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A bstract

This thesis determ ines the  redox po ten tia ls  of second and  th ird  row transition  m etal 

hexabrom om etallates using cyclic vo ltam m etry  m ethods in m ethylene chloride so­

lu tion. T he resu lts  a re  collated  w ith  th e  redox po ten tia ls of second and  th ird  row 

tran sitio n  m eta l hexafluoro- and hexachlorom etallates and  the  system atic trends ex­

h ib ited  by all th e  redox po ten tia ls are discussed. T he contents of th is thesis are 

divided as follows :-

In chap ter one th e  n a tu re  of tran sition  m etal hexahalom etallate  bonding is dis­

cussed by draw ing on ideas from  ligand field theory  and m olecular o rb ita l theory, 

b o th  of which are  described briefly. T he contribu tions to the  m etal-halogen bond 

are described separa te ly  under a) purely e lec trosta tic  effects- which are trea ted  us­

ing elec tronegativ ity  differences, and b) covalency effects which 01̂  subdivided into a  

- covalency and  7r - bonding. Lastly, chap ter one includes a brief description of the 

v ib rational and electronic sp ec tra  of tran sition  m etal hexahalom etallates as these two 

m ethods were th e  principle m eans of identifying complexes.

C hap ter two begins w ith  a conceptual descrip tion of charge transfer reactions at 

electrode surfaces and  th en  approaches the  sam e subject m athem atically  to derive 

the  Butler-V olm er equation , th e  fundam ental equation of electrode kinetics. The 

D.C. and A.C. cyclic vo ltam m etry  techniques are described and  for a D.C. cyclic 

voltam m ogram , th e  cu rren t-po ten tia l profile is discussed and illu stra ted  for reversible, 

quasi-reversible and  irreversible electron transfer processes. T he effects of coupled 

chemical reactions and  adsorp tion  of reac tan t a n d /o r  product on the  electrode surface 

are also reviewed.

C hapters th ree  and four respectively describe the cyclic voltam m etric investi­

gations of the  hexabrom om etallate  complexes prepared in this work and the halo­

gen /ha lide  system s of chloride, brom ide and iodide. The electrode poten tia ls de­

term ined are com pared with lite ra tu re  values wherever possible. Com plex electro­

chemical activ ity  at high oxidation poten tia ls thw arted  the detection of any of the 

possible [MBr6]°/1_ redox couples. A dsorption of hexabrom om etallate  species onto 

the electrode at high oxidation poten tials is put forward as a likely reason.  O ther
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problem s which were encountered  include the  reaction of tungsten  hexabrom ide with 

the  supporting  electro ly te  and  the  p ropensity  of trivalen t hexabrom om etallate  anions 

to  dim erize when countered  by the  sterically  large te tra-n -bu ty lam m on ium  cation.

In chap ter five, the  electrode po ten tia ls  of the  tran sition  m etal hexabrom om etal­

la te  complexes determ ined  in chap te r th ree  are  collated w ith the  electrode poten tials 

of hexafluoro- and  hexach lorom etalla te  complexes already  determ ined  by previous 

workers. T he system atic  trends which em erged include

1. T he electrode po ten tia ls of isovalent [M X e]^2-1 redox couples increase regularly 

across a period  except for a d iscontinuity  a t the  d3/4 couple.

2. T he discontinuity  is m ore pronounced for second row th a n  th ird  row transition  

m etal hexahalom etallates.

3. [MXq]2 complexes becom e m ore oxidizing w ith increasing oxidation s ta te  of the  

m etal.

4. T h ird  row tran sitio n  m eta l hexahalom eta lla te  complexes are  more reducing than  

the ir isoelectronic second row coun terparts.

By using sim ple therm odynam ic  argum ents it is derived th a t  the s tan d ard  elec­

tro d e  p o ten tia l of a  redox couple is p roportional to  the  free energy difference between 

the  reduced and  the  oxidized species, which is in tu rn  com posed of two separate  

contribu tions :-

•  T he en tro p y - which was associated w ith a ltera tions to  the  solvation sphere 

which, it was concluded, have no influence on the system atic  trends observed.

•  T he e n th a lp y - of which the  p rincipal contribu tions arise from

1. the  ionization en thalpy  of the  m etal.

2. the  d n configuration of the  m etal.

3. the  na tu re  of the  halide ligand.

4. the  n a tu re  of the  solvent.
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C hap ter five concludes w ith a brief survey of some of the  uses and  applications of 

hexahalom eta lla te  redox po ten tia ls.

Finally, chap ter six details th e  synthesis and characterisa tion  of the  com pounds 

stud ied  in th is thesis. Included is a  descrip tion  of th e  electrochem ical cell and its 

m an ipu la tion , and  th e  p repara tion  of th e  solvent and  supporting  electrolyte.
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C hapter 1

1.1 In trod u ction

T he hexahalom eta lla te  complexes of the  second and  th ird  row transition  elem ents 

com prise one of the  m ost im p o rtan t categories of inorganic com pounds; they  are im­

p o rta n t com pounds in their own righ t, such as th e  recent in terest in  hexahalotechne- 

ta te (IV ) com pounds as rad io tracers in m edical science for exam ple [25]; the  m ajority  

of tran sition  m etal hexahalom etallate  com pounds are  relatively easy to synthesize 

and are  used as im portan t precursors for m ore com plex com pounds; and the relative 

sim plicity of their s truc tu res has enabled scientists to  develop theories around them  

which were subsequently  applied to  m ore complex molecules.

As an im portan t category of com pounds, hexahalom etallates have been the sub­

jec t of a  wide ranging num ber of studies for over a century  although the bulk of 

research up till now has been m ainly concerned with the  properties of hexafluoro- 

and hexachlorom  etallat.es. T he hexabrom o- and hexaiodom etallates of the second 

and th ird  row transition  elem ents have received less a tten tio n  and one finds th a t 

the documented inform ation becomes less and less extensive as one progresses from 

hexafluoro- to hexaiodometallates. W ith  regard to  th is thesis, a num ber of elec­

trochemical investigations concerning transition  m etal hexahalom etallate  complexes 

have already been published. In particu lar, the  redox po ten tia ls of hexafiuorom etal- 

lates were investigated by D.W.A Sharp and co-workers [55] and the  redox potentials



C H A P T E R  1. 17

of hexachlorom etallates were investigated  by K. Moock et al [31,41] . The electro­

chem istry  of hexabrom om etallate  and  hexaiodom etalla te  com pounds has been largely 

overlooked.

Therefore to  ex tend  the  present understand ing  of hexahalom etallate  redox be­

haviour, th is thesis a tte m p ts  to  develop fu rther the  trends already observed among 

and  betw een the  redox po ten tia ls of th e  hexafluoro- and  hexachlorom etallates of the  

second and th ird  row tran sitio n  elem ents. To this end, th e  bulk of the  experim ental 

resu lts, which are described in chap ter 3 , are concerned w ith the  determ ination  of 

th e  redox po ten tia ls of the  second and th ird  row tran sitio n  m etal hexabrom om etallate  

com plexes in m ethylene chloride.

T he rem ainder of th is chap ter will be devoted to  a descrip tion of the  n a tu re  of 

m etal-halogen bonds in tran sitio n  m etal hexahalom eta llate  species.In addition , a brief 

descrip tion of the  v ib rational and  electronic absorp tion  behaviour of hexahalom etal­

lates is included because these spectroscopic m ethods provide valuable m eans by 

which individual complexes can be identified.

1.2 B ond ing  in T ransition  M eta l H exah a lom eta lla te  

C om plexes

M odern trea tm en ts  of bonding in tran sitio n  m etal complexes using ligand field theory 

(L .F .T .) and m olecular o rb ita l (M .O .) theories are well docum ented [1] and a num ber 

of excellent textbooks have been w ritten  [2-5].

W hen discussing the bonding in tran sition  m etal hexahalom etallate  complexes, 

th e  s tru c tu re  adopted  by each complex is assum ed to  be a regular octahedron and 

geom etric d istortions, principally  Jahn-T eller effects, are neglected. The validity of 

th is assum ption  was tested  by W einstock and G oodm an [181] who could find no 

evidence for sta tic  .Jahn-Teller d istortions in the  infra-red and  R am an spectra, of 

second and th ird  row transition  m etal hexafluorides.(A lthough dynam ic Jahn-Teller 

effects were discovered for the  hexafluarides of Re, Tc, Os, and Ru, the distortion 

forces were sm all). Neglecting any .Jahn-Teller effects simplifies the rigorous sym m etry
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and  group theoretical trea tm en ts  necessary w ith b o th  L .F .T . and M .O .theory w ithout 

g rea tly  affecting the  conclusions to be draw n from  either.

B oth  theories have been extensively applied to  hexahalom eta llate  species in order 

to  in te rp re t various phenom ena, a lthough which theory  is the  m ost su itab le  approach 

for a  problem  is d ic ta ted  by the  n a tu re  of the  problem  and the  individual m erits of 

each theory. For exam ple, L .F .T . is based on the  e lec trosta tic  in teractions between 

th e  m eta l and the  ligands and has proved very useful when in terp re ting  electronic 

abso rp tion  spectra. However L .F .T . becomes more restric ted  the  less ionic character 

th e  cen tral ion-ligand bonds show. In L .F .T . the  complex ion is trea ted  as a sys­

tem  whose electrons belong either exclusively to  the  central ion or to  the  ligands. In 

o th er words, th e  electrons are localized. This postu la tion  specifically excludes cova­

lent bonds and covalency contribu tions. In th is respect m olecular orb ita l theory  as 

th e  nam e suggests, can accom m odate varying degrees of bond covalency, b u t un fo rtu ­

n a te ly  M .O. analyses involve lengthy and complex calculations even for the  sim plest 

of m olecules. M .O. calculations therefore necessarily involve a num ber of (som etim es 

incorrect) assum ptions.

1.3 Ligand F ield  T h eory

T he conception of the  crystal field theory  (C .F .T .) , th e  predecessor of L .F .T . is 

a ttr ib u te d  to  B ethe (1929) [6]. C .F .T . assum es th a t  the  transition  m etal atom  is 

ionized according to  its form al positive oxidation num ber, and  th a t the  effects of the 

surrounding  ligands can be ob tained  by representing them  as point negative charges. 

For a  tran sitio n  m etal a tom  in a sim ple cubic la ttice , C .F .T . predicts th a t the  5 nd- 

o rb ita ls are divided into two types - the  eg and t 2g sets. In an octahedra l crystal field 

the  two degenerate orb ita ls of the  eg set are of higher energy than  the o ther th ree 

degenerate  orb itals of the  t 2g set. T he reason for th is can be quite  easily unders to o d ;-

By convention the  negative ligands are assum ed to  occupy points on theC artesian  

axes (fig.1.1). If the  negative charges of all six ligand ions were evenly d istribu ted  over 

a  sphere surrounding  the central m etal ion, then the negatively charged nd orbitals of
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Figure 1.1: The nd orbital set
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Figure 1.2: d-orbital splitting under an octahedral crystal field

th e  m etal would each experience th e  sam e e lec tro sta tic  repulsion, and their energies 

would be raised by th e  sam e am ount above the  energy of the  nd orb itals in the 

free m etal ion. B u t, w hen the  negative ligand charges are located  on the corners 

of an octahedron  around  th e  central m etal ion, the  nd orb itals which are directed 

tow ards the  ligands ie. along the  C artesian  axes, experience a g rea ter repulsion than 

those which are  d irected  betw een the  Cartesian axes (fig. 1.2). T he energy separation 

betw een the  eg and  t 2g o rb ita ls is dependent on the  iden tity  of the  central m etal ion 

and the  ligands and  is known as 10 Dq. T he ‘centre of g rav ity1 corresponding to the 

energy of a spherical charge d istribu tion  is always m aintained.

T he crysta l field m odel was intended to explain the spectra  of simple crystalline 

solids and  for com pounds such as bivalent tran sitio n  m etal oxides, it is probably not 

far from  reality. However, to  explain the spectra  of the  transition  m etal hexahalom et- 

allates it is necessary to  adm it th a t the nd orb ita ls can no longer rem ain ‘pu re1 but 

m ust m ix w ith  ligand valence orbitals to form  bonding and anti-bonding pairs. In 

effect, ligand field theory  is a qualita tive  M .O. theory where changes produced by
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Figure 1.3: Octahedral ligand field formed by purely cr-bonding ligands.

the  m ixing of m eta l and  ligand o rb ita ls are  accom m odated  by changing the appro­

p ria te  details of the  wave functions describing th e  effective d -orb ita l set [7]. As it 

is assum ed th a t  the  degree of o rb ita l m ixing is sm all, the  m ajor features of C .F .T . 

behaviour rem ain.

In L .F .T ., ligands w ith  purely cr-bonding ab ility  in te rac t w ith the m etal eg set 

while the  m eta l t 2g o rb ita ls are  essentially  non-bonding (fig. 1.3).

T he 10 Dq value of C .F .T . is then  associated  in L .F .T . w ith  A c, the  e* — t2g energy 

difference. For all tran sition  m etals th e  size of A 0 is found to  increase according to 

th e  ligand iden tity  following a sequence known as the  spectrochem ical series :-

I - <  B r" <  C l~ <  S C N "<  F ~ <  O H " <  O xala te  <  H20  <  N 0 2 <  C N “ (1.1)

T he order of the  halogen ligands in eqn.1.1 predicts an increasing A„ with decreas­

ing ligand po larisab ility  and atom ic rad ii.T his would also be predicted from C .F.T.
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using a purely  e lec tro sta tic  m odel. However, th e  position of H20  above O H -  and ox­

a la te  is no t explainable w ith  th is a rgum ent because the  C .F .T . neglects the  possibility 

th a t the  m etal-ligand  bond contains any degree of covalency. In L .F .T . the  degree 

of o rb ita l m ixing is addressed by recourse to  the  nephelauxetic  or ‘cloud expand ing’ 

effect [8]:-

Jprgensen [8] defines the  nephelauxetic  ra tio  0  as the  ra tio  betw een the  value 

of a represen ta tive  p aram eter of in terelectronic repulsion eg. the  R acah repulsion 

p a ram ete r B, in the  com plex, to  th a t  of B in the  free ion.

i i  • • n B com plex ion
nephelauxetic  ra tio  0  = — ——----- :-------  (1-2)

B free ion

Therefore the  size of 0  decreases w ith  decreasing interelectronic repulsion in a 

com plex ion, corresponding to  an increased delocalisation of the  m etal d electrons. 

T he nephelauxetic  series of ligands,defined by (1-/3), for a  given m etal ion in a given 

oxidation  s ta te  increases according to  :-

F " <  H20  <  NH3 <  N C S -<  C l" -  C N "<  B r~ <  l~ (1.3)

T he order of the  ligands in eqn.1.3 corresponds w ith  th e  reducing character of 

the  ligands viz. th e ir tendency  to  lose electrons. Hence an  increase in the covalency 

of m etal-ligand  bonds arising from  ligand to  m etal a  donation  is expected between 

m etal-fluorine and  m etal-iodine bonds.

C onsequently  , th e  nephelauxetic  effect of ligands is used in L .F .T . to approxi­

m ate  the  influence of bond  covalency on the  energy levels of a transition  m etal ion 

by m ultip ly ing the  in terelectronic repulsion param eters of th e  gaseous ion, observed 

experim entally , by the  facto r 0.
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1.4 M olecu lar O rbital M eth o d s

M olecular o rb ita ls are constructed  from  an ap p ro p ria te  com bination of the  valence 

atom ic o rb ita ls, governed by the  linear com bination of a tom ic orb itals approxim ation 

(L .C .A .O .). M etal and  ligand valence o rb ita ls are defined and  then  m olecular orb ital 

wave functions generated  from  them , provided th e  a tom ic o rb ita l energies are sim ilar 

and th e ir sym m etries are correct. To calcu late the  order of M.O. energies, reason­

able approxim ations to the  coulombic and  exchange energies are adopted  [12], and 

norm ally, sem i-em pirical calculations instead  of ab-initio calculations are employed 

to  reduce the  com puta tion  and  cost required.

W hen discussing the  m olecular o rb ita ls of oc tahedra l hexahalom etallate  com­

plexes, the  o rb ita ls available for a  bonding on each halide ion are principally the 

valence ns o rb ita l and  th a t  np o rb ita l which is d irected  along the  C artesian  axis, the 

per o rb ita l. T he relevant o rb ita l in terac tions are sim ilar to  figure 1.3 However, those 

np o rb ita ls which are perpendicular to  the  m etal-ligand a  bond, the  p7T orbitals, can 

overlap w ith  the  m etal t 2g o rb ita ls to  form  7r-bonds. T his p roperty  has a significant 

effect on the  eg — t2g energy separa tion , which in tu rn  specifies the  position of a ligand 

w ithin  th e  spectrochem ical series.

T he M .O. in te rp re ta tio n  of the  spectrochem ical series is therefore based on the 

relevant energies of the  m etal based t 2g and eg m olecular orb itals. From L .F.T . (sec­

tion  1.3) it was noted th a t the  presence of a strong  e lec trosta tic  in teraction  between 

th e  m etal and ligand raised the e* energy level thus increasing A 0. Ligand to m etal 

7 r - bonding from  occupied ligand p7r o rb ita ls to  m etal t 2g orbitals is allowed by sym m e­

try. This raises the  energy of the  previously non-bonding m etal t 2g orbitals associated 

w ith L .F .T . and  decreases the  energy A 0 .Therefore, the  sm all ligand field splitting  

observed w ith halide ligands is a ttr ib u te d  to  the  influence of occupied pir orbitals of 

th e  ap p rop ria te  sym m etry available on the  ligands.

On the  contrary, a m etal to  ligand ir* in teraction  is only possible with those 

ligands posftgsing low lying unoccupied ir* o rb ita ls of su itab le  sym m etry  (eg. CO, 

CN~ ). M etal to ligand ir* bonding lowers the  m etal based t 2g M.O. energy and thus 

appreciably  increases A 0 .
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(T he possible existence of m eta l to  ligand 7r donation  in tran sition  m etal hex- 

aha lom eta lla te  species involving em pty  halide nd o rb ita ls (not fluoride) has been 

specu la ted  upon  [13] and  is discussed in section 1.7.)

To com plicate m atte rs ,tra n sitio n  m etal-halogen  bonding occupies a  region between 

the  extrem es of purely e lec trosta tic  and  purely  covalent bonding. However, to  simplify 

the  discussion th e  individual con tribu tions to  th e  m etal-halogen  bond in transition  

m eta l hexahalom eta lla te  species will be divided in to  the  following th ree categories :-

1) Purely  e lec tro sta tic  effects

2) a  - covalency effects

3) 7r - bonding effects

T he  various group and  periodic trends which em erge betw een tran sition  m etal 

hexahalom eta lla te  species are governed by th e  ex ten t of each con tribu tion  1),2) and 

3) to  th e  m etal-halogen bond, which in tu rn  is governed by th e  physical properties of 

b o th  th e  m etal and the  halogen. In th e  following sections th e  different contributions 

will be discussed.

1.5 E lectrosta tic  effects

T he e lec tro sta tic  con tribu tion  to  the  to ta l energy of a  bond M -X is m ost easily in­

te rp re ted  in term s of the  e lectronegativ ity  difference betw een the  atom s or ions. Ac­

cording to  Pauling [14], e lectronegativ ity  is the  power of an a tom  in a molecule to  

a ttra c t  electrons to  itself and therefore will be dependent on the  valence s ta te  of the 

a to m  in th e  molecule. A large e lectronegativ ity  difference A mx is associated w ith a 

significantly ionic M-X bond.

A mx \x  \m  (hd)

Jprgensen [16] in troduced  the closely related concept of op tical electronegativities



CH A P TE R  1. 25

by which charge transfer absorp tion  energies are re la ted  to  e lectronegativ ity  differ­

ences. T he advan tage of Jp rgensens’ m ethod  is th a t  the  e lectronegativ ities of m etal 

ions in unusual oxidation s ta tes  can be easily ob tained . T h e  optical electronegativ i­

ties of th e  halogens and  second and  th ird  row tran s itio n  m eta l ions are shown in tab le  

1.1. T he d a ta  in tab le  1.1 indicates th a t th e  e lec tro sta tic  n a tu re  of hexahalom etallate  

bonds for a  given m etal ion decreases in the  order :-

[MF6]2 >  [MC16]z >  [MBr6]z >  [MI6]Z (1.5)

(z= 0 , 1-, 2-, 3- etc. )

A nother m ethod  of ob tain ing  the  sam e result is by com parison of stre tch ing  force 

constan ts. V erm a et al [15] com puted th e  force constan ts  of second and th ird  row 

tran s itio n  m eta l hexahalom eta lla te  ions using general valence force field (G .V .F .F .), 

m odified o rb ita l valence force field (M .O .V .F .F .) and  m odified U rey-B radley force 

field (M .U .B .F .F .) calculations. From  th e  decrease of bond  stretch ing  force con­

s ta n t fr (G .V .F .F .), K (M .O .V .F .F .) and K (M .U .B .F .F .) they  deduced th a t the  relative 

streng th s of th e  chemical bonds in tran sition  m etal hexahalom etallates was in the  or­

der of eq n .1.5, in accordance w ith  the  decrease in e lectronegativ ity ; F -  >  C l-  >  B r-  >  

F urtherm ore , it was observed by Verm a et al th a t  an increase in the  stretch ing  force 

constan t occurred betw een isovalent second and  th ird  row hexahalom etallates. This 

increase in bond s treng th  down a group, for a given oxidation s ta te , is predictable 

from  th e  g rea ter optical e lectronegativ ity  values of second row transition  m etal ions 

com pared w ith  the  corresponding th ird  row m etal ion.

