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SUMMARY

This thesisis (onceaned wih thestudy the behaviour of UF,, MoF,, WF , and

6’ 6’
NO+ towards the metals Co, Ni and Zn. in CH3CN medium, and thus
give a better insight‘ws the reactivity of these hexafluorides towards

first row transition elements.

Solvated Co(II) has been prepared by the oxidation reactions

of the metal by MoF WF6 and NO'. The solvated salt [Co(NCMe)

6’ 6]—
[PF()]2 is stable in absence of moisture and oxygen and can be stored in

an argon~atmosphere glove box. [Co(NCMe)()][WF and [Co(NCMe)()]—

612
[MoFé]2 are very prone to hydrolysis and can be kept in liquid nitrogen
for only one or two days. The spectra of the salts are consistent with
octahedrally coordinated Co(II). Values of the ligand field splitting
parameters (A) and electronic repulsion parameter (B') have been
calculated and compared with those of some relevant CoLézcz.hlm-They were

found to fit the theoretical expectations and showed that acetonitrile is

a good coordinating agent though not the strongest'in the spectrochemical

series.

Co(II) can be electrochemically oxidised to Co(IIl) in cases
where the counter anion is PF6—. This is not observed when WF6_ is
the counter anion, . wWidn . is probably due to the oxidation

potentials of the C02+/Co3+ and WF.?_ /WV couples/which occur in the
same range, hence the wave assigned to C02+/Co3+ could not be observed.

MoF6 oxidises cobalt metal to Co(II). Further oxidation, as

would be predicted from the electrochemistry of [Co(NCMc)é][PFé]2 was




not observed, probably %cs’b kinetic reasons. UF6 did not react with

cobalt metal. Polymerisation of acetonitrile and reduction of UF, took

6

place instead.

Zinc is not a transition metal but its behaviour towards the
hexafluorides of uranium, molybdenum and tungsten, is similar to that
of most of the first row transition elements. The metal is oxidized by
MoF,, NO" and WF, and the salt [Zn(NCMe)][MF ], (M=Mo,P,W) is
generated in solution. Coordination of acetonitrile andw;resence of the
anion ,MF6- (M=M0,P,W)} has been established from the study of its
infrared and Raman spectra. UF6 does not oxidize zinc metal.

Nickel metal is not oxidized by MoF6 and UF6 but it is
relatively easily oxidized by NO" and WF6 at room temperature.

The solid [Ni(NCMe)é][PFﬁ]2 is stable at room temperature
but [Ni(NCMe) 6] [WFG]Z hydrolyses easily.

By
A purple, [Ni(NCMe)é][WFé] is formed when the oxidation of

2)
the metal is performed in acetonitrile solution. A fluoride ion transfer
occurs in parallel,in whidh the hexafluorotungstate(V) anion behaves as a
fluoride ion donor in acetonitrile. It reacts with WF 6 to give WF,?_
anion as a prodﬁct.
When the rw\eaction is performed ini gas phase [Ni(NCMe)S]—
e

[WF(],, a white solid{is formed.

Neither MoF6 nor UF6 is able to oxidize massive nickel.

MoF6 can,however, oxidize chemically cleaned nickel metal or vacuum
evaporated nickel film. A purple salt is formed; it is identified as

[Ni(NCMe)é][MoFf)]z. If the nickel film is exposed to air before

reaction, MoF6 does not oxidize it. This clearly shows that it is the




oxide film that inhibits the reaction. On the other hand WFb’ which
reacts easily with massive nickel, is inert towards a nickel film free
from its oxide layer. The reaction of an evaporated nickel film with
WF5—18F shows that tuﬁgsten hexafluoride is adsorbed on the surface of
the metal but thg reaction could not be observed for kinetic reasons.
Although previous workers did not take into account the role
of the oxide film during the oxidation of metals, the series of .
reactions described above shows clearly its importance in the oxidation
process. On this basis itséomsdreasonable to assume that an electron
transfer takes place between the oxide film and the oxidizing agent.
Nickel oxide being stable, the electron transfer does not occur with
M°F6' WF6 being a strong Lewis acid, it is able to form a Lewis Acid-
Lewis-Base adduct which catalyses the oxidation reaction of nickel metal.
Addition of pyridine to a solution mixture of nickel and MoF6
in MeCN produced a yellow solid. Its microanalysis revealed that it is
in factaMoFS.Zpy adduct which is formed. The reaction was also
p’erformed in absence of nickel, yielding = the same product. , identified
by microanalysis, atomic absorption and vibrational spectroscopy.
Uranium hexafluoride is reported to be the stronge# oxidizing
agent of the series considered in this study. There was, however, no
evidence of any reaction occurring between the metals, cobalt, nickel
and zinc and UF6. In all cases, reduction of the hexafluoride occurred
before reaction with the metal could be detected. This was followed by
polymerisation of the solvent. UF6 was also reacted with a vacuum

evaporated nickel film. In this case also, no reaction was observed.




INTRODUCTION

The chemistry of transition elements is concerned with the chemistry of
coordination compounds, in other words, complex formation. A
coordination compound is formed when the number of ligands attached to
the central metal is greater than its oxidation state. The mechanism of
complex formation is bésed on the donation of an electron pair from the
ligand to the central metal. This electron pair is not completely transf-
erred to the central metal, but is used to form covalent bonds. So
complex formation is basically a Lewis acid-Lewis base interaction.

Transition elements can be briefly described as elements with
partly filled d or f shells. Although copper has the electronic configurat-
ion 3dlosl, it is also included in the definition, as in its commonly
occurring oxidation state it has the configuration 3d9. Zinc is not
normally considered a transition element, because both the element and _
its compounds have a filled 3d shell. In addition, zinc does not show the
same characteristics as the rest of the transition elements.

The aqueous chemistry of the transition elements has been
extensively reviewed. A number of compounds have stable oxidation
states (towards disproportionation) in aqueous solution. However, there
are known cases where the metal cation disproportionates in aqueous
medium, and addition of m-acceptor, for instance, becomes necessary in
order to stabilise low oxidation states. 1,2

Previous work has shown that metal cations can be generated

in acetonitrile either by oxidation of the metals using covalent high

oxidation state fluorides, or by Lewis acid-Lewis base reactions between



metal fluorides and covalent high oxidation state fluorides.3’4 Solvated

Cu:[I and FeH cations can be generated by the reaction of their binary

fluorides with PF5. Co metal can be easily oxidized by WF6 and MoF6 to

give C02+. Ni metal is oxidized to Ni2+ by WF6' The
. complex fluoroanions formed . " can be easily detected by
spectroscopic methods.
: teLaune.
Acetonitrile was chosen as the reaction medium. it is a very

mild solvent and also very easy to handle.5 In addition, the high
volatility of acetonitrile makés it ideal for vacuum line work (m.p=-45.7°¢,
b.p.=81.69%. Acetonitrile is a neutral aprotic dipolar solvent with a
dielectric constant of 35.5 at 20°C. CH3CN is a good 6-donor and
Tm-acceptor towards transition metals and thus favours low oxidation
states. It possesses both lone-pair electrons, localised on its nitrogen

>

atom, and vacant T-orbitals of T symmetry. In the coordination
process the electrons are donated from the ligand acetonitrile through
its 6-bond, to empty orbitals of the metal. Because of, probably, a
build-up of a negative charge on the metal, the electrons are donated
back to the ligand by m-bonding.

Commercial acetonitrile usually contains impurities such as
acetamide, ammonia and, in some cases, ammonium acetates. Besides
this, acetonitrile is highly hygroscopic. It must thus be carefully
purified before use. The method of purification used was developed in
this department and is an extension of the method of Walter and Ramaley.

A detailed account of the purification process used is given in the

chapter concerned with the experimental techniques.



During the course of this work, high oxidation fluorides, i.e.
UF6, MoF6 and WF6 were used as oxidizing agents. UF6 and MoF6 are
considered to be the stronger oxidizing agents. However ) oxidation of

nickel metal was straightforward only with WF6'

1.2 Lewis Acid-Lewis Base Reactions

Work previously carried out in acetonitrile showed that ionic
metal chlorides react with Lewis acid covalent chlorides in acetonitrile,
giving solvated metal salts.4 In this way, solvated salts of Fe(II),
Co(II), Ni(II) and Cu(II) were generated from the reaction of MC,Q,2
with N&CSL" (x = 3, 4 or 5), the anions being FeCR,;, TR.CSL;, SnC,Q,z—
or $bC2;.°  Similarly, Cu(Il) and T2(ID) heptaﬂﬁo:&‘ggngstates(VI)
have been prepared by reaction of anhydrous CuF;with MF5 (M=Ta,P,
As). TaF5 and AsF5 are generally regarded as stronger Lewis acids
than PF 5 They exist in acetonitrile as the monomeric complexes

MFSNCMe.

Although the solvated cations of nickel and cobalt are known
to exist in acetonitrile, neither of them reactswith the pentafluorides.
It was assumed that this difference in behaviour is due to kinetic
factors. Ag(I) and TA(I) fluorides react with Ast to give AsF; salts.
In contrast to the chloroanion complexes, fluoroanion complexes show
little tendency to coordinate with the metal ion leaving only the solvent
in its primary coordination sphere. Thus it may be argued that the
use of a Lewis acid fluoride as opposed to a Lewis acid chloride is more

likely to lead to the formation of a solvated metal cation or,at the very

least, a solvent separation ion pair.



1.3 Preparation of Uranium, Molybdenum and Tungsten

Hexafluorides

All three hexafluorides can be prepared by direct fluorination
of the respective metals. UF6’ MoF6 and WF6 produced must be
purified by at least three successive distillations over anhydrous sodium

9

fluoride.
Uranium hexafluoride is prepared industrially by the following

three-step process. Ti’le trioxide UO3’ prepared from U30g,is

reduced to UOZ' UO2 is fluorinated by HF to give UF4,

fluorination of UF 4 by elemental fluorine produces UF 6 In step 3

Finally

uranium tetrafluoride can be oxidized by oxygen producing UF 6 and

UOZF 2 (equation 1). UOZF2 is in turn recycled by reaction with HF
to give UF 4 In this method it is not necessary to handle‘ elemental
ﬂuorine.10

1073K
UF4 +O2 —_— UF6 (g) -FUOZF2 (1)

Molybdenum hexafluoride can be easily prepared in the
laboratory by reaction of fluorine with metallic molybdenum, which has
been previously heated in hydrogen to remove surface oxide, and
cooled in nitrogen. The product of the reaction is collected in a Pyrex
trap containing activated sodium fluoride. NaF retains traces of
HF present and thus oxyfluoride formation is minimised. MoF6 is
transferred by vacuum distillation to a breakseal flask for storage.
For purification the breakseal flask is resealed to a vacuum manifold

and connected in series with three other breakseal traps containing



previously dried sodium fluoride. Purification of molybdenum hexa-
fluoride is performed by vacuum distillation of the hexafluoride from
one trap to another, adjusting the temperatures of the traps to give a
slow distillation.  Any SiF4 present is removed at -78°C and MoF6 is
finally collected at -190°C. WF6 can be prepared on a laboratory scale
in a similar manner.

Both molybdenum and tungsten hexafluorides have been

prepared by reaction of molybdenum or tungsten dibromides with

anhydrous hydrogen fluoride at a temperature above 50()°C,11
(equations 2 and 3)
3 MBr, + 6 HF —_— 3 MF, + 6 HBr (2)
[¢]
sur, 29, oM eMF,  (MMo,W) (3)

Preparation of tungsten hexafluoride can also be achieved by
halogen exchange between tungsten hexachloride and fluorinating agents
such as hydrogen fluoride (egn. 4), arsenic trifluoride (eqn. 5) or

12
antimony pentafluoride (eqn. 6).

WCe, + 6 HF —_— WF(J + 6 HCY (4)

6

WCJZ,6 + 2A53F3——0- WF6 + 2AsC,Q3 (5)

WC,Q6 + 3SbF5 —_— WF6 + 3SbF3CSL2 (6)



Uranium hexafluoride can be prepared by fluorination of
uranium tetrafluoride with elemental fluorine at high temperature,1
(egqn. 1)

220-400C

UF, + F, —— UF, (7

UF ¢ can also be prepared by fluorination of uranium carbide with

ﬂuorine,10 (egqn. 8)
UC2 +7F2 —— UF6 + ZCF4 (8)

1.4 Physical Properties of UF6’ MoF6 and WF6

Uranium, molybdenum and tungsten hexafluorides are colour-
less compounds in their gaseous, liquid and solid states.14 They have
short liquid ranges, MoF6 (m.p. 17.4°, b.p. 34°C), WF(J (m.p. 2.0°,
b.p. 17.1°C), UF() (b.p. 56°C).

The hexafluorides of uranium, molybdenum and tungsten
undergo a solid phase transition from a low temperature orthorhombic

1

form to a high temperature cubic form. 5 The transition temperatures

and the heats of transition are:

Compound Transition T°C AH trans. kJ mol_1
-5
MoF6 - 8.7 4,685 10
-5
WF6 - 8.2 3.346 10




10

The structure of UF6 has been shown to be octahedral in the gas phase
with a small tetragonal distortion in the molecular structure.

Special precautions are necessary when allo wing the solid
hexafluorides to warm up from low temperature. The volume change
associated with the solid phase transition is quite large and there have
been occasions when the hexafluorides collected in cooled conventional

glass traps have skattered the apparatus on warming up.

1.5 Structure and Bonding

UF6’ MoF6 and WF() are monomeric and octahedral but they
undergo a solid phase transition to a cubic form at higher temperatures.

This change in the crystal structure has been studied by powder

15

diffraction at -196°C. Comparison of the results with those obtained

at -80°C suggests that the octahedrads¥packing more efficiently, but
no significant decrease in the metal-fluorine bond length was observed.
The Mo-F and W-F bonds have approximately the same length (* Z.OOX).
From available data, the values of the fluorine to metal bond are

51,52

respectively, 2.50 kJ in MoF6 and 2.89 kJ in WF6'

indicate a stronger bonding in tungsten hexafluoride than in molybdenum

These values

hexafluoride. Another piece of evidence %}dl this is provided by the
bond stretching force constants calculated from spectral data. The
values are 5.13 for WF6 and 4.73 in MoF6.53 Seemingly, volatilities
and reactivities of transition metal hexafluorides are related functions.
It is noteworthy that the less volatile hexafluorides are the most
reactive.S4 The relative inertness of tungsten hexafluoride is an

example to support this. A possible explanation golthe trend of



11

decreasing bond strength with increasing atomic number in a row of
transition metal hexafluorides is the transfer of electrons from the
p-orbitals of the fluorine atoms and the d-orbitals of the central metal,
as well as a §-donation. The m-bonding effect decreases with increase
of the number of electrons in the tZg orbitals. Therefore mbonding
should decrease from tungsten hexafluoride to platinum hexafluoride.

A decrease in the Van -der Waals' radius should also be observed as a
result of the diminution of the number of electrons outside the fluorine
ligands. This explains in part the readiness with which RuF6, RhF6

and P'cF6 lose fluorine ligands.55

MF, —— MF .\ *+ 1/2F,

Values of \)l for the second and third row transition elements all lie between

628-771 cm_1 and the value of vy falls with increasing atomic number in

. 55
a given row.

1.6 Electron Affinities of WF6’ M°F6 and UF6

The electron affinity of a molecule or atom is defined by the
difference in energy between the neutral molecule or atom in its ground

state (E°) and the ion in its ground state (E-),14 (egqn. 9)
-EA = E° - E (9)

Because of the difficulties encountered when measuring electron

affinities, they are known with accuracy only for a few elements. In



Table]2

: Alectron

affinity of UF  MOF  JWF (KJ.moJ_“l)

Technique UE6 M°F6 WF6 Ref
Ahsorp%ion spectra 558 554 432 15 (1978 )
of XeMF complexes

(M=U Mo ,W)
Zffusion mass 345+19 (1982)
spectroscopy
Molecular beam 3 432 471 18 (1978 )
reaction with 19 (1977 )
alkali metals
Ion cyclotron L7048 331£10 20 (1979 )
resonnance spectroscopy
Gase fhase reaction i 292
of NO with 3 transition '%,
metal hexafluoridfs {
| | |
Reaction with graphite 367 | 56 (1982 )
Termochemistry of MF~ 51726 149015 23 (1974 )
salts
Ion molecular equilibrium LT1£24 (19%0)

539125
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most cases an estimated value is given using indirect methods.

Electron affinities of second and third row transition metal
and actinide hexafluorides have been calculated by different means.
Different values were obtained for each method used, but all results
show the same trend in increasing electron affinity. The values are
summarised in Table 1.

