)

Since these bands arise from the same splittings in

the ground state, they should be of the same magnitude*
would also occur in the

3
T^(P)

But splittings

level, so in this case we may be
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3 3
E( T^(P ) ) # —

observing the following transition:

3

3
T^(F)).

In both cases the splitting occurs as a slight shoulder on the low
energy side of the broad peak.

There is also another weaker shoulder

on the low energy side of the first transition absorption peak which
is assigned to the transition from the ground state to the first
excited singlet state,

^E, *T.

A splitting between these two singlet

states, which in the octahedral geometry occur at the same energy,
is expected, but not observed.

However, this peak is very weak and

any splitting present may be difficult to observe in this spectrum.
The transition from the ground state to the singlet state, ^^ 2* is
assigned to a shoulder which is observed at 23,200 cm

No bands at

higher frequencies were recorded for this sample.
In the low temperature spectrum of the complex, VT 2CI,
(Figure 25) the same transitions were observed as were observed for
the tropolone complex just discussed.

In this case, however, the

splitting in the first transition was approximately 1000 cm ^ ; and
for the second spin-allowed transition this splitting was observed
to be near 1100 cm

In addition,

there is one higher energy band

observed which has been assigned to the transition from the ground
state to the second singlet
t^e^ configuration.

excited state, which arises from the

It is noted that the assignments of bands places

the transitions at energies about 1000 cm ^ lower than in the complex,
V^CHTJCI,

except for the two singlet transitions that arise from

the t*e.^ configuration.

This would indicate a lower symmetry for

the compound with the formula VT^Cl, which is in keeping with the
proposed formulas.

VTjClfOCI is probably a slightly distorted

octahedron, whereas the five-coordinated VT 2CI would probably more
nearly exhibit

symmetry.

In neither of the tropolone complexes could the third
spin-allowed transition be observed.

Calculations based on the

assignment of the first two bands, as seen in Table XIII predict
these transitions to be at 37.5 and 32.4 kK in VT^CHTJCI and VT^Cl,
respectively.

If these predictions are accurate the third spin-allowed

band would be located somewhere under the very intense charge transfer
bands.
For comparison with the results from the tropolone complexes
another complex having oxygen donor ligands was run,
This spectrum is shown in Figure 26.
been run at 295°, 77°, and 4.2°K (59).

[V(urea)^ 3(C 10^) 2 *

This compound had previously
The spectrum that was observed

corresponds very closely with those previously obtained and of which
the values are recorded in Table III.

Dingle, Ballhausen, and

McCarthy (59) used single crystals of the urea complex for the
recording of their low temperature spectra, while the spectrum
recorded here was done using a Nujol mull of the powdered solid.
The splitting of the peaks was not observed in the Nujol mull spectrum.
The principal peaks were as follows:

= 16,100 cm ^ ^

- 24,800 cm ^
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Dingle, Ballhausen, and McCarthy was not observed, yet there are
three small peaks which have the same intensity as does the band
at 9900 cm ^ and they are located at 6700, 6760, and 6930 cm

No

explanation can be offered at the present time for these three very
weak but distinct peaks.

The third spin-allowed transition was not

observed in this spectrum.
Figure 27 illustrates the spectrum of the complex,
V(EBDPP)C13 (H20).

The trigonal splitting in the first spin-allowed

transition is 500 cm

The first spin-forbidden band is not

observed but a band located at 15,000 cm ^ is assigned to the second
spin-forbidden transition which is the

1
3
A 4----- A_ transition.
g
2g

second spin-allowed transition is at 20,700 cm

The

The shape of this

band would indicate that it is spin-allowed, but the very weak intensity
would lead one to conclude that it is not spin-allowed.

Also,

it is

3300 cm * below the band which has been assigned as the second
spin-allowed transition.

It may be due to a secondary transition;

that is, a transition from one excited state to a higher excited
state, such as:

3a 2 (P) *

For the V^EJBDPPJCI^^O)

complex the two singlet states arising

from the _t^e^ configuration,
and 26,600 cm \

^T^ and

respectively.

are observed at 24,400

A band at 31,700 cm * is assigned
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to the

3
A^ energy level which is the transition for the third spin-

allowed excitation.
All of these same transitions are observed in the nitrogen
donor ligand complex,

[Vio-phen^C^lCl,

shown in Figure 28.