In sum m ary  therefore, as a general rule the  g rea ter th e  e lectronegativ ity  difference 

betw een th e  m etal and  th e  halogen, th en  the  g rea ter is th e  average bond s treng th  of 

hexahalom etallates. H exafluorom etallate bonds have th e  m ost e lectrosta tic  or ionic 

character and are consequently stronger th an  hexachlorom etalla te  bonds which are 

stronger th an  hexabrom om etallate  bonds which are stronger th an  hexaiodom etallate  

bonds.
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Table 1.1: Optical electronegativities of m etal ions and ligands [16].

electron m etal electro­

configuration ion negativ ity

4 dP M o(V I) 2.1

4 d3 M o(III) 1.7

4 d3 Tc(IV ) 2.2

4 d4 R u(IV ) 2.4

i d 5 R u(III) 2.1

4 d5 R h(IV ) 2.6

4 dP R h(III) 2.3

4 dP Pd(IV ) 2.7

5 dP W (V I) 2.0

5 dP Os(VI) 2.6

bdP Re(IV ) 2.0

bdP Ir(V I) 2.9

5 d4 Os(IV ) 2.2

5d4 P t(V I) 3.2

bd5 O s(III) 1.9

bd5 Ir(IV ) 2.35

b (f Ir(III) 2.25

bd? P t(IV ) 2.6

electronegativ ity

ligand F- Cl- Br- I-

a 4.4 3.5 3.3 3.0

I T 3.9 3.0 2.8 2.5
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1.6 T h e covalency o f  tran sition  m eta l-h a logen  bonds

Using nuclear quadrupole  resonance (N .Q .R .) analysis an estim ation  of the  ionic, 

covalent and  7r character of a bond can be m ade. U nfortunately , the  original procedure 

devised by Townes and Dailey [198] neglected any possibility  of p7r to  d7r ligand to 

m eta l 7r bonding. Therefore any 7r- character in th e  m etal-ligand bond m ust be 

inco rporated  by estim ating  the  7r -bonding con tribu tion  using electron spin resonance 

m easurem ents (E .S .R .). T he d a ta  calculated  by this m ethod  ate listed in tab le  1.2.

T he first no tab le  featu re  of tab le  1.2 is th a t th ird  row transition  m etal hex- 

achlorom etallates(IV ) have approxim ately  equal e lectrosta tic  and  covalent con tribu­

tions to  the  overall bonding. Secondly, the  e lec trosta tic  con tribu tion  to the  bonding 

rem ains roughly constan t across the  period  which is largely to be expected because 

th e  m etal(IV ) ions have sim ilar op tical electronegativ ities (tab le  1.1). T he sam e can 

be said for the  decreasing e lec trosta tic  bonding con tribu tion  observed for a given 

m etal ion (here Re) as the  halide ligand is changed from  (F - ) to  C l-  to  B r-  to I- . 

However the  covalent contribu tions are m ore in teresting. T he, E.S.R . m easurem ents 

show th a t  7r -bond character, nam ely  p7r(L) to  d7r(M), decreases across a period 

which is a  result of the  increasing m etal t 2g o rb ita l occupancy. At the  sam e tim e the 

cr-covalency con tribu tion  to  the  m etal-halogen bond increases such th a t the overall 

covalent con tribu tion  to  the  bond, a  +  7r,  is roughly constan t across a period.

Of course changing the  halogen ligands will a lte r the  num bers accordingly. By 

changing to  the  larger halogens the  m etal-halogen bond becomes increasingly more 

covalent. Townes and Dailey calculated  the  sam e 7r-bond character for hexachloro-, 

hexabrom o- and hexaiodorhenate(IV ) which is a curious result: because of the g reater 

size or diffuseness of B r-  and I-  p7r o rb ita ls, one would expect a greater k overlap 

w ith  m eta l t 2g orb itals and a correspondingly g rea ter ir contribu tion .

A m ore rigorous approach was adop ted  by C otton  and  H arris [22]. By em ploy­

ing ex tended  Hiickel m olecular o rb ita l calculations (E .H .M .O .), they were able to 

calcu late charge d istribu tions and m etal-ligand covalencies for some hexac.hloromet- 

a llates(IV ) in good agreem ent w ith the experim ental d a ta  (tab le  1.3).
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Table 1.2: The bond character of some metal-halogen bonds and the net charge on the 
central metal atom obtained by N.Q.R. measurements [19].

com pound ionic

character

cr-bond
character

7r-bond
character

net

charge

[P tC l6]2- 0.44 0.56 0 0.64

[ i r c y 2- 0.47 0.48 0.054 0.82

[o sc i 6]2- 0.47 0.43 0.108 0.82

[ReCle]2- 0.45 0.39 0.16 0.70

[ w c y 2- 0.43 0.35 0.22 0.58

[ReBr6]2- 0.39 0.45 0.16 0.34

[Rel6]2" 0.32 0.52 0.16 -0.08

Table 1.3: [MCy2 molecular properties obtained by E.H.M.O. calculations.

[ReCle]2- [Oscy2- [IrCl6]2- [ p t c y 2-

metal charge 
M -Cl bond order 
crbond order 
7rbond order

1.32

0.438

0.435

0.003

1.18

0.454

0.445

0.009

0.89

0.475

0.484

-0.009

0.69

0.475

0.508

-0.003

% metal in 

t 2g M.O. 89 90 85 81

Cl o rb ita l occupation

[ReCle]2- O & Q ctT
* to 1 [IrCle]2- [ p t c y 2-

3s 1.93 1.93 1.91 1.91

3pcr 1.68 1.63 1.60 1.54

3p7T 3.94 3.95 3.96 3.99
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T he calcu lated  d a ta  in tab le  1.3 agree w ith  the  predictions of the  nephelaux- 

e tic  theory  as a  progressively increasing M -Cl bond order and  decreasing effective 

m etal charge  are observed when progressing across a  period , m irroring the  decreasing 

m etal-halide e lectronegativ ity  difference. However, a sm aller bond order increase was 

observed th a n  th a t  which m ight have been expected from  the  large decrease in m etal 

charge. T he reason given by C o tton  and H arris was, th e  increase in a  bond order is 

tem pered  by the  increasingly negative k bond order due to  th e  chlorine p7r orbitals 

donating  in to  an an tibonding  m etal t 2g o rb ita l . (However, th is reason neglected the 

presence of a  full t 2g m anifold w ith  hexach lorop latinate(IV ).)

N onetheless, tab le  1.3 and to  a  lesser ex ten t tab le  1.2 ind icate  th a t hexahalom et­

a lla te  bonds becom e increasingly covalent in the  order:-

1. For a given m etal ion, hexahalom eta lla te  bonds becom e increasingly covalent in 

character in the  order

[MF6]n_ <  [MCl6]n-  <  [MBr6f -  <  [Mle]71"  (1.6)

2. For th e  sam e halide ligand, th e  covalency of hexahalom eta llate  bonds increases 

slightly across a period as a  resu lt of g rea ter a  -donation  from  the  halide ligands.

3. For a given halide ligand and  w ithin  the  sam e g roup ,there  is an increase in the 

covalency of hexahalom eta lla te  bonds betw een isovalent second and th ird  row 

elem ents.

A lthough the  first two item s are pred ictab le  from  electronegativ ity  differences 

th e  th ird  item  indicates th a t e lectronegativ ity  differences alone do not d ic ta te  the 

degree of e lec trosta tic  character in hexahalom etallate  bonds and  th a t  the  average 

bond s tren g th  is the  result of the  com bined ionic and covalent (a  +  7r) contributions 

to  a bond.

Table 1.3 indicated  th a t the  7r electron donation  from  chlorine p7r orbitals to a 

central m etal ion decreases across a period such th a t the  3p7r orb ita l occupancies of 

the  chloride ligands of [P tC h ]2- are very nearly the  m axim um  of 4.0. This is the
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expected  result of increasing the  t2g o rb ita l occupancy which decreases the  degree of 

p7r to  t2g bonding  possible. As a consequence of reduced ir bonding and reduced ionic 

character, th e  m etal-halogen bond of hexahalom eta lla te  complexes should becom e 

progressively weaker across a period.

T he jq (a i5) v ibrational m ode of oc tahedra l tran sitio n  m etal molecules m ay be 

taken  as th e  frequency closest to  a m easure of th e  m etal-ligand bond streng th . (Be­

cause the  v ib ra tion  does not a lte r the  m olecules’ sym m etry  and  there  is no movem ent 

of th e  heavy central m etal ion.) In tab le  1.4 the  V\ stre tch ing  frequencies of second 

and  th ird  row hexafluorides decrease m arkedly across a  period, indicating a pro­

gressive weakening of the  m etal-fluorine bond. Bond weakening is reflected by the 

chem ical reac tiv ity  of second and  th ird  row hexafluorides which increases across each 

period [17]. Similarly, for the  com pounds W F 6, R eF 6, OsFe and IrFe the calculated 

s tre tch ing  force constan ts fr (M .V .F .F .) are found to  decrease progressively [20].

Table 1.4: Symmetric stretching frequencies (iq) of the transition metal hexafluorides (u in 
cm-1 ).

com pound V\ com pound V\
M oF 6 741 w f 6 772

T cF 6 705 R eF6 755

R uF 6 675 O sF 6 733

R h F 6 634 IrF 6 696

P tF 6 655

In s ta rk  con trast w ith the second and th ird  row transition  m etal hexafluorides, for 

th e  chloro- and  bromo- series [HfX6]2 - , [ReX6]2 - , [IrX6]2- and  [P tX 6]2- the  values 

of th e  force constan ts K (M .U .B .F .F .) show a progressive increase [21] (tab le  1.5). It 

is also an  experim ental fact th a t  all com plex chlorides and  oxide chlorides w ith a  d° 

configuration are therm ally  unstab le  w ith respect to  dissociation to  the  paren t halide 

or oxide halide, whereas the  corresponding fluoro complexes are  much m ore stab le
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Table 1.5: M.U.B.F.F. stretching force constants of hexachloro- and hexabromornetal- 
late(IV) anions (K in m dyn/A ).

anion K anion K

Q to 1 1.273 [HfBr6]2- 0.969

[ReCle]2- 1.516 [ReBr6]2- 1.208

[IrCle]2- 1.709 [IrBr6]2- 1.220

[P tC l6]2- 1.841 [P tB r6]2- 1.562

So why is the  bond weakening influence of increasing the  m etal t2g o rb ita l occu­

pancy  and  decreasing e lectronegativ ity  difference for tran sition  m etal hexafluorides 

not relevant to  hexachloro- and  hexabrom o- m eta lla te  complexes? A useful explana­

tion  is the  possibility th a t  chloride, brom ide (and  iodide) can accept electron density 

from  th e  m eta l into em pty  low lying d orb itals. By th is m echanism , the  degree of 

m eta l to  halogen d7r to  dx  back-bonding would increase w ith increasing atom ic num ­

ber and  therefore the  m etal-halogen bond s treng th  would progressively increase across 

a  period. Hence, there  is an increase in s tab ility  of th e  hexachloro-, hexabrom o- and 

hexaiodom etalla te  complexes across a period  because of an increased propensity  for 

back-donation  as the  m etal t2g o rb ita l electron population  increases. Because fluoride 

ligands do not have available d o rb ita ls back-bonding cannot occur and the opposite 

tren d  in s tab ility  is observed w ith tran sition  m etal hexafluorom etallates because of 

the  reasons outlined  previously.

T he concept of m etal to  halogen ir back-bonding was developed by W oodward and 

C reighton [182] to  explain an in tensity  anom aly in the  R am an spectra  of hexachloro- 

p la tina te (IV ) species. M ore convincing evidence for 7r back-bonding was obtained 

by Owen and  co-workers [23] who exam ined the  E.S.R . spectrum  of a hexachloroiri- 

da te (IV ) sam ple. Instead  of the  expected 4 lines for irid ium  (1=3/2) they  observed 

16 lines arising from  the unpaired  t2g electron, form ally resident on the m etal, in­

teracting  w ith the  six chlorine nuclei. W hen the relevant d a ta  analysed it was 

concluded [13] th a t  a possible exp lanation  of the  7r-bond orders calculated from the 

E .S.R . results was th a t the  m etal t2g o rb ita ls overlapped w ith both  the chlorine p7r
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and d7r o rb ita ls.

However, although  evidence has developed which seems to  validate the  hypothesis 

of m eta l to  ligand back donation  in hexahalom etallates there  is so far no unequivocal 

proof. It should be rem em bered th a t  a lthough the  idea of m etal-halide back-bonding 

is generally accepted, the  tru e  ex ten t m ay have been over-rated  and  conventional 

exp lanations in term s of donor-acceptor m odels relying on covalent character and 

po larisa tion  m ay have been overlooked [184].

W hat does appear to be clear is th a t  the  bonding in hexafluorom etallate  com­

plexes is p redom inan tly  e lec trosta tic  in n a tu re  and  the  average bond s treng ths of 

hexafluorom etallates behave accordingly. As one progresses from  hexachlorom etal- 

lates to  hexaiodom etalla tes, th e  bonding becomes increasingly covalent in n a tu re  and 

th e  average bond  s tren g th  resu lts from  a com bination of e lec trosta tic  and a  and 7r 

covalency contribu tions including possibly ir -back donation.

1.7 T h e v ib ra tion a l sp ectra  o f  h exah a lom eta lla tes

Figure 1.4 illu stra tes  th e  six norm al m odes of v ib ra tion  and their sym m etries for an 

o c tah ed ra l AX6 molecule. V ibrations zq, z/2 and z/5 are only R am an active whilst z/3 

and  1/4 are only infra- red active. Because z/6 is inactive in b o th  detection m odes its 

frequency is norm ally estim ated  from  an analysis of com bination and overtone bands.

Table 1.6 lists the  infra-red and R am an d a ta  of a num ber of hexabrom om etallate  

complexes (obtained  from  solid sam ples unless s ta ted ). For hexafluoro- and hex- 

achlorom etallates the  order of the  three stre tch ing  v ibrations is norm ally zq > z/3 >  

v 2 (except [PdCle]2 - ) while for hexabrom om etallates and presum ably hexaiodom et­

allates (the  available d a ta  c®} lim ited) the  order is norm ally z/3 >  V\ >  v2 (see for 

instance N akam oto [185]). T he identity  of the countercation  considerably affects the 

frequency of zq and z/3 which generally decrease w ith increasing cation size. This has 

been a ttr ib u te d  to a decrease in cation-anion in teractions as the  cation size increases 

[186] bu t is m ore probably  explainable by an increase in the  m etal-halogen bond 

length . Consequently, it is comm on procedure to ob tain  Ram an m easurem ents from
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a solution of the  com pound in question  if accu ra te  values are required. In addition , 

solution sp ec tra  are often preferable because the  in tense colour of m any hexabrom o- 

and  hexaiodom eta lla te  complexes m akes R am an  spectra l d a ta  often unobtainab le  

from  crystalline sam ples.

T he te tra-n -bu ty lam m on ium  salts of th e  hexabrom om etalla te  complexes prepared 

in th is work were no t am enable to  pow der R am an  studies. All except a few tetra-n - 

bu ty l-am m onium  complexes d e te rio ra ted  in th e  R am an  laser beam  or the  powdered 

sam ples were so intensely coloured th a t  they  did not effectively sca tte r  the  light from 

th e  laser. T he la t te r  problem , which was m ost w idespread, could not be overcom e by 

varying the  w avelength w ith in  the  range of available laser lines.
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Table 1.6: Vibrational frequencies of hexabromometallates as crystalline solids (cm

com pound V\ ^2 ^3 4 Vh ref.

[Bu4N]2[ZrBr6] - - 219 - - th is thesis

[E t4N]2[ZrBr6] 194 144 223 106 99 144

[Bu4N][NbBr6] - - 237 - - th is thesis

Cs[N bB r6] 224 180 236 112 114 144

[Et4N][NbBr6] 219 179 239 112 - 147

[P P h4][NbBr6] - - 246 - - 105

[Bu4]2[MoBr6] - - 227 - - th is thesis

[P P h3Me]2[MoBr6].2CH2B r2 - - 230 - - 58“
[Bu4N]2[RuBr6] - - 235 - - th is thesis

Cs2[RuBr6] - - 240 - - 163

[Bu4N]2[RuBr6] 200 160 - - 106 160

[NH4]2[RuBr6] - - 248 - - 158

K3[RhBr6] - - 249 - - th is thesis

K3[RhBr6] 187 175 249 - - 161

K2[PdB r6] - - 266 - - th is thesis

K 2[PdB r6] 198 176 253 130 100 154

[Bu4N]2[HfBr6] 200 - 189 - - th is thesis

[E t4N]2[HfBr6] 197 142 189 102 101 144

[Bu4N] [TaBr6] - - 211 - - th is thesis

[E t4N][TaBr6] 230 179 213 106 114 147

Cs[TaBr6] 232 183 212 107 116 144

[P P h4][TaBr6] - - 216 - - 105

W B r6 209 190 220 - - th is thesis

W B r6 - - 217 - - 159

[Bu4N][W Br6] - - 212 - - th is thesis
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(Table 1.6 continued)

com pound V\ ^2 ^3 ^5 ref.

[P P h4][W Br6] - - 210 - - 159

[Bu4N]2[W Br6] - - 200 - - th is thesis

Cs2[W Br6] - - 214 - - 157

Cs2[W Br6] - - 210 - - th is thesis

[Bu4N]2[ReBr6] - - 209 - - th is thesis

K 2[ReBre](aq) 213 174 217 118 104 153

[Hep4N]2[ReBr6] - - 208 - - 155

[Bu4N]2[OsBr6] - - 214 - - th is thesis

K 2[OsBr6] - - 224 - - 164

[Hep4N]2[OsBr6] - - 211 - - 155

[Bu4N]2[IrBr6] - - 221 - - th is thesis

[Bu4N]2[IrBr6] 215 182 221 - 112 162

K 2[IrBr6] - - 235 82 - 152

K 2[IrBr6](aq) 209 174 - - 97 156

[Bu4N]2[P tB r6] - - 231 - - th is thesis

K 2[P tB r6] 217 195 243 78 115 151

K 2[P tB r6] 217 194 243 - - th is thesis

K2[P tB r6] 207 190 240 90 97 153

a 262(m ), 230(vs), 225(sh) (C; sym m etry)
b not observed in th is work as sp ec tra  were only recorded betw een 4000 and 180cm-1
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1.8 T h e electron ic  sp ectra  o f h exah a lom eta lla tes

T he absorp tion  sp ec tra  of hexahalom etallates in the  visible and u ltra-v io let regions 

are dom inated  by in tense absorp tions due to  ligand to  m etal charge transfer (C .T .). 

F igure  1.5 indicates th e  source of these absorptions on a m olecular o rb ita l d iagram  

where th e  7 n nom enclatu re  is used to  ind icate  the  o rb ita l angular m om entum  of an 

electron [8]. T he charge transfer classification arises because the  lower l t i5, 2 t iu, 112u 

and  l t 25 m olecular o rb ita ls are essentially ligand in character while the  upper 2 t2p 

M .O. is essentially a m eta l d orb ita l. T hen  prom otion of an electron from  the  II(x) 

o rb ita ls to  the  nd o rb ita ls in fig.1.5 is equivalent to  electron transfer from the  ligands 

to  the  m etal. Therefore, ligand to  m etal C .T . is in essence a redox process decreasing 

the  oxidation num ber of the  central m etal ion by one.

T he wave num bers of these C .T . absorp tions behave qualitatively  as expected for 

an electron transfer from  the  halide to  the  central m etal ion ie. they decrease with 

increasing oxidizing character of the  central ion and w ith increasing reducing character 

of th e  halide ion. It is usually  found th a t on passing from  corresponding 4dn to 5dn 

hexahalom etallates in the  sam e oxidation s ta te , there  is a shift of the  absorption 

bands ~6-9  kK (lkK = T 000cm -1 ) to higher wavenum ber, as a result of the  g reater 

e lectronegativ ity  (g rea ter oxidizing ability) of the  4dn m etal ions (tab le  1.1). Similarly, 

th ere  is a general decrease across a period for a series of hexahalom etallates in a 

given oxidation s ta te . For trivalen t and tetravalen t 4dn and 5dn hexahalom etallates, 

Jprgensen [8] has deduced the  linear in terpo lation  form ula

f F +28 ^  ̂ trivalent [ n ( a r ) 75] +  15 ^

4 dn 51 — I n  N

! ♦

Cl + 0
+

tetravalen t [ n ( * ) - » 75] + 0
(1

5 dn 58 — I n  ) B r - 6 trivalent TO*) -*  73] +30

\  1 - 1 5  )  ̂ te travalen t [n(x) —► 73] +20 j

Form ula 1.7 defines the  wave num ber in kK of the  first, strong absorptions iden­

tified as transitions to 2~f5g and 2^3g and is accu ra te  to  ~2kK .