Electron affinities of molybdenum and tungsten hexafluoride
have been collected using charge transfer spectra of these hexafluorides
with xenon. The data obtained from the band position indicate that
EA(MoFb) > EA(WF()). During the calculation value of EA(WF6) was
taken from the collisional ionization method. The error in the values
is probably due to neglect of the interaction of the MF()—Xe+ electronic
configuration with the ground (MF6Xe) and excited (MFé*Xe) configur-
ation. Values determined for both EA(WF6) and EA(MoFé) are the

1 -1 15

following; EA(WF6) = 432 kJ mol ~, EA(MoF,) = 554 kJ mol

o)
Electron affinities of both hexafluorides were also calculated

by Sidorov et al., by an effusion technique. The values obtained

are very low compared to those of other methods. In their calculation,

it was assumed that alkali metals ionise with molybdenum and tungsten

hexafluorides. The value of the bond dissociation energy D(MOFS-F)

was determined experimentally from the equilibrium constant of the ion

molecular reaction, (eqn. 10)

MoF . + ZBeF3_ ;-;—‘—-MOF6 + BeZFS_ (10)



1

D(MoF ,~F) = 397 + 3 kJ mol  and EA(F) = 259 * 2 kJ mol , are
literature values that were used to determine the electron affinity of
M°F6’ which was estimated as 345 + 19 kJ mol-l.

Mathur et al., determined the electron affinities of WF,, MoF

6)

and UF6 by the method of ionization reactions of the hexafluorides

6?

MF6 (M = U, Mo, W) with alkali metals in crossed molecular beams.lg’19
In this method the ionization of the alkali metals was supposed to occur
from the interaction with WF()’ MOF()‘ and UF6 according to reaction (11)

even at thermal velocities of the atoms.
Na + MF, — Na' + MF " (11)

Thus the magnitude of the electron affinities of the MF6 must be greater
or equal to the magnitude of the ionization potential (IP) of Na, (eqgn.
12)

[EA(MF6) | > | IP(Na) | (12)

Mathur et al., assumed that the observation of MF6 was probably due

to the presence of dimers A2 in the alkali beam, (eqn. 13)

A, + MF . — 2A% 4 2MF ~ (13)

A : alkali metal

M: W, Mo, U
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Hence | EA(MF,) | > |IP(A) | + | D(a,) |

where D(Az) is the dissociation energy of the dimer.
The values reported were EA(WF,) ) 471 kJ mol 1 EA(MoF ) » 432 kJ
mol-1 and EA(UF6) Y 413 kJ mol_l. If the assumption in (eqn. 12) is
right, then the potential surface of MF6_ anion and Na' ion must be
smaller than that of MF, and Na particles and does not cross it.  This
then rules out reaction (11). Sidorov et al., assumed that the reaction
products are in their excited states and the electron affinity of MF 6 is
given in an excited state rather than in the ground state. In this
case correlation (12) is still possible.

Electron affinities of both WF6 and UF  were also determined

by George and Beauchamp.20

EA(WF 6) was determined from ion
molecular reactions using the method of ion cyclotron resonance spectro-
scopy. F formed from NF3 by dissociation attachment was found to

react with WF6 by an electron transfer reaction, (eqn. 14), as well as

the fluoride attachment reactions, (eqn. 15).21’22
WF, + F — WF6' + F (14)
WF, + F —» WF7_ (15)

The electron transfer reaction, (eqn. 14), has a decreasing rate constant
with increasing ion energy and is thus exothermic. Reaction of oy
formed from CC,Q,4 by a dissociative electron attachment with WF6 was
not observed, therefore the electron affinity of WF6 must be smaller than

that of C% and hence,
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EA(F) < EA(WF6) < EA(CY)

EA(WF ) is probably equal to 331 * 10 kJ mol %, as EA(F) = 327 KJ
6 Y

"1 and EA(CR) = 341 XJ mol L.

mol

EA(UF 6) was determined by ion cyclotron resonance technique.
A threshold value was measured for the reaction, (eqn. 15)

UF, + BF, — BF, + UF (16)
As AP(BF4_) and on the basis of the bond dissociation energy
D(BF5-F") = 297 + 21 KJ mol ' and DHQ(UF,) = -2136, AH(UF ) = -1902
and AH%’ = 255 kJ mol_l. EA(UFé) was deduced as approximately
470 + 48 kJ mol L.

From the study of the redox reactions of NO and FNO with
third row hexafluorides, Bartlett found that the electron affinity
increases by approximately 84 kJ mol—l, with increase of atomic number.
The electron affinity of WF6’ determined by this method, was comparable
to that determined by George and Beauchamp and is EA(WF6) < 292 KJ
mol-l.,24

From studies of the intercalation of hexafluoride in graphite
it can be deduced that EA(WF,) must be lower than 451 kJ mol_l, as
tungsten hexafluoride does not intercalate or spontaneously oxidise pure
graphite. However, c8M°F6 is produced when MoF6 is reacted with
graphite. This again suggests that WF() has the lower electron affinity.
On the basis of Bartlett's work, EA(WF,) < 367 kJ mol” !, %6

Electron affinities of gaseous molybdenum and tungsten hexa-

fluorides have also been estimated from measurements of the heats of
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oxidative alkaline hydrolysis of K, Rb and Cs salts of the hexafluoro-
metallates, together with the calculation of Burgess et al. of lattice
energies of AMF6(c)’ (A =K, Rb, Cs and M = Mo, W). The electron
affinities of MoF6 and WF6 were then derived from a Born-Haber cycle.
EA(MoF,) = 517 + 6 kJ mol ' and EA(WF,) = 490 * 5 kJ mol L. The
uncertainty in the results determined for thermochemical measurements
is probably due to the error in the calculation of the crystal lattice
energy.23 A more recent study involving thermochemical measurements
of NaWF, and LiWF . showed that EA(WF6) was approximately 447 kJ
mol-l.

The electron affinity of UF() was determined by Sidorov et al.

from the equilibrium constant of the following reactionz5

6 == UF_ + UF (17)

UF 5 5

+ UF

4

The equilibrium constant of the reaction (eqn. 17) was itself derived
from the measurement of I(UFS-)/I(UF()_) and P(UF5) /P(UF4). EA(UF6)
was found equal to 471 * 24 kJ mol '.  This result was later revised
and it was shown that the above ratios are cell material and time
dependent. The equilibrium constant value of the reaction was again
determined using a single effusion cell and by carefully measuring the
time. According to this, EA(UF6) was determined as equal to
528 + 29 kJ mol L.

Pyatenko et al., determined the electron affinity of UF6 from

the equilibrium constant of the reaction, (eqn. 1%).



UF, + K — UF,., + KF (18)

From measurements of the ratios I(UFS-)/I(UF()_) and P(KUFS)_/P(K) the
value determined was EA(UFb)‘ = 539 + 25 kJ mol 1. |
Electron affinity values of UF 6 and WF ¢ are relatively precise
and the results reported from the different methods citged above are in
good agreement; still EA(M0F6) needs to be investigated. Data,
however indicate the following order of electron affinities UF6 > MoF 6 >

wFéo

1.7 Fluoride Ion Affinity of WE, "’

The fluoride ion affinity of tungsten hexafluoride has been
determined from the: fluoride transfer reaction that occurs when SlF 4

is added to SF6 and WF SF6- and SF5- are produced by attachment

6"
of near thermal energy electrons to SF6’ and further, SiF 4 reacts with
both SF6- and SFS_, producing SiF5—. This reacts with WF6 to

produce WF7—, (eqn. 19)

SiF5 + WF6 —_— WF7 + SiF, (19)
So D(WF6—F_), (the reverse of the fluoride ion affinity of WF6)’ must
be greater than D(SiF4-F_). A decrease in the amount of WF7-

produced was observed when BF3 was added to a mixture of SF6 and

WF_(). A one-way reaction, where BF4 is produced ,was observed.
It was then concluded that D(WF()-F—) < D(BF3—F-).D(S'1F4-F—) . An

estimated wvalue of D(WF6-F_) = 293 + 21 kJ mol-1 was determined from

e
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a recently reported value of D(BF3-F_) =301 +21 kJ mol_l.

1.8 Chemistry of UF,, MoF, and WF

6’ 6 6

The traditional view of UF6’ MoF6 and WF() was that their
chemistries were identical. 27 This was probably based on the property
of the three hexafluorides to hydrolyse rapidly in moist air, producing in
all cases HF and oxide fluorides. 14

Uranium is similar in many respects to molybdenum and tungsten
and was historically considered as the 4th row group A transition metal.
Evidence has been mounting to show that in fact WF6 is a less powerful
oxidant than either UF 6 °F MoF 6 °OF other second and third row transition
metal hexafluorides. It is in fact the least reactive hexafluoride of the
third row transition metals, the reactionally order being
WF, < ReF6 < OsF < InF, < PtFéezg’29 Some of the evidence is

presented and discussed below.

1.8a  Gas phase chemical reactivity of UF6’ MoF6 and WF6.

Oxidation of lower fluorides of metals

In their work, O'Donnell and Stewart investigated the reduction
of uranium, molybdenum and tungsten hexafluorides by some lower
fluorides of non-metals, e.g. phosphor us, arsenic, antimony and bismuth
trifluorides. UF6 reacted readily with PF3, whereas the reduction of
MoF6 was only partial. This is because the phosphor .us pentafluoride
so formed is capable of oxidizing molybdenum pentafluoride. Reduction

of WF6 by PF3 was very slow and occurred only to a limited extent.

[P
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Addition of anhydrous hydrogeﬁ fluoride appears to be necessary to
catalyse the reaction.29 Because chromium hexafluoride is thermally

0 Chromium

unstable, chromium pentafluoride was used ins‘ceacl.3
pentafluoride oxidizes readily phosphor us and arsenic trifluorides.
If anhydrous hydrogen fluoride is added to the reaction, chromium
pentafluoride oxidizes antimony trifluoride to antimony pentafluoride.
Chromium hexafluoride is a more powerful oxidant than chromium
pentafluoride. On the basis of the reactivity of CrFg, CrF6 is then
a more reactive oxidaﬁt than UF 6° Taking into account the above
UF

behaviour of CrF 5 MoF 6 and WF 6 towards some lower fluorides

6,

of non-metals, we can deduce the reactivity of group VI A hexafluorides.
CrF, > UF, > MoF, > WF,

In the same way, the reactivity of third row transition metal hexa-
fluorides can also be deduced. ‘ReF6 is readily reduced by PF3,
producing ReFS. " Reaction of SeF 4 wifh Osl?‘6 and IrF6 produces
éomplexes where the metal is in its +5 oxidation state. Reaction of
PtF, and SeF, leads to the formation of an adduct Pt(IV) fluoride and
31 '

SeF4.

PtFé + SeF4 —_— (SeF4)2 PtF4 + SeF6 (19)

The general conclusion we can draw from this work is that there is a
marked difference in the reactivity of first, second and third row

transition elements of a given group.



Halogen exchange reactions

A halogen exchange process occurs when MoF6 and UF6 are

reacted with the following halides: PCY ASCR,3, sSbCf,, TiCL,, CCL

3’ 3’ 3’
BCL; and PBr;.  Only BCAj, TiC&; and PBr; proved able to react

4!

with WF6° M°F6 reacts with all the ionic chlorides of group 1A elements,

but UF6 does not react with KC%, RbC% and CsC%. On this basis,
MoF6 is seen as the stronger fluorinating agent.32 Halogen exchange
reactions confirm that UF6 and MoF 6 have comparable properties while

WF6 is a less reactivepagent.

Reactions of UF 6 MoF6 and WF6 with nitryl fluoride, nitrosyl

fluoride and nitrosyl chloridez‘l'29

The behaviour of UF 6’ MoF 6 and WF 6 towards nitryl fluoride,
nitrosyl fluoride and nitrosyl chloride was investigated, and reactions
of the three metal hexafluorides with NOF and NOZF produced solid
compounds of general composition NO.:(.F.MF6 (x=1,2 - M=U,Mo,W).
Analysis of the vapour pressure released from each of these reactions
showed that nitrosyl and nitryl fluorides combine with each of the
hexafluorides in a 1:1 molecular ratic producing sclids of varying
volatility. Analysis of the infrared spectra of the products showed
the presence of bands assigned to NO’;c+ (x=1,2) and MF7— and also

44

bands similar to those of gaseous NOxF and MFé Data obtained for

the compounds NOxMF.? indicate the existence of the following equilibria:

NOxF + MF (g) == NOxF.MF(s) === NOxMF, (s) (20)

M=U,Mo,W; x=1,2
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The complex formed is stabilised by partial acceptance of a fluoride ion
by the metal hexafluoride.

The oxidation of nitrosyl chloride probably occurs by ionic
dissociation of the nitrosyl chloride. An unstable complex ion (MF e L)
is formed by transfer of a chloride ion to the metal hexafluoride.

MF 6C,Q,— then dissociates giving MF6- ion.

Nitric oxide does not react with tungsten hexafluoride. All
three hexafluorides (UFé' MoF 6 and WF 6) were inert towards nitrous
oxide. The lack of reaction of WF() is consistent with its being

classified as the least reactive hexafluoride.

1.8b Reactivity of UF()’ MoF 6 and WF 6 in solution

59

Reactions in anhydrous hydrogen fluoride

The redox couples MF 6/MF6-, M=Mo,W, have been identified
in neutral and-basic solutions of anhydrous hydrogen fluoride, as shown

in eqn. 21

-
MF = MF6— M=Mo,W (21)
e

The redox process is a simple one electron transfer reaction. The
electrochemical potential values of the couple MF6/MF 6- were determined
for both WF, and MoF . El/Z(WF6/WF6 ) =-0.10V wvs. Cu/CuF, and
EI/Z(MoFﬁ/MoF(;) = 0.91V vs. Cu/CuF,. Comparison of the two
couples shows WF6 as a very mild oxidant since it is reduced at a

negative potential with respect to Cu/CuF2 reference electrode. MoF6
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is a sfronger oxidant and is reduced at more positive potential. The
difference between the two couples is 1.01V. This is significant in
relation to electrochemical work carried out in CH3CN, which is
described below.

Uranium hexafluoride can be reduced by hydrazinium(+2) at
0° in hydrogen fluoride or carbon tetrachloride. If excess UF6 is used
the product of the reaction is hydrazinium-bis-hexafluorouranate
(NZHé(UFé)Z)' With excess hydrazinium(+2)fluoride, the product is

hydrazinium(+2) heptafluorouranate(V) (NZHEUF7) . 33

Reactions of MoF 6 and WF, in sulphur dioxide

Molybdenum and tungsten hexafluorides were reacted with the
alkali metal iodides in sulphur dioxide medium. Both hexafluorides

were reduced to their respective hexa.fluorometallates(V),34 (egns. 22,23)

SO
2MoF, + MI — > I, + 2M MoF, (22)
50,
2WF, + M1 —2% I, + wwF, (23)

(M=alkali metal, but not Li).

Reactions of UF 6’ MoF 6 and WF 6 in iodine pentafluoride

The oxidising abilities of some hexafluorides towards jodine
in jodine pentafluoride, have been investigated. The work was
performed in this department by Berry et al. Molybdenum and

tungsten hexafluorides were both inert towards iodine in iodine penta-

——



fluoride medium.35 However, UF6’ as well as ReF6, oxidised iodine to
12+ in iodine pentafluoride. The behaviour of UF 6 towards 12 in IF 5
depended on the stoicHiometry of the reaction. If the mole ratio of

to I, is 1:1,‘&«1 * cation formed immediately, but when the mole ratio

6 2 2
UF6:I2 is 10:1 greater, the concentration of the 12+ formed initially

UF

diminishes gradually and uranium pentafluoride is precipitated, as in
equation 24.
100 UF, + I, —— 10UF. + 21IF (24)
The reaction is believed to occur with the formation of 12+UF 6— initially,
then formation of UZF 9 and disproportionation, giving IF 5
ReF6 oxidised 12 in IFS’ also giving IZ+ with a large excess

of oxidant used
+ —
—n I + ReF (25)

From this work and previous results, the oxidising ability in iodine

pentafluoride of metal hexafluorides are in the order UF 6>ReF 6)MoFé,WF 6°

Reaction of the hexafluorides in acetonitrile solution

Acetonitrile has proved to be a suitable medium for carrying

out redox reactions between some metal hexafluorides and 3d and post-

transition metals. 3,28

Molybdenum hexafluoride oxidises T& metal in CI—I_,)CN()0 at

room temperature, yielding - a pure TSZ,HI salt, colourless

24



TQIII(M0F6)3.5MeCN, when a high concentration of MoF6 is used. If

the mole ratio T4:Mo = ca. 1:2, yellow solids of _ T%(Mofb\).?,

are isolated. These are spectroscopically identical to T,Q,IH salt.

TR,HI salt is produced when the yellow solids are oxidised by
MoF g In MeCN. The yellow solids react slowly with thallium metal.
These solids have been formulated as a mixture of T4t Tl with an
atomic ratio T%:Mo always approximating 1:2,

Same behaviour is recorded between thallium metal and UF 6

but a concentration of at least 1 mol dm3 of UF6 is required to produce

I11

T2 hexafluorouranate(V).

TQIII(M0F6)3.5MeCN oxidises CuI to CuII in CH3CN at room

temperature, but the reaction is incomplete. CuI is also oxidised by

the yellow solid of Tgl. T¢It

I

in CH3CN. All this implies that the

staomaliy I

T4L II/TSLI couple is more oxidising than the couple CuII/Cu .

T2(I) with PFG— as counter anion is not oxidised by WF6’ CuII
or NO in CH3CN at room temperature.