There

are all three spin-allowed bands and four spin-forbidden bands.

No

splitting was observed in the first spin-allowed transition,
3
3
T 2 <------- T lg*

secont] spin-allowed transition presents a

different and interesting pair of bands.
of equal intensity, 3500 cm ^ apart.

There are two broad bands

The distance between them cannot

be accounted for as solely due to the lowering of the ground state
energy by a trigonal distortion.

This suggests some configuration

interaction or coupling between

3A 2r3T lg(P)] and 3A 2f3Tlg(F)].

Clark (39) has indicated that such interactions are most probable.
The two singlet transitions arising from the t^e* configuration are
observed at 26,700 and 28,500 cm
The spectrum of the dipyridyl complex of vanadium(III)
shown in Figure 29.

is

The principal feature is that the extremely

broad band normally assigned to the first transition is split into
six bands.
11,430 cm

-1

The lowest energy band which appears as a shoulder at
is assigned to the

four bands are at 12,650,

1
1
3
E, T ^ ---- A ^ transition.

13,11, 14,400, and 15,100 cm

The next
It is

believed that all of these can be accounted for by the excitation of
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the ground state electrons into the first triplet energy level.
Since this is an ionic complex consisting of a complex cation and a
complex anion,

there are two vanadium(Ill)

ions each complexed with

dipyridyl such that each is in a different ligand environment.
Therefore, there should be two visible spectra superimposed upon
each other.

Thus the two bands at 12,650 and 13,100 cm ^ are due

to one vanadium(III) ion and the two bands at 14,400 and 15,100 cm ^
are due to the other vanadium(lll) ion.

It is recognized that other

combinations of these bands are possible, but they have been
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assigned because as will be seen later they give the most reasonable
values for Dq and B.
to the 1A state,

Again only one band is seen for the transition

15,900 cm

Doublets are indicated for the two

excited triplet states and it is suggested that they also represent
the two different environments for the vanadium(III)

ion.

The optical spectrum of dichlorotetrakis-(2-amlno-3-methylpyridine)vanadium(III) chloride complex was also studied.

All of

the three spin-allowed transitions are observed along with the first
two spin-forbidden transitions.
distortion could be seen.

No splitting due to trigonal

The spectrum is shown in Figure 30.

A number of sulfur complexes of vanadium(III) were prepared,
but in most cases the charge transfer bands were at such a low energy
that the d-d transitions could not be seen.

However, there was one

exception; that was the dlchlorobia(dithiooxamide)vanadium(III)
chloride,

the spectrum of which is shown in Figure 31.

The three
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spin-allowed transitions and four transitions from the ground state
to

the

singlet excited states are discernible.

Splitting is observed

in

the

band assigned to the second spin-allowed

transition,

3
3
T ^(P)*-----of

the

which canbe accounted for by the trigonal splitting

ground state coupled with interaction of

the two energy states.

By using the calculated values for Dq as recorded in
Table XIII, an
be arranged.

approximate spectrochemical series of the ligands can
Since the number of ligand molecules in the complexes

differ, this would produce some variations in the Dq values, therefore,
the spectrochemical series can only be considered to be approximate.
The series arranged according to the increasing values of Dq is as
follows:

2-amino-2-methylpyridine < dithiooxamide < ethylenebis(diphenyl-

phosphine) < o-phenanthroline < dipyridyl < urea < tropolone.

The

position of the dipyridyl in the series is based upon the highest of
the two values of Dq which was calculated.

It is assumed that the

highest value corresponds to the ion which has two ligand molecules
in the complex sphere.

This ion has an environment which is more

similar to the o-phenanthroline complex,

therefore the higher Dq value

was used to place the dipyridyl complex. By similar reasoning,

the

tr is-tropolonate which has six oxygens around the metal ion was used
for comparison to the urea complex which also has six donor oxygen
atoms.

The other tropolone complex which has a mixed environment

of four oxygens and one, or perhaps two, chloride ions has a Dq value
lower than the urea complex.
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By considering only the donor atoms in the complex, the
following series based upon the Dq values can be observed;
sulfur < phosphorus < nitrogen < oxygen.

Several more complexes of

each ligand would have to be prepared and examined before much
confidence could be placed in this series.