Com plications arise in the in te rp re ta tion  of C .T .spec tra  due to parity  lorbidden
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Figure 1.5: Schematic representation of parity allowed ligand to metal charge transfer 
transitions of hexahalometallate complexes.
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C .T . transitions (g —► g , w —> w) which are norm ally  weaker th an  p a rity  allowed 

transitions ( g —* u , u —*■ g). T he  Lande m ultip le t sp litting  fac to r eni of the  halides 

increases in the  order F~ >  C l-  >  B r-  >  I-  and  is large enough for B r-  and I" to 

m ake m any m ore tran sitions resolvable. This sp litting  greatly  increases the  com­

plexity of hexabrom om etallate  and  hexaiodom eta lla te  electronic absorp tion  spectra. 

N onetheless it can be observed experim entally , and in agreem ent w ith equation  1.7 

th a t the  energies of the  first C .T . absorp tion  [II (a:) —> 2 q55] decrease in the  order

[MF6]n-  >  [MCU\n~ > [MBr6]n_ >  [MI6]n-  ( 1 .8 )

for a given central m etal ion and ox idation  s ta te . As expected , order 1 . 8  agrees 

w ith the  change in the  coulom bic energies of th e  ligand atom ic orb itals (sect. 1.5). 

In add ition  the  w idth  of th e  first C .T . [Il(:r) —> 2~fsg] absorp tion  also increases in the  

o rder of eqn.1.8 and  th is is th o u g h t to  be due to  an in trinsic change in the  7r-electron 

and m etal t 2g o rb ita l electron delocalisation.
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2.1 E lectrod e reaction s

To understand  reactions it is generally necessary to  develop a conceptual scheme of the  

process occurring. An electron transfer a t an  electrode surface will generally proceed 

by several steps and  can adop t various p a th s . B ut the  p a th  taken  initially  will be th a t 

one which requires the  lowest overall ac tivation  energy. T he m odel presented by Vlcek

[52] describing the  n a tu re  of charge transfer reactions of coordination com pounds is 

valid for m ost types of charge transfer reactions and  occurs via seven stages [54]

1. T he reac tan t is brought to  the  v icinity  of the  electrode by mass transfer.

2. A chemical reaction occurs which yields th e  species actually  entering the inner 

part of the  electrical double layer.

3. A s tru c tu ra l rearrangem ent occurs yielding the  species th a t takes p a rt in the 

actual electron transfer reaction.

4. T he electron transfer itself takes place.

5. A s tru c tu ra l reorganization occurs leading to  the  im m ediate p roduct of charge 

transfer.

6 . A chemical reaction of the  im m ediate p roduct of charge transfer occurs which 

yields the species stab le in solution.

40
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7. T he final p roduct of charge transfer is rem oved to  the  bulk of the  solution by 

m ass transfer.

D irect knowledge of th e  charge transfer process a t an electrode is lim ited bu t 

can be presum ed to  require some form  of contact betw een reac tan t and electrode 

surface. Consequently, some form  of s tru c tu ra l rearrangem ent of reac tan t and product 

is necessary and can be visualized as the  overlap of a m olecular o rb ita l of the  redox 

species w ith an o rb ita l of the  electrode. D uring this tran sien t regim e, the  electron 

transfer itself can occur and the  process can be viewed as passing th rough  a tran sition  

s ta te  in which bo th  reac tan t and p roduct are bonded by some m eans to  the  electrode 

surface.

T he ac tua l electron transfer step  is assum ed to  be an extrem ely  rap id  ad iabatic  

process by analogy to the  Franck- Condon effect [53] and th a t the  transfer occurs in 

a tim e interval significantly less th a n  th e  form ation  of the  tran sition  sta te .

T he following trea tm en t of electron transfer kinetics discussed in th is chapter can 

be found in g rea ter detail in m ost e lectrochem istry  tex ts  and  references [27], [28] and

[53] were found to  be particu la rly  useful to  the  present au thor.

2.2 T h e electron  transfer process

Consider the  electrode reaction

0  +  ne  — > R  (2.1)

0  = oxidant, R  =  red u c tan t, n  =  num ber of electrons

U nder equilibrium  conditions and  un it activ ities of O and  R  (a valid assum ption

norm ally given the  concentrations of O and  R  are usually  less th an  10- 2 M ), then  the 

N ernst equation  gives
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E eq =  E°  +  f —  ) In( — )\ n F  )
a
Cr\

(2 .2 )

E eq =  equilibrium  po ten tia l, E °  =  s ta n d a rd  electrode p o ten tia l, R  =  gas con­

sta n t, F  =  Faraday constan t, C0 =  concen tra tion  of ox idant, C r =  concentration  of 

reduct an t.

T he equilibrium  po ten tia l E eq refers to  a situa tion  of dynam ic equilibrium  be­

tween oxidized and  reduced forms a t the  electrode surface which m ust be established 

rap id ly  in order to  satisfy the  conditions of therm odynam ic reversibility. D uring an 

electrochem ical experim ent under reversible conditions, the  applied  cell po ten tia l E  

corresponds to  E eq and it can be easily deduced th a t  w hen th e  concentrations C0 

and C r are equal then  the  applied cell po ten tia l E  equals E ° . Because the  cell is a t 

equilibrium  no net curren t flows, b u t if the  applied cell po ten tia l E  is a lte red  then  the 

surface concentrations of O and  R , nam ely C°  and C ^, m ust change in order to sa t­

isfy the  N ernst equilibrium  conditions. This will cause a curren t to  flow through the 

electrode-solution interface which is dependen t on the  equilibrium  therm odynam ics 

and the  ra te  of electron transfer.

W hen a curren t passes th rough  an electrode, th e  electrode adop ts a different 

po ten tia l from  the  equilibrium  value it would have in th e  absence of a curren t. This 

‘electrode po lariza tion ’ phenom enon can be defined in term s of th e  overpoten tial rj. 

This is equivalent to  the  electrode po ten tia l E  m inus the  equilibrium  po ten tia l E eq ie

i) = E  -  E eq (2.3)

At a  dynam ic equilibrium  the ra tes  of the  forw ard and  backw ard reactions are 

equal, therefore there  is no overall chem ical change and  so no ne t curren t will flow.

k j  =  kf,

- I f  =  h  =  Io (2 .4 )
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k  =  ra te  constan t, I  =  p a rtia l cu rren t density, I 0 =  exchange curren t density  (the 

negative sign reflects th e  convention th a t  a  ca thod ic  curren t i c (ie: a reduction) is 

negative and  an anodic curren t ia (ie: an oxidation) is positive.)

At any given po ten tia l E , th e  curren t density  is given by

I  — I f  +  h  (2-5)

Each p a rtia l cu rren t density  will be dependent on th e  concentration  of electroactive 

species a t th e  electrode surface and  the  ra te  of electron transfer [27]

I f  =  —n F k f C I  and  h  = n F k ^ C ^  (2.6)

However, the  k inetic behaviour of an  electroactive species is also strongly affected 

by th e  in terfacial p o ten tia l difference. By application of tran sitio n  s ta te  or electro­

chem ical po ten tia l argum ents [28] the  variation of the  ra te  of heterogeneous charge 

tran sfer w ith  po ten tia l is given by

f —anF(E—E ° ) '] f ( \ - a ) n F ( E - E ° )  1
k f  = k ° e x pi- RT -I and  kf, =  k° exp 1 RT J (2-7)

where k° =  s ta n d a rd  ra te  constan t of heterogeneous electron transfer and  a  and 

( 1  — a)  are th e  transfer coefficients for the  cathodic  and anodic reactions respectively.

Assum ing C° ~  CD under th e  conditions where a  very sm all current flows then  

from  equations 2.4, 2.6 and 2.7

{ - a n F ( E - E ° ) -\
I 0 = n F C 0k ° e x  p i  RT J

r( l-0f)nF(E-E°)1 
=  n F C rk° exp L RT J (2.8)

S ubstitu ting  for E  — E°  from  the N ernst equation  2.2
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I 0 =  n F C 0k° ex  p
—a n F  R T  

R T  ' n F K f c ) '

=  n F k ° C ( } - a)CZ (2.9)

From  I  =  I f  +  L

I 0 = n F k c
U l - a ) n F ( E - E ° ] [ - a n F ( E - E ° ) 1

Cr expL RT -I —C0 exp L RT -I (2 .10)

by su b stitu tin g  for k° from  equation  2.8 and  E  — E°  from  2.2 and 2.3 then

I  = L
[ (1 — a )n F  I

exp l -I — exp R T  'I (2 .11)

E quations 2.10 and  2.11 are different forms of th e  B utler- Volmer equation ,a  fun­

dam en tal equation  of electrode kinetics which describes how the  curren t density  varies 

w ith  th e  exchange curren t density, overpotential and transfer coefficients.

W ith  a high positive overpoten tial, \I/,\ \If\  , the anodic current density ap ­

proxim ates to  th e  form

i t i t (1 ~ a ) n F  
log I  = log /„ +  9  Z R j ^ n (2 .12)

and sim ilarly w ith a high negative overpotential where \ lj\  | |  the cathodic 

curren t density  approxim ates to
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CtTlF
log I  =  log I 0 -  2  3—  Tj (2.13)

If th e  overpo ten tia l is sm all (77 < R T / n F ) then  by expanding  the  exponential 

functions and  neglecting all th e  term s in th e  series except th e  first two, we ob tain

I  = L % n  (2.14)

T he two lim iting form s of the  B utler- Volmer equation  are called the  Tafel equations 

and can be used to  determ ine  I0 and  a  a t high over po ten tia ls.

2.3 E lectron  transfer k in etics

T he kinetics of electrochem ical reactions can be divided into th ree  m ain categories 

depending on the  m agn itude  of the  ra te  constan t of electron transfer k°.

a) Reversible case : k° > 10- 1cm s - 1

T he ra te  of heterogeneous charge transfer is so fast th a t  a dynam ic equilibrium  

is established at the  electrode interface and  the  Butler-V olm er equation (2.10) can 

u ltim ately  be reduced to  the  N ernst equation  (2.2). T he curren t does not have a 

kinetic dependence and is determ ined  solely by the  charge flux a t the  electrode ie: 

by mass tran sp o rt. T he curren t is effectively diffusion controlled because all reac tan t 

(in our case the  oxidant O in equation  2 .1 ) is im m ediately consum ed upon reaching 

the  electrode surface.

b) Irreversible case : k° <  10~5 cm s_ 1

T he ra te  of heterogeneous charge transfer is extrem ely slow and being the slowest 

step  has the  grea test influence on the  curren t ie. charge transfer control where the 

concentrations of O and R  will be far rem oved from therm odynam ic equilibrium . 

Consequently the  N ernst equation  and  any com parisons of electrochem ical potentials 

w ith therm odynam ic equilibrium  po tentia ls do not apply. Substan tial overpotentials 

may be necessary to achieve a significant ra te  of charge transfer.
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c) Q uasi-reversible case : 10 1 >  k° >  10 5cms 1

B oth the  ra te  of charge transfer and  of m ass tra n sp o rt con tribu te  to the  curren t 

and the  N ernst equation  is only approx im ately  valid.

2.4 T h e m ass-tran sp ort process

As well as the  ra te  of charge transfer, th e  cu rren t-po ten tia l profile of an electron tra n s­

fer reaction is also dependent on m ass-tran spo rt which in an electrochem ical system  

can be described by th ree  processes, diffusion, convection and electrophoretic  m igra­

tion. T he la tte r  two can be neglected if the  experim ental solution is quiescent and 

the dependence of th e  curren t density  on diffusional m ass tra n sp o rt can be described 

by Ficks’ second law

dci d 2Ci
m  = D i w  (2-15)

Di =  diffusion coefficient of species i

Solving for spherical diffusion to  th e  electrode under the  appropria te  boundary 

conditions produces a cu rren t-tim e profile described by

\I\ = n F D C 0
1 1 

+  -
m(nDt)22 r

( 2 . 16 )

where r is the  electrode radius.

It can be shown th a t  a t a  m icroelectrode, consisting of a flat disc of a  few hundred 

m icrom eters radius, a  diffusion field of th is type exists. T he tim e dependent term  in 

equation  2.16 predom inates a t sho rte r tim e scales b u t a t  longer tim e scales, the cur­

rent reaches a  lim iting value defining th e  steady  s ta te  contribu tion  to the  diffusional 

current :-
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This is th e  reason why th e  curren t a t a spherical or m icroelectrode as in the  present 

work rem ains finite w hereas a t larger electrodes the  curren t approaches zero.

2.5 C yclic v o lta m m etry

From  the  previous two sections we observed th a t  the  cu rren t-po ten tia l ( I —E ) response 

is dependent on b o th  the  ra te  of heterogeneous charge transfer and  mass tran spo rt. 

All I  — E  responses are dependen t on these two quan tities and  expressions describing 

th e  behaviour of system s can be derived by com bining the  two principal equations in 

an app rop ria te  m anner. However, in the  present work we are not prim arily  concerned 

w ith a rigorous m athem atica l trea tm en t. T he qualita tive  effects of charge transfer, 

m ass tra n sp o rt, sweep rate , tem p era tu re  etc. can be readily observed on a cyclic 

voltam m ogram  (the  p lo tted  I  — E  response). Cyclic vo ltam m etry  (C.V) using both 

th e  A.C. and  D .C . m odes was used exclusively in th is thesis to  determ ine the redox 

po ten tia ls of tran s itio n  m eta l hexahalom etallates.

In order to  determ ine the  D.C. cu rren t-po ten tia l response, a linear voltage ram p 

is generated  betw een po ten tia ls  E 1 and E 2 and  the  curren t recorded. By applying a 

triangu lar waveform the  po ten tia l can be cycled back and forth  between E\  and E2 

w ith  the  tim e dura tion  for one cycle varying w ith  the  sweep ra te  v  (Vsec- 1 ).

Scan rates  generally range from  a few m V sec-1 up to  a few hundred Vsec-1 . 

Conventional chart recorders produce d isto rted  responses above approxim ately  500 

m V sec-1 and  oscilloscopes or com puterised recording devices m ust then  be utilized.

As an alternative , if a  relatively high frequency a lte rna ting  poten tia l is super­

im posed on the  slowly varying ram ped po ten tia l, then  a sinusoidal response in the 

curren t can be detected  and th is forms the  basis of A.C. cyclic voltam m etry.
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I n c r e a s i n g  

S w e e p  R a t e

s tea d y  s ta te

0.2- 0.1+ 0.1

Figure 2.1: Current-potential response at several sweep rates for the reaction 0  + e

2.6 T h e D .C . exp erim en t

For the  reduction  process, equation  2.1, O +  ne — > R , if a very slow scan ra te  is used, 

steady s ta te  conditions (for a reversible reaction) are m ain tained . T he concentration 

ra tio  C ° / C °  for a reversible reaction is given by the  N ernst equation , and as the  

po ten tia l becomes m ore negative the  ra tio  m ust a lte r to  satisfy the  N ernst conditions. 

In o ther words, the  concentration  of 0  a t the  surface m ust decrease. This will produce 

a concentration  gradient in the  region close to  the  electrode surface known as the  

N ernst diffusion layer and  a sm all curren t will flow. As m ore and m ore O is reduced, 

th e  concentration  gradient and the  curren t increases until C a0 ~  0 and the current 

has reached the  diffusion lim iting or p la teau  current value (fig. 2.1).

W ith  faster sweep rates, a steeper concentration  gradien t is developed and a larger 

current flows, which is proportional to  the  grad ien t. At the  sam e tim e, relaxation 

processes of diffusion and convection a tte m p t to reverse the  slope of the gradient. 

However, as the po ten tia l is scanning m ore and m ore negatively the concentrat ion of
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0  a t th e  surface becomes increasingly depleted  un til it is effectively zero. At this point 

th e  concen tration  gradient begins to  decrease due to  relaxation  and consequently the  

curren t decreases. T he faster the  sweep ra te , the  steeper the  concentration  gradient 

and  the  g rea ter the  curren t will flow in the  ex ternal circuit since relaxation  has less 

tim e to  take effect.

W hen the  po ten tia l sweep is reversed, the  exactly  analogous process of R  — > 

O +  ne  occurs and  a peaked cu rren t-po ten tia l response is ob tained  w ith the  opposite  

sign. Therefore com bining the  forw ard and backw ard reactions, the  overall C.V. trace 

of the  typical one electron reversible reaction  2.1 ( n = l )  appears sim ilar to  figure 2.2.

However, for the  cases of quasi-reversible and irreversible processes, the  I  — E  

response is modified com pared w ith  figure 2.2. By assigning various experim ental 

param eters  in their calculations to reasonable values, Nicholson and  Shain [30] were 

able to  com pute norm alised curren t functions for different rates of charge transfer 

which resem ble I  — E  traces observed experim entally. T he exam ples shown in figure 

2.3 clearly ind icate  th a t there  are m arked differences betw een the  I  — E  responses of 

reversible, quasi-reversible and irreversible charge transfer processes. W hen passing 

from  a reversible th rough to  an irreversible process, a) to  c) in fig. 2.3, the  overpo­

ten tia l necessary to  produce a significant current becomes increasingly large. For a 

to ta lly  irreversible process c), the  ra te  of charge transfer for the  re tu rn  reaction is so 

sm all th a t  no re tu rn  wave can be observed.

Generally, to  ob tain  therm odynam ic inform ation from  voltam m etric  experim ents, 

expressions for the  current derived by solving F icks’ second law for the appropria te  

boundary  conditions, are m atched w ith the  experim ental observations. However, for 

some general results such as w hether or not the  electron transfer is reversible, the 

inform ation can be obtained  more* quickly merely by study ing  the  peak potentials 

and peak currents on a conventional cyclic voltam m ogram .

Thus for reversible and quasi-reversible charge transfer reactions w ithout a coupled 

chemical reaction and irrespective of sweep ra te
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1 / 2

E —E ° /V- o .  10.0

Figure 2.2: C.V. trace for the reversible reaction 0  +  e — ► R.
Initially only 0  present, E “ =  anodic peak potential, E£ =  cathodic peak potential, 
anodic peak current, I£ =  cathodic peak current, E \ j 2 =  half wave potential
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E - E / V

+ 0.4+ 0.0

Figure 2.3: Cyclic voltammograms for a) reversible b) quasi-reversible and c) irreversible 
charge transfer.
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. 4  =  1.0 (2.18) 
p

T he rela tionship  2.18 is invalid for an irreversible charge transfer. U nder Nerns- 

tian  conditions ie: a reversible (fast) electron transfer, the  peak  po ten tia l separation  

\ E * - E cp\ or A E p is given by :-

B T  59
A E p = 2 .3—  =  —  m V  (a t 298K) (2.19)

n r  n

T he peak p o ten tia l separa tion  is som ew hat m ore useful as a diagnostic th an  the 

ra tio  of the  peak cu rren ts as it is often difficult to determ ine the  precise values of / “ 

and 1^. In the  case of quasi-reversible electron transfer, the  separation  A E p is greater 

th an  59 j n  mV and for irreversible processes A E p is very large if in fact th e  return  

wave can be observed a t all.

2.7  T h e effect o f  varying th e  sw eep rate

For a reversible process, the  value of \E* — E£\ will rem ain constant at 59f n  mV 

irrespective of the  sweep ra te  since the  ra te  of charge transfer is always great enough 

to  m ain tain  N ernstian  equilibrium  a t the  electrode surface. And similarly, for an 

irreversible process, \ E* — E ° \  will always be m uch g reater th an  59/ n  mV at norm al 

experim ental sweep rates  of 100-200 m V sec-1 .

However, a t low po ten tia l sweep rates of the  order of 10 m V sec-1 or less, the ra te  of 

electron transfer of an irreversible process can be g rea ter than  th a t of m ass tran sp o rt, 

and  a seemingly reversible cyclic voltam m ogram  is recorded. As the sweep ra te  is 

increased the  ra te  of m ass tran sp o rt becomes com parable to  th a t of electron transfer 

and a region seem ingly of quasi-reversibility is reached. T he m ost noticeable effect of 

th is, ap a rt from increased peak currents clue to  steeper concentration gradients, is an 

increased peak po ten tia l separation . At still higher sweep rates the separation  A Ep 

becomes even larger indicating an irreversible electron transfer process. Therefore, 

the m aintenance of A E p = 59 / n  mV regardless of the sweep rate is ano ther useful
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criterion for determ ining  w hether an electrochem ical reaction is reversible or not. 

However, one m ust not im m ediately in te rp re t a large A E P as evidence for quasi- 

reversibility  or irreversibility, because the  effect of an  uncom pensated  I R  drop on a 

reversible couple also results in a peak po ten tia l separation  g reater th an  59 f n  mV.

2.8 T he A .C . exp erim en t

As already noted in section 2.5, the  integral features of an A.C. vo ltam m etric  ex­

perim ent are a slowly and linearly varying m ean voltage E d _c . plus superim posed on 

th is a rapidly  varying sinusoidal com ponent E a . c .  w ith  a peak  to  peak am plitude  of 

perhaps 5 mV. T he m easured responses are the  m agnitude of the  A.C. curren t at the 

frequency of E A.c. and its phase angle w ith respect to  E a . c .  which is equivalent to 

m easuring the  im pedance. T hen , the  m ean surface concentrations enforced by E d . c .  

are equivalent to the  effective bulk values for the  A.C. p e rtu rb a tio n . In order th a t an 

A.C. current can be detected , bo th  the  oxidized and reduced forms m ust be present 

a t the  electrode in the  tiinescale of the  p e rtu rb a tio n . Hence, for a to ta lly  irreversible 

electrochem ical reaction, the ra te  of charge transfer will be too slow to observe any 

response. In the  case of a sim ple reversible reaction  2.1, th e  A.C. response appears 

as a single sym m etrical peak centred a t E v ( see for exam ple fig 3.2.1 ).