The reactions of T!LIH and TSLI in CH3CN suggest that the
TJLHI/T g couple is less oxidising than is MoF 6/MoF 6— but more than
CuH/CuI,

Molybdenum and uranium hexafluorides show an appreciable
similarity in their behaviour towards some transition metals. Previous
work showed that both hexafluorides oxidise copper metal to CuH.28
The CuII hexafluoromolybdate(V) and hexafluorouranates(V) can be
reduced to CuI by reaction with Cu metal. Tungsten hexafluoride
reacted differently, probably because of the similarity in the potential

values of the couples CuH/CuI and WF6/WF6—, and also because of a

. . . 36
fluoride ion transfer reaction. B



MeCN
= WF + WF (26)

Cyclic voltammetry was used to identify the redox couples MFé/MFé

(M=U,Mo,W). A distorted wave at 2.33V was assigned to the UF6/UF6

couple. Waves assigned to Ellz(MoFélMoFéﬁ) = 1.60V and
El/Z(WF6/WF6_) = 0.51V vs. Ag+/Ag, respectively. The difference
between the M0F6/M0F6-' couplé and WF6/WF6~ couple is 1.09V.
Comparison of these results with the electron affinities measurements for
the MF6 (M=U,Mo, and W) confirms that the trend of oxidising abilities
is as sugpgested previously and is UF6 >-M0F6 > WF6' Although keeping

the same order of oxidising abilities, the behaviour of UF 6’ MOF()
and WF 6 is to some extent different and dependent on the nature and
type of ligands in use.

It is apparent from the material presented in this chapter that
considerable progress has been made in determining the chemistry of
UF6’ MoF 6 and WF6’ and that the main features of the chemistry of these
hexafluorides are now clear. One of the objectives of the work carried
out in this department is to determine how far these compounds can be
used in anhydrous acetonitrile to oxidise metals and non-metals. As
already illustrated, the products from such reactions are solvated metal
cations, fluoroanion salts and these compounds are very useful starting
materials tg - develop the non-aqueous coordination chemistry of the
element in question.

The initial study demonstrated the feasibility of the approach
for a range of first row transition and non-transition metals. Subsequen-

tly, attention has been directed qfthose elements where oxidation is rapid,

£
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for example, tha\;llium,60 iron, copper,21 and iodine. Not all metals are
oxidised rapidly, for example, in the initial study3 the oxidation of nickel
metal by MOF() was not observed, even though a reasonably rapid reaction
did occur between nickel and WF6° The aim of the present work was to
re-examine the problem of "difficult" metals with particular emphasis on
nickel. For comparison, oxidation of cobalt and zinc has also been
re-examined as the initial study suggested that these metals would present
little difficulty. Results obtained for these metals are presented and
their behaviour compared with work which has been carried out in the
department by others on iron and copper. This has enabled the factors
which are important in the latter part of the 3d series, i.e., Fe, Co, Ni,

Cu, and Zn to be assessed.



CHAPTER II
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EXPERIMENTAL TECHNIQUES

As this work was concerned with anhydrous reagents and the
complexes prepared are moisture-sensitive, all work was carried out in
a dry atmosphere. For this purpose the use of a vacuum line and a

dry atmosphere box was required.

2.1 Vacuum Line and Dry Box Techniques

All manipulations were performed in a conventional Pyrex glass
vacuum system. This was fitted with a "Jencons" mercury diffusion
pump connected to an "Edwards high vacuum"ii;“i)ump, The vacuum
provided was better than 0.001 torr. Standard glass joints were greased
with Apiezon black wax, Voltalef Kel-F or high vacuum Apiezon N. All
reactions were performed in Pyrex double-limb reaction vessels (Fig. 1)
which were dried and carefully flamed out before use. Some of the work
was performed in a Lintott inert atmosphere glove box in which the
concentration of water was kept al’ﬁwa‘almo p.p.m. and usually below
5 p.p.m. The drying of the glove box was possible by using molecular
sieves. Manganese oxide was used to remove oxygen. The glove box

was fitted at one end with an evacuable air-lock, to permit introduction

of apparatus and material under dry conditions.

2.2 Electronic Spectroscopy

After synthesis and isolation of a complex, we usually proceed
to the study of its physical and chemical properties. Electronic and

vibrational spectroscopy were two of the principal methods used in this
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work. In short, study of the band widths and positions in the electro-
magnetic spectrum gives valuable information on the electronic structure
of the central atom and the magnitude of the ligand field splitting (4).
Also, bonding characteristics and distortion of the symmetry of the
environment can be deduced with appreciable accuracy from the study of
these spectra. In brief, in the free transition ion, the five orbitals

of the d-electrons possess equal energies. When a complex is formed
the d-orbitals are split as a result of the electrostatic repulsion of the
ligand‘,14 In octahedral complexes, such as fhose tstd in this work, the
ligands are along the x, y and z axes. The orbitals dx2—y2 and dz2

are those with higher energies because they point in the direction of the
ligands. dxy, dxz, and dyz point between the ligands and their energies
will be lower. The eg levels, that is, dxz-y2 and dz2 orbitals, are
higher by 3/5 A and the tgg levels, that is, dxy, dxz, and dyz, are
lower by 2/5 A. A is the crystal field splitting and it can be deduced
from the energy of the low intensity d-d bands that appear in the visible
or near u.v. regions of the spectra of transition metal complexes., If
the electron pairing energy is known, the electronic structure of the
central atom can also be predicted,

2.2.a - Electronic absorption spectroscopy37’38

Information on the splitting of the d-orbitals of a transition
metal as a result of complex formation, and the electronic structure of
the complex formed is usually available from the study of its electronic

spectrum, and will be illustrated more extensively in Chapter 3.
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Changes in the electronic distribution of a mélecule usually
occur in the region which extends from 1 x 10% cm.l to 5 x 10% cm_1
in the electromagnetic spectrum. Electronic transitions result from the
excitation of an electron from the ground state to a higher energy level.
Not all transitions between the different energy levels are possible. Rowanven
Yhey do obey selection rules which depend on the symmetry of the

molecule.

2.2.b - Selection rules

Selection rules determine whether a particular transition is

permitted or not. These rules can be described as follows:

(1)  Transitions that involve a change in the number of unpaired

electron spins (AS 4 0) are called spin-forbidden.

(2)  Transitions during which there is redistribution of electrons in a
single quantum shell are forbidden. Therefore d - d and p + p
transitions are forbidden and only s > p and p + d transitions are
allowed. This is the Lap ‘orte selection rule and d + d and P>p
transitions are said to be orbitally forbidden. g » g (centrosymmetric
orbitals) and u + u (anticentrosymmetric orbitals) transitions are said
to be partly forbidden. Finally, for a transition to occur, it should
involve only one electron. However, these rules are not strictly obeyed.
d - d transitions may occur but their intensitiesmthj\drelatively weak.
The presence of d - d bands in an octahedral complex is assumed to be
due to the interaction of the wave function of the d-orbitals and the

vibrational wave functions of the complex. It is also believed that a

e 13
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d - d transition is possible, because of the overlap of the d-orbitals of
the metal and the p-orbitals of the ligand. Hence this is no longer a
pure d - d transition. It is in fact an allowed dp -+ dp transition. The
greater the mixing of the d and p orbitals, the higher the intensity of
the corresponding band. The d and p mixing of orbitals is more likely

to occur in molecules with slightly distorted Oh symmetry, such as MoF6

(4dly, WF,” (5dY) and UF,” (5f)) which also have unfilled d and f shells.

6 6

2.2.¢c - Charge transfer spectra

Charge transfer spectra occur at high energies and are due to
transition of electrons either from a metal orbital to a ligand orbital or
vice versa. Ligand to metal charge transfer corresponds to a metal
reduction, The more easily the metal is reduced and the ligand oxidised
the lower the energy of the transition. Metal to ligand charge transfer

is a type of transition requiring a readily-oxidisable ligand.

2.2.d - Electron transfer within the ligand

All organic ligands absorb in the ultra-violet region of the
spectrum and a number of them absorb in the visible region also. The
absorption of light by these ligands is due to transitions of the type:

a) n + 6* transitions; they correspond to transitions of low
energy of the internal non-bonding lone pairs. This type of transition
limits the use of some solvents in the ultra-violet spectrum, such as

water, alcohols and amines.
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b) T -+ mF transitions; they occur when the m-bonding orbital is
the highest occupied level (HOMO) and the 7* orbital is the lowest

unoccupied level (LUMO).

c) n > 7 transitions; they involve the transition of electron
pairs from the m-bonding orbitals of lower energies to m-anti-bonding
orbitals of higher energies. This type of transition occurs in molecules
that have atoms involved in m-bonding and also contain non-bonding
electron pairs, e.g. aldehydes and ketones. Pyridine has both n + 7%

and T -+ ¥ transitions.

2.2.e - Sample preparation for u.v. spectroscopy

Two cells are needed when recording a u.v./visible spectrum,
One is used as a reference cell and contains the solvent. The second
is the sample cell containing the solution to be studied (Fig. 2). The
sample cell was specially designed for handling moisture-sensitive samples.
It consists of a 1 cm Spectrosil cell connected to a side reaction vessel,
Because the samples are air-sensitive, the reactions were performed in
the side reaction vessel, then the solution was tipped into the sample
cell. The reference cell was used to compensate for any loss of
radiation by scattering and reflection due to the solvent. All spectra

were recorded on a Beckman UV5270; u.v. visible-2 spectrophotometer.



FIG 2- EVACUABLE CELL FOR ELECTKONIC SPECTRQSCCRY
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2.3 Vibrational SpectroscoPy39, 40

Infrared and Raman spectroscopy were used to identify organic
ligands and inorganic anions in the complexes prepared. Raman and
infrared spectroscopy are based on different concepts, but both methods
yield the same type of information. An infrared band is observed as a
result of an overall change of the electric dipole moment during a normal
mode of vibration, whereas observation of a Raman band depends exclusive-
ly on a change in the polarizability during the vibration. Following the
rule of Mutual Exclusion, for molecules with a centre of symmetry,
fundamental transitions which are active in the infrared are forbidden in
the Raman and vice versa. Hence the two methods complement each other.

Vibrational and rotational spectra are determined by the position
of atoms in space, their mass, bond lengths and angles. When a free
ligand is coordinated to an atom or ion, these criteria are expected to
vary slightly and changes in the spectra occur, e.g. changes in band
Positions or band intensities, appearance of new bands and, finally,
splitting of single peaks in the free ligand into numerous closely spaced

inthe comp@ax
bands. So infrared spectra of free ligands are different from those of
coordinated ligands and it should be possible to correlate the changes in
spectra with changes in geometry. As a result of coordination the
stretching frequencies of the CEN bond in acetonitrile are higher than in
the free molecule. The acetonitrile molecule belongs to the point group
C3v and has 18 degrees of internal freedom. The eighteen Cartesian
displacement vectors for the entire molecule generate the following

reducible representation.



3v 3

The representation I' can be reduced as follows:

I’=5A1+A2+6E

where A1 + E are translations

+

A2 E are vibrations
and 4Al + 4E are genuine internal vibrations

Acetonitrile coordinates via its nitrogen lone pair. Coordinat-
ion of CH3CN to a metal is evident: bta its vibrational spectra. The
pProcess is usually followed by an increase in the C=N stretching
frequency (\)2) which is Praduced - by an increase in the C=N force
constant. The increase of the force constant is due to a strengthening
of the binding between carbon and nitrogen atoms. This gives more "s"
character to the triple bond and, therefore, an increase in the force
constant.  The observed increase in the C-C stretching frequency (\)4)
agrees with the change in hybridization of the carbon.

In the case of octahedral molecules (MX6) with the Oh point
group, the twenty one Cartesian displacement vectors (three per atom)

form a basis for the following representation.

36
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_~ 2
Oh E 8C3 6C2 6C4 302(—C4 ) i 684 886 36n 66d
r 21 0 -1 3 -3 -3 -1 0 5 3
I' reduces to the following
r =A_1g+Eg+.‘ +3Tlu+'1‘2g+TZu

From the Oh character table it can be determined that Tlu are trans-

lations and Tlg are rotations, and as genuine internal vibrations the

following:
2T : infrared active
1u
AL ,E , T : Raman active
1g’ "g’ “2g
T inactive
2u

The vibrational spectra of some MF6 molecules and MF6- anions were
recently studied by Laser Raman spectroscopy.45 Salts of the general
formula NO* MF6— (M = Mo, Tc, Re, Os, Ir, U and Np) were prepared
by reaction of nitric oxide with molecular hexafluorides. As WF 6 does
not oxidise NO, KWF6 was used instead. In addition to the NO+
vibration, all spectra showed two vibrations that were assigned to
\)l(alg) and \)S(tzg) of the octahedral MF6-, according to the Oh
character table. v, was the vibration of highest symmetry. Vg was
lower in frequency. \)Z(Eg) vibration was the weakest vibration
observed. In the solid phase splitting of degenerate vibrations was

¢
also observed. Indeed,\)5 and V, vibrations are split in the spectrum

of UF6'.



Another feature of importance is the general trend of decreasing

frequencies of Vq and v, vibrations as a result of reduction in the

oxidation state of the central metal atom. The ratio of \)lV/

same central atom is almost constant for all the elements cited above and

v 1VI Fof‘ the

is equal to 0.93-0.94. For Tc it is lower and it equals 0.86.

The decrease in the stretching frequencies of vy and v, results
from the fact that,in the higher oxidation state,the ligands are probably
closer to the central atom, causing a large polarization and increasing
"~ covalent character of the bond. The increase in the vy frequencies
is observed going from the second to the third transition series, and is
demonstrated by the pairs Mo-W and Tc-Re. Also, vy decreases along
the same series with increase in mass of the elements. In the second
series this is observed in Mo and Tc and in the third series it is
observed in W, Re, Os and Ir. It is also observed in U and Np.

These observations were made for both the molecular hexafluorides and
their respective anions. The first trend shows an increase in mass of
the central atom and a constant electronic structure. The second trend

shows a decrease in vy and implies a decrease in average bond energy.

2.3.a - Sample preparation for Raman spectroscopy

No special plates or cells are required when preparing a sample
for Raman spectroscopy. The solid or solution samples are simply
loaded in a Pyrex glass capillary in vacuo (Fig. 3). The spectra were

recorded on a Spex Ramolog instrument employing either an argon ion

(488.0, 514.5 nm) or a krypton ion (647.1, 520.8, 568.2 nm) laser source.
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Figd: reaction vessel with Raman capillary
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2.3.b - Sample preparation for infrared spectroscopy

A small amount (¥2-5 mg) of the salt to be studied was finely
ground using an agate mortar and a pestle. The finely ground solid
was then wetted with one or two drops of Nujol or Fluorube, and the
paste obtained mixed thoroughly. A few drops of the paste were then
placed between two AgC4 plates which were placed on a cell holder
(Fig. 4). An infrared spectrum was recorded over the region 4000-
350 cm-1 on a Perkin-Elmer 983 spectrometer with data station.

Nujol is a suitable mulling agent for infrared spectroscopy
because it absorbs only at 2900, 1460, 1380 and 725 cm_l. Fluorube
was alternately used to examine those regions where Nujol absorbs.

Silicon plates were used for scanning at lower frequencies (down to

200 cm-l) .

2.4 Cyclic Voltammetry41’ 42

Except for purely analytical problems, cyclic voltammetry has

been more widely used than classical polarography for the last few years.

Cyclic voltammetry (C.V.) is used to study simple redox processes in
organic and inorganic chemistry and to establish if a newly prepared

compound can be readily oxidised or reduced to a known compound.

2.4.84, - Description and characterisation of voltammograms

Voltammograms are best described as current-voltage curves.
A typical voltammogram is shown in Fig. 5. The dotted line is that
which would be obtained in absence of reducible metal ions, when only

the supporting electrolyte is present.
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The same interpretation holds for either a one-electron reduction or
oxidation, but for brevity only the reduction process will be discussed.

If we suppose that A is the starting point for the reduction
process, then as the applied potential increases in a negative direction,
the current also increases slowly until point B.  This is called the
residual current. The residual current is essentially due to a charging
near the electrode surface as an electrical double layer is formed, and
a diffusion current due to the presence of oxidisable and reducible trace
species in solution. The residual current can be described as a non-
Faradaic current, because its variation with potential does not obey Ohm's
law.  When the reduction of the species present begins, the current
rises sharply until point C. At this point the reduction process is at
its maximum. Species approach the electrode by a diffusion process.
Because of the presence of the residual current, the current rises again
slowly at a more negative potential.

There are two types of voltammetric waves, reversible and non-
reversible. In the reversible case, the half wave potential equals the
formal electrode potential E% = Eo; E% is the potential corresponding to
a position half way up the curve. In the non-reversible case, Eo is no
longer equal to E%.

Systems must always be tested for reversibility. Non-reversi-
bility is sometimes caused by a further reaction of one of the species

Present in the system. This is represented by the following scheme.
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A is oxidised electrochemically to produce B*. B" reacts further and
possibly decomposes, producing Cc*. The reduction potential of the two
species, B+ and C+ being different, the wave is non-reversible. One
way of checking the reversibility of a system is by cyclic voltammetry.
In this method the poténtial of the working electrode is varied between
fixed limits, at a constant rate, within the voltammetric range of the
solution. A typical reversible cyclic voltammogram is represented in
Fig. 6, for a one-electron transfer process for the szFe/szFe+ couple
in acetonitrile. The decrease of the surface concentration of the
reactant A and the increase of the surface concentration of the reactant
B, are potential dependent. When the concentration of reactant A
becomes negligible, current and potential are ata'maximum. The current
curve starts to decay. The same process occurs in the opposite
direction with increase of the concentration of A and decrease of the
concentration of B.