CHAPTER V
ELECTRON SPIN RESONANCE STUDIES OF SOME VANADIUM COMPLEXES

(A)

Theory
A brief qualitative description of electron spin resonance

is presented here for a better understanding of the data presented in
this chapter.

For a complete theoretical treatment of ESR spectroscopy and

its application to transition metal complexes, the reader is referred
to the books on the subject by Carrington and McLachan (90) and by
McMillan (91).
Electron spin resonance (ESR) is a kind of absorption
spectroscopy peculiar to paramagnetic species.

These might be

ions, molecules, atoms, or fragments of molecules (free radicals).
In the free atom which is not under the influence of a strong magnetic
field, the state of all of the electrons in the same energy level will
be two-fold spin degenerate, m

s

= ±^, and therefore all the atoms in

this level will have the same energy.

In reality, this represents

an average energy and there is an energy distirbution which follows
Maxwell-Boltzmann statistics.
Application of a magnetic field will remove this degeneracy
and the energy level, EQf will be split into two levels:

E, = E + m gua H
i
o
se*8
wit h m

s

=

....22

The magnetic term, m gu.HH, includes the Bohr Magneton,
s p
137
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Up, the magnetic field, H, and the spin factor, g.

This latter is

known as the Lande splitting factor and it has the value of 2.0023
for an electron which is denoted as a free electron, that is, an
electron for which there is no spin-orbit coupling effect,

spin-spin

interaction, or electron dipole-nuclear dipole interaction.
Irradiation of a sample in a magnetic field with photons
equal in energy to the difference in the upper and lower levels
will cause electrons in the lower level to absorb energy and be
raised to the upper level.

This results in the following "resonance"

re lationship:

= g

^

where v is the frequency of the photons,

.... 23

is the Bohr Magneton,

and H is the strength of the magnetic field in gauss.
However promotion of the electron from the lower to the
higher energy level is accompanied by the electron interaction with its
environment.

This interaction provides a mechanism through which

the electrons can return to the lower level by a radiationless process
and furnishes a means whereby a steady absorption of photons can take
place.

The time required for the return of the electrons to the lower

level is known as the relaxation time.
with decreasing temperature,

This relaxation time increases

therefore saturation of the upper level

can occur if the power fed into the system is not limited, particularly
at low temperatures.

Since the relative population of electrons in

both levels is also a temperature dependent factor, the net magnetism
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of the sample will tend to vanish at sufficiently high temperatures.
Another environmental effect is observed when the unpaired
electron is in the vicinity of a nucleus with a spin.

An interaction

between these two spins causes the absorption signal to be split into
21+1

components, where I is the nuclear spin.

As an example, if

the unpaired electron is on a vanadium-51 atom, which has a nuclear
spin of

further splitting (termed hyperfine splitting) of the

electron transitions would be expected.

A diagram illustrating these

splittings is shown below:
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The selection rule permits only transitions with

fl

= ±1 and

AMj. = 0, thus 21 + 1 or 8 transitions are predicted and usually
observed.

If there

is interaction between the electrons and two

equivalent vanadium

nuclei,

fifteen lines (2nl + 1, where n = number of

equivalent nuclei) may be observed.
From equation 23 given above it is noted that determination
of the magnetic field and the frequency of the photons at which
absorption takes place is sufficient to determine g, the Lande
splitting factor.

The usual practice is to set the microwave

frequency at a fixed value and vary the magnetic field.
conditions for absorption are reached,

When the

the field strength and micro

wave frequency are observed, and from these g can be calculated.
To understand the utility of the g factor and the significance
of the shape of the

curve given by the ESR signal, it is necessary to

consider some basic

quantum mechanics with respect to the spin

Hamiltonian.

It should be recalled that the Hamiltonian operator of

a system is a quantum mechanical operator whose eigenvalues are the
energies of the states of the system.