One of the  obvious advantages of an A.C. response is th a t  E p and consequently 

E \ / 2  (E p =  E \ / 2  in A.C. vo ltam m etry) can be m ore easily determ ined  th an  for a D.C. 

experim ent.

For a fully reversible process, the  A.C. re tu rn  wave superim poses on the forward 

wave and, as w ith D .C. cyclic vo ltam m etry

-f  =  1.0 (2 .20 )

If a. process is not reversible, then  two separa te  peaks are usually d istinguishable 

because the forward and return  waves occur a t slightly different E i / 2 po ten tials and 

the re tu rn  wave has a sm aller peak curren t. This provides a  useful visual indication of
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reversibility bu t it can be derived th a t  ano ther prerequisite  for reversibility  is th a t the 

peak w idth  a t half the  peak curren t should be equivalent to  90 / n  mV in the absence 

of any ohm ic drop.

2.9 T h e stirred  v o ltam m etry  m eth od

C onventional polarographic analysis involves the  oxidation or reduction of com pounds 

at an  electrode consisting of m ercury  falling dropwise from  a fine bore capillary glass 

tube. This resembles th e  s tirred  vo ltam m etry  m ethod  since in b o th  m ethods the 

lim iting curren t flow is not determ ined  by the  diffusional mass tran sp o rt of the  elec­

troactive  species as in cyclic voltam m etry, bu t by the  diffusion coefficient of the 

electroactive species in the  s tirred  and therefore hom ogeneous solution. Low sweep 

rates  are used as the  curren ts are  much larger and  differentiation betw een oxidation 

and reduction  processes is discernible from the  sign of the  current. In this thesis, 

stirred  vo ltam m etry  was used principally  for th is reason bu t this m ethod can also be 

used to  determ ine the  num ber of electrons transferred  in one electrochem ical step. 

For instance, if a solution of known concentration  is oxidized or reduced with con­

stan t stirring, then  by recording the  constan t curren t produced, and the  tim e taken 

for com plete reaction, the  to ta l num ber of electrons transferred  can be calculated.

2.10 M ore com p lex  electroch em ica l reactions

So far we have only considered the  sim ple one electron process O +  e ^  R.  However, 

there  are m any o ther reaction types which can be investigated electrochem ically al­

though it is not w ith in  the  scope of this thesis to  discuss them  all so we shall confine 

ourselves here to  a  discussion of those which were relevant to this work.
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2.11 C oupled  chem ical reactions

In th e  language of electrochem ists the  sim ple electron transfer reaction  2.1 would 

be term ed  an E m echanism , with E stand ing  for electron transfer. Such reactions 

involve e ither an oxidation  or a reduction  in which b o th  0  and R  rem ain stab le  over 

th e  lifetim e of th e  experim ent eg.

[TaBrg]1 +  e ^  [TaBr6]2 - (2 .21)

[Fe(C5H5)2]0 ^  [Fe(C5H5)2]1+ +  e (2.22)

However, an electron transfer process can also be coupled to  one or m ore chemical

steps and  indeed to  o ther electron transfer steps. T he sim plest of these is electron

transfer followed by an irreversible chemical reaction  as w ith

(Estep)  0  ^  R

(C s t e p ) R  X  (2.23)

th e  cyclic vo ltam m ogram  of the  E C  reaction is very m uch dependent on the sweep 

ra te  and  the  chem ical reaction ra te  constan t k . T he  observation of an anodic return  

wave requires e ither a fast sweep rate , a  slow reaction ra te  or bo th . An exam ple of 

an E C  m echanism  is the  oxidation of p-am inophenol [50] a t a  p la tinum  electrode in 

aqueous acidic solutions. T he quinoneim ine form ed undergoes a hydrolysis reaction 

to  form  benzoquinone

(E )  H O  N H 2 =  O  = (  y ^ N H  + 2 H + + 2e

(C ) O N H  + H 20  — y = Q  + N H 3 (2.24)

M ore complex m echanism s such as E C E  and E C C E E  etc. are possible. The 

reduction  of hexabrom oplatiiiate(IV ) a t a platinum  electrode in m ethylene chloride
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(chap ter 3) occurs via a complex m echanism  (2.25), bu t exactly  which m echanism  is 

not known.

[P tB r6]2-  — ► ‘[PtBre]3- ’ — ► [P tB r4]2-  +  2B r" (2.25)

O ften the  effects of a following reaction  can be dim inished by cooling the  exper­

im ental solution. Such was the  case w ith  b is(tetra-n-buty lam m onium )hexabrom o- 

rhenate(IV ) which underw ent an irreversible reduction in m ethylene chloride at 298 

K. W hen th e  solution was cooled to  223 K, the  previously irreversible reduction ex­

h ib ited  quasi-reversible behaviour ind icating  th a t the  effect of a  following reaction 

had  been g rea tly  dim inished. A num ber of th e  tran sition  m etal hexabrom om etallates 

discussed in th is thesis exhib ited  a sim ilar behaviour and are discussed m ore fully in 

chap ter 3.

T he effects of following reactions on a C.V. trace  can also be explored by the use 

of very fast sweep rates. If the  chem ical reaction is fast, then  R  is rapidly removed 

from  the  region near the  electrode and no re tu rn  C.V. wave can be observed at low 

sweep rate . B ut by decreasing the  tim escale of the  experim ent using a fast sweep ra te  

it is som etim es possible to  observe a re tu rn  wave, corresponding to oxidation of R , 

before the  following chemical reaction can occur.

Finally, if th e  p rim ary  electron transfer, for exam ple a reduction, is followed by a 

slow chemical reaction  then  som etim es a sm all secondary couple near to  the original 

redox couple can be observed. If, by holding the  po ten tia l s ta tionary  for a given 

length  of tim e a t a point subsequent to  th e  reduction , the  size of the secondary 

couple is increased then  the  secondary couple is shown to be dependent on the prim ary 

reduction and is identified as an electroactive ‘d au g h te r’ p roduct of the in itial species.

2.12 A d sorp tion

Thus far, the  system s discussed have been confined to electrode-solution interfaces 

where an excess of ions w ith opposite  charges to th a t of the electrode are found
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and where only long range elec trosta tic  forces are operational. These ions are non- 

specifically adsorbed  species (som etim es referred to  here as dissolved) w ith the  locus 

of the ir centres a t a d istance from  the  electrode know as the  o u ter Helmholz plane . 

It is also possible for anions to  become specifically adsorbed  a t the  electrode surface 

where they  are identified by short-range strong  in teractions. T he locii of specifically 

adsorbed  ions m ake up the  inner Helmholz plane. Specific adsorp tion , unlike non­

specific adsorp tion , is dependent on the  chemical properties of bo th  the ions and the 

electrode, and can have significant effects on the voltam m etric  response:

To describe sim ple electrochem ical adsorp tion , the  Langm uir iso therm  borrowed 

from  classical surface chem istry was found to be ap p rop ria te  [32]. However, ra ther 

th an  calculating adsorp tion  energies specifically, which except for the  sim plest system s 

is a  difficult task , experim entalists are generally m ore concerned with identifying 

system s where adsorp tion  occurs. In th is respect D.C. cyclic vo ltam m etry  provides 

an excellent tool for th is purpose because w ith  a little  previous knowledge, different 

types of adsorp tion  system s can be quickly recognized. T he following discussion 

concerns reaction 2.1, 0  +  e ^  R.

2 .1 2 .1  O an d  R  s tr o n g ly  a d so rb ed

For a case where adsorbed O and R  are the  only electroactive species (w ithin the 

relevant po ten tia l range) then  the cyclic voltam m ogram  for a reversible reaction will 

look som ething like figure 2.4.

T he sym m etric  appearance of the  cyclic voltam m ogram  arises because only the 

fixed am ount of O adsorbed on the  electrode is reduced, so there  is no distortion  by 

m ass tran sp o rt. W hen bo th  O and R  are specifically adsorbed, then  Oads is easier 

to reduce th an  dissolved O to R adsi and R ads is easier to oxidize th an  dissolved R  to 

Oads- T he  coincidence of the  peak poten tials for the  oxidation and reduction processes 

depends on large and equivalent free energies of adsorp tion  for O and R,  reversibility 

of electron transfer, and adherence to  a  Langm uir isotherm . This is not an unlikely 

situa tion , bu t norm ally one encounters com plications due to non-N ernstian  behaviour 

d isto rting  the sym m etry  of the  waves and more commonly, the  involvement o f  waves
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Figure 2.4: Cyclic voltammogram for the reversible reaction Oads +  e — Rads•
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due to  non-specifically adsorbed species.

T here are several different possibilities in this respect depending on w hether both  

dissolved and adsorbed species are electroactive, w hether 0 ,  R  or b o th  are specifically 

adsorbed , w hether this adsorp tion  is strong  or weak and  w hether th e  electron transfer 

is reversible. However, for sim plification we shall only describe th e  case for strong 

and  weak p roduct (R ) adsorp tion  where b o th  adsorbed  and  dissolved species are 

reversibly electroactive and  then  draw  some analogies abou t the  others.

2 .1 2 .2  P r o d u c t  R  s tr o n g ly  a d so r b e d  

T he  C.V. of the  reversible reaction

0  +  e ^  R ads (2.26)

resembles figure 2.5. T he distinctive fea tu re  of th e  C.V. is an  adsorp tion  pre­

wave w ith  the  sam e sym m etric shape as figure 2.4. T he reason th is appears a t a 

m ore positive po ten tia l th an  the  dissolved wave is th a t  the  adsorp tion  energy of R  

m akes the  reduction  of 0  to  adsorbed R  easier th a n  reduction  to  dissolved R. The 

difference betw een adsorbed and dissolved po ten tia ls  is rela ted  to  the  m agnitude of 

th e  free energy of adsorp tion  and the  bulk concen tration  of 0 .

T he size of the  pre-wave peak curren t is lim ited  by the  surface coverage possible 

and to  a large ex ten t the dissolved wave resem bles th a t  which would have existed 

if no adsorp tion  had  occurred. In the  event of non-N ernstian  behaviour, the peaks 

would all show deviations from this until, for an irreversible reaction  no re tu rn  waves 

would be exhibited .

In the  event of only strong reactan t ( 0 )  adsorp tion , a post-w ave would be observed 

at a  m ore negative po ten tia l. T he reasoning is th a t  it is then  m ore difficult to reduce 

adsorbed 0  to  R  than  reduce dissolved 0  to  R.
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+ 0.2  + 0.1 0.0 - 0 . 1  - 0 . 2  - 0 . 3
E - E ° / V

Figure 2.5: Cyclic voltammogram for the reversible reduction 0  + e — ► Rads(s t rongiy)
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E - E ° / V

+0 . 2 0.0 - 0.1 - 0.2

Figure 2.6: Cyclic voltammogram for the reversible reduction 0  +  e — ► R  
(solid) no adsorption, (dotted) weak adsorption of product.

2 .1 2 .3  P r o d u c t  R  w e a k ly  a d so rb ed

W hen adsorp tion  is weak the  difference in energies for reduction  of adsorbed and 

dissolved 0  is sm all, and a separa te  pre-wave is not observed. W hen R  is weakly 

adsorbed, the  forw ard cathod ic  curren t is only slightly a ltered  b u t on reversal there is 

a con tribu tion  of adsorbed R  as well as dissolved R  to  the  anodic current (figure 2.6). 

T he size of the  anodic current increases w ith the  sweep ra te  v and  is dependent on the 

switching po ten tia l E \ .  T he  effect of diffusion of adsorbed  R  away from  the electrode 

becomes m ore accen tuated  as | E°  — E \  | increases and  th e  anodic peak curren t will 

tend  tow ard the  diffusion curren t. In add ition , the  cathodic  peak poten tia l moves to 

slightly m ore positive po ten tia l w ith increasing sweep rate .
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2.13 In stru m en tation

W hen m easuring the  po ten tia l of an e lectrode versus a reference electrode, the  voltage 

drop across the  .electrolyte solution, the  I R S drop, m ust be  considered. This problem  

is com pounded when using electro lyte solutions of high resistivity, a difficulty which 

is especially associated w ith apro tic  solvents. To reduce th e  errors, the  cell current 

and in ternal cell resistance m ust be kept as sm all as possible so th a t the  reference 

electrode m ain tains a constan t po ten tia l even if a small curren t passes through its 

surface. In order to  m inim ise these difficulties a th ree  electrode configuration is 

opera ted  w ith which the  curren t is passed betw een the  working electrode and a th ird  

counter electrode. For th is to  work effectively, th e  area  of the  counter electrode 

should be much larger th an  th a t of the  working electrode to  prevent po larisation  of 

the  form er. This was incorporated  in to  the  cell design by using a small m icro-platinum  

working electrode consisting of th ree  500/zm d iam eter p la tinum  wires encased together 

in glass such th a t only the  wire cross-sections were exposed, an area of approxim ately  

6 x l0 -7m 2.

T he role of the  reference electrode is to  m ain ta in  a fixed invariable po ten tia l against 

which changes in the  po ten tia l a t the  working electrode are m onitored. By detecting 

the  p.d. between the working and reference electrodes using a high input im pedance 

device, an electrom eter, the  reference electrode draws a negligible curren t and its 

p o ten tia l will rem ain constan t. However, a good reference electrode should m aintain  

a constan t po ten tia l even if a few m icro-am peres pass through it. Those reference 

electrodes m ost com m only used include the  sa tu ra te d  calomel electrode (S.C .E .) and 

silver- silver halide electrodes. However, these ex ternal referencing m ethods are im ­

possible to  employ under anhydrous conditions in a  vacuum  app ara tu s  as used in this 

work. Therefore an  in ternal reference was used which is a  com pound whose reversible 

electrochem ical behaviour has a fixed po ten tia l independent of the  solvent, or a com­

pound whose redox po ten tia ls are known versus an ex ternal reference in the solvent 

employed.

T he prerequisites of an in ternal s tan d ard  are :-
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1. T he electrochem ical behaviour of th e  reference com pound should not interfere 

w ith  or m ask the  redox behaviour of th e  com pound under investigation.

2. T here  should be no in teraction  betw een th e  reference com pound and the  com­

pound under investigation.

In this thesis the  ferrocene/ferricin ium  couple, [FeCp2]/[F eC p2]+ , was used as 

the  in ternal s tan d ard , w ith previous referencing versus S.C .E. in m ethylene chloride, 

unless s ta ted  otherwise.

In respect of criterion 1) ferrocene proved excellent and  no evidence for a specific 

in terac tion  according to  2) was observed except in th e  presence of excess free brom ine 

when the  ferrocene/ferricin ium  couple was unresolvable.

In order to  reference the  redox po ten tia ls  of a com pound versus [FeCp2]/[FeC p2]+ , 

the  voltam m etric  response is initially  m easured referred to  th e  p latinum -w ire reference 

electrode inside the cell. W hen connected to  an e lectrom eter, a  p latinum  wire will 

function satisfactorily  as a quasi-reference electrode in solutions of high resistance 

[51], m ain tain ing  a m oderately  constan t po ten tia l. For precise referencing, ferrocene 

is then  added to  the  solution and  sub ject to  th e  satisfaction  of criteria  1) and 2) above, 

the  redox poten tia ls of the  com pound under observation can then  be com pared with 

[FeCp2]/[FeC p2]+ .

Ideally, an [MBr6]n_ com pound synthesized in th is work would have m ade a su it­

able reference com pound. U nfortunately  the  com pounds synthesized were on the 

whole too unstab le  when oxidized to  m erit use. U nfortunately , the  reference com­

pound [IrCle]2- used by Klaus Moock [31] in his study  of transition  m etal hex- 

achlorom etallates proved unsu itab le  because [IrCU]2- in terac ted  w ith the hexabro- 

m om etallates, probably becoming involved in halogen exchange.

All electrode poten tials in th is work are given in respect of the  S.C .E. except 

those experim ents where a Ag-O.IM A g N 0 3(in CH 3CN) ex ternal reference electrode 

was used (chapter 4). Com parisons w ith electrochem ical d a ta  obtained  in aqueous 

solutions are based on the relation of the  S tandard  Hydrogen E lectrode (S.H .E.) to 

the  S .C .E ., which has been given as H2/ I I + E Xj 2 =  -0.25V (vs. S.C .E.) in H20  [33].
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Table 2.1 shows the  different reference system s in m ethylene chloride.

Table 2.1: The reference system in methylene chloride.

po ten tia l reference

+0.48V
+0.38Va
o.oov

-0.25V6

[FeCp2]/[FeC p2]+

Ag/Ag+
S.C.E.

S.H.E.
aAg-0.1M AgNO3 (in CH 3CN) ^potential m easured in H20

T he electrochem ical cell a p p a ra tu s  used in th is thesis, and  th e  requirem ents of 

electrochem ical solvents and  background electrolytes are discussed under experim en­

ta l procedures in chap ter 6.

a /-,
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3.1 In trodu ction

In this chap ter the  electrode po ten tia ls in m ethylene chloride of th e  second and  th ird  

row transition  m etal hexabrom om etallates w ith  the  general form ula [Bu4N]n [MBr6], 

(n = 0 ,l ,2  e tc .), [M = H f,Z r,N b,T a,M o,W ,R e,R u,O s,Ir,P t] are  described. T he electrode 

po ten tia ls presented are assum ed to  derive from  add ition  or removal of an electron 

from  the  highest filled m etal d orbitals. D uring the  experim ents it becam e apparen t 

th a t alm ost all th e  com pounds studied unexpectedly  exhib ited  com plicated electro­

chemical activ ity  at po ten tia ls m ore positive th an  the  relevant [MBr6]1 -/ 2- redox 

couple. This behaviour was in itially  a ttr ib u ted  to  a decom position reaction and so 

therefore the  electrochem istry of [Bu4N]Br alone in m ethylene chloride was also inves­

tiga ted  because brom ide or brom ine were probable p roducts of such a decom position. 

T he electrochem istry of [Bu4N]Br is described in C hap te r 4 along w ith the  chloride 

and iodide system s for com parison.

It should be noted th a t a lim ita tion  of the vacuum  electrochem ical cell used in 

these experim ents (chap ter 6), was th a t the  solution tem p era tu re  could only be m ea­

sured approxim ately  (ca .± 5°). T he n a tu re  of the  electron transfer step of individ­

ual redox couples, as discussed in sections 2.3 and 2.6, is indicated  by the  labels 

reversible, quasi-reversible and irreversible. To differentiate an electrochem ically ir­

reversible couple (w ith large A E P) from an electron transfer step  which is followed by 

an irreversible chemical reaction (which has no re tu rn  C.V. wave), the  la tte r  electron

65
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transfer reaction  is referred to  as chem ically irreversible.

All po ten tia ls were referred to the  S.C .E. by using ferrocene as an  in ternal s ta n ­

dard  (the  procedure was described in chap ter 2). W herever possible, the  electrode 

po ten tia ls ob tained  ip th is thesis have been com pared w ith  those obtained  by previous 

workers using the  re-referencing scheme in tab le  2.1.

3.2 T h e cyclic  v o ltam m etric  stu d y  o f

bis tetra -n -b u ty lam m on iu m  h exab rom ozircon ate(IV )  

and bis tetra -n -b u ty lam m on iu m  hexab rom ohafnate(IV )

3 .2 .1  B is  t e tr a -n -b u ty la m m o n iu m  h e x a b r o m o z ir c o n a te (IV )

W hite  [Bu4N]2[ZrBr6] has th e  electron configuration 4d° and can therefore only un ­

dergo reduction . T he reduction  [ZrBre]2 -/3 - , 4c?0/ 1, was observed a t E i / 2 = -1.82V 

(vs. S .C .E.) a t -40°C in b o th  the  A.C. and  D.C. m odes. T he reduction  was quasi- 

reversible in b o th  m odes a t -40°C, bu t when the  solution was allowed to warm  to 

room  tem p era tu re  the  couple could not be detected  and  was also undetec tab le  when 

th e  solution was re-cooled.

In fact, if th e  solution was not im m ediately cooled once the  com pound had been 

added to the  solvent-electrolyte m ix ture  (see experim ental procedures chap ter 6) then 

decom position of the  hexabrom ozirconate(IV ) salt w ith w hat appeared  to  be the 

expulsion of b rom ide /b rom ine  occurred. T he presence of free b rom ide/brom ine (see 

chap ter 4) was suggested by a complex set of anodic waves centered around  +0.9V  

(vs. S .C .E .). As the  [ZrBre]2- complex was p repared  in C H 2 CI2 and characterized 

in C H 2C12 solution w ithout decom position (chap ter 6), it seems m ost likely th a t the 

[ZrBr6]2~ anion was hydrolysed by traces of m oisture in the  electrolyte, a reaction 

which was suppressed by im m ediately cooling the solution.

T he reduction po ten tia l of [ZrBr6]2-/3- a t E Xf 2 =  -1.82V (vs. S.C .E.) indicates 

th a t [ZrBre]3- is a. strong reducing agent. T here ewe no electrochem ical d a ta  for
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0.5uA
D.C.