0.0285

and

ER and on are respectively the reduction and the oxidation potentials.
n is the number of electrons transferred during the electrochemical
reaction. E% is the half wave potential. The peak potential of an
oxidation wave is more positive than the corresponding half-wave
potential with a value of (0.0285/n)V. The peak potential of a reduction

wave is more negative than the corresponding wave potential with the
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same value. The average separation between the two peak potentials is
then (0.057n) V. The peak to peak separation is increased when the
electrode transfer reaction is not reversible. In this case, the charge
transfer at the electrode is extremely slow, and the current is to a great
extent controlled by the rate of the charge transfer process. The
Nernst equation can not be applied in this case. Quasi-reversible
waves are obtained when a rapid electron transfer process is followed
by a slow chemical reaction. The current depends on both charge
transfer and mass transport. The Nernst equation is in this case not
fully satisfied and the height of the anodic peak is smaller than the
height of the cathodic peak, when the starting material is the oxidised
form of the couple. It is the reverse when the starting material is the
reduced form of the couple.

UsuallyA cyclic voltammetry measurements are performed using a
stationary electrode, and transport of reducible or oxidisable species is
by“diffusion process. To ensure this, 0.1IM of tetraethylammonium
tetrafluoroborate (Et4NBF4) was used as a supporting electrolyte.
Careful purification of the solvent used is necessary for the obtention
of good results. Trace impurities and presence of water can give

misleading results.

2.4.b - Role of the supporting electrolyte

Electrolytes are species which dissociate into ions when
dissolved in a solvent. There are two types of electrolytes, strong
and weak. Strong electrolytes ionise completely while weak electrolytes

ionise to a lesser extent, with ionization increasing with dilution, -



according to Ostwald's law.

Electrolytes are used to regulate the cell resistance and
ensure transport of species by electrical migration. They are usually
chosen to give as small as possible resistance values when dissolved in
the solvent, st that theuncompensated I.R. drop is minimised.

For the present work Et4NBF4 was chosen amongst others as
previous work performed in this department showed it to be the most
suitable to use for cyclic voltammetry in the solvent acetonitrile. The
potential range of the electrolyte and the solvent combination was found

to be +3.0 to -2.8V vs,. Ag+/Ag.

2.4.c - Preparation of the electrolyte Et4NBF4

Et 4NBF 4 Was prepared by neutralising fluoroboric acid with
tetraethylammonium hydroxide, . *«  The product
obtained was recrystallised with ethanol twicé and then dissolved in
acetonitrile. CH3CNUds removed by rotary evaporation (40-45°C) and
the white compound obtained was pumped under vacuum overnight and

stored in the dry box.

2.4.d - Purification of acetonitrile5

Acetonitrile must be carefully purified before use, and should
be free from oxidisable and reducible impurities. The method of
purification used was developed in this department and is an extension
of the method of Walter and Ramaley. It consists of a series of

refluxes of HPLC Grade S acetonitrile (Rathburn Chemicals Ltd.) in a
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Pyrex still equipped with 0.75m vacuum jacketed separating column and
protected from atmospheric moisture. The first step of the purification
consisted of a reflux of the solvent over AJZ,CR3 (15g 9,—1) for 1h. The
solvent was then distilled off. AR,C,Q.3 was used to remove acrylonitrile
present in the solvent.

The second step consisted of a reflux of the solvent over
KMnO, (10g £ %) and Li,CO,4 (10g £71) for 15 min. KMnO, and Li,CO,
are used to remove trace amounts of aromatic impurities and also to
neutralise any HC possibly formed during step 1. During step 3
acetonitrile was refluxed over KHSO4 (15g 2_1) for 1h. KHSO4 is a
strong enough acid to decrease the amine content, probably generated
from step 2, below the level detectable by gas chromatography. This

is followed by a reflux of acetonitrile (1h) over Ca H, (20g ,Q_l). To

ensure further dryness acetonitrile is refluxed for ih over PZOS (1g 2-1).

The same operation is repeated a second time.

After each reflux acetonitrile is rapidly distilled off. At each
step it is topped and tailed by approximately 3%. After each purification
acetonitrile is transferred to a glove box and stored over previously

activated 3A molecular sieves. Acetonitrile is degassed in vacuo three

times before use. If traces of impurities persist the solvent is treated
with activated alumina (neutral 60 mesh) in vacuo. Purified acetonitrile

has an absorbance of <0.05 at 200 nm and an apparent U.V. cut-off
point at ca. 175 nm. The U.V. spectrum was recorded with reference

to distilled water.
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2.4.e - Electrochemical cells

Room temperature and low temperature electrochemical cells

(Figs. 7,8) were used for the present work. The room temperature cell
was used more often. It was designed to be used when studying air-
sensitive material. It is a three-compartment evacuable cell. These
compartments are respectively, the reference, the bridging, and the
working compartments. The three compartments were joined by B14
and B19 greaseless "Q" rings and were made from 10, 15 and 24 mm
diameter glass tubing. Connection betweenlthe different parts of the
cell was by Ur\%ﬂeﬁ Wycor tips joined to glass (4 mm ¢) by heat shrunk
P.T.F.E. tubing. The working compartment was fitted with three
electrodes. They were, a working electrode, a reference, and an
auxiliary electrode. The reference electrode was made by Ag dipping
into 0.1 mol dm-—3 AgNO3 solution. The working and the auxiliary
electrodes were both platinum wires (1.0 mm $) wIﬁch were sealed
through glass by spot welding to tungsten wire; the whole assembly
wa5 sheathed in uranium glass.

The low temperature cell (Fig. 8) was designed to study
species between -30 and -35°C. It was a less complicated cell and
consisted only of a working and an auxiliary electrode. For the present

work, WF6/WF6_ was used as internal reference couple.

2.4.f - Preparation of solutions for cyclic voltammetry

Solutionsfor electrochemical studies were prepared in a dry
atmosphere glove box. The sample for analysis was first sealed in a

frangible ampoule and the cyclic voltammetry cell was evacuated
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and degassed on the vacuum line. The sample as well as the c.v. cell
were then transferred to the glove box. The electrolyte solution was
made up from 15 ml of solvent acetonitrile and 0.1M of electrolyte. The
solution was loaded in the working and bridging compartments (8 cm3 and
2 cm3, ‘respectively) . The reference compartment was loaded with silver
nitrate solution (2 cm3, 0.1 mol dm—3 in CH3CN) . The ampoule with the
sample was loaded inbone of the working compartment's ampoules. The
cell was then reconnected to a vacuum line, where it was re-evacuated
and the solutions degassed. It was then connected to a potentiostat
(Princeton Applied research model 173 Potentiostat/Galvanostat, linked
to a JJ 'XY' plotter, type PL51). When the potential range of the
electrolyte was determined, the sample ampoule was broken and the solute
dissolved into the electrolyte solution. A voltammogram was recorded at
a variety of scan rates, current amplification and voltage scale factors.
Fast scan rates () 500 mV) were used to study electrochemical processes,
which would undergo irreversible reactions in the time scale of a slow
scan rate, |

A different process was used to prepare the low temperature cell.
Approximately 0.005 mmol of the compound and =1 mmol of the electrolyte
were each loaded in previously evacuated and degassed break-seal tubes.
The tubes were connected back to the vacuum line and left to degass
overnight, then sealed to the low temperature cell. Acetonitrile was
vacuum distilled into the side-arm vessel of the cell. The seal of the
tube containing the electrolyte was broken using a bar magnet. The

electrolyte was dissolved in CH3CN and tipped inlthe working compartment.
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When the potential range of the electrolyte was determined the seal of the
tube containing the compound was broken, also using a bar magnet.

The compound was dissolved in acetonitrile and a voltammogram was
recorded both at room temperature and at low temperature. The solution
was cooled down by means of a cold finger which dipped into the
solution.  All voltammograms were recorded on a "Princeton Applied
research model 173 Potentiostat/Galvanostat", linked to a JJ 'XY' plotter,
type PL51,

2.5 Preparation of Thin Films of Nickel%"n

A ‘variety of methods are available for the preparation of
metallic films. They are widely used in crystallography and surface
chemistry studies.

Evaporated metal films are made up of small crystallites which
adhere together, producing a large specific surface and a poress
structure. The large .specific surface results from the aggregation of
primary particies and ~  the removal of part of a parent solid . .
results in the formation of pores.

Evaporated nick‘el films were the subject of study of Anderson
and Baker, and other workers. In the present work nickel films
were prepared by vacuum evaporation. The making of the film was
peformed under vacuum at a pressure below 10—3 torr, in a double limb
reaction vessel (Fig. 9). A pair of tungsten electrodes, sealed in glass,
were connected to one side of the double limb reaction vessel. A nickel
wire of approximately 0.5 mm diameter was spot welded to the tungsten

electrodes. Before making the film, the reaction vessel was carefully
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flamed out. A current of magnitude‘ 5 amps was then applied for a
duration of approximately two days, and the temperature of the nickel
wire was kept below that of the evaporation of nickel (< 1450°C).

The reaction vessel was evacuated at regular intervals to ensure the
removal of the nickel oxide layer that had detached from the wire.
When the deoxidation process was finished the magnitude of the current
was increased and with it the temperature of the nickel wire. At this
stage molecules from the nickel wire were converted to the gaseous
phase by heating. The gaseous material was then deposited on the
glass walls of the reaction vessel as a film. This operation was Conimued
until the required thickness of film was attained. The specific surface
of the nickel film can easily be calculated from the formula:

L

Szpl

where S = specific surface
%2 = edge of a particle supposed to be perfectly cubic
p = density of the solid.

2-6Quantitative analysis

Quantitative analysis of the compounds prepared was by
Maliss@ and Reuter, Elbach, West Germany and also be atomic absorption
spectroscopy in Glasgow University, where the analysis was carried out
by Mr. J. McCaig.

A brief account on the method used for the analysis and

quantitative determination of nickel and molybdenum is given below, as
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.

well as an introduction to the method of atomic absorption spectroscopy.

Principle of the method

Atomic absorption spectroscopy is one of the most important
techniques for the analysis of the elements. The method is based on
the absorption of radiation in the UV-visible region of the spectrum.

Atomic absorption involves the excitation of valence electrons;
this necessitates the conversion of the element to the atomic state. The
common way to produce atoms is to use a reducing flame such as the
CZHZ—NZO flame. Each element can undergo many electronic transitions,
which result in a series of sharp lines forming a spectrum, but each
element has its uniquely characteristic spectrum.

The change in energy within an atom, when an electronic
transition is involved, is related to the frequency of the radiation

emitted by Planck's law

where h is Planck's constant, v is the frequency in hertz.
When a parallel beam of continuous radiation of intensity I0
passes through a flame containing the sample in the form of atomic

vapour, only part of the radiation is transmitted. This can be expressed

by the Lambert-Beer law as

A = log:—[—(2 = efc



A: absorbance

C: concentration of the analyte atoms in the flame (number of atoms
3
per cm™)
£: length of absorption cell (cm)

€: 1is a constant for a given system.

This expression predicts a linear relationship between

absorbance and concentration as long as € and % remain constant.

Sample preparation

To perform atomic absorption analysis, samples of the
complexes (~ 30 mg) were prepared in frangible ampoules to prevent
air attack and loss of volatile components. The external surface of the
ampoule was washed with acetone and dried thoroughly before accurately
weighing it. The ampoule was then broken over a large filter funnel
leading to a 100 cm3 conical flask where the contents of the ampoule
were quantitatively transferred. Using a Pasteur pipette; both the
ampoule and the funnel were washed with 5 cm3 of "Analar" HNO3 to
remove any residues. The ampoule was finally rinsed with 10 cm3 of
distilled water, the washings being added to the conical flask via the
funnel. The resulting solution was "digested" just below its boiling
point for approximately 30 minutes and then cooled. It was trans-
ferred quantitatively to a 100 cm® volumetric flask and H,0 was added
to bring the total volume of the solution to 100 ml. If there was any
evidence for pieces of glass from the frangible ampoule, they were

removed from the solution by filtering it through a tared sintelnglass
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crucible. The weight thus obtained was used to correct the original

sample weight.

10.00 cm3 of this solution was taken and diluted to 100 cm3

in a volumetric flask and this wasA used for all subsequent spectrophoto-
metric measurements. Samples for molybdenum analysis were prepared
in an identical manner with addition of 0.1% w/v Na2804 at the final
dilution stage to minimise interference effects in the NZO-CZH2 flame.

Standard solutions in the range 0-5 ug/cm3 for Ni and
0-50 ug/cm3 for Mo were prepared by serial dilution of the appropriate
"Spectrosol" standard nickel(II) nitrate solution or molybdenum
dissolved in HC# solution. In each case the sample and standard
solutions were matrix matched with respect to HNO3 and NaZSO4 concen-
trations.

The absorbances of the nickel and molybdenum solutions were
obtained using a Perkin Elmer 306 Atomic Absorption Spectrophotometer,
with an air-acetylene flame for nickel and a nitrous oxide-acetylene
flame for molybdenum. In each case the manufacturer's standard
operating conditions were used, as outlined in Table(1.2).

The average absorbance for the calibration standards were
used to construct calibration graphs for each element and the solution
concentration of the unknown samples was obtained by reading off the
Absorbance-Concentration plot. The values in p.g/cm3, thus obtained

were then converted to unit/percentage using the following formula:



: 3
Wt & = Concentration (ug/cm”) x sample volume x dilution factor x 10—4
Wt

Concentration value in ug/cm3 read from graph
Sample volume : 100 cm’

Dilution factor : 10

Table 1.2 ¢ Operating conditions.

Ni ' Mo
Wavelength 232,0 mn 313.3 mm
51it 0.2 mm 0.7 mm
Flame Air-acetylone (oxidizing Nitrous oxide-acetylens
(reducing)
Burnzr length 10 cm 5 cm
3 N 3
Linear range 0-5 g/cm’ , c-50 g/cm
Hollow cathode Hollow cathode
Souree "Intensitron". lamp H "Cathodaom" lamp
’ o e
e .
Metrix 5/ HO,  soln 5/ HHO 3+0-14 W/y Na S0,
]
Sirnel mode 10 ¢ integration 10 s integration.
-t




CHAPTER III

Oxidation of cobalt by WOF6’ MoF 6’ UF6 and

NO in CH3CN



INTRODUCTION

Cobalt was first discovered by Brandt in about 1735. It
mainly occurs associated with nickel, silver, lead and iron in several
ores, for example, Cobaltite, Smaltite and Erythrit‘e,SO Cobalt metal
is ferromagnetic and like} iron and nickel, it is hard with a white silvery
appearance.

The element is known to exist in two forms, hexagonal close
packed below 661 K and cubic close packed above the same temperature.
In the cubic form each atom has 12 nearest neighbours situated at
2.506 .X, and in the hexagonal form there are six at 2.507 X and six
at 2.497 X. This makes an average distance of 2.502 [o\c The stable
structure of cobalt at room temperature depends on the grain size,
hence it is cubic close packed for small grain size and for larger grain
size the stable structure is the hexagonal close packed%ym-TableSJ
summarises some of the physical properties of cobalt metal.48

Cobalt(II) is the only d7 ion of common occurrence in agueous
chemistry. The divalent and trivalent oxidation states are those most
often encountered in its aqueous chemistry. Co(II) is more stable,
with respect to oxidation, in acid solution than it is in basic solution.
Addition of complexing agents such as NHg facilitate. the oxidation of
cobalt(II) to Co(III). Similar to iron(II), cobalt(II) forms a wide
range of hydrated salts.

When heated in air at a temperature above 573 K, massive
cobalt is oxidised producing CO3O4 and CoO. The metal also reacts
with the halogens producing CoX, (X = C&, Br, I') and CoF 5 with

fluorine, 14,37

60



Tabls 3.1 Some physical properties of cobalt metal

-1
 Atomic weight (Mg/g mol )
Crystal structure
Atomic radius (&)
Principal oxidation number

Ionic radii (A)

Ionization energies (Ei/ev)
Electron affinity (Be/ev)
Electronegativity

, 3
Density (:/kgm )
Melting point (Tm/k)
Boiling podat (Tb /k)

Specific latent heat ,
of fusion (L /J%g™ )

I

Specific heat

_capacity
(Cp /Txg

D
-

58.93

Hexagonal close packed,or,

Cubic close packed.

1.25
+2, +3

0.72, (for o)
0.63, (for C3')

7.86, 17;06
0.9
1.8
8900
1765

3170

25 X 10%

420

61
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A number of complexes of Co(II) are known to exist with
different stereochemical structures; among them the octahedral and
tetrahedral geometries being the most common. Often, octahedral
complexes of Co are pink, while tetrahedral complexes are blue, or
sometimes green. This, however, does not constitute a rule, as ortho-
silicate and anhydrous cobalt chloride are blue, while anhydrous cobalt
bromide is green, but all contain octahedral Co(II). Some tetrahedral
derivatives, for example, CO(DPM)2 are pink (DPM = dipivaloymethanoate).