In the absence of a magnetic

field, the complete Hamiltonian is as follows:

H = T + V

c

+ V

ss

+V

so

+ V , + V
si
x

....24

where T is the total kinetic energy of the system and the various
V terms represent the potential energies.

is the potential energy
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due to the coulombic interaction between the nucleus and the electrons;
V

6S

is the magnetic dipole interaction between the electrons; V

SO

is

due to the spin-orbit coupling; V ., known as the hyperfine term, and
SX
it represents the interaction between the unpaired electrons and
nuclear magnetic moments; and lastly,

the V t e r m

represents the

interaction of the paramagnetic species with the ligand field.
By application of perturbation theory,
be reduced to a simplier expression.

the Hamiltonian can

This result is called the

"effective spin Hamiltonian" and it is given by:

H = jigSgH + SAI + SDS - 8nHn IH

25

Here S is the effective electron spin operator, whose value is determined by
putting the multiplicity of the ground state equal to (2S+1), and g,
A, and D are tensors, 1 is the nuclear spin vector operator, and H is
the magnetic field vector.

The first term in the Hamiltonian is the

Zeeman term; the second term is the hyperfine term; the third term
is the crystal field term; and the fourth term is the nuclear spin
term.

In the case of transition metal complexes, the unpaired electron

is presumed to be located primarily on the metal ion, therefore the
Zeeman and hyperfine terms are generally the most important.
If an electron possesses only spin angular momentum, the
g tensor is isotropic and is equal to the "free electron" value of
2.0023.
momentum,

However, if the electron possesses both spin and angular
the g tensor is anisotropic and deviates from the free

142
electron value by a correction factor determined by the amount of
spin-orbit coupling.

The A tensor describes the magnetic hyperfine

interaction and contains an isotropic contribution arising from the
Fermi contact term and an anisotropic contribution from spin-orbital
coupling and a pure orbital effect.

Consequently, the symmetry of g

and A are closely related to the symmetry of the environment.

The D

tensor represents the removal of spin degeneracy (zero-field splitting)
by a non-cubic crystal field.

It also contains contributions from

spin-spin interact ion.
The energy of an electron in a magnetic field depends upon
both the magnitude and direction of the field, hence the g tensor
describes the effective magnetic moment when spin is quantized along
a specific axis.

When the symmetry of the

molecule is such that

a

proper symmetry operator transforms x into y, y into x, and z into
itself,

then the g tensor has axial symmetry.

®xx - 8yy “

atK* 8zz

For this case

8 ||*

In single crystals, the values of g
, g
and g
can be
y
’
xx
yy
zz
determined by recording the spectra at different crystal orientations
with

respect to

the field. However, inpowdered solids

when

theorientation of the molecule with respect

and

to the field

in liquids
is a

random distribution, only the average g value,(g), can be determined.
The average g value can be related to the values oriented in the direction
of the field according to the equation

2
g =

1

,

.2

3C & 11)

2,

,2

+ 3(g±)

,,

-----26

The isotropic contribution of the hyperfine tensor. A,
occurs when the electron density at the nucleus is not zero.
is the Fermi or contact term and it is denoted by "a".

This

The ansiotropic

contribution is due to magnetic interactions between nuclear and
electron spins.

It is directional with the magnetic field but in

liquids and powdered solids averages out leaving only the Fermi term.
In those cases where the electron is not entirely of s character but
mixes with other states,

the anisotropic part of the A tensor might

be observed.
The zero-field splitting tensor, D,
spin-spin interactions,
electron wave functions.

is due to the electron

and is arrived at by averaging over all the
The spin Hamiltonian removes the degeneracy

of the triplet wave functions even if there is no magnetic field,
hence the name, zero-field splitting.

Below is a diagram that

illustrates the zero-field splitting of a triplet state measured
along the x, y, and z axis.

x
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/

/
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\
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D

y
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D 1 and E are Independent parameters which are defined as follows:

E = fc(D - D )
x
y
D 1= D

z

- %(D

x

27

+ D )
y

....28

In molecules containing a central metal ion which has two
or more unpaired electrons, the zero-field splitting is large, and
the D tensor becomes a significant value.

This makes the evaluation

of the spin Hamiltonian much more difficult to treat by a quantum
mechanical approach.

(B)
1.

Experimental Procedures
Apparatus
The ESR spectra were recorded on a model JES-3BX, X-band

spectrophotometer

produced by the Japan Electron Optics Laboratory,

Co., Ltd., Tokyo, Japan.

The field was measured with a NMR Precision

Gaussmeter, with the Indicator Model G-502 and the Oscillator Model
0-503.