1nA
A.C.

/ vs .  S.C.E.)
i / z

- 1 . 6 V - 2 . 0 V

Figure 3.1: D.C. and A.C. cyclic voltammograms of [Bu4 N]2 [ZrBr6 ]. 
conditions: [Bu4 N]PF6 (0.3M)/[ZrBre] 1 (~0 .005M) at micro-Pt electrode in CH2 CI2 ,
temperature:-40°C, reference: ferrocene, sweep rate: lOOmV/sec (D.C.), 20mV/sec (A.C.).

[ZrBre]71- complexes repo rted  in the  lite ra tu re  or any reference to  a [ZrBr6]3_ com­

pound. In fact th e  difficulties in ob tain ing  any zirconium  complex w ith  an oxidation 

s ta te  less th an  four are  well known [100], and so it is unsurprising th a t the  [ZrBr6]2-/3- 

couple is only quasi-reversible a t -40°C.

Figure 3.1 shows th e  A.C. and D.C. cyclic voltam m ogram s for the  reduction  :-

[ZrBr6]2 +  e r=* [ZrBr6]3 , E 1/2 =  -1.82V (vs. S.C .E.) (3.1)
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3 .2 .2  B is* te tr a -n -b u ty la m m o n iu m  h e x a b r o m o h a fn a te (IV )

Analogously to  th e  zirconium  com plex, w hite [Bu4N]2[HfBr6] reacted  w ith  th e  solvent- 

e lectro ly te m edium  a t room  tem p era tu re . Even when the  reaction solution was im­

m ediately  cooled to  -40°C  w ith  a carbon dioxide-acetone slush ba th , a large, broad 

anodic wave rem iniscent of free brom ide was observed a t approxim ately  +  1.2V (vs. 

S.C .E .) in the  D.C. and A.C. m odes, ind icating  a decom position had occurred. In 

the  A.C. m ode a t -40°C  a very sm all broad  peak at E x/ 2 = -1.90V (vs. S.C .E .) was 

also observed b u t was undetec tab le  after the  solution was allowed to  w arm  to room  

tem pera tu re .

C hap ter 5 discusses how various trends in th e  electrode poten tia ls of a series of 

tran sition  m etal complexes allow o ther po ten tia ls in the  sam e series to  be predicted . 

T he trend  in th e  [MBr6]2 -/3- electrode po ten tia ls  of the  th ird  row hexabrom om etal- 

lates predicts th a t  the  couple [HfBr6]2-/ 3 - , 5c/0/ 1, should occur around E i /2 =  -2.25V 

(vs. S .C .E.) in C H 2C12. Therefore the  A.C. signal observed a t E \ / 2 =  -1.90V (vs. 

S.C .E .) cannot confidently be assigned to  th e  [HfBr6]2 -/3- couple. U nfortunately, 

there  os& no d a ta  perta in ing  to  the  electrochem istry  of [HfBre]71- complexes available 

in the  lite ra tu re  for com parison.

A lthough th e  A.C. signal observed a t -1.90V was very small, it is very unlikely th a t 

the  signal was due to  a trace  of [ZrBre]2- con tam inan t ([ZrBre]2 -/3 - , £ 1/2  — -1.82V 

(vs. S.C .E .)) as [Bu4N]2[ZrBr6] is itself known to  react w ith  the  solvent-electrolyte 

m edium . It would be m uch m ore likely th a t the  A.C. signal a t -1.90V was the result 

of hydrolysis of [HfBr6]2_ by a trace  of m oisture in the  solvent-electrolyte m edium  

leading to  an oxybrom ohafnate(IV ) species.

U nfortunately, th ere  cue. also no d a ta  perta in ing  to  th e  electrode po ten tia ls of oxy- 

halohafnate complexes available in the  lite ra tu re  for com parison.
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3.3 T he cyclic  vo ltam m etr ic  s tu d y  o f

tetra -n -b u ty la m m o n iu m  h exab rom on iob ate(V ) and  

te tra -n -b u ty la m m o n iu m  h exab rom otan ta la te (V )

3 .3 .1  T e tr a -n -b u ty la m m o n iu m  h e x a b r o m o n io b a te (V )

Red-brow n [Bu4N][NbBr6] was p repared  by the  m ethod of Dehnicke et al [105]. Infra­

red and v isib le-ultra  violet spectroscopy [106,107] ind icated  the  sam ple was contam i­

na ted  w ith an oxide, m ost probably  [Bu4N]2[N bO Br5] or [Bu4N][NbOBr4] (see chapter 

6 ).

[Bu4N][NbBre] has th e  electron configuration 4d° and will therefore only undergo 

reduction. At room  tem p era tu re  the  com plex exhibited  a quasi-reversible reduction 

[NbBr6]1-/ 2 - , 4c/°Z1, at E \ / 2 =  +0.30V  (vs. S.C .E .) in bo th  the  A.C. and D.C. modes 

which becam e reversible when the  solution was cooled to  -40°C.  A second reduction 

[NbBr6]2 -/3 - , 4c/1/ 2, was observed a t E i / 2 =  -0.89V (vs. S .C .E.) and was chemically ir­

reversible a t room  tem p era tu re  b u t becam e quasi-reversible a t -40°C. A th ird  couple, 

which was not a daugh ter p roduct (section 2.11), was assum ed to be [NbOBr4]1-/2- 

or [N bO Br5]2- /3“ , 4c/0/ 1, a t E 1/2 = -0.04V ( vs. S .C .E.) and  was irreversible at room  

tem p era tu re  and quasi-reversible a t -40° C . T he quasi-reversibility of the  [NbBr6]1-/2_ 

couple a t room  tem p era tu re  is surprising as stab le  hexabrom oniobate(IV ) com pounds 

are well known [107,108]. T he  large half-w idth  and A E p of the  couple in the A.C. 

and D.C. modes respectively m ight therefore orig inate from  a large uncom pensated 

777-drop although  the  system  was ad justed  to  m inim ise th is problem .

T he highly irreversible n a tu re  of the  [NbBr6]2-/3- couple a t room  tem p era tu re  

was expected as there  are no reports of a hexabrom oniobate(III) com pound in the  

litera tu re . E lectrode poten tia ls of [NbBr6]n_ complexes have not been previously 

reported  in the  lite ra tu re .

T he electrode po ten tia ls and the  D.C. and A.C. cyclic voltam m agram s in m ethy­

lene chloride solution of [Bu4N][NbBr6] are shown in tab le  3.1 and figure 3.2 respec­

tively.
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DC.
4uA1- / 2 -

/ [N b O B r J

A.C.
1uA

E (vs.  S.C.E.)  1 '0.5V 1.0V+ 0.5V

Figure 3.2: D.C. and A.C. cyclic voltammograms of [Bu4N][NbBre]. 
conditions: [Bu4 N]PF6 (0.3M)/[NbBre]1_ (~0.005M ) at micro-Pt electrode in CH2 CI2 , 
temperature:-40°C, reference: ferrocene, sweep rate: lOOmV/sec (D.C.), 20mV/sec (A.C.).

3 .3 .2  T e tr a -n -b u ty la m m o n iu m  h e x a b r o m o ta n ta la te (V )

Yellow [Bu4 N][TaBre] was prepared  by the  m ethod  of Dehnicke et al [105]. Infra-red 

and visib le-ultra  violet spectroscopy indicated  th a t  unlike the  Nb com pound (section 

3.3.1) the  Ta com pound was not con tam inated  by any oxide . [Bu4N][TaBr6] has the 

electron configuration 5d? and  will therefore only undergo reduction to  T a(IV ), 5c/1, 

and in principle to T a(III), 5d2.

[Bu4N][TaBre] exhibited  two reductions in C H 2 CI2 . T he reduction [T aB ^ ]1-/ 2 - , 

5d0/ 1, a t E 1 / 2  =  -0.16V (vs. S .C .E.) was alm ost fully reversible in bo th  the A.C. and 

D.C. m odes at room  tem pera tu re  and  was fully reversible a t -40°C. T he second re­

duction [TaBre]2 -/3 - , 5d 1/ 2, at E-[/2 =  -1.35V (vs. S.C .E.) was chemically irreversible 

a t room  tem p era tu re  bu t becam e quasi-reversible at -40°C (tab le  3.2).

The near fully-reversible na tu re  of the  [TaBr6]1-/ 2- couple is consistent with 

the known existence of stab le hexabrom otan tala te(IV ) com pounds [107]. As with 

[NbBr6]2 - , the irreversibility of the  [TaBr^]2 -/3- couple was expected as 110 [TaBiy,]'5-
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[TaBre]

1- / 2 -  ! D C
400nA

[TaBre

A.C 
20  On,A

- 1 . 0 V0 .0V E (vs.  S.C.E.)
1 y  j»v '

Figure 3.3: D.C. and A.C. cyclic voltammograms of [BU4N][TaBre]. 
conditions: [Bu4N]PF6 (0.3M)/[TaBr6]1- (~0.005M) at micro-Pt electrode in CH2G 2 , tem­
perature: -40 °C, reference: ferrocene, sweep rate: lOOmV/sec (D.C.), 20mV/sec (A.C.).
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complexes have been reported .

L ightner, K irk and  K atovic [187] have recently s tud ied  th e  cyclic vo ltam m etry  of 

[BU4 N][TaBre] in acetonitrile  a t -15°C  versus a Norm al H ydrogen E lectrode (N .H .E .). 

They observed an alm ost reversible reduction  [TaBr6]1 -/ 2- a t  E \ j 2 =  -0.29V (vs. 

N .H .E .) and  an irreversible cathod ic  peak corresponding to  th e  reduction  [TaBr6]2-//3- 

at = -1.71V (vs. N .H .E .). Using the  conversion factor E i^ ffe rric in iu m /fe rro cen e) 

=  +0.400V  (vs. N .H .E .) in CH 3CN [188] these two reductions can be re-referenced to 

-0 .2 1 V and  -1.63V (vs. S .C .E .) in reasonable agreem ent w ith  this thesis. (The large 

difference, ca. 0.3V, betw een the  values of the  two second reductions is a ttr ib u tab le  

to the  irreversibility  of th e  [TaBre]2 -/3- couple in C H 3 CN at all tem pera tu res).

T he electrode po ten tia ls of [BU4 N][TaBre] are given in tab le  3.2 and the  A.C. and 

D.C. cyclic voltam m ogram s in m ethylene chloride are shown in figure 3.3.
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Table 3.1: The electrode potentials of [Bu4 N][NbBre].
D.C. m ode

tem p.

(°C)

£ 1 /2  (V) 
(vs.S .C .E .)

A E p 

(mV)
iap / icp couple electron

confign.

+ 25 +0.30 100 1.0 V /IV 5 d0/ 1

-40 +0.30 70“ 1.0 V /IV

+ 25 irrev. - - IV /III 5^ /2

-40 -0.89 90 1.0 IV /III 5 d}>2

A.C. m ode

tem p.

(°C)

e 1/2 (V)
(vs.S .C .E .)

half-w idth

(mV)

couple electron

confign.

+25 +0.30 150 V /IV beP'1

-40 +0.30 120“ V /IV 5<P>'

+25 -0.89 160 IV /II I 5 d1' 2

-40 -0.89 110 IV /II I 5 d1' 2

conditions: [Bu4 N ]PF 6 (0 .3M )/[N bB re]1_ (~0.005M ) a t m icro-P t electrode in 
C H 2 CI2 , reference: ferrocene, sweep rate: lOOmV/sec (D .C .), 20m V /sec (A .C .) , 
“not fully com pensated.
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Table 3.2: The electrode potentials of [Bu4 N][TaBre].
D.C. m ode

tem p.

(°C)

E l/2 (V) 
(vs.S .C .E .)

A  E p 

(mV)

ia U cp ‘ p couple electron

confign.

+25 -0.16 75 1 . 0 V /IV bd°!1

-40 -0.16 60 1 . 0 V /IV U ° l l

+ 25 irrev. - - IV /III 5 d 1' 2

-40 -1.35 70 1 . 0 IV /III 5dV2

A.C. m ode

tem p.

(°C)

e 1/2 (V)
(vs.S .C .E .)

half-w idth 

(mV)

couple electron

confign.

+25 -0.16 1 1 0 V /IV

-40 -0.16 1 0 0 V /IV 5d0*1

+25 -1.35 irrev. IV /III 5 d 1' 2

-40 -1.35 130 IV /III 5 d1/2

conditions: [Bu4 N ]PF 6 (O.SM J/fTaBre] 1 (~0.005M ) a t m icro-P t electrode i 
C H 2 C12, reference: ferrocene, sweep rate: lOOmV/sec (D .C .), 2 0 m V /sec (A.
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3.4 T h e cyclic vo ltam m etric  s tu d y  o f

bis tetra -n -b u ty lam m on iu m  h exab rom om olyb d ate(IV ) and  

tetra -n -b u ty lam m om iu m  o x y tetrab rom om olyb d ate(V )

3 .4 .1  B is  te tr a -n -b u ty la m m o n iu m  h e x a b r o m o m o ly b d a te (IV )

Purple-black [Bu4 N]2 [MoBr6] was successfully prepared  by reaction of m olybdenum  

tetrab rom ide  and te tra-n -bu ty lam m onium brom ide in m ethylene chloride (chapter 6 ). 

Recently, Dehnicke et al [58] have published the  synthesis of [P P h 3 Me]2 [MoBr6] using 

the  sam e m ethod  as previously devised for th is thesis.

At room  tem p era tu re  [Bu4 N]2 [MoBr6] exhib ited  com plicated D.C. and A.C. cyclic 

voltam m ogram s from  which no specific redox couples were discernible. Once the 

experim ental solution had been cooled to  -40°C, by com paring the A.C. and D.C. 

cyclic voltam m ogram s, five redox couples becam e apparen t : E i / 2=  +  1.79V, +  1.15V, 

+0.06V , -0.41V (all quasi-reversible) and  (chem ically irreversible) E “ =  + 1 .6 V (vs.S .C .E .).

A poin ted  sym m etrical cathodic  peak a t a po ten tia l m ore positive th an  the couple at 

4-1.15V suggested an adsorbed  species was a factor which should be considered (see 

figure 3.4).

T he two quasi-reversible couples a t +  1.15V and  +0.06V  possessed approxim ately  

the  sam e peak curren ts whilst the  o ther th ree couples were sm aller w ith sim ilar 

currents. This suggested the  two sim ilar couples were the  sam e species and also the 

species which was in m ost abundance. Therefore if the  original com pound had not 

decom posed, then  the  two couples at +  1.15V and  +0.06V  m ust relate  to the original 

com pound, nam ely [Bu4 N]2 [MoBr6]. T he three sm aller couples did not behave like 

daughter p roducts (section 2.11) and were assum ed to  be an oxide contam inant. These 

assum ptions were validated by the procedure in chapter 5 which predicted values 

of T 1 • 1 0V and +0.05V  (vs.S .C .E .) for the  couples [MoBr6]1-/ 2- and [MoBr6]2 -/3- 

respectively, in good agreem ent w ith the experim ental values, while the  rem aining 

th ree couples were identified as a con tam inan t of oxide by com parison with the cyclic 

voltam m ogram  of an au then tic  sam ple of [Bu4 N][MoOBr4] (see section 3.4.3).
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\M o B r  ]

[.M o B r  ]

10 n  A

E  (vs. S .C.E.)

+ 1.0V + 0 .0 V  - 1 . 0 V

Figure 3.4: D.C. cyclic voltammogram of [B ^N ^M oB re]. 
conditions: [Bu4 N]PF6 (0.3M)/[MoBr6]2“ (~0.005M) at micro-Pt electrode in CH2 
temperature:-40°(7, reference: ferrocene, sweep rate: lOOmV/sec (D.C.).
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T he electrode po ten tia ls of b is(te tra-n -bu ty lam m onium ) hexabrom om olybdate(IV ) 

are sum m arised in tab le  3.3: [Bu4 N]2 [MoBre] exhib ited  two couples in m ethylene 

chloride which were b o th  chemically irreversible a t room  tem pera tu re . W hen the 

solution was cooled to  -40°C the  couple [MoBr6]1-/2 - , 4c?1/2, a t E i / 2 =  +1.15V  

(vs.S .C .E .) becam e quasi-reversible and the  couple [MoBre]2 -/3 - , 4d2/3, a t £ 1 /2  =  

+0.06V  (vs.S .C .E .) becam e alm ost fully reversible. T here  are no previous reports of 

[MoBre]71- electrode po ten tia ls in the  litera tu re .

3 .4 .2  D isc u ss io n

T he C.V. of [Bu4 N]2 [MoBr6] in C H 2 CI2 a t -40oC  (figure 3.4) indicated  th a t the  ox­

idation  [MoBre]1 -/ 2- was followed by com plicated electrochem ical activ ity  leading 

to  th e  adsorp tion  of a species on the  electrode surface (ind icated  by th e  sharply 

poin ted  cathodic peak a t c.a. + 1.3V  (vs.S .C .E .)). Sim ilar observations were m ade 

w ith m ost of the  hexabrom om etallates s tua ied  in this thesis ie: com plicated redox 

processes occurred a t po ten tia ls m ore positive th an  the  [MBr6]1 -/2- couple, which at 

first suggested the m ost likely reaction was loss of brom ide or brom ine. Specifically 

for [Bu4 N]2 [MoBr6], the  absence of a [MoBr6]1- complex or a m olybdenum  brom ide 

higher th an  M oBr4 in the  lite ra tu re  provided support for th is argum ent. The po­

ten tia l of the  poin ted  adsorp tion  peak varied according to the  identity  of the  m etal 

complex and was therefore a ttr ib u te d  to  an adsorbed m etal-brom ide fragm ent. The 

situa tion  is discussed fu rther under brom ide electrochem istry in section 4.2.

T he irreversibility of the  couple [MoBre]2 -/3- at room  tem p era tu re  was unex­

pected because a num ber of hexabrom om olybdate(III) com pounds have been pre­

pared previously by electrolytic reduction of M o(VI) in concentrated  HBr solution 

[56,57]. Previous workers have isolated the  K + , [NH4]+ and [CsH5 NH]+ salts of 

[MoBre]3- which were stab le under anhydrous conditions bu t which could not be used 

in this thesis because they are insoluble in CH 2 CI2 . T he [Bu4 N]+ salt of [MoBr6]3- 

should have been soluble in CH 2 CI2 and  easily prepared. B ut, in this work the 

com pound [Bu4 N]3 [MoBr6] could not be isolated by the  s tan d ard  m ethod, and in
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fact the  a tte m p te d  synthesis resu lted  in the  dim eric M o(III) com pound tris(te tra -n - 

bu ty lam m onium )nonabrom odim olybdate(III) (see chap ter 6 ). This result combined 

w ith  th e  C.V. inform ation indicates [Bu4 N]3 [MoBr6] is a therm odynam ically  unstab le 

com pound a t room  tem p era tu re  in solution and  readily  decomposes to  the  dimeric 

com plex, [Mo2 Br9 ]3_ ie:

2 [Bu4 N]3 [MoBr6] ^  [Bu4 N]3 [Mo2 B r9] +  3[Bu4 N]Br (3.2)

This exam ple of cation dependen t stab ility  was not the  only isolated case en­

countered  in th is thesis- the  sam e problem  arose during the  a ttem p ted  syntheses 

of [Bu4 N]3 [RhBr6] and [Bu4 N]2 [PdB r6] (chap ter 6 ). T he reason why [Bu4 N]+ cations 

have th is effect is no t clear a lthough  the  large steric requirem ent of [Bu4 N]+ cations is 

doubtlessly  a con tribu ting  factor; even in solution the  te tra-n -bu ty lam m onium  cations 

and  hexahalom eta lla te  anions are  though t to  stick closely together in large aggregates 

or micelles [192].

T he cyclic vo ltam m etry  results ind icated  th a t  equilibrium  3.2 could be shifted 

over to  th e  left hand  side by lowering th e  equilibrium  tem p era tu re  to  -40°C.
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Table 3.3: The electrode potentials of [Bu4 N]2 [MoBre].
D.C. m ode

tem p.

(°C)

e 1/2 (V)
(vs.S .C .E .)

A E v 

(mV)

i a / i cpi  p
couple electron

confign.

+ 25 irrev. - - V /IV 4 d 1/ 2

-40 +  1.15 108 1 . 2 0 V /IV 4 d}/2

+ 25 irrev. - - IV /III 4 d2' 3

-40 +0.06 60 0.80 IV /III 4d2' 3

A.C. m ode

tem p.

(°C)

£ 1 /2  (V) 
(vs.S .C .E .)

half-w idth 

(mV)

couple electron

confign.

+25 - - V /IV 4d}!2

-40 +  1.15 148 V /IV 4d}!2

+25 - - IV /III 4d2!3

-40 +0.06 106 IV /III 4d2/ 3

conditions: [Bu4 N ]PF 6 (0 .3M )/[M oB r6 ] 2 (~0.005M ) a t m icro-P t electrode in 
CH 2 CI2 , reference: ferrocene, sweep rate: lOOmV/sec (D .C .), 2 0 m V /sec (A .C.)
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3 .4 .3  te tr a -n -b u ty la m m o n iu m  o x y te tr a b r o m o m o ly b d a te (V )

Ochre-yellow [Bu4 N][M oOBr4] was p repared  by a variation  of the  m ethod of Allen 

and N eum ann [149] (chap ter 6  ). T he  electrode po ten tia ls of [Bu4 N][M oOBr4] are 

sum m arised in tab le  3.4.