Octahedral Co(II) complexes can be either high spin having

the electronic configuration tzgSegz, or low spin with the electronic

configuration tzg6 egl, the latter being subject tp Jahn-Teller distortion.
A strong field is required to cause spin-pairing, thus low spin complexes
are fewer than high spin complexes. Almost all known tetrahedral
complexes are high spin with the electronic configuration e4 t23., The
theory for the interpretation of the spectral properties of cobalt(Il) is

essentially known,él'62 but assignments are somewhat tentative because

its electronic spectra are often poorly resolved.

5

2
Cobalt(II) forms many stable octahedral (tzg eg ) and tetra-

n
hedral (g4 t23) complexes%“‘example, [Co(MeCN)b][BF4]2 and [Bu4N]
[0014] .63 Anhydrous cobalt(II) salts react with ammonia, producing
ammines, for example [Co(NH3)6]X2 (X =C&, Br, I, CiO, and BF ).
2+
These complexes contain the octahedral [Co(NH3) 6] ion.
Methyl cyanide forms complexes with cobalt either by recrys-

tallisation of anhydrous halides from methyl cyanide or by reaction of the

metal with halogens in acetonitrile medium. The tetrahedral C0X2.3MeCN
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which is formed contains one uncoordinated acetonitrile that is removed

by pumping under vacuum, giving CoX.,.2MeCN. Reaction of cobalt

2

with bromine in acetonitrile produces unstable [Co(MeCN)§+][Br

3 ]2'

The preparations of the hexafluoromolybdate(V) and hexafluoro-
tungstate(V) of cobalt(II) in acetonitrile have a1>ready been performed
in this department and infrared and Raman spectra of the solid complexes

3,36 The coordinating ability of acetonitrile towards 3d

were recorded.
and post-transition elements in presence of the anions WF _, MoFé_ was
demonstrated. In the present work the spectral properties of cobalt(II)
in acetonitrile have been investigated in order to determine the environ-
ment about cobalt(II) and the strength of the ligand field. It is hoped
that this could be useful to others in the characterisation of new
cobalt(II) complexes or in the use of cobalt(II) as a spectroscopic probe.
The electronic spectra presented were interpreted using ligand field

theory. The electrochemical properties of cobalt(II) in acetonitrile have

also been investigated using cyclic voltammetry.

3.1 Experimental
Cobalt powder, purity 99.99%, was used as supplied (Good-

fellow Metals Limited).

Acetonitrile (Rathburn Chemicals Ltd.) was purified according
to the method described in Chapter II and was stored in an argon
atmosphere glove box (Lintott Engineering).

MoF6 (Ozark Mahoning), WF, (Ozark Mahoning) and UF
(British Nuclear Fuels Ltd.) were purified by low temperature trap-to-

trap distillation over activated sodium fluoride. They were stored at



77K over activated sodium fluoride, in specially designed breakseal
flasks to prevent their hydrolysis.

NOPF6 (Fluorochem Ltd.) was used, as supplied, and stored
in an argon atmosphere glove box.

Weighing of the chemicals inside the glove box was by means
of an electronic balance (Type Sartorius Model 1205 MP) with an
estimated error of * 0.4004g. |

Special care was taken to avoid contamination of reagents and
material by moisture and oxygen, so all glassware was flamed out under
vacuum before use, using a gas/oxygen torch. Reactions and prepar-
ation of samples for analysis were performed either in the dry glove

box or on a conventional high-vacuum system.

3.2 Oxidation of Cobalt Metal by WF6 in CH3CN

A flamed-out reaction vessel was loaded with cobalt metal in
the dry box. When the reaction vessel was re-evacuated, acetonitrile
and tungsten hexafluoride were added by vacuum distillation at 77K.
The solution mixture was shaken for a few hours before completion of
the reaction. When using a large excess of WF6 the reaction was
almost instantaneous. After removal of the volatile material a pink solid
was isolated. This was redissolved in acetonitrile and its electronic
spectrum recorded.

In order to analyse the spectrum, the assumption that Co(II)
was present as [Co(NCMe)é]2+ in MeCN was made. Reference to

7 .
Tanabe-Sugano and Orgel diagrams for octahedral d' species shows that

6L



the ground state (4F) of the free ion splits into 4A2g’ 4Tzg and 4T1g

components. A high spin d7 ion has two spin quartet free ion terms,

4tF and 4P, and a number of doublet states.38

The electronic spectrum
of a solution of solvated Co(lI) hexafluorotungstate(V) presents a
multistructured band in the visible region Voo 20,600 cm_l and a very
weak band in the near'infrared at \)max 9,600 cm_1 (Fig.‘ 10).

The multistructured band shows three maxima. By reference

to the energy level diagram (Fig. 14) we can straightforwardly assign

the weak band to the 4Tlg —r 4T2g transition. We may -also,,
tentatively, assign two of the maxima in the multistructured band to
4 4 -1 4 4

Tlg — AZg Voax 19,800 cm ~ and T1g — Tl‘g (P) Voax

20,600 cmnl. The third maximmprobably originates fromspin-orbit

coupling effect where states of different spin multiplicity mix. This

results in the borrowing of intensity by spin forbidden bands from spin

allowed bands.37 On this basis it is possible to interpret the spectrum
of the solution of solvated [Co(NCMe) 6]2+ in acetonitrile. The express-
ions of the crystal field of the a’ configuration relative to the % free

ion term as zero are given below:

Term Energz
3 2 2.3

4T1g (F) %[1513 -3 4 (22587 + 1884 + 097
4 15 A

T,, (F)
4 1 3 A +(225B% + 18BA + 097

Ty, (P) 1B -z

6
4A (F) /5 A
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o ,f;w 11=; Partial energie level diagram (Tanabe—sugano)
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The observed bands assigned to 4T (F) —_— T (F), 1 (F) — 4T1 (P)
g g

4

4
and Tlg(F) — AZg(F) transitions have energies

Transition Energy
47
1) — T o (F) 3 %A— %[1513 - %A - (22582 + 18BA + 0DP
(1)
4 4 1.3 2 2.1
T ) — T B g (- 2o+ (22s8® + 1888 + 297

-% [15B - %A - (225}32 + 18BA + Az)%] (2)

4 4 6 2

. -— 1 - 3 —-—
T g (F) — "Ayg(F) = A- 5 [15B - 5 A - (2258

3 z + 18BA + A )J"]

(3)

A is the ligand field splitting parameter, it expresses the
magnitude of the interaction between the two 4T1g states - and it also
gives an idea on the size of the interaction between the transition metal
atom and the ligand. B is the Racah parameter; it is introduced to
measure the different types of electron-electron interactions which occur.
For a given ion, the Racah parameter B varies as 2 function of the
ligand bound to that ion. Its value decreases upon coordination of the
free ion. The reduction of the value B in a complex ion is expressive
of the degree of covalency in the metal-ligand bond, and generally, the

greater the covalency in the metal-ligand bond, the greater the reduction

in B. During complex formation, the lone pair of the ligand tends to

penetrate the d-shell of the metal ion. This decreases the effect of

the nucleus on the d-electrons and tends to expand the d-shell.
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When A and B values are known it is possible to determine the
region of spectrum where transitions are expected by using a Tanabe-
Sugano diagram. In the present case the energies of the transitions
involved are known; this enables the determination of A and B . The
Tanabe-Sugano diagram is presented as a function of E/B (E is the energy
of a state), versus dq/B (dq = 0.1 A). The horizontal base]ine represents
the ground state. A vertical from the ground state to an excited state
gives a direct measure of the transition energy as a function of dq and B.
The expressions (1), (2) and (3) are then divided by B and similarly the
energies of the terms themselves are also divided by B and expressed as

functions of A/B (equations 4, 5 and 6).

E(4T JF) — T o(F))

D 3
5 =503 15+(225+1SB B)] (4)
4
E(C'T, (F) — 'I‘ (P)) s A%y
S = (225+18 3 +g—2) (5)
e, (7)) — %, (7)) 3
lg = 2g =%[3_§-15+<225+18—+ )] (6)

Now we can either use the free ion value of B and determine the
ratios EllB, E2/B and E3/B and by plotting them in a Tanabe-Sugano
diagram determine the value of A and B', or, we can also determine the
value of A from equations 4, 5 and 6, provided that we eliminate the B's
appearing in each equation. This is feasible if we divideé equation 6 by

2
equation 4 and substitute the expression (225 + 18 }% + g—z)z by the

numerical value of E(4T1g(F) — 4Tlg(P)) which equals 20600/B.  The
B
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value of A determined by this method is equal to 10,200 c:m—1 and
B! = 775 cm L.

The magnitude of the ligand field splitting parameter (A) and

24 wrmpRexts

the value of B for some relevant CoL6 ¥ as well as the energies of the
electronic transitions of the same ligands are summarised in Table (3.2).
Comparison of these parameters show that acetonitrile has a stronger
ligand field than amménia and water, hence it is most pfobably a better
§-donor.

The reduction of 70% in the value of B for solvated
[Co(CH3CN)6] 2% fits perfectly the literature expectations,37 and, as
expected, the energy difference V,ymVq equals the above determined value
of 10 dq'

4 4 4
The transition 4Tlg(F) — 1, (P) and "1, (F) — T, (F)

are far more intense than the 4Tlg(F) —r 4A2g(F) transition, probably

because the latter is attributed to a two-electron jump from the tZgSegz
ground state to the t2g3 eg4 excited state.

Previous work3 reports that the solid isolated is [Co(NCMe)S]—
[WF6]2’ A possible explanation is that a loss of acetonitrile may have
occurred during the isolation of the compound under vacuum.
Unpublished work performed in this department indicates that coordin-
ated acetonitrile is easily lost from [Fe(NCMe)e)][PFé]2 on thermal
decomposition.49 D.T.A. analysis has shown that the first acetonitrile
was lost at 38°C. The overall process is considered to be:
+ [Co(NCMe) 1%" + 2WF,~

Co(s) + ZWF6 solv

— > [Co(NCMe) 5] [WF6] 2 (s)



Table .w.N 2

Spectral parameters for octahedral Co (II) complex

24

CoL emt em™t — 10 dq et B em | Ref.
6 N 3 2 N3
Colly 6600 13300 17150 6900 780 66
(Co(8,0)¢ )*" £100 1500 19400 9200 825 67
(Co (NH.,) mvm+ 9000 21100 10200 885 67
Go (bipy) vw+ 11300 22000 12670 791 68
3
(Go (ieCN) . )3 9600 19800 20600 10200 775 this
work
(Co(py) mvm+ 9800 20400 65
bipy MeCN ~ NH H,O0 > Cc1
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3.2a - Infrared spectrum of cobalt(Il) hexafluorotungstate

Raman spectra could not be recorded, possibly because fluorine
is a weak Raman scatterer. Evidence for WF6_ anion as well as the
coordination of acetonitrile has however been obtained from the infrared
spectrum recorded for the solid [Co(NCMe)S] [WFG]Z’ over the region

1

200-4000 cm ~. A sharp intense band in the region 2295 cm—1 is

assigned to C=N fundamental stretch and a weaker band at 2330 v::rn-1
is assigned to a combination of the C-C stretch and the CH3 deformation
modes. 4 The intensity of the latter arises from Fermi resonance
between the combination band and the C=N stretching vibration, because
both the combination band and the stretching vibration have A1 symmetry.
The shift in the C=N stretching vibration upon coordination
of acetonitrile implies that nitrogen is the donor atom. A sharp band
at Voax © 600 cm—l has been assigned to a WF6_ vibration.
In the case where a large excess of WF6 was used, the
solution develops a brown colour after shaking, and a brown solid is
isolated. In this case the infrared spectrum of the complex of Co(II)
shows an additional band at 705 c:m—1 assigned to the anion WF7_.
A fluoride ion transfer presumably occurs in parallel with the oxidation

of cobalt metal by tungsten hexafluoride. This has been reported

earlier and the following equilibrium was proposed:

W e ‘——__—:___—"WF

F6 solv 6 solv

WF WF

f:solv + WF6 solv <~ 7 solv * WFS solv.



Table 3-3: Infrared spectrum of solid (Co(NCMe)s(WF6)2

Frequency (cm—l) Assignement
2330 .comb. CHLN (\)Q;Ql) (a,)
2295 C=N stretch. (03) )
1020 CH, rock. (»’73 (E)
940 C-C stretch (3, @)
705 | i
600 | | 35 W
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3.2b - Cyclic voltammetry of [Co(NCMe)62+][WFé]2

The electrochemistry of Co(II) hexafluorotungstate(V) was
investigated by cyclic voltammetry at room temperature. The cell was

prepared as described in Chapter II.

The cyclic voltammogram shows a wave at E = 0.65V vs.

1/2

Ag+/Ag and a weak quasi-reversible wave at E = 0.29V vs. Ag+/Ag.

1/2

A third wave was observed at a more negative potential, that is,
El/Z = 1.66V vs. Agf/-Ag. The following assignments were made by

reference to previous studies of alkali metal and silver WFé_ salts.57'58

WF, — WF, B, = 065V vs. Ag'iAg
Co?t 28, Co(s) E% = 0.29V  wvs. Ag+/Ag

WF, —S W(IV) E, =-1.66V vs. Ag'lAg

The potential value of the couple CoZ+/Co in acetonitrile solution is
equivalent to the value determined inwa\queous medium. In aqueous
solution the cobalt-cobaltous potential could not be obtained experiment-
ally because of lack of reversibility in the Co/Co2+ potential so its

average value has been determined from the work of a number of

investigators.

3.3 Oxidation of Cobalt by MoF6

A flamed out reaction vessel was loaded with cobalt metal, in the

dry box. Acetonitrile and molybdenum hexafluoride were added by

vacuum distillation at 77K. Different ratios were used - Co:MoFé, 1:1,
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1:10, 10:1. When the solution mixture reached room temperature a
pink solid was rapidly formed.!nw!i‘cl":: complex is almost insoluble in
acetonitrile and this prevented an electronic spectrum from being
recorded. The solid complex was isolated and its infrared spectrum
recorded (Table 3-@), which gives evidence of coordination of acetonitrile
and presence of the anion MoF6-. A band at 625 cm_l is attributed to
\)3(M0F6_) . Coordination of acetonitrile through its nitrogen lone pair
is evident from shifts in frequency of C=N stretching vibration appear-
ing at 2300 cm ', The band at 2330 cm ! indicates a combination of
the C-C stretch and the CH3 deformation modes. An intermediate band

at 945 cm-1 is assigned to a C-C stretch vibration.

3.4 Oxidation of Cobalt Metal by UF6 in CH3CN

(jxidation of cobalt metal by uranium hexafluoride in
acetonitrile medium was attempted but no reaction took place. When
UF6 was added to the solution mixture Co and CH3CN, a yellow colour
quickly developed even at low temperature. UF6 was being reduced
by acetonitrile producing UF5'69 The yellow colour changed rapidly
to green and after a few hours became brown as a result of solvent
polymerisation.

The reduction of UF6 to UF5 was followed spectrophoto-

metrically and spectra of UF, in CH3CN were recorded every hour until

polymerisation of the solvent occurred. The intensity of the bands

-1 .
increased with time and a band at \)max :9000 cm has been assigned

to an f-f transition. Reduction of UF6 probably occurs in parallel

with the fluorination and polymerisation of acetonitrile.




Table 34 : Infrared spectrum of solid

(Co(tCue) 6) (Mo# 6) 2

Frequency (em-!)

Assignement

2330

2300

945

625

Gomb CHiCN (N g+3,) (A,)

C3EN stretch (03) ( .l‘-.l)

c-C stretch («]4) (Al)

Q3 MoF;b

#
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3.5  Oxidation of Cobalt Metal by NO'

The oxidation reaction of cobalt metal by NO" cation has
apparently not been reported previously but as expected from the E 1
data obtained, it occurs readily at room temperature. The reaction
procedure is basically the same as described earlier for the Co(II)
hexafluoromolybdate(V) and tungstate(V).

The required amounts of Co metal and NOPF6 were loaded in
a flamed out reaction vessel inside the argon atmosphere box. After
evacuation of the reaction vessel, solvent acetonitrile was added by
vacuum distillation at 77K. The reactants were allowed to warm to
room temperature and when NOPF6 was dissolved in acetonitrile a non-
condensible gas, presumed to be NO, was evolved. The solution
mixture was shaken overnight. After completion of the reaction the
pink solid formed was allowed to settle and the solution was decanted
into the empty limb. Both the solid and solution were cooled to liquid
nitrogen temperature and tﬁe flask was opened under vacuum to allow
excess NO to be evacuated. Excess solvent was removed by slow
distillation and when the compound was perfectly dry the reaction
vessel was sealed off with a torch. The solid comi)lex was stored in
the dry box.

The infrared spectrum of the complex suggests the presence
of coordinated acetonitrile and a strong broad band at v . 840 cm
is assigned to a \)3(PF6-) vibration and a very strong band at v___
560 cm ! assigned to \)4(PF6—)-

The electronic spectrum of the complex was recorded over

the region 1,000-50,000 cm—1 and it indicates that the complex prepared




Table 35 : Infrared spectrum of solid (Co(NCMe)S) (PF6)2

Frequency (cm’l) Assignement

:;
| ' v
2330 ' comb, CHEN Q. +¥)(4.)
| | £ O™ &y
| |
2300 i C=N stretch (\)3) @)
1050 . | CH3 rock. (‘97) (B}
945 | ';' C-G stretch (\)4) ()
840 T1a Pe

400 C~C=bend




contains [Co(NCMe)é] 2+ in solution.