These Instruments were manufactured by Magnion, Inc.,

Burlington, Massachusetts.

2.

Determination of Spectra
The solid samples were placed in a 5 mm diameter quartz

tube which had first been evaculated and then filled in a dry
nitrogen atmosphere.

The first derivative of the absorption peak was

recorded by the instrument.

The frequency of the microwave energy used

145
was determined at the midpoint of the region of the magnetic field
where the peak was observed.

The field strength was measured by the

gaussraeter at the point where the derivative curve crossed the
horizontal axis.

The position of the axis was assumed to be at a

point halfway between the maximum and minimum peaks.

This point

would represent the absorption maximum on the original absorption
curve.
In recording the spectra of the samples in solution, a
5 mm quartz tube was used when

the solvent was non-polar,

carbon tetrachloride or benzene.

When a polar solvent,

such as

such as

nitromethane or dimethylforraamide was required, a 1 urn inside
diameter glass tube was used.

A blank was run with the empty glass

tube to establish that there was no absorption by the glass in the
region of interest.

The frequency of the microwave energy was

.T.easured as above, and the field strength was recorded at a point
halfway on the horizontal axis between the fourth and fifth peaks.
Figures 32-39 show the ESR spectra obtained on the
vanadium(III) complexes which were prepared.

All of these complexes

are new except the urea complex and the dipyridyl complex.

(C)

Discussion of ESR Results
At this writing there are only a very few ESR spectra of

vanadium(III) compounds.

The vanadium(III)

ion has been determined

in host lattices of Al^O^, CdS, and ZnS, but there are no recorded

Figure 32:

ESR spectrum of VT2(HT)C1:
Upper:

In a powdered solid

Lower:

In a benzene solution
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Figure 33;

ESR Spectrum of V T 2CI:
Upper:

In a powdered solid

Lower:

In a benzene solution

Figure 34:

ESR Spectrum of [V(dipy)2C l 2 ][V(dipy)Cl^]
Upper:

In a powdered solid

Lower:

In a nitromethane solution

149

Figure 35:

Upper:

ESR Spectrum of a Powdered Solid Sample of

rV(EBDPP)Cl3(H20)]
Lowe r :

ESR Spectrum of a Powdered Solid Sample of
[V(urea)6](C10^)3

1Q0
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Figure 36:

ESR Spectrum of [V(o-phen) 2C l 2]Cl:
Upper:

In a powdered solid

Lower:

In a dimethylformamide solution
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Figure 37:

ESR Spectra of Monodentate Nitrogen Donor Ligand Complexes
of Vanadiuro(III):
Upper Left:

[V( 2-ahp)g]Cl 2 in powdered solid sample

Lower Left:

[V(2-ahp)g]Clj in a DMF Solution

Upper Right:

[ V ^-picJ^CljlCl

Lower Right:

[V(2-pic)^Cl^jCl in a DMF solution

in a powdered solid sample

T O O

,

UEOir
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Figure 38:

E S R Spectrum of Trichlorob i s C5-amino-1.3.4-thiadiazole
2-thiol)vanadium(III)
Upper:

Ina powdered solid sample

Lower:

In a DMF solution
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Figure 39:

ESR Spectra of Bidentate Sulfur Donor Ligand Complexes
of Vanadlum(Ill):
Upper Left:

[VCdtoJ^Clj^Cl in powdered solid sample

Lower Left:

[V(dto) 2C 121C 1 in a DMF solution

Upper Right:

V(4-ampdtc)Cl^ in a powdered solid sample

Lower Right:

V(4-ampdtc)Cl^ in a DMF solution
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spectra of any vanadium(III)
The

complexes.

lattice containing the doped V

3+

ion has been

studied by several groups (7, 92, 93), but only one of these studies,
that by Zverev and Prokhorov (7),

is anywhere near complete.

Calculations done by Siegert (94) and by Van Vleck (93)
show that the zero-field splitting of the ground state in trigonal
symmetry is approximately 10 cm
transition at zero field from M

One then should expect to see a
a

= -1 to M

s

- 0.

At T = 4.2°K, Zverev and Prokhorov (7) were able to observe
a single peak at frequencies ranging from 14 to 38 kilomegacycles/sec.
The intensity of the peak was reduced at 20°K and disappeared at 77°K.
The peak was composed of eight equidistant components as would be
expected from the 7/2 spin of (isotopically pure) V ^ .