At -40°C [Bu4 N][M oOBr4] exhibited  th ree chem ically irreversible couples in the 

A.C. and D.C. m odes a t +  1.80V, +1.63V  and -0.38V (vs.S .C .E .). T he contam inant 

present in the  sam ple of [Bu4 N]2 [MoBre] (section 3.4.1) exhib ited  a quasi-reversible 

couple a t -0.41V (vs.S .C .E .) and two o ther couples of indete rm ina te  reversibility at 

+1.79V  and + 1 .6 V (vs.S .C .E .).

A lthough the  electrode poten tials of the  two com pounds appear to m atch  up the 

con trasting  reversibility of the  two couples a t -0.38V and -0.41V requires some expla­

nation . T he answ er m ay lie in the  conditions a t the  electrode during the reduction 

[MoBr6]2 -/3 - . In section 3.4.1 it was pointed ou t th a t  th is reduction results in the 

form ation of free brom ide as a consequence of a d im erisation  reaction. U nder these 

conditions where there  is an excess of free brom ide a t the  electrode, a decom position 

reaction of [M oOBr4]n_ a t -0.38V involving loss of brom ide would be suppressed, and 

a  quasi- or fully reversible couple would be observed. In the  absence of free brom ide 

the  sam e decom position would result in an irreversible couple. T he situa tion  could 

therefore have been clarified by in troducing excess brom ide in the  form of [Bu4 N]Br 

to the  solution of [Bu4 N][M oOBr4] in C H 2 CI2 b u t, un fo rtuna te ly  this was not realised 

until after all th e  experim ents in th is thesis were com pleted. Nonetheless, in the  light 

of the  available d a ta  it is plausible to  consider [Bu4 N][M oOBr4] and the  contam inant 

m entioned in connection w ith [Bu4 N]2 [MoBr6] as one and the  sam e com pound.

T he electrode po ten tia ls exhib ited  by [Bu4 N][M oOBr4] in CH 2 CI2 solution are 

shown in tab le  3.4. Since the  com pound only exhib ited  chemically irreversible cou­

ples the  individual cathodic  and  anodic peaks were not assigned to  any specific 

[M oOBr4 ] n / n _ 1  redox couple.
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Table 3.4: The electrode potentials of [Bu4 N][MoOBr4 ].
A .C .m ode D .C .m ode

tem p.

(°C)

£ 1 /2  (V) 
(vs.S .C .E .)

half­

w id th  (V)
£ 1/2  (V) 

(vs.S .C .E .)

A  E v 

(mV)
p/  p

+ 25 +1.10 190 - - -

+ 25 -0.41 110 - - -

-40 +1.80 110 irrev. - -

-40 +1.63 156 irrev. - -

-40 -0.38 112 irrev. - -

conditions: [Bu4N ]P F 6 (0 .3M )/[M oO B r4]1 (~0.005M ) a t m icro-P t electrode in
C H 2CI2 , reference: ferrocene, sweep rate: lOOmV/sec (D .C .), 20m V /sec (A .C.)

3.5 T h e cyclic  vo ltam m etric  stu d y  o f

tetra -n -b u ty lam m on iu m  h ex a b ro m o tu n g sta te (V ), 

bis tetra -n -b u ty lam m on iu m  h exab rom otu n gsta te(IV )  

and tu n g sten  hexabrom ide

T he p repara tions of th e  th ree  title  com pounds are described in chapter 6.

3 .5 .1  T u n g ste n  h e x a b r o m id e

T he first com pound prepared, green-black W Br6 was alm ost to ta lly  insoluble in 

CH 2 CI2 b u t, as there  was a faint purp le  colouration evident in the  solvent an elec­

trochem ical investigation was a ttem p ted . Surprisingly, the  W B r6 sam ple dissolved 

readily in the  so lven t/e lec tro ly te  m edium  of C H 2 Cl2 /[B u 4N ]PF 6 producing a wine 

red solution.

The resu ltan t wine red solution exhibited  four reversible couples a t -40°C : E {/2
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2uA

— 1.0V+ 1.0V

Figure 3.5: D.C. cyclic voltammogram of WBr6.
Conditions: [Bu4 N]PF6 (0.3M )/W Br6 (~0.005M) at m icro-Pt electrode in CH2 CI2 ,
temperature:-40°C, reference: ferrocene, sweep rate: lOOmV/sec (D.C.).
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=  -0 .7 4 V, +0.08V , +0.61V  and +  1.69V (vs.S .C .E .). In add ition , significant electro­

chemical activ ity  was observed at po ten tia ls  m ore positive th an  the  couple a t +0.61 V 

which was a comm on fea tu re  to m ost of the  brom ide com plexes stud ied  (figure 3.5 and 

see also sections 3.4 and  4.2). A strongly adsorbed  species, ind icated  by a sharp , sym ­

m etrical peak, was observed during the  cathod ic  scan a t + 1 .18V  (vs.S .C .E .) but was 

not observed w ith the  B r2 / B r “ system  (section 4.2), and  was therefore provisionally 

a ttr ib u ted  to  an adsorbed W -B r fragm ent of unknow n com position.

Obviously a reaction  had occurred betw een [Bu4 N]PFe and W Bre bu t thus far the 

electrochem ical d a ta  could provide little  insight tow ards any specific reaction. As a 

prelim inary experim ent, the  wine-red colouration of the  W B re/C H ^C E /fB m N jP F g  

m ixture was investigated . F igure 3.7 indicates how the  v isib le-u ltra  violet spectrum  

of W Bre in CH3CN solution changed over a  period of 25 hours: T he W B r6 sam ple 

reacted  gradually  w ith  C H 3CN until th e  final spectrum  after 25 hours resembled 

th a t  of W B r4 .2 C H 3CN obtained  by previous workers from  W B r5 and CH 3CN [35] 

(tab le  3.5). F igure 3.6 shows the v isib le-u ltra  violet solution spectrum  of YVBr6 

in C H 2CI2 w ith /w ith o u t added excess [Bu4 N]PFe. C om parison of figures 3.6 and 

3.7 indicated  th a t the  new com pound produced  by add ition  of excess [Bu4 N]PFe to 

W B r6 in CH 2 C12 had  the  sam e spectrum  as W B r6 in CH 3CN after 1 hour. The same 

spectrum  was produced by addition  of excess [Bu4 N]BF4 or [Bu4 N]Br to W B r6 in 

C H 2C12. These spectra  closely resem bled th e  solution spectrum  of [E t2 NH 2 ][W Br6] 

in CH3CN obtained  by previous workers [63] and  [Bu4 N][W Br6] in CH 2 C12 obtained 

in this thesis (see tab le  3.5).

Therefore in sum m ary, the  visib le-ultra  violet spectroscopic d a ta  indicated  th a t 

W B r6 was reduced to  [W Br6]1_ in CH 2 C12 solution in the  presence of [Bu4 N]PFb, 

[Bu4 N]BF4 and [Bu4 N]Br. In order to verify th is conclusion, the  com pounds [Bu4 N]- 

[W Br6] and  [Bu4 N]2 [WBre] were synthesised and investigated  electrochem ically (see 

section 3.5.2). T he visib le-ultra  violet spectroscopic d a ta  also indicated  th a t WBre 

was reduced to [W Br6]1_ by CH 3CN over a  period of approxim ately  1 hour and was 

subsequently  reduced to  W B r4 .2CH3CN over the  following 24 hours. (B rom ination 

of CH3CN was discounted because it is known th a t there  is little  reaction between 

brom ine and CH3CN over 2-3 weeks [193]. T he possibility of an  initial m d u d io n  to
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w i th o u t
X s.[B u4N]PFe

40  35  30

Wavemimber (kK)
25 20

Figure 3.6: Solution spectrum of WBr6 in CH2 CI2 w ith/w ithout added excess [Bu4 N]PF6 -
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Figure 3.7: Solution spectrum of W Br6 in CH3 CN after 0.5, 1.0 and 25.0 hours.
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WBr5.CH.3CN cannot be discounted, however it is unlikely because the  spectrum  of 

W B r6 in CH 3CN after 1 hour so closely resem bled the  spectrum  of [Bu4N][W Br6] 

in C H 2C12 obtained  in th is thesis. T he  spectra  should ap p ear different if W B r6 was 

initially  reduced to  W B r5 .CH3CN .)

T he argum ent favouring reduction  of W Br6 to  [W Bre]1- by C H 3CN is also favoured 

by the  work of Brisdon et al [63] who noted  th a t the  spectrum  of [E t2 NH 2 ][W Br6] in 

CH 3CN changed slowly over one day in to  the  spectrum  of W B r4 .2CH3 CN. T he same 

behaviour was observed in th is thesis w ith W B r6 in CH3CN and therefore the  scheme

3.3 is proposed:-

W B r6 /X s.C H 3CN [WBre]1” ^  W B r4 .2CH 3CN (3.3)

3 .5 .2  t e t r a -n -b u ty la m m o n iu m  h e x a b r o m o t u n g s t a t e ( V )  and  

bis  t e t r a -n -b u ty la m m o n iu m  h e x a b r o m o tu n g s t a t e ( I V )

T he electrode po ten tia ls of [Bu4 N][W Br6] and [Bu4 N]2 [W Br6] are shown in tables 3.7 

and 3.8. As expected, bo th  com pounds exhibited  the  sam e electrochem ical behaviour 

: a t -40°C, two reversible couples c.a. 1.35V ap a rt w ith th e  E \ / 2 values for both  

com pounds agreeing to  w ithin 2 0 mV. T he couples [W Bre]1 -^2 - , 5d 1/ 2, a t E \ / 2 =  

+0.59V  (vs.S .C .E .) and [W Br6]2“ / 3~, 5d2/3, a t E \ / 2 =  -0.75V (vs.S .C .E .) were both  

irreversible a t room  tem p era tu re  bu t were reversible a t -40° C .

T he po ten tia ls of the  two [WBrg] 71/ 71-1 coupl es m easured in this section coincide 

w ith those a t E x/2 =  +0.60V  and -0.74V (vs.S .C .E .) ob tained  w ith the W B r6 /[B u 4 N ]PF 6 

system  investigated in section 3.5.1. Hence, in conjunction w ith the  spectroscopic ev­

idence already discussed, the  electrochem ical d a ta  in tab les 3.7 and  3.8 provides clear 

evidence th a t the  reaction of W B r6 w ith the  so lven t/e lec tro ly te  m edium  resulted in 

the  form ation of [WBre]1 - -

T he two rem aining W B re/[B u 4 N ]PF 6 couples a t E \ / 2 — +0.08V  and +1.69V 

(vs.S .C .E .) were not observed with e ither [Bu4 N][W Br6] or [Bu4 N]2 [W Br6] and cannot 

therefore be a ttr ib u ted  to [W Br6 ] n /,n _ 1  redox couples. In tu itively  one m ight suspect
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th a t some oxide species were present although there  was no evidence of this from 

the  infra-red or visible- u ltra  violet spectra. A lternatively , th a t or those species 

which com bined to reduce W B r6 to  [W Br6]1- m ight have form ed an oxidation p rod ­

uct which was itself electroactive giving rise to  the  unassigned redox couples. C learly 

some investigation of the  first possibility should have been undertaken  b u t th e  lack 

of spectroscopic evidence for any oxide was though t to  be sufficient. (It transp ired  

th a t  a lack of spectroscopic evidence was not conclusive in the  case of [Bu4N ]2 [MoBre] 

(section 3.4) and the  possibility of oxide con tam ination  of W B r6 should have been 

investigated  fu rther during th is experim ent.) T he second a lternative  is discussed in 

the  next section.

3 .5 .3  D isc u ss io n

T he evidence outlined in sections 3.5.1 and 3.5.2 indicates th a t  [Bu4N ]PF6 or the  com­

b ination  of [Bu4N ]PF6 and C H 2 CI2 reduced W Br6 to  [W Bre]1 - . A lthough [Bu4N ]PF6 

has not been reported  to  act as a reducing agent previously, th is ‘in e rt’ electrolyte 

does undergo a num ber of reactions. For instance:-

• P F g - anions undergo fluoride exchange w ith W F6 or M 0 F 6 in CH3CN [67]. eg:

W F6 +  [P F 5F*]1- ^  W F* +  [PFg]1- (3.4)

• [Bu4 N ]PF 6 a ttacks [31] niobium  and  tan ta lu m  pentachlorides (M 2 C1i0) in CH 2 C12 

form ing [MF6]1- as one of the  side p roducts

M 2C1io +  [Bu4 N ]PF 6 —» [MCle]1- +  sm all am ounts of [MF6]1 - , P F 5,

P F 3, PC I5 and  H F (3.5)

•  T he te tra-n -bu ty lam m onium  cation is also susceptib le to  degradation. For in­

stance the instability  of (te tra-n-buty lam m onium )fluoride, [Bu4 N]F, under an ­

hydrous conditions was investigated by Sharm a and Fry [6 8 ] who proposed the 

following reaction :-
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2 [Bu4 N]F -► [Bu4 N]+ [FH F]" +  B u3N +  C H 3 CH 2 C H = C H 2 (3.6)

The strongly basic F -  ion is though t to cause a rap id  E2 elim ination which even­

tually  results in the  form ation of th e  therm odynam ically  very stab le  bifluoride 

ion [69].

•  Finally, Reeb et al [70] observed the  rap id  colour change of a T H F  solution of 

b is(pentam ethylcyclopentadienyl)d ich lorouranium (IV ), (A), in the  presence of 

[Bu4 N ]PF6. Also, the  reduction  po ten tia l of free A was shifted 0.4V cathodically  

due to  th e  form ation of a stab le  u ran ium (IV ) adduct betw een A and [PFe]1 - , 

a lthough the  au thors did not identify the  adduct.

T he add ition  or exchange of a fluoride ion from  th e  electrolyte w ith W B r6 is 

unlikely because of the  close sim ilarity  betw een the  energies of the  W B r6 /[B u 4 N ]PF 6 

electronic absorp tion  spectrum  and au then tic  [W Br6]1_ absorp tion  spectra  in CH 2 C12 

and CH 3 CN. This argum ent derives from the  work of Rudzik and P reetz  [65] who 

observed a hypsochrom ic shift of approxim ately  1.3kK in the  absorp tion  spectrum  of 

[ReBr6]2_ when one B r_ ligand was replaced by a C l-  ligand. According to  M uller et 

al [6 6 ] this was due to  the  increase in the  sum  of the  electronegativ ities of the  ligands. 

If [PF6]1_ had  exchanged a fluoride ligand w ith W B r6 in a  reduction reaction to form 

[W Br5 F]1- then  a significant hypsochrom ic shift should have been observed because 

of the  large electronegativ ity  difference betw een B r-  and  F “ .

Since bo th  [Bu4 N ]BF4 and  [Bu4 N]Br also reacted  w ith W B r6 in C H 2 C12 to  produce 

a  wine red solution w ith the  [W Br6]1- absorp tion  spectrum  , if [Bu4 N ]PF 6 does 

reduce W B r6 in CH 2 C12 then  the  m ost likely reducing agent is the  [Bu4 N]+ cation. 

Q uaternary  am m onium  com pounds norm ally degrade by olefin-forming elim ination 

m echanism s [71] such as 3.6 or m ore generally

B +  H-C-C-X — > BH +  C = C  -f X (3.7)

where B is norm ally a basic, ie. nucleophilic, reagent and X separates w ith the 

electron pair which originally bound it to the  carbon. In the  case of [Bu4 N] + , X
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corresponds to tribu ty lam ine , Bu3 N: . Traces of brom ine a n d /o r  brom ide in the 

W B r6 sam ple m ay have provided an indirect m eans by which a degradation  could 

occur. For exam ple, cerium (IV ) and  bu tad iene  react in the  presence of brom ide ions 

by an additive dim erisation [72]

Ce(IV ) +  B r"  ^  C e(III) +  Br 

Br' +  bu tad iene  ^  B rC 4Hg 

2B rC 4 H6 — ► B r-C 4 H6 -  C4 H6-B r (50%) (3.8)

N.B. An added com plication m ust also be considered: Couch et al [195] found 

W B r6 lost brom ine under vacuum  a t room  tem p era tu re  over several hours un til the  

eventual stoichiom etry of W Brs.ss was reached. T he sam e experim ental conditions 

prevailed in this experim ent also, hence th e  reacting  species was p robably  not W B r6 

bu t W Br.5.85 which corresponds to  a m ix tu re  of W (V I) and  W (V ) brom ides.

It is known W B r5 reacts w ith [Bu4N]Br in CH 2 CI2 to  form  [W Br6]1- therefore 

it would have been m ost beneficial to determ ine w hether W B r5 also reacted  w ith 

[Bu4 N ]PF 6 and [Bu4 N]BF4 to produce a wine red solution w ith a ‘[W Br6]1_’ spectrum .

Table 3.5 lists the  electronic absorp tion  m axim a of a num ber of [MBr6]n_ salts. 

E x tinc tion  coefficients are not included because th e  weight of com pound or volume 

of solution were not m easurable w ith sufficient accuracy. However, all th e  transitions 

shown were very intense w ith e values g rea ter th an  1 0 0 0  dm 3 cm - 2m ol- 1  indicating 

they  are m ost probably  of a charge transfer na tu re . Tables 3.6, 3.7 and 3.8 list the 

electrode po ten tia ls of W B r6 , [Bu4 N][WBre] and  [Bu4 N]2 [W Br6] respectively while 

figure 3.5 shows a C.V. of W B r6 in C H 2 C12 /[B u 4 N ]PF6.
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Table 3.5: Electronic absorption spectra of [YVBr6]n complexes and related compounds 
(shoulders in parenthesis).

com pound reference m edium absorp tion  m axim a (kK ) 6

W B r6 a C H 2 C12 17.9, 21.1, 37.2

W B r6
a c h 2 c i 2/

[Bu4 N ]P F 6

18.4, 22.6, 26.2, (27.4),

29.5, 33.8

W B r6 a CH 3 C N /
after lh r

18.6, 23.4, 26.2, (27.5), 

29.5, 34.0

[Et2 NH2]/
[W Br6]

63 CH3CN 14.9, 18.9, 23.5, 26.3,(28.0), 

29.6, 34.4,(39.0), 43.3

[Bu4 N][W Br6] a c h 2 c i 2 18.3, 23.1, 26.1, 28.3, 

30.7, 33.2

[Bu4 N]2 [W Br6] a c h 2 c i 2 24.1, 28.1, 31.9, 34.9,37.8

Cs2 [W Br6] 64 solid 23 .3 .26 .2 , 29.0(br),

36.2, 44.6

W B r6 a c h 3 c n /

after 25hr

22.2, 24.6, 29.8, 31.8, 

34.4, 40.4

W B r4 .2CH3CN 35 CH3CN 22.1, 24.4, 29.8, 31.8, 

34.5, 38.5

W B r5 63 solid ~14.3 , 19.6

a th is thesis b lk K  =  1 0 0 0 cm  1, b r =  broad

Table 3.6: The electrode potentials of tungsten hexabromide.
D.C. m ode

tem p.

i °C)

E 1/2 (V) 
(vs.S .C .E .)

A E p 

(mV)

i a l i cp> p couplec electron

confign.

-40 + 0 .60a 60 1 .0 V /IV 5 d1'2

-40 -0.74 60 1 .0 IV /III 5d2 / 3
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Table 3.7: The electrode potentials of [Bu4 N][WBr6].
D.C. m ode

tem p.

(°C)

£ i /2 (V) 
(vs.S .C .E .)

A E v 

(mV)

ia/ i c 
p >  p

couple electron

confign.

+25 b
- - V /IV 5 d1' 2

+25 irrev. - IV /III 5d2/3

-40 +0.61 100d 1.0 V /IV U 1' 2

-40 -0.75 110d 1.0 IV /III bd2/3

A.C. m ode

tem p.

(°C)

E i , 2 (V)
(vs.S .C .E .)

half-w idth

(mV)

couple electron

confign.

+25 +0.74 150d V /IV 5 dx<2

+25 - ~ IV /III 5 c/2/3

-40 +0.61 100 V /IV 5c/1/2

-40 -0.74 90 IV /III 5c/2/3
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Table 3.8: The electrode potentials of [BiuN^fW Bre].
D .C. m ode

tem p.

(°C)

E 1/2 (V) 
(vs.S .C .E .)

A  E p 

(mV)

i a l i cv< P couple electron

confign.

+25 b - - V /IV 5d J/2

+25 irrev. - - IV /III 5d2/ 3

-40 +0.59 60 1 .0 V /IV 5 d 1' 2

-40 -0.75 60 1 .0 IV /II I 5 d2/ 3

A.C. m ode

tem p.

(°C)

E l/2 (V) 
(vs.S .C .E .)

half-w idth

(mV)

couple electron

confign.