The spectrum shows a multistructural band at Vmax 20,400
cm_1 and a weaker band at Vhax 9,530 cm_l. A weak band was also
observed at v 29,850 cm—l.

max
By reference to the electronic spectrum of [Co(NCMe)é][WFb]2

solution and the Tanage-Sugano diagram for a d7 species, the following

assignments were made:

Energy Transition

9530 cm” ! 4T1g(F) — 4ng(F)
19,230 cm o F) — fa, (P
20,400 cm ! 4T1g(F) — 4T1g(P)

The value of the ligand field splitting parameter (A) and the Racah
parameter (B) were calculated using the same method as in the

[Co(NCMe) 6] 2+ hexafluorotungstate(V) case.

A was found to be 9700 cm—1 and B' 735 cm_l. The values

are very similar to those obtained for the WF 6- salt and are probably
identical within the experimental error associated with the analytical
method. The appreciable reduction in the value of B confirms the
good coordinating abilities of acetonitrile towards Co(II).

- iy s -1
The average value of B' is 755 cm 1 and for 4 it is 9950 cm

for Co(NCMe)62+.
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3.5a - Cyclic voltammetry of [Co(NCMe)é][PFé]2

The cyclic voltammogram recorded shows two quasi-reversible
waves., The wave at E% =-1.33V wvs. Ag+/Ag is assigned to the oxidation
of Co(II) to Co(III) and the wave at E% = 0.32V vs. Ag+/Ag is assigned
to the reduction of Co(II) to Co.

Co¥t + & —u Co%t E, = -1.33V vs. Ag'lAg

Co2+ + ¢ — Co(s) E% 0.32V wvs. Ag+/Ag

If the wave at E% = 1.33V corresponds to Co(III) species, MoF, should
therefore oxidise cobalt metal to Co(III), but only a cobalt(II) species
was formed when the reaction was performed. Further oxidation of
the metal was not observed, probably ~ Bm" ~ . the kinetic reasons.
The wave assigned to the couple CozH/Co2+ was not observed
in the voltammogram relevant to [Co(NCMe) 6][WF6]2’ probably because
it is masked by the wave corresponding to WF7_/WV couple, or because

- \Y%
Co(III) could not be generated due to the presence of WF, > W

species in solution.

Conclusion

+ .
Cobalt metal is easily oxidized by M0F6, NO and WF6 in

2+
presence of acetonitrile, yielding - solvated [Co(NCMe)b] . The

anions MF6— (M = P, Mo, W) were identified by the infrared spectra

of these complexes which also suggests that the ligand acetonitrile is

coordinated by its nitrogen lone pair. Though UF6 is reported to be
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thermodynamically the stronger oxidizing agent, no reaction occurred
with cobalt metal and UF , Was itself reduced in acetonitrile solution.
Kinetic problems in oxidation of metals by the hexafluorides are
encountered in a more extreme form in the reactions of nickel metal

described in Chapter IV.




CHAPTER IV

Oxidation of Nickel by MoF 6 WF6 and

and NO+ in Acetonitrile
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INTRODUGTION 437

Nickel metal is silver white in appearance and it shows
typically metallic properties. = When compact it is appreciably resistant
to attack by air or water, but it becomes very reactive and pyrophoric
under some conditions when the metal is finely divided.

The divalent state is an important oxidation level of the metal
in its aqueous and non-aqueous chemistry. Many Ni(III) and some
Ni(IV) complexes are also kmown. The hexafluoronickelates (III) and
(IV) containing Nin_ and NiFZ_ ions are prepared by direct fluorination
of melts of KC2-NiC 2,2 mixtures at moderate temperatures and pressures
of fluorine. Nickel reacts very slowly with fluorine, hence the metal
and some of its alloys (e.g. Monel) are used to handle F2 and other
corrosive fluorides.

Direct reaction of nickel metal with various non-metals such
as P, As, Sb, S, Sc, Te, C and B, produces binary nickel compounds.
Hydrides of nickel evidently do not exist even though finely divided
nickel absorbs hydrogen.

Nickel forms numerous complexes where the maximum coordin-
ation number is six. It also forms five coordinate complexes and square

planar four coordinate complexes .. Because of the low energy

difference between these stereochemistries, equilibria between the

various structural types are known to exist in solution as well as in the

crystallisation of complexes containing nickel in two different stereo-

chemistries.
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Amines and some other neutral ligands can displace some or
all of the water molecules in the octahedral [Ni(HZO)6] 2+ ion producing

trans[Ni(HZO) 2(NH 1INO

[Ni(NH3)6][CSZ,O and [Ni(en)3] SO4.

3)4 3]2’ 4]2
Amine complexes of nickel are blue or purple while the hexaquonickel
is green. This is specially observed when water molecules are replaced
by ligands possessing a stronger ligand field.

Acetonitrile forms complexes with nickel either by recrystalli-
sation of anhydrous halides from acetonitrile or by reaction of the metal
with halogens in ace‘coni’crile.63 Nickel chloride and bromide form
tetrahedral complexes of general formula NiXZ.ZCH3CN. The iodide of
nickel forms the complex NiIZ°3CH3CN which is formulated as
[Ni(CH3CN)62+][NiI42_] . Reactions of nickel with bromine in aceto-
nitrile give a stable complex formulated as [Ni(CH3CN)62+][Br3_]2.

The structure of these complexes has been determined from the study
of their electronic spectra and magnetic properties.

Preparation of nickel hexafluorometallate salts (M=Mo,W) was
previously attempted in this departmen’c.3 Only the complex
[Ni(NCMe)é][WFé]2 was prepared, but oxidation of the metal with MoF
was unsuccessful, although the latter is considered to be a stronger
oxidising agent, as previously described in the introduction to this
thesis.

The present work was specially designed to attempt to over-
come the problem of oxidation of nickel by MoF and UF .
[Ni(NCMe)()][PFé]2 has also been prepared by the reaction of the metal
with the nitrosonium ion. The complex was investigated by electronic

and vibrational spectroscopy, in addition to cyclic voltammetry and

atomic absorption spectroscopy.




Table4.1 Som: physical propariiss of nickel metal

Atomic weightbﬁm/g mo]f‘)
Crystal struzture

Atomic radigs (4)
Principal oxidation number
Ionic radii (;d
Ionization‘energies ( Eifev )
Electroregativity
Electron affinity (Ee/ev )
bensity Qgﬁﬁgnf3 )
Melting point ( /K )
Boiling point ( Tb/K )

Specific latent heat of.
-1
fusion (1/J Kg 3

Specific heat capacity
©p/3 kgTH) T

58.71
Face centrsd cubic
1,25
+2 , +3
0.69
7.435 » 18.168 |
1.8
1.3
8900
1726
28

31-x 104

f A

&7




4.1 EXPERIMENTAL

Ni powder, purity 99.99% (Goodfellow Metals Limited) was used
as supplied. Nickel foil and nickel metal (purity 99%) were alternately
used. Massive nickel was cleaned with sand paper inside the glove box
before use.

Acetonitrile (Rathburn Chemicals Ltd.) was purified as
described in Chapter II and was stored in the glove box.

MOF6 (Ozark Mahoning), WF6 (Ozark Mahoning), and UFé
{British Nuclear Fuels Ltd.s were also purified, as described in Chapter
II.

NOPF6 (Fluorochem Ltd.) was used as supplied and stored in
the dry atmosphere glove box.

Inside the glove box, the chemicals were weighed using an
electronic balance (Type Sartorius Model 1205MP) with an estimated
error of * 0.004g.

The nickel film was prepared as described in Chapter 1I,
for this purpose nickel wire of 0.5 mm thickness was used. It was
spot welded to a pair of tungsten electrodes which were sealed to glass.

All glassware was flamed out before use to avoid contamination

of reagents by oxygen and moisture.

,c |

X
o
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4.2 RESULTS

Oxidation of nickel by WE, in CH3CN

Nickel metal was loaded infba previously flamed out reaction
vessel. After re-evacuation of the vessel WF6 and acetonitrile were
added by vacuum distillation at 77K. The reactants were allowed to
warm up and left to shake overnight, after which a purple-blue solution
was formed. A purple crystalline solid was isolated after removal of
the volatile material.

The infrared spectrum of the complex was recorded (Table 2)
and it shows bands assigned to coordinated acetonitrile and presence of
the anion WF6—. A sharp intense band at Voax 2300 cm_1 is assigned
to C=N stretching fundamental and a weaker band at 2330 cm—1 is
assigned to a combination of the C-C stretching and the CH3 deform-
ation modes.64 The intensity of the weaker band arises from Fermi
resonance between the combination band and the C=N stretching
vibration as, both the combination band and the stretching vibration

have A, symmetry. An intense band at 620 em L is assigned to a

vibration of WFé_,

Electronic spectrum: The purple colour of the complex under

discussion is strongly suggestive of octahedral Ni(II), and by reference

to previous work,'o"36 it is a reasonable assumption that Ni(II) is

2
present as [Ni(NCMe)é] +.

In an octr;lhedral ligand field the free ion NiZJr ground state

3 , 3 3
F splits into three electronic levels; T1g ng and "A, . The 3p

2g
3 37,38
term gives rise to the Tlg(P) term. The exact way these terms

3




Table{,?2 — Infrared spectrum of solid

(Vi (NCMe) 6} CﬂFé)g
Frequency (cm™) Assignement

2330 Comb GH;SN(Qng) (&1)
2300 C=N streteh (¥3)(&q)
100 CHx rock (07) (E)

940 C-C stretch(3 ) (Al)

705 WF

620 (JB)WFG, :

240 . Metal-N sptrefch
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split apart is represented on a Tanabe-Sugano diagram (Fig. 4.9) which
is applicable to any complex whateverlthe ligand, as long as the average
environment about the nickel is approximately the same.70‘ The 3T1g(F)
and 3T1g(P) terms interact with ene another and this results in
curvature of lines with the same designations.38 The expressions of
the ligand field of the d8 configuration relative to the 3F free ion term

as Zero are:

Term ! Energy
3A2g (F) - % A,
3ng (F) - %Ao
3Tlg (F) lZS-B + 1% A, - %[225B2+Ac2)+1813 AO]I/Z
3T1g (P) BB, s Li22s%+n2+188 a )M?

The three observed bands in the recorded spectrum were assigned to

the following transitions:

\J3 : Zg

The energies of these transitions can be expressed in terms of A _ and

B' where A represents the magnitude of the ligand field splitting
’ o

parameter and B' is the Racah parameter.
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Transition ‘ Energy
3

(F) — T (F) Al
3 3 158, 3 1 2,02 1o 16
AZg(F) —_ Tlg(F) 5t 10 AO E[ZZSB +A0 18B Ao] *E A
3 3 5B, 3 1 12,52 . 16
AZg(F) —_ Tlg(P) = * 15 AO + E[ZZSB +Ao 18B Ao] te A

The UV-visible spectrum recorded shows two absorption bands of inter-

mediate intensity at v___ 10650 cm © and v___ 17200 cm L, and a third
max max

absorption band of high inte‘.nsity in the ultraviolet region at Voax -

28000 cm !

From the frequency values experimentally obtained, AO is
calculated to be 10650 cm ' and B' 884 cm *. The magnitude of the
ligand field splitting parameter is given by the energy difference between

the ground state 3A (F) and the first transition 1evel (F) The

free ion value of the electron repulsion parameter B for N12+ is 1082 cm_l,

showing a reduction to 82% when Ni(II) is coordinated to acetonitrile.

Cyclic voltammetry: The electrochemical study of solvated

[Ni(NCMe)6]2+ was performed using cyclic voltammetry. The voltammo-
gram recorded features a reversible wave at E% = 0.65V wvs. Ag+/Ag.
By reference to previous studies of alkali metal and silver WF6_ salts,57’58
this wave was assigned to the couple WFé/WFé_o A quasi-reversible

wave at E% = 0,29V vs. Ag+/Ag is assigned to the couple Ni2+/Ni and

a wave at E% ==1.29V wvs. Ag+/Ag to WF7_/WV couple. Assignment of

the WF7_ /WV couple was by comparison of the E% value obtained in this
work and the E, value obtained in previous work concerned with the

oxidation and study of copper hexafluorotungstate salt in acetonitrile.71
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By reference to the same work the wave at E% ==1.68V vs. Ag+/Ag is

assigned to the WF6 /WIV couple. As in the aqueous medium, nickel
metal is moderately electropositive. The redox potential of the NiZ+/Ni

couple is -0.23V vs. NHE in aqueous medium.

Oxidation of nickel with excess WF

6

Nickel metal was oxidised in acetonitrile solution using a large

excess of WF()' The mole ratio was Ni:WFé, 1:20; after shaking over-

night a brown solid was formed in addition to the crystalline purple solid.

The brown solution was decanted into the empty side of the reaction
vessel and the solvent was removed by back distillation using liquid
nitrogen as coolant. Slow distillation was necessary to prevent bumping.
This was achieved by cooling the solution to -40°C using a bath of
tfichloroethylene/dry ice. When all the solvent was removed, a brown
solid was isolated. The electronic spectrum of the brown solid consists
only of a charge transfer band in the ultraviolet region which tails in
the visible )\m

ax

The infrared spectrum of the solid indicates the presence of

a ’sharp intense band at 705 cm_1 assigned to WF7 and a band at 605
cm—l assigned to WFg 3. The presence of coordinated acetonitrile is
also evident.

In an earlier study concerned with the oxidation of iron and
copper in MeCN it had been shown that a fluoride ion transfer occurs
in 'ﬁresence of tung§ten hexafluoride involving WF6 and WF()_. Oxidat-

ion of iron by WF6 in MeCN produces iron(II) as the cation and a

mixture of WF()— and WF7_ as the anions. The ratio of the anions formed

D,
L
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is dependent upon the conditions of the reaction. The fluoride ion

transfer can be expressed by the following equilibrium

WF6(solv) + WF()_(solv) ;WF,?—(SO]V) + WFS(solv).

Formation of the anion WF7_ can, however, be suppressed by carrying

the oxidation reaction in a 'vapour phase' in which the concentration of
WF6 on the surface of the metal is decreased.

A fluoride ion trahsfer has also been observed when studying
the behaviour of tungsten hexafluoride towards ionic fluorides. The
reactions were performed in presence of bromine and bromine trifluo-

ride,72 iodine pentafluoride,73 chlorine trifluoride,74 or, in absence of

75

a liquid phase,. On the basis of their X-ray powder diffraction data

analysis, the adducts obtained were formulated as M[WF,{.] or N};[WF{?,]

(M=Na, Cs, or NH Similar adducts are also formed when WF6 is

4

reacted with nitryl or nitrosyl ﬂuorides44 as shown from the study of
their infrared spectra.
Reaction of anhydrous thallium(I) and copper(II) fluorides

with WF()“ in presence of acetonitrile produces the adducts TJZ,F.WF6 and

CuFZ.ZWF65MeCN, respectively.36 From the analysis and vibrational

19

spectra of these adducts, and also supported by their "’F n.m.r. spectra,

it is found that TIL(WF.]) and [Cu(NCMe)S][WF7]2 are formed. Both

their solution and solid Raman spectra show a band at 705 cm_l,

attributable to a WF7_ vibration frequency. The formation of the WF7—

anion from WF6 and F ion must be favoured by the good Lewis-acid

properties of WF6 and also by the poor solvating properties of acetonitrile

towards F ion.
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Gas phase oxidation of nickel by WF6

A gas phase reaction was performed with the aim of preparing

Ni(II) hexafluorotungstate(V) complex free from traces of WF7_.

The reaction of iron with WF6/MeCN vapour had been performed

6
[Fe(NCMe),][WF,] ,83 showing that formation of WF., can be prevented
6 62 g 7 P

in this department and the product formed is a predominantly WF, salt,
by altering the experimental conditions and suppressing the concentration
of WF6 on the metal surface.

Nickel wire was cléaned with sand paper inside the glove box
and then broken into small pieces. The metal was loaded in one side
of a reaction vessel. After re-evacuation of the vessel 6 ml of aceto-
nitrile and tungsten hexafluoride (mole ratio; Ni:WF6 - 1:5) were vacuum
distilled into the empty side of the reaction vessel. A white powder was
formed within two hours. When dissolved in acetonitrile the white solid
turned = slightly purple and did not lose this colour even after drying
under vacuum.

Microanalysis showed that the product was [Ni(NCMe)é][WFé]Zc

Found: C, 14.8; H, 1.74; F, 23.40; N, 8.62,. C12H18F12N6Niw2

required C, 19.96; H, 1.74; F, 26.52; N, 8.15%.

The electronic spectrum of the complex was recorded and was
identical to that of Ni(NCMe) 62>+ prepared in the solution phase. It
showed three regions of absorption at identical frequencies; that is
V) 10,650 cm-l, \)max 17,200 cm_] and \)max 28,000 cm—l, respectively.

max
1

The infrared spectrum recorded in the region 200-4000 cm™

indicates the presencle of coordinated acetonitrile and the anion WF6 .