The half-widths

20 gauss and the components were 108

of the Individual components were
gauss apart.

Using the spin Hamiltonian for the interpretation of the
spectra, they calculated the following parameters;

g|j = 1.63 ± 0,05, g^ = 1.92 ±

i*i
approximately

= 1.93 ± 0.02 x 10

2

cm

-1

.

0 .01, and
They estimated D to be

10 cm *.

These experimentally determined values were then used to
calculate the crystal field splitting parameter of trigonal symmetry,
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A = 280 cm \

and the spin-orbit coupling constant,

X = 38 cm

They point out that these values are considerably lower than the values
determined by Pryce and Runciman (4) who calculated these values
from optical spectral studies of V^+ in A ^ O ^ and reported A = 1200 cm *,
and \ = 70 cm

No reference is made by these authors to a paper by

Seed (86) in which he points out in a footnote that the data given
by Pryce and Runciman gives a better fit for a value of A = 960 cm
See also reports a study in which he finds A = 800 cm ^ .

In all of

the reported cases there seems to be a considerable difference in
the A values reported by Zverev and Prokhorov obtained from their ESR
data.
Larabe and Kikuchi (96) also studied the ESR of V
Al^O^ at liquid helium temperatures.
splitting distance, a, to be

ii
- 4 - 1
(A| = 102 x 10
cm

3+

in

They measured the hyperfine

110 gauss, giving a value for

Since Zverev and Prokhorov reported a = 108 gauss,

it appears that their value for A is in error due to calculations.
Using Zverev and Prokhorov's value for the measured splitting distance,
|a | is calculated to be 102 x 10 ^cm~*. Lambe and Kikuchi state that
they are in agreement with Zverev and Prokhorov on the other parameters
reported but they do not cite any other data.
For comparison, Lambe and Kikuchi also report a similar
study on V

2+ and V 4+ ions under the same conditions.

They obtained

lower values for the hyperfine splitting distance for V

24-

, a =

88 gauss;
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and higher values for V

4+

ion, a = 140 gauss.

In this system it would

thus appear that the oxidation state of the ion can be determined by
the hyperfine splitting distance, hfs, obtained from our data.

It

is suggested by these authors that the increase in charge tends to
pull the electron cloud closer to the nucleus,
measure of the electron charge density at the

since the hfs is a
nucleus.

Table XIII summarizes these and other studies which have
been made on V^+ ion in different crystal lattices,
A tabulation of the average g values and the hfc, A, which
have been calculated from the ESR spectra run on the complexes
prepared here is given in Table XIV.
made from the data.

Several observations can be

First, the g values are all close to the g value

for the free electron, 2.0023*

With but one exception they are all

below the free electron value.

Since the splitting factor, g, is

related to the spin-orbit coupling parameter,

g - 2.00(1 - 4x/10Dq)

by the equation:

(76)

29

it appears that the spin-orbit coupling in these complexes is
generally a small effect.

Using the above equation a series of

values can be calculated for X which at least in order of increasing
magnitude should be related to the spin-orbit coupling constants
calculated from the optical spectral data.

In order to see more

directly how the spin-orbit coupling affects the free ion, the

TABLE XIII
SUMMARY OF LITERATURE ESR DATA ON V 3+

Host

Cds

<g>

1.933

g

8 II

|a| x

104 cm 1

1.63 ± 0.05

95.9 ± 0.5

ai 2o3
ZnS
A 12°3

D x 10

cm -1

65

.
1.915 ± 0.002

A 12°3

X

97
70,000 ± 3,000
82,900 ± 200

1.9433

63.0 ± 0.1

102

Reference

7
93
98
92
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TABLE XIV
E S R DATA ON V 3+ COMPLEXES
PREPARED IN THIS STUDY

Complex

Gain of
Solid Spectra

Field

Frequency
x 10-6

<8 >

|A| * 1°'4
cm ’1

3230

9440

1.999

94.2

1.1

3400

9445

1.983

98.8

8.9

3410

9449

1.980

95.5

560

3325

9456

1.946

----

40

3420

9424

1.970

----

3395

9433

1.987

100.8

220

3360

9451

1.929

98.3

rV(ahp) 6 ] C l 3

89

3420

9450

2.0102

95.0

[V(4-AMPDC)C13]