+25 b - V /IV 5 d1'2

+25 -0.82 I i 0 d IV /II I 5 d2/3

-40 +0.59 1 0 0 V /IV 5 d1/2

-40 -0.75 90 IV /III 5 <P>3

C onditions: [Bu4 N ]PF 6 (0 .3M )/[W B r6]n~ (~0.005M ) a t m icro-P t electrode in 
CH 2 CI2 , reference: ferrocene, sweep rate : lOOmV/sec (D .C .), 20m V /sec (A .C.) a 
referenced versus [WBrg]2 -/3- couple b couple not resolvable c couples also observed 
a t +1.69V  and +0.08V  (see tex t)  d not fully com pensated
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3.6 T h e cyclic  v o ltam m etric  s tu d y  o f

bis te tra -n -b u ty lam m on iu m  h exab rom orh en ate(IV )

Yellow [Bu4N]2 [ReBre] was p repared  by reduction  of R e(V II) in the  presence of bro­

m ide according to  the m ethod  of W att and  T hom pson [59] (chap ter 6 ).

At room  tem pera tu re , [Bu4N]2 [ReBr6] exhib ited  one quasi-reversible couple, E i / 2 

= + 1 .31V  (vs.S .C .E .) and a chem ically irreversible cathod ic  wave, E c — -0.93V. The 

irreversible cathodic  peak curren t was very large com pared w ith th a t  of the  quasi- 

reversible couple and quickly m oved off the  scale of th e  chart recorder. B ut as the 

experim ental solution was cooled to  -40°C, the  previously irreversible couple becam e 

increasingly quasi-reversible and exhib ited  an anodic re tu rn  wave. At po ten tia ls more 

positive th an  the  couple at +  1.31V the  com pound exhib ited  a complex p a tte rn  of 

electrochem ical activ ity  analogous w ith  the  behavior of several of the  hexabrom om et- 

allates discussed in th is chap ter (see for exam ple sections 3.4 and 3.5).

A previous electrochem ical s tu d y  [60] of [Bu4N]2[ReBr6] in CH 3CN solution a t 

room  tem p era tu re  w ith [Bu4N][C104] supporting  electro ly te  determ ined one fully re­

versible oxidation, [ReBre]1-/ 2- a t E i / 2 =  +1 .18V  (vs.S .C .E .) and an irreversible 

oxidation  a t E =  T  1.96V (vs.S .C .E .). Two irreversible reductions, [ReBr6]2~/3_ at E 

=  -0.90V (vs.S .C .E .) and  ‘[ReBre]3- / 4- ’ at E =  -1.80V ( vs.S .C .E .) were also observed.

M atching the  CH3CN da ta  w ith the  CH 2C12 results ob tained  in th is thesis indicates 

th a t  in CH 2C12 the  couple [ReBr6]1-/ 2 - , 5d2/3, at -E1/2 =  +1.31V  (vs.S .C .E .) is quasi- 

reversible a t room  tem p era tu re  and  nearly fully reversible a t -40°C.  T he couple 

[ReBr6]2~ /3_, 5c/3/4, a t £ ’1/ 2 =  -0.89V ( vs.S.C .E .) is chem ically irreversible a t room  

tem p era tu re  and  quasi- reversible a t -40°C (see tab le  3.9).

T he irreversibility of the  [ReBr6]2-//'3“ couple a t room  tem p era tu re  is not sur­

prising since there is 110 report of a stab le  hexahalo rhenate(III) complex in the  lit­

e ra tu re , a lthough u n su b stan tia ted  reports of [ReCl6]3_ have been m ade [13]. The 

reduction  observed at E\/-2 =  -1.80V in CH3CN by previous workers and assigned to 

the  [ReBr6]3~ /4_ couple is therefore alm ost certain ly  no t a true  [ReBr6]V n_1 couple 

because [ReBr6]3- is not stab le a t room  tem pera tu re . At strongly reducing poten tials
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2 u A

12 - / 3 -

[ R e B r
E  y ( v s .  S . C . E . )  

1 / 2 S 7

+ 0 .0 V+ 1.5V + 1.0V

Figure 3.8: D.C. cyclic voltammogram of [BtuN^fReBre].
Conditions: [Bu4 N]PF6 (0.3M)/[ReBre]2_ (~0.005M) at micro-Pt electrode, temperature:- 
•40°C, reference: ferrocene, sweep rate: lOOmV/sec (D.C.).
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R e(III) could be stabilised  by expulsion of brom ide followed by solvent coordination 

or, in a low dielectric constan t solvent such as C H 2 CI2 by dim erisation to  the  known 

[62] [Re2 Br8]2_ or [Re2B r9]3“ eg.

2 [ReBr6]2'  ±25- [Re2 Br9]3-  +  3B r" (3.9)

Although a dim erisation reaction of R e(III) sim ilar to  th a t  of M o(III) (section 3.4) 

is an  a ttrac tiv e  proposition , a m ajo r d e trac tion  is th a t  there  was no C.V. evidence for 

free Br~ in the  custom ary  region between + 0 .7V  and + 1 .0V  (vs.S .C .E .)(see section 

4.2).

Since th e  [ReBre]1 -^2- couple was not even fully reversible a t -40°(7 in C H 2 CI2 it is 

som ew hat surprising th a t  the  sam e couple was repo rted  to  be fully reversible a t room  

tem p era tu re  in a strongly coordinating solvent like CH 3 CN. T he reverse behaviour is 

expected as w ith  for exam ple the  couple [TaBr6]1 - /2~ (section 3.3.2).

The electrochem ical po ten tia ls of [Bu4 N]2 [ReBr6] are sum m arized in tab le  3.9. 

F igure 3.8 shows the  D .C. cyclic voltam m ogram  of the  com plex a t -40° C .
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Table 3.9: The electrode potentials of [Bu4N]2[ReBr6].
D.C. m ode

tem p.

( ° C )

E i /2 (V) 
(vs.S .C .E .)

A  E p 

(mV)

i a i i cP' V couple electron

confign.

+ 25 +  1.31 74 1.0 V /IV 5 d2/3

+ 25 irrev. - - IV /III 5 d3/ 4

-40 +  1.31 63 1.0 V /IV 5d2/3

-40 -0.89 102 0.8 IV /III 5d3/4

A.C. m ode

tem p.

( ° C )

E u t  (V) 
(vs.S .C .E .)

half-w idth

(mV)

couple electron

confign.

+ 25 +1.31 200 V /IV 5 d2/'3

+25 -0.93 a IV /III 5d3/4

-40 +  1.31 a V /IV 5 d2/3

-40 -0.89 139 IV /III 5 d3/4

Conditions: [Bu4N ]PF6 (0 .3M )/[R eB r6]2_ (~0.005M ) a t  m icro-P t electrode, 
reference: ferrocene, sweep rate: lOOmV/sec (D .C .), 20m V /sec (A .C .), “ half-w idth 
not distinguishable
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3.7 T he cyclic vo ltam m etric  stu d y  o f

bis tetra -n -b u ty lam m on iu m  h exab ro m o ru th en a te(IV )

Navy blue [Bu4 N]2[RuBr6] did not exhibit any reversible couples a t room  tem p era tu re  

in CH 2C12 bu t an anodic peak at E “ =  +  1.52V (vs.S .C .E .) and  a cathodic  peak at 

Ep =  +0.09V  (vs.S .C .E .) were detec tab le  in the  D.C. m ode (only D.C. facilities were 

available a t the  tim e of experim ent). W hen the  experim ental solution was cooled to 

-40°C  th ree  couples were detected  : a chem ically irreversible oxidation [RuBr6]1-//2~,

4d3/4, a t Ep =  +  T52V (vs.S .C .E .), a  quasi-reversible reduction  [RuBr6]2-//3“ , 4ri4/5, 

at E 1 / 2  — +0.13V  (vs.S .C .E .) and a chem ically irreversible reduction [RuBr6]3 - / 4 - , 

4d5/6, a t E cp =  -1.7V (vs.S .C .E .).

Stephenson et al [109] have previously reported  the  redox poten tia ls of [PPha- 

(C H 2Ph)]2[RuBr6] in CH 2C12 a t a P t electrode. They observed a reduction  [RuBr6]2_//3_ 

at E 1 / 2  =  -f0.13V (vs.S .C .E .) which was irreversible a t + 2 5 °C  bu t reversible at -40°C, 

and an oxidation [RuBre]1 -/ 2- a t E =  +1.48V  (vs.S .C .E .) which was irreversible a t all 

tem peratu res. B oth of these results are in good agreem ent w ith  the  values obtained  

in this thesis.

It was believed by the  au tho r th a t the  room  tem p era tu re  reduction  of [RuBr6]2- a t 

E \ j 2 =  +0.13V  (vs.S .C .E .) was irreversible because the  electron transfer was followed 

by B r-  expulsion and  dim erisation of two R u(III) fragm ents to  form  [Ru2B r9]3~. ie:

2 [RuBr6]2- + 2e — ► [Ru2B r9]3- +  3B r“ (3.10)

To tes t this theory, a  solution of [Bii4 N]2[RuBr6] in C H 2G12 a t room  tem pera­

tu re  was electrolysed a t a po ten tia l slightly less th an  the [RuBr6]2 -/ 3- couple until a 

mole equivalent of electrons had been passed. T he electrolysed solution exhibited  the 

distinctive anodic waves of a  large am ount of free B r” (section 4.2) as well as a chem ­

ically irreversible reduction wave a t E cv — -0.63V (vs.S .C .E .). (N.B. Free B r-  was not 

detected  during conventional cyclic voltam m etry.) Stephenson et al [109] determ ined 

the redox couples of [Bu4N]3 [Ru2Br9] in CI42C12 a t room  tem p era tu re  and observed

two reversible oxidations a t E i/ 2 =  +0.83V  and E i / 2 = +1.36V  (vs.S .C .E .) and an
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irreversible reduction  a t E Xj2 — -0.65V (vs.S .C .E .). T he two sets of electrochem ical 

results, electrolysed [RuBr6]2_ and  [Ru^Brg]3- could represent the  sam e com pound 

if one assum es th a t the  electrogenerated  p roduct exhibited  redox couples a t +0.83V  

and  +  1.36V bu t they were m asked by the  oxidation of free brom ide. U nfortunately  all 

a ttem p ts  to  p rec ip ita te  the  e lectrogenerated  p roduct in a  pure  form were unsuccessful.

Therefore, fu rther evidence for a d im erisation  was sought by spectro- electrochem ­

ical reduction of [Bu4N]2[RuBr6]. By th is technique, a solution of [Bu4N]2[RuBr6] in 

C H 2 CI2 a t room  tem p era tu re  was reduced a t an optically  tran sp aren t P t-gauze  elec­

trode  in a 1mm silica glass optical cell while the  v isib le-u ltra  violet spectrum  was 

continuously recorded. T he spectrum  of th e  e lectrogenerated  p roduct was very poor 

a lthough possible absorptions were discernible a t c.a. 19,000; 31,000 and 35000kK. 

Stephenson et al [109] listed the  absorp tion  m axim a of [Bu4N]3 [Ru2B r9 ] a t 34,720kK 

(e=26,740dm 3m ol-1 cm -2 ), 30,960 (18,200); 23,360 (41,20); 19,720(6,050). T he two 

spectra  can only a t best be described as sim ilar, therefore, although circum stan tial 

evidence exists, the  p roduct of th e  room  tem p era tu re  reduction  [R.uBr6]2 -/'3“ can­

not be unequivocally identified as [R ^ B rg ]3 - . (As w ith  the  couple [ReBr6]2V 3~, if 

d im erisation occurs then  th e  absence of any evidence for B r-  during the  conventional 

C.V. study  of [RuBr6]2~ has yet to  be adequate ly  explained (see section 4.2).)

The electrochem istry  of [Bu4N]2[RuBr6] in C H 2C12 indicated  th a t  the oxidation 

sta te  + IV  is the  only stab le  oxidation s ta te  of hexabrom oru thenate  complexes. This 

would appear to  be correct as no stab le  [RuBr6]n“ com pounds in e ither the + V  or 

+ II I  oxidation sta tes  have been reported  in th e  lite ra tu re  [110] a lthough Jorgensen 

has published [111] the  electronic spectrum  of an  HBr solution claim ed to contain 

[RuBr6]3- .

T he electrode poten tia ls of [Bu4N]2[RuBr6] in  C H 2C12 are listed in tab le  3.8 and 

the  D.C. cyclic voltam m ogram  of the  com pound is shown in figure 3.9.
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Figure 3.9: D.C. cyclic voltammogram of [Bu4 N]2 [RuBre].
Conditions : [Bu4 N]PF6 (0.3M)/[RuBre]2~ (~0.005M) at micro-Pt electrode in CH2 
temperature:-40°C: reference: ferrocene, sweep rate: lOOmV/sec (D.C.).
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Table 3.10: The electrode potentials o f [Bu4N]2[RuBr6].
D.C. m ode

tem p.

(°C)

£ 1 /2  (V) 
(vs.S .C .E .)

A  E v 

(mV)

i a h °V' V couple electron

confign.

+ 25 +  1.52“ irrev. - V /IV 4 c/3/ 4

+ 25 + 0 .096 irrev. - IV /II I 4c/4/ 5

-40 +  1.52“ irrev. - V /IV 4 c/ 3/ 4

-40 + 0.13 72 1.0 IV /II I 4 c/ 4/ 5

-40 -1.76 irrev. - I I I /I I 4c/5/6

C onditions : [Bu4N ]P F 6 (0 .3 M )/[R u B r6]2_ (~0.005M ) a t m icro -P t e lectrode in 
C H 2C12, reference: ferrocene, sweep rate : lOOmV/sec (D .C .), 20m V /sec (a.c .), “ 
anodic peak  p o ten tia l b ca thod ic  peak  po ten tia l

3.8 T h e  cyclic  v o lta m m etr ic  stu d y  o f

b is te tra -n -b u ty la m m o n iu m  h ex a b ro m o o sm a te(IV )

R ed-brow n [Bu4N]2[OsBr6] exh ib ited  th ree  redox couples in C H 2C12 a t room  tem p er­

ature: E 1 / 2  = +  1.24V, -0.55V and  -0.T9V (vs.S .C .E .). T he  two couples a t +  1.24V 

and -0.55V were approx im ate ly  the  sam e size and so were identified w ith successive 

couples of the  sam e com pound. T he  th ird  couple a t -0.79V was very m uch sm aller 

and by varying the  anodic sw itching po ten tia l was identified as a  daugh ter p roduct 

of the  second couple (section 2.11).

T he first couple, the  oxidation  [OsBre]1 -/2- , 5cl3?4 a t E \ j 2 =  +  1.24V (vs.S .C .E .) 

was fully reversible a t room  tem p e ra tu re  and -40°C  in the  A.C. and  D.C. modes. T he

second couple, the  reduction  [OsBre]2 - /3- , 5c/4/5 a t E \ j 2 = -0 .55V  (vs.S .C .E .) was

chem ically irreversib le a t bo th  room  tem p era tu re  and -40°C  w ith the  peak curren t 

ratio , i“/ip , significantly less th an  1.0. W ith  the evidence for a daugh ter p roduct 

at E ]/2 = -0.79V, th is ind icated  th a t the  reduction of [OsBr6]2“ to  [OsBr6]3“ was
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E j v s .  S.C.E.)

+ O.OV - 1 . 0 V - 2 . 0 V

Figure 3.10: D.C. cyclic voltammogram of [Bu4 N]2 [OsBre].
Conditions : [B ^N jPFg  (0.3M )/[OsBre]2_ (~0.005M ) at micro-Pt electrode in CH2 CI2 , 
tem perature:0°C , reference: ferrocene, sweep rate: lOOmV/sec (D.C.).

followed by an  irreversib le chem ical reaction.

Dw yer, M cKenzie and N yholm  [88] s tud ied  the  redox couples [OsBr6]2 -/ 3- in aque­

ous H B r and  [OsCle]2 -/ 3- in aqueous HC1. At zero acid s treng th  the  value of b o th  

couples ex tra p o la ted  to  the  sam e value, -0.45V (vs.S .H .E .). T he au tho rs suggested 

th a t a t low [H+ ], th e  com plex halides hydrolysed to  form  [OsO]+ and  [OsO]2+. M ertes, 

Crowell and  B rin ton  [98] m ade cell m easurem ents using concen trated  HBr solutions 

(2-4M ) and  rep o rted  the  couple [OsBre]2" /3- a t E°  =  -0.349V (vs.S .H .E .) in 2.1M 

HBr. Re-referencing (tab le  2.1) estim ates the  couple [OsBr6]2 /3 a t E°  =  -0.60V 

(vs.S .C .E .) in 2.1M  H B r which agrees with the value o f-0 .55V  obtained  in this thesis 

allowing for th e  very different solvents.

D uring a s tu d y  of hexabrom oosm ate( V) com pounds, M agnusson [73] determ ined  

the e lectrode po ten tia ls  of [E t4N]2 [OsBr6] in CH3CN with [Et4 N]C1 0 4  as background
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elec tro ly te . M agnusson found a nearly  reversible oxidation [OsBre]1 -/ 2- a t E i j 2 =  

+  1.20V (vs.S .C .E .) and a to ta lly  irreversible reduction  [OsBr6]2 - /3-  w ith a ca thod ic  

peak p o ten tia l a t E cv =  -0.55V (vs.S .C .E .).

T h e  p o ten tia ls  observed by M agnusson are in very good agreem ent num erically  

w ith  those  observed in th is thesis, the  very slight differences p robab ly  being a t­

t r ib u ta b le  to  effects arising from  the  differing dielectric constan ts of the  solvents 

C H 3CN  and  C H 2C12. T he  reversibility  of the  [OsBr6]n/n-1 redox couples in C H 3CN 

reflect a general tren d  a lready  observed w ith hexab rom otungsta tes and  hexabrom o- 

n iobate (V ), as well as w ith  hexachlorom etalla tes [31]. T h a t is, hexahalom eta lla tes 

in th e  high ox idation  s ta te s  + V I and + V  and  the  lower oxidation s ta te  +111 react 

w ith  C H 3CN to  form  ad d u c ts  while hexahalom etallates in C H 2C12 appear to  be m ore 

stab le .

T able 3.9 shows th e  e lec trode  po ten tia ls  of [Bu4N]2[OsBr6] and  figure 3.10 shows 

th e  D .C . cyclic vo ltam m ogram  of [Bu4N]2[OsBr6] a t 0°C.
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Table 3.11: The electrode potentials of [B ihjN ^O sB re].

D.C. m ode

tem p.

(°C)
El/2 (V) 

(vs.S .C .E .)

A  Ep 
(mV)

lp/*p couple electron

confign.

+ 25 +  1/24 80a 1.0 V /IV 5 d3/ 4

-40 + 1.24 70a 1.0 V /IV 5 0 4

+ 25 -0.55 71 0.5 IV /III 5 d4/ 5

-40 -0.55 70 0.6 IV /III 5 0 5

A.C. m ode

tem p.

( ° C )

E\/2  (V) 
(vs.S .C .E .)

half-w idth 

(mV)

cou pie electron

confign,
+ 25 +1.24 120“ V /IV 5 c/3/4
-40 +1.24 120® V /IV 5 # / 4
+ 25 -0.55 130 IV /III 5 f | 4 / 5

-40 -0.55 130 IV /III 5 0 ^

Conditions : [Bu4N ]PF6 (0.3M )/[O sB r#]2" (M ).005M ) at miero=Pt eleetradi in 
C H 2C12, reference: ferrocene, sweep rate : lOOmV/sec (D .C ,), 20m V /see  (a.e.), a net 
fully com pensated
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3.9 T h e cyc lic  v o ta m m etr ic  stu d y  o f

tr is te tra -n -b u ty la m m o n iu m  h ex a b ro m o rh o d a te(III) and  

bis te tra -n -b u ty la m m m o n iu m  h exab rom oirid a te(IV )

3 .9 .1  Tris t e t r a - n - b u t y la m m o n iu m  h e x a b r o m o r h o d a te ( I I I )

G reen K 3[R hB r6] was p repared  by the  m ethod  of Robb and  Bekker [102] (chap ter 

6). All a tte m p ts  to  p repare  [Bu4 N]3 [RhBr6] using cation exchange m ethods were 

unsuccessful and  the  only iso latab le  p roduct was [Bu4N]3[Rh2B r9].

Fergusson and  Sherlock [103] found the  n a tu re  of the  ha logenorhodate(III) species 

iso lated  was dependen t on th e  size of the  counter ion and  the  concen tra tion  of 

the  halide ion in solution. It has also been reported  [104] th a t  w ith very large 

cations, halogen bridged  species such as [Rh2Cl9]3_ are ob tained  from R h(III) chlo­

ride solutions. T herefore th e  difficulties encountered  during th is a tte m p t to  isolate 

the  m onom eric com pound [Bu4N]3[RhBr6] were not unexpected . Analogous prob­

lems were encoun tered  elsew here in this thesis during th e  a tte m p te d  p repara tions of 

[Bu4N]3[M oBr6] (section 3.4) and  [Bu4N]2[PdB r6] (section 3.10).

E lectrode  p o ten tia ls  of [R hB r6]n~ com pounds have not been previously reported  

in th e  lite ra tu re .