Table 43 Infrared spectrum of solid ! (NCMe)é) (WF6>2

gas phass reastion

Frequency (cm"‘1 ) Assignement

: Comb CHON(™ +Y) (A
2330 omb H3 N( 2:- l)( 1)
2300 | Cz=N stretch O 3) ()
1030 O rock O) (&)
940 | ' C-C stretch (*)i&) ()
620 (3, vF
250 S | Metal-N stretch
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The band assigned to WE‘?— is, however,, not observed. Coordination of
acetonitrile is evident from comparison of the spectrum recorded with
that of free acetonitrile. A band at Voax 2300 (:m_1 is assigned to C=N
fundamental stretch and a weaker band at 2330 cm—1 is assigned to a
combination of the C-C stretch and the CH3 deformation modes.64 A
band at 1035 cm_1 assigned to a CH3 rock and a band at 945 cm-1
assigned to a C-C stretching mode.

The electrochemistry of [Ni(NCMe)S][WFé]2 was performed
and the voltammogram recorded is in all points identical to the voltammo-

gram recorded for solvated [Ni(NCMe)é][WF()]2 prepared in solution

phase.

Oxidation of nickel by NO'

A previously evacuated and flamed out reaction vessel was
loaded with nickel foil and NOPF6. After addition of acetonitrile and
warming up to room temperature the solution mixture was shaken over-
night, resulting in the formation of a purple solution. A purple solid
was isolated after removal of the volatile material. Its structure o
suggested to be [Ni(NCMe)6][PF6]2.

Analysis by atomic absorption spectroscopy was performed
and the content of nickel was 9.8%.

The infrared spectrum of [Ni(NCMe)é][PFé]Z was recorded
and indicated the presence of coordinated acetonitrile and the PF6_ anion.

The main absorption frequencies of the complex examined are tabulated

(Table 4.4). The broad strong absorption at 840 cm ! is assigned to e



Table [pl4:Infrared spectrum of solid ( Ni(NCMe),) (I-’Fé)2

1

Frequency (em )

Assignement

2325
2300
1254
1045
940
- 0
750

555

comb. CHBCN (\)9:\)1) (Al)
C=N stretch (\)3) (Al)

CH3 def. (’\)3) (Al)

| CH3 rock. (\),7) E)

C-C stretech 6\)4) (Al)

-
Tlu PF6

overtone (2‘\)3) (a 1)

Tlu. PF 6

PO

1cl
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V3 frequency of PF6_ ion and also the/band at 555 cm—1 is assigned to
v, (PF.7).

The solution of nickel hexafluorophosphate in acetonitrile is
purple in accord with the geometry of the complex. Since ligand field
theory predicts a fourfold splitting of the d-orbital energy levels in an
octahedral field, we should expect to find d-d transition energies
represented by three absorption bands. The electronic spectrum of
[Ni(NCMe)b][PF()]2 shows the presence of these bands at the following
frequencies: v, 10650 — v, 17200 cm ! and v, 28000 —

The magnitudes of the ligand field splitting parameter and
the Racah parameter are deduced from the expressions of the three
transitions observed and are A = 10650 cm_l, B' = 884 cm_l, respectively.
These results may be compared with those obtained for the absorption of
solvated [Ni(NCMe)é]2+ with tungsten hexafluoride as the counter anion.
Those now reported are found to parallel them exactly.

Cyclic voltammetry of [Ni(NCMe)é][PF()]2 in acetonitrile was
also performed. The voltammogram obtained features only a quasi-
reversible wave at E% = 0.32V vs. Ag+/Ag. This is attributed to the

couple NiZ+/Ni and is in agreement with the value determined for Ni(II)

hexafluorotungstate(V) salts.

Oxidation of Nickel by MoF6

A previously evacuated and flamed out reaction vessel was
loaded with nickel metal (powder purity 99.99%). After re-evacuation
of the flask acetonitrile and MoF6 were added by vacuum distillation at

77K. On warming up to room temperature the solution mixture was
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colourless. No reaction seemed to occur even after overnight shaking.
The same reaction as described above was performed again but using a

large excess of MOFé’ the molar ratio being Ni:MoF 1:20. After two

6)
hours shaking, polymerisation of the solvent occurred but no reaction

between Ni and MoF6 was evident.

Reaction of nickel with Mo};/) in presence of pyridine

Because pyridine‘is a better §-donor than acetonitrile it would
probably stabilise the nickei(II) if it is added. When pyridine (1 ml)
was added to a mixture of nickel metal, MoF6 and CH3CN on warming to
296K, a yellow product was formed, accompanied by release of white
fumes, probably hydrogen fluoride gas, and the reaction was appreciably
exothermic.  When stored at room temperature the yellow product turned
red-brown. Because of its colour it was first believed that a Ni(III)
salt had been prepared but subsequent atomic absorption analysis has
shown that the salt prepared contains no nickel at all. Further,
microanalysis indicates that the complex formed is M0F5.2py.
Found: C, 34.1; H, 2.8; F, 27.4; Mo, 27.45; N, 7.8.
ClOHlOFSMONZ requires C, 34.3; H, 2.9; F, 27.2; Mo, 25.5; N, 8.09.

The same reaction was performed in absence of nickel and
resulted in the formation of a yellow product identified as M0F5.2py.

The infrared spectrum of MoFS.Zpy was compared to that of

76,77

free pyridine and the following assignments were made.



Table Q‘S Ihfrared and Raman spectra of MoFg .2py

e ——

Frequency (em ) Assignement
1610 py. comb. Q,+%)
1378 coord, py
1355 eoord. py
1250 overtone
1238 | coord. py
1160 coord. py
1070 | coord. py
1032 | coord. py
‘1020 < "~ coord. py

645 . ’ MoF 2~ (in)
679 MoFé-. ‘L Ro.momn )
570 Py,




Coordinated pyridine is usually readily distinguishable from
the free base by the presence of a weak band between 1235 and 1250
cm_1 and which is observed in the present case at 1250 cm_l. It is
also distinguished by a shift in the strong 1578 cm—1 band to 1610 cm-l
also shown in the present case. This band appears with a shoulder
in the spectrum of the free base which is not present in the spectrum
of coordinated pyridine. The spectrum of free pyridine presents a
group of five bands between 990 and 1217 cm_l. In the spectrum of
M0F5.2py the same group of five bands appears at the following
frequencies: 1020, 1032, 1070, 1160 and 1218 cm_l. These bands are
accompanied with splittings, the origin of which is very uncertain. An
extra moderate band at 1250 cm_1 is either an overtone or a combination

band which has become infrared active. A weak band at 1355 cm—1

107

and a medium band at 1378 cm_1 are also assigned to coordinated pyridine.

A strong band at 1610 cm—1 is assigned to a combination band (\)1+\)6)
which is enhanced by Fermi resonance with the vibration Vg-

The infrared and Raman spectra of the adduct show a band
at 625 cm_1 and 679 cm_l, respectively, which can be reasonably

assigned to a Vj vibration of the MoF6 anion. The structure of the
adduct is hence suggested to be the following, MoFé_—~MoF4Py4+.
The readiness with which the reduction reaction occurs can easily be
explained by the capacity of the anion to accommodate new electrons

in its empty orbitals and also the ability of pyridine to donate a lone

pair of electrons.
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Reaction of clean nickel metal with MoF 6

The failure of M0F6 to oxidise nickel metal is presumably due
to its inability to react with the oxide film on the metal surface.
Passivation of metals by oxide films is a well-documented phenomenon
and the layer can be removed in some cases by chemical methods.

Since NOoxidises nickel in acetonitrile this treatment was
applied to the metal. For this purpose a three-limb reaction vessel
(Fig. 4.1) was used. Nickel foil was loaded inblimb A i_nw‘f)resence of
NOPF6. Acetonitrile (5 ml) was added by vacuum distillation. The
reaction mixture was warmed to room temperature and shaken overnight.
The purple solution formed was tipped infplimb B of the flask and fresh
acetonitrile was distilled into limb A. This was used to wash off the
nickel foil which remained. The washing was repeated four times using
fresh acetonitrile each time . Limb B was then sealed off. Fresh
acetonitrile (6 rﬁl) and MoF were then added into limb A. After
warming to room temperature, the solution was shaken for two hours.

A purple solution formed after shaking and by removal of the volatile
material a very small amount of purple product was isolated. This
most probably results from the oxidation of clean nickel metal with MoF .
The yield of the reaction was too small for its characterization but its

e -
infrared spectrum showed presence of the anion MoF6 and coordinated

acetonitrile.
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Oxidation of an evaporated nickel film with MOF6

As a possible way of improving the reaction, a nickel film was
prepared under vacuum, as described in Chapter II. Acetonitrile and
l\/IoF6 were added by vacuum distillation at 77K and allowed to warm to
298K. After a few minutes shaking the thick deposit of the nickel
film started to peel off in thin flakes while the solution gradually
became purple. The solution was left to settle for 1/2 hour and was
then decanted into the empty side of the reaction vessel. The solvent
was removed by back distillation using liquid nitrogen as coolant; a
purple solid was isolated.

The U.V.-visible spectrum of the solid in acetonitrile contained

1

three peaks at v 10300 cm —, Vv 16670 cm_~1 and v 27030 cm_l,
max max max

respectively. These bands are assigned to the following transitions:

3 3

3 3
AZg(P) — Tlg(F)

3 3 k
AZg(F) — Tlg(P)

The assignments of these transitions have been made by comparison
with the solution spectrum of [Ni(NCMe)é] 2+ where WF6— and PF6— are
the counter anions. The frequencies and band widths are in good
agreement with the predictions based on the Orgel diagram.

The magnitude of the ligand field splitting parameter and
the Racah parameter had also been determined using the same method
as shown earlier for the [Ni(NCMe)b][WF()]2 case. A is calculated

to be 10300 cm_l and B' 853 cm_l, which represents 82% of the value
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Table 4.5 vaoddmw param:ters for octahedral Ni(II) complexes
—_—
NiL 2" L R, g 5  Ref.

(i (pr )" 10150 16500 27000 862 79

(N1 (H ;) )" 0750 | 1750 28100 823 &0

(N1(5,0) ) %" 8500 13800 25300 930 81

(N1 (MeCH) )" 10650 17200 20000 63 This work

(N (Me0H) ) > 840 14225 25000 915 78

(1 (MeCN) ) 2 10700 17400 27816 855 63
i) ) 7790 12970 24040 921 82

u

N, 73 MeON D> py yH;0,) MeOH,y DNBO




of the Racah parameter for the free ion. A good agreement is found

between the value of AO and B' derived experimentally in this work and

the values reported in the literature for [Ni(NCMe)é]Z’L.38 Comparison
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of these values with relevant NiL2+ (Table 45 ) L = py, NH3, HZO’ MeOH,

DMSO; places acetonitrile ligand towards the stronger end of the

spectrochemical series, the order being DMSO < MeOH < H,0 Py <
MeCN 'P\’/NH3. This order is the same as that derived from cobalt(II)
spectra and work performed by others.

The infrared spectrum of nickel hexafluoromolybdate(V) in
acetonitrile has been recorded in the region 200-4000 cm—l, where the
presence of the anion MoFé— and coordination of acetonitrile have been
established. The strong band at 630 cm_1 is assigned to the Va
frequency of the hexafluoromolybdate(V) ion. Comparison of the infra-
red spectrum of free acetonitrile with the spectrum recorded in this
work gives evidence of coordination of acetonitrile from shifts in
frequency of its absorption bands. Two bands at 2300 <:m_1 and 2325
c:m»1 are assigned to the CZN fundamental stretch and a combination of
the C-C stretching mode and the CH3 deformation, respectively. A
band at 1035 cm—1 is assigned to a CH3 rocking and a band at 945 cm—1
is assigned to a C-C stretching mode.

Further analysis of the complex [Ni(NCMe)é] [MoFé]2 was not

performed because the yield of the reaction was insufficient, despite

the improvement registered when using an evaporated nickel film.



Table lrf: Infrarad spectrum of solid

© (M) ) (MoF ¢) 2.

Frequency (cm'q) ' Assionement

2325 o conb THEN (3,)
2300 | C=N stretch (4,)
1035 CH rock (Ny)(E)
945 | 00 stroteh Q) (44)
630 MOF"

515 CL=N bend (Ng) (E)

13



Reaction of WF g With evaporated nickel film

An evaporated nickel film was prepared as previously
described in Chapter II. Acetonitrile and tungsten hexafluoride were
vacuum distilled at 77K into the empty side of the reaction vessel, and
left to warm up to room temperature.

Oxidation of nickel film by WF6 was being performed in a gas
phase. After two hours no reaction between the nickel film and WF6
was evident. However, a white salt was growing on the upper part of
the nickel wire near the spot welding connecting the nickel wire to the
tungsten electrodes. This part of the nickel .wire, where the white
salt was growing, apparently did not take part in the evaporation
process, and probably retained its oxide layer. This is on the basis
that while all the nickel wire was "red" during the evaporation process,
this same part was not; hence its temperature was below that necessary
for a deoxidationv and an evaporation process to proceed.

The spot weldings were covered with 2 mm ¢ glass tubing
and a new vacuum evaporated nickel film was prepared. After addition
of WF6 and acetonitrile the reaction mixture was shaken for a few hours
but no reaction occurred. The solution mixture was then removed by
vacuum distillation and the reaction vessel was opened to allow air in.
After re-evacuation of the reaction vessel the mixture, WF6 and aceto-
nitrile, was back distilled. A purple salt was isolated after overnight
shaking and was identified as [Ni(NcMe)()][WF()]2 complex. This series
of experiments show -that WF6 reacts easily with massive nickel but it
does not react with an evaporated nickel film supposably free from its

oxide layer. If, after making the nickel film under vacuum, the

1L



reaction vessel is opened to air before performing the reaction, WF()

“‘reacts with the nickel film . Opposite behaviour was shown
by molybdenum hexafluoride which reacts with vacuum evaporated nickel
film but does not react with massive nickel, although MoF6 is thermo-
dynamically a stronger oxidising agent. This behaviour of nickel

- metal towards the hexafluorides of molybdenum and tungsten is unexpec-
ted, and as a consequence , the reaction of tungsten hexafluoride
‘with evaporated nickel film was performed again and monitored by the

use of 18F—1abellec1 tungsten hexafluoride. The reaction is described

‘below and was performed with the help of M.F. Ghorab,afellow student.

.. Reaction between 18F—labelled WE and an evaporated nickel film

The reaction between 18F-labelled WF6 and Ni was followed

1.3, using a double-limb reaction vessel made of Pyrex glass and fitted with

: -~ P, T.F.E. glass stop cock (Fig. '-rff) One limb was coated with nickel
+ i {film prepared under vacuum and the other contained WF5 18F and
o~ JGH;CN.

. WFTS ”28F was prepared by 18F‘a"(;:»{change reaction (1lh, 313K)
soowetween WE and 18}.‘v‘—‘labelled CsF, which had been prepared by neutron

irragityadiation (1/2h) of Li,CO4 according to the nuclear reaction

1
Li (n,0) T followed by T (o,n) °F

18
t° H F
~ then ‘Li 1BF + HZSO4 [conc] —

i 18
CsOH + H 18F ——~ Cs F
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Once transferred into the reaction vessel the sample of WF 18F

5
(0.93 mmol) was allowed to warm up to room temperature and the
reaction followed ‘in. time by counting alternately the 18F activity
(tl/2 = 110 min, E = 0.51 MeV) in the two limbs using a well scintill-
ation counter. After one hour of reaction WF5 18F was transferred
into another counting vessel; its count rate was 146199 coun’cnmin_1
(all count rates were corrected for background and decay). The count

rate of the nickel after reaction was 294 count.min 1/ well above that of

the background (14 count,,min_l))showing that there was a small uptake

of WF, '°F by the nickel film (Fig. 4.6).
This experiment shows that WF6 is adsorbed on nickel but no
further reaction takes place in absence of an oxide film. WF6 can

oxidise Ni metal but the reaction is not observed in absence of NiO,

for kinetic reasons.

Oxidation of Ni by UF6

A previously flamed out reaction vessel was loaded with nickel
metal. After re-evacuation of the flask CH3CN (5 m) and UF6 were
added by vacuum distillation at 77K. The mixture was allowed to warm
up to room temperature, but no reaction took place even after prolonged
shaking and with a variety of mole ratios. The reaction was also
performed using a vacuum evaporated nickel film. In this case also

no reaction took place.



Conclusion

Nickel metal was reacted with UF6’ MoF,, WF, and NO+. No

6’ 6
reaction occurs with UF6 but nickel is oxidised by NO" ion. MoF6 reacts
only with clean nickel film but it is inert inwfa‘resence of NiO. WF 6 does,
however, react with massive nickel in solution and"’gf;ephase, but it does
not react with clean nickel. Presence of nickel oxide is thus necessary

to catalyse the reaction between Ni and WF6‘ The results reported in this

chapter will be further discussed in Chapter VI.
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CHAPTER V

Oxidation of Zinc by MoF,, WF, and NO*

in Acetonitrile
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INTRODUCTION

Zinc ‘metal is generally not regarded as a transition element
because it does not form compoundsinwhich the d-electrons are involved.
The metal does, however, share some of the properties of the transition
elements. Zinc is softer and has a lower melting point than the
transition metals; it is also more electropositive. It has the ability to
form complexes, in particular, with ammonia, amines, halide ions, and
cyanide. The element shows the same behaviour as its neighbours
towards the hexafluorides of transition metals, e.g. MoF6 and WFb'
For this reason, zinc metal was included in this study, in addition to
cobalt and nickel, to determine its chemical reactivity towards the
hexafluorides of uranium, molybdenum and tungsten, and - the
nitrosonium ion.