28

3415

9447

1.978

107.0

[V(dto)Cl3 ]

11

3410

9427

1.977

114.7

180

3460

9458

1.961

109.0

v t 2(ht>ci
vt

2c i

V 2(dipy) 3C l 6
[V(urea) 6](C10 4)3
[v(ebdpp>ci 3 -h2o
[V(o-phen) 2C 1 2]C1
CV(2-pic) 4Cl]Cl

r v ( s > 6 ]*
*

40

4.5

5-amino-l,3,4-diathiazole-2-thiol
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equation is modified slightly as follows:

ge - g ^ 2,0023(4\/l0Dq)

30

where gg is the splitting factor for the free electron, 2.0023, and
g is the splitting factor for the complex.
The value of X should also reflect the degree to which the
electron is associated with the metal ion in the complex; that is,
the smaller the amount of the spin orbital coupling, the more the
delocation of the metal electrons onto the ligands.
ratio,

The nephelauxetic

3, which can be obtained from the optical spectral data should

also reflect the deviation of the spin-orbit coupling constant of
the complex from that of the free metal ion.

As previously stated,

8 is defined as the Racah parameter of the complex divided by the
Racah parameter for the free ion, B/Bq .
listed in Table XV, where,

These calculated values are

for better comparison purposes, they are

grouped together according to the presumed structure of the complex.
Consideration of these values for the octahedral complexes
shows that the values of \ and

6 are in the same general order with

the exception of the dipyridyl complex.

This complex presents a

special problem because though the vanadium(lll) ions are both in
octahedral environments, there are two ions each in a different
ligand environment.

Any calculations done would have to be

considered an average.

This approach does not take into account any
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TABLE XV
CALCULATED PARAMETERS FROM ESR AND OPTICAL SPECTRAL DATA

Complex

0

6-coord inated
1.

V T 2(HT)C1

2.

7.4

0.37

[V(o-phen) 2Cl2 ]Cl

40.6

0.64

3.

v(ebdpp)ci 3(h 2o>

58.5

0.66

4.

V 2(dlpy) 3Cl 4

45.0

0.88

5.

[V(2-pic) 4Cl 2]Cl

130

0.93

5-coordinated

1.
*

v t 2ci

Calculated from equation 30.

43.6

0.52
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weighting factor that should be considered to account for any
additional distortions from octahedral symmetry that might be brought
about due to interactions between the two different V(I11)

ionB.

The

sizes of these ions would lead one to predict that their mobility is
considerably less than that for smaller ions in solution; consequently,
one would expect that the relationship between the cation and the
anion might be close enough to produce additional distortions in the
structures.

The high value.of

6, 0.88, would indicate considerably

less covalency in the bonding than might be expected for a bidentate
ligand.
These two parameters,

X and 8* have not been determined

for enough compounds to establish any definite trends; however,
several statements can be made with respect to the relative magnitude
of these parameters.

First, the five-coordinated tropolone complex

gives considerably higher values than the six-coordinated complex
containing the same ligand.

Secondly, the complexes in which the

ligands are monodentate give higher values than those in which the
ligands are bidentate.

Also, when the ESR is determined on the samples

in the powdered solid state, one observes much more hyperfine splitting
and anisotropism for the monodentates than for the bidentates.
As previously stated, Lambe and Kikucki (96) suggested that
the hyperfine splitting in the solution spectra, denoted by the value
of the tensor, A, is a measure of the electron charge density at the
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51V nucleus.

In the single crystal spectra run by these workers,

the values o£ the hyperfine splitting ran from 88 gauss for the V
ion to 140 gauss

4+
for a V

at approximately

ICO gauss.

ion

with the V

3+

ion falling

2+

in between

An examination of the values obtained on the complexes used
in this study vary from 95 gauss to
within the range

that would be

123 gauss, which is certainly

expected

for

the

V^+ ion.

These

values for the hyperfine splitting which are used to determine the
A tensor give calculated values for A ranging from 89.8 ± 0 . 1
114.7 ± 0 . 1

cm

to

Table XV lists the values for each complex.