Some general properties of zinc are given in Table (5.1).

The element has two s-electrons outside the filled d-shell, and the
divalgnt state is its only known oxidation state. The +1 state is
suggested to exist as an intermediate in the reduction of Zn2+, but it
is not stable in aqueous solutions.

Zinc forms halides that are mostly ionic. It reacts with
oxygen at high temperature, producing the oxide ZnO. Zn2+ tends to
form stronger bonds with F and O than with C&, P, and S ligands, i.e.
it is a class A (or hard) acid.

Previous work has shown that zinc metal reacts rapidly with
both MoF6 and WF6 in ace‘conitrile.3 The salts isolated were formulated,

on the basis of their microanalysis and vibrational spectra, as



Table5-1 Some physical properties of zinc metal

Atomic weight Mg/ g mol-l)
Crystal struchure

Atomic radius (A)
Principal oxidation number
Tonie radii ()

Ionization energies (Ei/ev)
Electron affinity (Be/ev)
Electronegativity

Density ( /kgm—B)

Melting point ((Tm/K)

Boiling point (T®/K)

Specific latent heat offusion

fusion (Z/Jig'l)

Specific_&eat capaeity
(Cp /Ixg )

65.37

Hexagonal close packed.

1.33

+2

9.9 , 17.964

1.6
TL40
69206

1160

10 X 10%%

385
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[Zn(MeCN) 5] [M0F6] 2 and [Zn(MeCN) 6]_[WF6] 2 respectively.

5.2 EXPERIMENTAL

Zinc metal, powder purity 99.99%, was used as supplied
(Goodfellow Metals Limited).

Acetonitrile (Rathburn Chemicals Ltd.) was purified as
described in Chapter II and was stored in an argon atmosphere glove
box (Lintott Engineering).

MoF6 (Ozark Mahoning), WF6 (Ozark Mahoning) and UF6
(British Nuclear Fuels Ltd.) were purified by low temperature trap to
trap distillation over activated sodium fluoride. The hexafluorides were
stored over activated sodium fluoride in specially designed breakseal
flasks to avoid contamination by moigture and oxygen.

NOPF6 (Fluorochem Ltd.) was used as supplied and stored in
a dry-atmosphere glove box.

All glassware was carefully flamed out before use, with a gas/
oxygen torch. Reactions and preparation of samples for analysis were

performed on a conventional high-vacuum system or in the dry box.

5.3 RESULTS

5.32 Oxidation of Zinc by NO in CH,CN

The oxidation reaction of zinc by the nitrosonium ion is seem-
ingly not reported in the literature. The reaction was performed in
this study using zinc metal and NOPF . The process of the reaction is

basically the same as already described in the oxidation reaction of



Table :5-2 :7ibrational spectrum of

(Zn (NCMe) 6) (PFéa 5

Frsquency (cm—l)

Assignement

R325
2300
1045

940
8%

560

comb. CHLON (gd,) (Ay)
CzN streteh (43)(A1)

CH3 rock (47) (ll)

C-L steetch (44)(A1)

Tlu PF6

T PF6

\PS]




cobalt metal by No* (Chapter III, section 3.5). The reaction is

spontaneous, producing a milky white solution. A white solid was

isolated and it is assumed to be solvated Zn(II) present as [Zn(NCMe)é]2+

with PF 6- as a counter anion. The Raman spectrum of the white solid

has not been recorded but its infrared spectrum gives evidence of

coordinated acetonitrile and presence of the PF6 anion.
A sharp band at Vmax - 850 cm_1 is assigned to Vg frequency
of PF, and an intense band at v = 560 cm_1 is assigned to v ,(PF, ).
6 max 4776
A medium band o} 405 cm_1 is assigned to a C-C=N bond of coordinated
acetonitrile and a sharp band at 940 cm—1 is a C-C stretching mode.
The C=N fundamental stretch is indicated by a sharp band at 2300 cm_1
and the band at 2325 cm-1 is assigned to a C-C stretch and the CH3

deformation.

5.3b  Oxidation of Zn by MoF, and WF, in CH,CN

3

Oxidation of zinc by MoF6 and WF6 is reported in the literature.

The reaction was performed as follows: A flamed out reaction vessel was
loaded with zinc powder. After re-evacuation of the vessel, acetonitrile
(5 ml) and MF6 (M=W,Mo) were added by vacuum distillation at 77K.

The solution mixture was warmed up to room temperature. The oxidation
of zinc metal by MF6 (M=Mo,W) was instantaneous, producing a creamy
solution. A white solid was isolated in both cases. By reference to
previous work these were formulated as [Zn(NCMe)S][MoF6]2 and

[Zn(NCMe)6] [WF6]2..
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Table 5-3: Vibrational spzetrum  of

(2n (NCle) 6) (WF6) 5

+_ Frequency (cm™?) As signement
Infrared Raman
2325 ~ Comb GHBCN(QQTQ??( :L)
2300 CaN stretch &B)(Al)
940 940 C=C stretch (\)4)(A1)
600 o . ~ BWFE:
67 WF'6'
700 i WF,;
705 | WEg




Table 54 : Vibrational spectrem of solid

(Zn(HCHe )g) (MoF ),

Frequency (cm™) Assignement

Comb CH30N Na#1) (a)

_2R5

2300 CaN stretch (3) (&)
940 C-C stretch () (4)
630 MoF
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The infrared and Raman spectra of the solids indicated the
presence of a band assigned to v, (MF6—) anion (vmax 600 cm_1 for
WF, and v 630 cm_~1 for MoF, anion). Coordination of acetonitrile
6 max 6
is evident from shifts in frequencies of its C=N stretch and combination
bands occurring at 2300 c:m-l and 2325 cm—l, respectively. A band at

940 em L is assigned to a C-C stretch mode of CH3CN.

5.3c  Oxidation of zinc by UF()

Uranium hexafluoride did not oxidise zinc metal even when
using a large excess of the oxidant (mole ratio Zn:UF6, 1:10). A
yellow colour quickly developed on addition of UF ¢ to the mixtureg)t zinc
and acetonitrile. The colour turned to green due to reduction of
uranium hexafluoride by acetonitrile. This was followed by solvent
polymerisation. No compound was produced from this reaction even

after prolonged shaking.

5.4 CONCLUSION

Like the metals of the first row transition series (except nickel)
zinc is easily oxidised by both molybdenum and tungsten hexafluoride
and the nitrosonium ion. However, it does not react with uranium
hexafluoride, the stronger oxidising agent of the group. The reaction
of zinc with NO* and MF (M=W,Mo) occurs at room temperature,
producing white solids.  These are characterised by their infrared and
Raman spectra)whic}r indicate the presence of coordinated acetonitrile

and the anion MFé’ (M=P,W,Mo).
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DISCUSSION

The oxidation of metals has been the subject of a considerable
number of studies, both theoretical and experimental. These have been
in large measure determined by the yvieed Lo find. - the best conditions
for using metals in oxidizing atmospheres and hence :
understand one of the most fundamental aspects of the reactivity of metals.

The present work was aimed to study the oxidation reactions of
the transition metals, cobalt and nickel, and their reactivity towards the
hexafluoridegof second and third row transition elements. Previous
workers have carried out, in this department, a detailed investigation of
the elements, vanatdium,83 iron,83 copper,71 silver71 and gold,71 with
the hexafluoridesof molybdenum and tungsten. A full description 06 the
behaviour of the metals, cobalt and nickel, towards WF6 and MOF() in
.acetonitrile medium is given in Chapters III and IV of this thesis.

Cobalt and massive nickel are oxidized by WF6 in CH,CN

3
producing [Me(CI—I3CN)6][W176]2 salts (Me=Co,Ni)

CHCN ” 3
Me + WF, —=— [Me(CH,CN) 1" + 2WF

MoF, readily oxidizes cobalt and zinc but it does not oxidize massive nickel,

6
although it is thermodynamically a stronger oxidizing agent than WF6'
Cobalt and nickel are known to be similar metals and there was apparently
no reasonable explanation for the unexpected behaviour of MOF() and WF()
towards massive nickel metal. A comparative study of the physical and

chemical propertics of cobalt and nickel has been undertaken in the hope

of determining a reason {for this behaviour,
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Cobalt and nickel are typical metals with high melting and
boiling points, thus large values for their cohesive energies are indicated
The crystals of both metals consist of compact structures in which each
atom has 12 close neighbours, thus giving comparative(zhigh densities to
the metals‘,87 The‘crystal structure of cobalt is either hexagonal close
packed (hcp) or face centered cubic (fcc), depending on temperature,
while nickel has a face centered cubic crystal structure only.,48A It should
be noted that the environment of a surface atom is very different from that
of én atom situated in the interior of the crystal. 9 In particular, in the
case of an f.c.c. metal, the number of nearest neighbours is reduced froin
12 to 9, 8 or 6 for (111), (100) and (110) faces, respectively. For this
reason, surface atoms usually show a véry considerable reactivity towards
foreign atoms or molecules; free orbitals are available for bonding, thus
giving to the atoms at the surface bonding capabilities which are not
exhibited by atoms in the bulk of the solid. Despite the uniqueness and
complexity of the electronic character of the surface, it is often assumed
that there is some resemblance in the properties of bulk ahd surface atoms.
This is épecially reflected by Pauling's valance bond theory and its
definition of the metallic state. 88
Pauling's valence bond theory is én empirical approach which

consideré that metal bonds resemble ordinary covalent bonds, where all

or most of the outer electrons of the metal atom take part in bond formation.
In his concept, Pauling considers that metallic properties are based on the
possession of some or all of the atoms in a given metal of a free orbital,
"the metallic orbital”, in addition to the orBitals required for bonding and

non-bonding electrons,: permitting in this way uninhibited resonance of

valence bonds.
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Although the number of electrons in the d-shell increases with
increasing atomic number in the series Mn, Fe, Co, and Ni, the bond
length of these metals is practically the same and all elements have the
same metallic valency of 6. As an explanation to their experimental
observations it was suggested that while some 3d-orbitals may hybridise
with 4s- and 4p-orbitals to give bonding orbitals, other 3d-orbitals may be
unsuitable for bond formation (atomic orbitals). On this basis the following

electronic representation is derived for both cobalt and nickel:

Cobalt : nine electrons outside the argon core

3d 4s 4p
—t— M A
Co(A) v = 6 A + 44 : :
I 1
i
Co(B) v =6 | core| 44 % : - -0

4+ ; atomic electrons

. ; wvalence electrons (electrons occupying bonding orbitals)
O; metallic orbitals.

The saturation moment of 1.71 magnetons indicates resonance between the

two forms of electronic states in the ratio 35:65.

Nickel : ten electrons outside the argon core

3d 4s 4p
{__—.-_)\_-——_\ r‘—"—-—‘
Ni(A) v = 6 A t4 + 4 ' .

Ni(B‘)V:() C()rc‘mWM---} LS
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The saturation moment of 0.6 magnetons corresponds to resonance in the
ratio 30: 70.

Taking into consideration the above determined electronic
structure of metals it becomes possible to calculate the "perceﬁtage
d-character" of the metallic bonds. The percentage d-character is a factor
that gives an indication of bond strength. It was calculated for the

elements of the first transition series and the following values were obtained.

Element v Cr Mn Fe Co Ni Cu
Valency 5 6.3 6.4 5.78 6 6 5.5
Percentage 35 39 40.1 39.7  39.5  40.0 36
d-character

Nickel has the highest value of percentage d-character and hence a
stronger metallic bonding. However the differences within the series

of elements Fé, Co and Ni are very small and do not correlate well with
the vei‘y different behaviour observed towards MoF and WF 6 A further
objection to this line of argument is that Pauling's assumption of localized
bonding between metal atoms is unrealistic, although . conceptually
simple. A treatment of the bonding in terms of band theory Would be
more satisfactory but it is beyond the scope of the present study.
However, it is tentatively concluded that the very different behaviour of
Co and Ni towards oxidation by hexafluorides is not explicable merely

in terms of differences in metallic bonding.
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All metals, except gold, are unstable at ordinary temperature,gnd
in the presence of oxygen and become covered with a film of oxide. The
covalency between the cation and the anion increases on going to the right
of the PeriodicTable in the order MnO, FeO, CoO and NiO.14

The resistance of a metal to oxidation is usually related to its
affinity for oxygen and it depends fundamentally on the properties of the
oxide film formed. For example, aluminium,which is a metal with a very
high affinity for oxygen, owes its inertness in an oxidizing environment
to the remarkable protective qualities of the very thin layer of alumina
protecting it from the corrosive atmosphere. Similarly, in the compact
form)nickel becomes very stable to air and water, perhaps because it is
covered by a layer of oxide. In contrast nickel powder is pyrophoric. 14

We can suppose that a layer of oxide would constitute a barrier
between the metal and the oxidizing agent, and this would explain the
inertness shown by MoF6 towards massive nickel. Taking into account
this supposition)a chemically cleaned nickel metal was reacted with MoF6 in
CH3CN, producing small yields of [Ni(NCMe)b][MoFb]Z. To improve the
reaction, a vacuum evaporated nickel film was prepared, reducing further
the concentration of surface impurities and metal oxide to a tolerable level.
It was fascinating to see that the assumption made earlier appears to be
correct. A noticeable improvement in the reaction was recorded, thus
confirming that the relative inertness of Mo}?‘6 towards massive nickel is in
major part due to the presence of an oxide layer on the metallic surface.

On the other hand, tungsten hexafluoride, which reacts easily
with massive nickel in both solution and pas phase, did not react with a

vacuum cvaporated nickel film.  The reaction occurs easily if the evaporated
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nickel film is exposed to air before reacting it with WF()' A similar
reaction was performed using a vacuum evaporated nickel film and
monitored by the use of WF5-18F. This experiment shows that WF6 is
adsorbed on the metallic surface, but the reaction was not observed
probably for kinetic reasons.

The results of oxidation of nickel metal with WF6 and MOF()
can be interpreted in terms of electron transfer occurring between the
oxide layer and the oxidizing agent. In the following, we . R
attempt to understand why the NiO behaves differently from the oxides
of other 3d-transition metals.

NiO is isomorphous %.& CoO and has a sodium chloride
- lattice. The internuclear distances are, respectively:90 FeO:3.03X;
Co0:3.01A; NiO:2.95A.

The trivalent state of cobalt is extremely unstable in the
simple ion and its salts, but in the complexes it is more stable than the

divalent state. Approximately equal proportions of C02+, Co?’+ and

FeZ+, F‘e3+ are present in their respective metal oxides, but in the
nickel oxide layer few Ni3+ ions are present relative to the large
concentration of Ni2+ ions.

The oxides of first~row transition metals can be grouped into
two fairly distinct classes: 1) labile oxides which react quickly (within
the time of mixing) e.g. cobalt and iron oxides; 2) inert oxides, which
react only slowly, e.g. nickel oxide.

The reactivity of the oxides can be closely linked with the
clectronic configuration of the ion.  Cobalt oxide contains both Co

simiw

3+ O . . . . . . .
((17) and C()5 (d, high spin) ions, and Ciron oxide contains, in
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3+ (d5), which tend to

similar proportions, Fez+ (d(), high spin) and Fe
stabilise their electronic configuration. Nickel oxide is predominantly
inert Niz+ (d8), hence an electronic transfer is less likely to occur.
Add to this the stronger bonding between the Niz+ and 02+ and it then
becomes a difficult task for MoF6 to break the metal framework and react
with metallic nickel.

WF() is known to be a strong Lewis acid. This is particularly w®
demonstrated by its fluoride ion transfer reaction to form WF,?_. WF6
can then participate in an electron transfer with the nickel oxide forming
a Lewis acid-Lewis base adduct, which also acts as a catalyst in the

oxidation of metallic nickel. The process of the reaction can be visual-

ised by the following scheme:

WA A
NS
Metallic ] WF
\\\\\\Nl \\\\ S
\\ NN eton
\ \\\\ N\
RANENR \\\\ N
NiO + WF, — WF6.02' . Ni%t
Ni®* CH;CN — [Ni(CH,CN),]
0 . . -
Nl(solv) ¥ WFﬁ(solv) - [Nl(CH3CN)6] + ZWFb

— [Ni(CH3CN)6][WF6] 2

The process of reaction is different for MOFG, which does not react with

the nickel oxide.
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CH3CN

NiO + MoF —————» no reaction

6

The metal being more strongly bonded to the oxygen in the case of
nickel, than in the case of iron and cobalt, hence MoF6 can not break
the Ni-O bond which constitutes a barrier betwéen the bulk of the metal
and the oxidizing agent. It is, however, thermodynamically strong

enough to react with metallic nickel.

0 CH,CN 24 -
Ni’ + MoF, —2—> [Ni(CH,ON) 1°" + 2MoF

CONCLUSION

This work shows that the previously established trend of
oxidizing abilities of MoF6 and WF6 towards first row transition metals is
verified. However, kinetic factors appear to be as important as thermo-

dynamic factors in the conduction of the oxidation process.
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