Though the number of complexes is limited, there is noted
*

a trend with respect to the donor atom of the ligand.

Oxygen donors

give the lowest values for A, nitrogen donors are the next to the
lowest values, and the sulfur donor atoms give the highest.

However,

there is only one sulfur ligand per metal atom in each of the two
complexes studied, which would not give the same conditions for
comparison with the complexes which contain two or three ligand
molecules.

Based on the results obtained by Lambe and Kikucke (96)

one would conclude that the higher value of A, the greater the
electron density around the central metal ion.

Therefore,

it seems

that the tropolone complexes give the greatest opportunity for the
delocalization of the electrons in the d orbitals of the metal ion;
the complexes in which sulfur is the donor atom give the least
opportunity; and the nitrogen and nitrogen-oxygen donor atom ligands
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fall In between the two.
Heretofore,

the only ESR spectra reported on the V

3+

ion

was that in which the ion had been doped in crystal lattices of Al^O^
or other compounds, and then only at liquid helium temperatures.
The reason, as suggested by Carrington and McLachlan (90), that the
E S R spectrum of V

3+

has been difficult to

observe is because the spin-

spin interaction of the two electrons is too great.

This effect

has

been estimated to cause a splitting of the magnetic energy levels of
approximately 3 cn \

and since this is also the length of the

radiating beam in most apparatus,

the effect is to wipe out any

changes that occur due to absorption of energy by the electrons.

The

results reported here do not contradict this theory in any way, but
rather indicate that the complexing of the metal ion provides a
means whereby the electrons

can move away from the metal ion a

sufficient amount to reduce

the spln-spln interaction enough to

allow the Zeeman effect,
effect to be observed.

the hyperfine effect, and the crystal field
This is substantiated by the observation that

the bidentates w hich form a ring sturcture and thereby a better
mechanism for delocalization of the electrons, give a much stronger
E S R signal than the complexes in which the ligands are monodentates.
The exception la the sulfur donor ligands which have only one ligand
to the metal ion.

This would mean that the two electrons would have to

move partially into the same ring, and the spin-spin interaction which
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occurs on Che metal ion is not substantially lowered*
Since the spectra reported here were not made on single
crystals which could be oriented so that different axes were aligned
wit h the magnetic field, the D tensor could not be determined.

As

this tensor is related to the amount of the zero-field splitting,
would be expected to be quite large in a d

2

system.

It is recognized

that the contribution of this term to the total effective spin
Hamiltonian might be of considerable importance in the theoretical
treatment by a quantum mechanical approach.

it

SUGGESTION F O R FURTHER WORK

1.

In the preparation of the vanadium tropolonates it

was noted that the reaction conditions are critical and that by
changing these conditions different complexes can be made.

Further

attempts should be made to produce and more clearly verify some
seven-coordinated complexes of vanadium and tropolone.

The apparently

five-coordinated complex prepared, VT^Cl, should be studied further
co definitely establish the structure.
Since it seems possible to prepare a series of vanadium
tropolonates with three, two, and perhaps one tropolone per vanadium,
such a series might be useful in evaluating the validity of Jorgenson's
Theory of average environment (89) for the V(III) complexes.
2*

It has been suggested here that the determination of

the ESR spectra of the V

3+

ion was possible because the presence of

the ligands permits separation of the two unpaired electrons to a
sufficient degree so as to reduce the spin-spin interaction of the
two electrons, and thus make it possible to observe other contributions
to the Hamiltonian such as the nuclear-electron spin interaction,
crystal field effects, and the hyperfine splitting.

This explanation

for the observed ESR spectra reported here certainly requires further
investigation.
3.

The proposed spectrochemical series for the ligands

used in this study is only an approximation since the environment of
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the metal Ion differs in the complexes studied.

The preparation of more

complexes using these ligands which would have more similar environments
could be done.

Low temperature studies made on these complexes would

then provide additional Dq data which could be used to further
clarify this proposed spectrochemical series.
4.

Most of the complexes prepared here used the chloro-

vanadium compounds as starting materials.

The one exception was

the use of VGF^ to PrePare a tropolone complex.

The bromides, iodides,

and additional fluorides of vanadium in the +3, +4, and +5 oxidation
states offer the opportunity to prepare and study many new complexes
of vanadium.
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