3 .9 .2  B is  t e t r a - n - b u t y la m m o n iu m  h e x a b r o m o ir id a te ( I V )

N avy-blue [Bu4N]2[IrBr6] has a 5d5 d-electron configuration. Using D.C. cyclic voltam - 

m etry  in C H 2C12 so lu tion , two chem ically irreversible oxidations and  a chem ically 

irreversible reduc tion  were observed a t +1.57V , +0.59V  and +0.12V  (vs.S .C .E .) 

respectively  (tab le  3.10). W hen the  solution was cooled to  -40°C,  only two pro­

cesses were observed : a chem ically irreversible oxidation [IrBre] 1-/ 2 - , 5d4/\  a t E av 

=  +  1.63V (vs.S .C .E .) and  a fully reversible reduction [IrBr6]2_/3_, 5d5/6, a t E x/ 2 — 

+0.12V  (vs.S .C .E .). T he equipm ent necessary to  s tudy  the  A.C. cyclic vo ltam m etry  

of [Bu4N]2[lrB r6] was not available at the  tim e of the  experim ent.
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D uring a previous study, Dwyer, Mckenzie and N yholm  [89] observed the  reduction  

[IrB r6]2 /3 a t E° =  +0.99V  (vs.S .H .E .) in aqueous acid solution, ex trap o la ted  to 

infinite d ilu tion . P ree tz  and S teinebach [90] observed th e  sam e reduction  in aqueous 

so lu tion  a t E° =  TO.908V (vs.S .H .E .) in good agreem ent.

P reetz  and  S teinebach also observed the  reduction  [IrBr6]2_/3_ in C H 2C12 a t E 1/2 = 

T0.095V  (vs.S .C .E . re-referenced), in good agreem ent w ith  the  value of E Xj 2 = +0.12V  

o b ta ined  in th is thesis. However, the  tex t of their paper is a little  confusing. On the 

one hand  th ey  s ta te d  “...th e  trivalen t o c tahed ra l (halide) com plexes are unstab le  in 

organic solvents due to  their large negative charge and by ligand ex trac tion  (form) 

bridged d im ers.” ie.

2[Bu4N]3[IrX6j CĤ h [Bu4N]3[Ir2X9] +  3[Bu„N]X, (X =  Cl, Br) (3.11)

This w ould im ply a  certa in  degree of irreversibility  of th e  [IrBr6]2 -/3- couple a t the  

sweep ra te s  em ployed (10-500 m V /sec). B ut, on the  o ther hand  P reetz  and  S teinebach 

repo rted  th a t  th e  couple [IrBr6]2 -/3 - , a t E x/ 2 =  TO.095V, was fully reversible and 

th a t the  te m p e ra tu re  dependence of the  reversibility “was insignificant” .

T hese co n trad ic to ry  rem arks would appear to  be an oversight because in this 

thesis th e  reduc tion  [IrBr6]2 -/3- was to ta lly  irreversible a t room  tem p era tu re  a lthough 

it becam e fully reversible when the  solution was cooled to  -40°C. In C H 2C12 a t 

room  tem p e ra tu re , [Bu4N]3[IrBr6] m ost p robably  decom poses according to  equation  

3.11 to  form  th e  well known [91] [Ir2B r9]3_ com pound. B ut, in com m on w ith  the  

decom position of rhenium  and ru th en iu m  hexabrom om etallates discussed previously 

(sections 3.6 and  3.7), free B r-  was not observed during  cyclic voltam m etry . The 

anodic peak  observed a t +0 .59V  at room  tem p era tu re  was only observed when the  

po ten tia l sweep was reversed a t po ten tia ls more negative th an  th e  [IrBr6]2-//3_ couple 

at Ep=  TO, 12 V. T his behavior ind icated  the  anodic peak a t TO.59 V was a daugh ter 

p roduct of the  irreversible reduction  [IrBr6]2~ /3_ at T  0.12V.

Table 3.10 shows the  electrode poten tia ls of [Bu4N]2[IrBr6] and  figure 3.11 shows 

the  D .C . cyclic voltam m ogram s ob tained  at room  tem p era tu re  and -40UC in C H2C12.
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Figure 3.11: D.C. cyclic voltammogram of [Bu4N]2[IrBr6].
Conditions: [Bu4N]PF6 (0.3M)/[IrBr6]2_ (0.005M) at m icro-Pt electrode in CH2 CI2 , refer­
ence: ferrocene, sweep rate: lOOmV/sec.
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Table 3.12: The electrode potentials of [Bu4N]2 [IrBre]-
D.C. m ode

tem p.

(°C)

£ 1 /2  (V) 
(vs.S .C .E .)

A Ev 
(mV)

z “ / zcp/ p couple electron

confign.
+ 25 +  1.57“ - - V /IV 5 d“/ 5
+ 25 +0.T26 - - IV /II I 5 d6/6
-40 +  1.63“ - - V /IV 5 d*/5
-40 + 0.15 59 1.0 IV /III 5

C onditions: [Bu4N ]P F 6 (0 .3 M )/[IrB r6]2~ (0.005M ) a t m icro -P t electrode in C H 2CI2 , 
reference: ferrocene, sweep rate : lOOmV/sec, 0 anodic peak  po ten tia l 6 ca thod ic  
peak p o ten tia l

3.10 T h e cyclic  v o lta m m etr ic  stu d y  o f

b is te tra -n -b u ty la m m o n iu m  h exab rom op a llad ate(IV ) and  

bis te tra -n -b u ty la m m o n iu m  h ex a b ro m o p la tin a te(IV )

3 .1 0 .1  B is  t e t r a - n - b u t y la m m o n iu m  h e x a b r o m o p a l la d a t e ( I V )

A .G u tb ie r and  co-workers have p repared  a large num ber of hexabrom opalladate(IV ) 

salts. G u tb ie r an d  Fellner [189] have described the p repara tion  of, am ong o thers, 

b is(te tra-e thy lam m on ium )hexab rom opallada te (IV ) and b is(tri-iso-buty lam m onium )- 

hexabrom opallada te(IV ). It appears they did not a tte m p t to, or could no t, p repare  a 

te trab u ty lam m o n iu m  salt of hexabrom opalladate(IV ).

In th is  thesis, black K2[PdB r6] was p repared  by the  m ethod  of G utb ier and  Krell 

[101] (ch ap ter 6). All a tte m p ts  to  isolate [Bu4N]2[PdB r6] using cation exchange 

m ethods in H B r or organic solvents were unsuccessful. T he  only com pound which 

could be iso lated  was identified by infra-red spectroscopy as the  P d (II) com pound
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[Bu4 N]2 [Pd 2 B r6 ]. T his unusual result suggests th a t the  in troduc tion  of a large te tra -  

n -b u ty lam m on ium  counter cation resulted  in the  reduction  of P d(IV ) to  P d (II)  (p re­

sum ab ly  w ith  the  expulsion of B r2). (T he hexabrom opalladate(IV ) salt was sy n th e ­

sised in low yield using the  sm aller te trae thy lam m on ium  cation  bu t th e  resu lting  

com pound  [E t4N]2[PdBre] was not soluble in C H 2 CI2 (section 6.20)). Sim ilar p rob ­

lems involving d im erisation  have been encountered  previously in th is thesis w ith  Mo 

and  R h h ex ab rom om etalla tes(III) (sections 3.4 and 3.9), bu t in those instances the  

m eta l ions d id  no t a lte r  the ir form al oxidation  sta tes.

It is o ften  energetic  considerations which govern the  outcom e of a chem ical re­

action . In aqueous so lu tion  th e  form ation energies of te trab rom opallack te (II) and 

h exab rom opallada te(IV ) are  :-

com pound AG  j  (K ca l/m ol)

[PdB r4]2- (a q ) -77 '

[P dB r6]2" (a q ) -81

A nd because P d(IV ) and  P d (II) b rom om etallates have sim ilar form ation  energies, 

th ey  are  rela tively  easy to  interchange. Thus, the  [PdB r6]2 - (aq) anion is therm ally  

un stab le  in acidic so lu tion  and can be reduced to  [PdB r4]2_(aq) by gentle heating . 

W hen  th is  occurs, th e  sm all overall energy gain incurred  by breaking two P d-B r 

bonds m ay be com pensated  for by the  Pd  com plex adop ting  the  m ore energetically  

favourable P d (II) , d8 square p lanar stereochem istry. By the  sam e reasoning, th e  steric  

requ irem ent of the  [Bu4N]+ cation m ust inhibit the  p rec ip ita tion  of [PdB r6]2- such 

th a t  it is m ore energetically  preferable for [PdB r6]2_ to  dim erize and p rec ip ita te  as 

[Bu4N]2[Pd2B r6] w ith  square  p lan ar P d (II) m etal ions, ie

2[Bu4N]+ +  2 [Pc1B i’6]2— -+ [Bu4N]2[Pd2B r6] -b 2Br~ +  2B r2 (3.12)

[P dB r6]2_(aq) has previously been reported  [190] to  undergo a two electron reduc­

tion  to  [P dB r4]2~(aq) in 1M K Br solution a t E =  -0.99V (vs.S .H .E .). ie.

[P d B rJ 2 (aq) + 2e — ► [PclBr4]2 (aq) + 2B r (3.13)
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3 .1 0 .2  B is  t e t r a - n - b u t y la m m o n iu m  h e x a b r o m o p la t in a t e ( I V )

D ark-red  [Bu4N]2[P tB r6] was p repared  by a sim ilar m ethod  to  th a t of Sw ihart and 

M ason [92] (chap ter 6). T he  com plex has a 5d6 e lectron configuration and  exh ib ited  

two redox processes in C H 2 CI2 : a chem ically irreversib le oxidation  wave a t E “ =  

+ 2 .02V (vs.S .C .E .) an d  a larger chem ically irreversible reduction  wave a t =  - 

0.80V (vs.S .C .E .) (tab le  3.11). No re tu rn  waves in th e  D.C. m ode were observed on 

an oscilloscope for e ith e r the  oxidation or the  reduction  a t room  tem p e ra tu re  or -40°C 

w ith  sweep ra tes  up to  200V /sec.

A coulom etric  analysis of th e  reduction  wave was not perform ed a lthough  it would 

have determ ined  th e  exact num ber of electrons transferred . However, the  reduction  of 

th e  analogous com pound [Bu4N]2[P tC l6] in CH 2C12 has been  investigated  by M oock 

[31]. Using coulom etric  analysis, M oock found [P tC l6]2- exhib ited  an irreversible 

2e reduc tion , [PtC le]2 - / [P tC l4]2— at -0.87V (vs.S .C .E .) w ith  th e  loss of two chloride 

ions, and  an irreversible oxidation , [PtCle]1— at  E®= + 2 .30V (vs.S .C .E .). In this 

thesis, th e  reduction  wave of [Bu4N]2[P tB r6] was approx im ate ly  tw ice th e  size of the  

ox idation  wave an d  a sm all am ount of free B r-  in so lu tion  was ind ica ted  by a broad  

anodic  peak  a t -f0.98V  (vs.S .C .E .) in b o th  the  A.C. and  D.C. m odes. Therefore, 

by com parison w ith  th e  behaviour of [Bu4N]2[PtCle], th e  irreversible ox idation  of 

[Bu4N]2[P tB r6] a t E “ =  + 2 .02V (vs.S .C .E .) was assigned to  the  couple [P tB r6]1 -/2- 

and  th e  irreversible reduction  a t =  -0.80V (vs.S .C .E .) was assigned to  the  two 

electron  reduction  [P tB r6]2 - / [P tB r4]2- ie.

[P tB r6]2- + 2e  — > [P tB r4]2~ + 2 B r-  (3.14)

G oldberg  and  H epler [99] reported  the  [P tB r6]2 - / [P tB r4]2~ couple in 1M N aB r at 

E =  -0.89V (vs.S .C .E . re-referenced v. the  S.H .E.) in good agreem ent w ith th e  value 

ob tained  in th is thesis in C H 2C12 solution. H ubbard  and Anson [93] reported  the 

sam e couple in  IF  N aB r solution a t approxim ately  +0 .30V  (vs.S .C .E .) which appears 

to  be incorrect.

T he  possible one electron reduction [P tB r6]2_/3~ , 5<A/7 , was not observed even at
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0 . 5 uA  
D.C.

[.P t B r 6 ] + 2 e  —> [P t B r 4 ] + 2 B r

J  2 n A  A C.

- 0 . 6 V - 1 . 0 V
Et/, ( vs .  S.C.E.)

Figure 3.12: D.C. A.C. cyclic voltammograms of the reduction [PtBr6 ]2~ /[P tB r4]2_. 
Conditions: [Bu4N ]PF6 (0.3M )/[PtBr6]2~ (0.005M) at micro-Pt electrode in CH2 CI2 ,
tem perature:-40°C, reference: ferrocene, sweep rate: lOOmV/sec (D.C.), 20mV/sec (A.C.),

very fast sweep ra tes  because of the  unfavourable ligand field s tab ilisa tion  energy of 

a P t( I I I )  ion su rrounded  by an oc tahedra l ligand field com pared w ith a  P t (II) ion, 

5d8, su rrounded  by a  square  p lanar ligand field. Instead , oc tahed ra l hexabrom oplati- 

na te(IV ) undergoes a fast two electron reduction  to  P t ( I I ) , 5d8, accom panied by the  

expulsion of two Br~ ions in order to  adop t a square p lanar stereochem istry. T he 

com plex thereby  m axim ises the  available L .F .S .E . a t the  expense of two p latinum - 

brom ine bonds. T he  exact m echanism  by which the  reduction  of [PtBi'e]2- occurs is 

not know n b u t it is th o u g h t to  be quite  complex.

Table 3.11 lists th e  electrode po ten tia ls of [Bu4 N]2 [P tB r6] and  figure 3.12 shows 

the A .C . and  D.C . cyclic voltam m ogram s of the  reduction [P tB r6 ]2 _ /[P tB r 4]2~ in 

CH 2 CI2 a t -40°C.
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Table 3.13: The electrode potentials of [Bu4N]2[PtBr6].
D.C. m ode

tem p.

{°C)

E,/2 (V) 
(vs.S .C .E .)

A E p 

(mV)

ia l i cp' p couple electron

confign.

+ 25 + 2 .0 a - - V /IV 5c/ 5/ 6

+ 25 -0 .8 6 6 - - IV /II 5 c/ 6 / 8

-40 + 2 .0 2 a - - V /IV 5 d 5/ 6

-40 -0 .8 6 6 - - IV /II 5 d6/ 8

A.C. m ode

tem p.

( ° C )

E U 2 (V) 
(vs.S .C .E .)

half-w idth  

(mV)

couple electron

confign.

+25 d - V /IV 5d5/ 6

+ 25 -0.80 > 2 0 0 IV /II 5 c/ 6 / 8

-40 + 2 . 0 2 c V /IV 5c/ 5/ 6

-40 -0.80 190 IV /II 5 c/ 6 / 8

C onditions: [Bu4 N ]P F 6 (0 .3 M )/[P tB r6 ] 2 (0.005M ) a t m icro-P t electrode in C H 2 C12, 
reference: ferrocene, sweep rate: lOOmV/sec (D .C .), ‘2 0 m V /sec  (A .C .), a anodic 
peak p o ten tia l b ca thod ic  peak po ten tia l c half-w idth unm easurable  d not observed
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4.1 T h e  cyc lic  vo lta m m etr ic  stu d y  o f  te tra -n -b u ty la m m o n iu m  

ch loride in m eth y len e  ch loride so lu tio n  at a p la tin u m  

e lec tro d e

4 .1 .1  R e s u l t s

In th is thesis, [B i^N jC l exhib ited  one oxidation wave a t E* =  +  1.44V (vs.S .C .E .) in 

m ethylene chloride solution a t a m icro-platinum  electrode. T he oxidation  was to ta lly  

irreversible a t room  tem p era tu re  and -40°C (figure 4.1). T he anodic peak curren t 

of th e  ox idation  was approxim ately  twice the  anodic peak  cu rren t of an equim olar 

sam ple of ferrocene added  to the  solution, indicating th e  oxidation  was a 2 e process.

Several groups of workers have previously stud ied  th e  ox idation  of chloride ion 

in n itro m e th an e  and  acetonitrile  solution. M archon and Lam bling [174] reported  

th a t  C l-  exh ib ited  a 2e oxidation at E =  +1.38V  (vs.A g/A gC l) in CH 3 N 0 2 solution 

at a ro ta tin g  p la tin u m  m icroelectrode (equivalent to  E =  + 1 .03V  (vs.S .C .E .) using 

the  re-referencing schem e E (A g/A gC l) =  -0.35V (vs.S .C .E .) [175]). T hey  also found 

the  e lectron  tran sfer was kinetically slow a t a polished p la tin u m  electrode bu t was 

quasi-rap id  a t a p latin ised  p latinum  or ac tivated  p la tinum  electrode. M archon and 

Lam bling p o stu la ted  the  sim ple chloride oxidation m echanism

112
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2C1- - 2 e — ► Cl2 (4.1)

M astragostino  et al [176] also observed the  oxidation of C l-  a t A E p ~  +  1.0V 

(vs.S .C .E .) in C H 3 N O 2 so lution although  they  found th a t  th e  ox idation  wave was 

only poorly  reproducib le . T heir coulom etric experim ents ind ica ted  th a t  a  p rim ary  

ox idation  p ro d u c t was form ed in itia lly  involving the  transfer of 2 e, th en  a secondary 

p ro d u c t was form ed by a chem ical reaction  after a given tim e. T hey  th ough t the  

m ost p robab le  p rim ary  p roduct was C lJ which then slowly d isp ropo rtiona ted  to C l2 

and C l-  in th e  bu lk  solution, ie:

3C1" — + C17 +  2 e
slow k (4-2)

C l-  Sl- ^ X  C l2 +  C l-

T his m echanism  was suppo rted  by the  work of Nelson and  Iw am oto [49] who pre­

viously e s tim a ted  th e  fo rm ation  constan t of C lJ in CH 3 CN solution to  be around  IO10. 

M astragostino  et al calcu la ted  th a t  the  ra te  constan t k for the  d isp roportionation  was 

7 x l0 - 4 s_ 1  (a t - 1 0 °C).

A th ird  ex p lan a tio n  of th e  oxidation  of chloride ions in C H 3 N 0 2 solution has been 

pu t forw ard  by Novak and  Visy [180]. T hey  found the  anodic oxidation  of C l-  ions 

at a  ro ta tin g  p la tin u m  electrode in CH 3 N 0 2 solution could be characterised  by the  

assum ption  of reversib le (2 e) charge transfer followed by an irreversible recom bination 

and th a t  a weak positive in te rac tion  acts betw een the  adsorbed  species, ie:

2 d -  ^  2C1' +  2 e

2C1 — > Cl2

T he electrochem ical experim ents conducted by previous workers in C H 3CN solu­

tion prov ided  even m ore am biguous results. Sereno et al [17 f] exam ined the  electro­

chem istry  of C l"  ions in CH 3CN solution at a ro ta ting  p latinum  disk electrode and 

observed an irreversib le 2e oxidation process a t E ~  20mV (vs. A g /A gC l— +0.37V  

(vs.S .C .E .)). A nderson [178] used C.V. in CH 3CN solution a t a p la tinum  electrode to
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stu d y  te trae thy lam m on ium ch lo ride  which exhib ited  an anodic and a ca thod ic  wave, 

-^1 /2  =  +0 .98V  (vs.S .C .E .), A E P =  450mV. Kolthoff and C'oetzee [74] observed two 

anodic oxidation  waves a t + 1 .1V  and  +  1.7V (vs.S .C .E .) w ith  LiCl in CH 3CN a t a 

ro ta tin g  p la tin u m  m icro-electrode. T he first wave was twice the  size of th e  second 

wave hence th ey  p o s tu la ted  the  following oxidation m echanism  :-

6C1- — -> 2C13 +  4e
(4.4)

2 CI3 — ♦ 3C12 +  2 e V '

4 .1 .2  D is c u s s io n

For th e  equ ilib rium

X - ^  X -  +  X 2 (4.5)

M archon [179] was able to  determ ine pK values of 7.4 and  7.0 for I3 and B r^ 

respectively  in b o th  CH 3CN and CH 3 N 0 2, but Cl3 was too unstab le  to  de term ine  its 

pK  value. T his is in agreem ent w ith  the  electrochem ical results bu t con trad ic ts  the  

pK  value of IO10 for C l3 previously ob tained  by Nelson and  Iw am oto [49]. However,

since Sereno et al [177] have repo rted  pK (C l3 ) =  2.0, the  com bined evidence strongly

suggests Nelson and  Iw am oto were wrong and th a t Cl3 is unstab le  in C H 3CN and 

C H 3 N 0 2 and  therefore  m echanism  4.2 m ust be incorrect. Similarly, one m ust consider 

m echan ism  4 . 4  incorrect for the  sam e reason, especially considering there  was already 

some d o u b t because only one oxidation wave was ever observed by o ther workers.

M echanism s 4.1 and  4.3 would appear to be very sim ilar because a lthough M ar­

chon and  Lam bling [174] did not explicitly postu la te  adsorbed  chlorine radicals they  

m entioned  the  ra te  of electron tran sle r was affected by the  n a tu re  of the  p latinum  

electrode surface. All the  available results suggest (w ith the  exception of A nderson 

[178] and  K olthoff and C oetzee [74]) th a t in CH 3 N 0 2, CH3CN and C H 2 C12, Cl ex­

hibits only one irreversib le oxidation wave which corresponds to  a 2 e oxidation of Cl 

to C l2 and  which can be best described by m echanism  4.3. Hence in this thesis, the
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+ 1.6V 0.0V

Figure 4.1: D.C. cyclic voltammogram of [Bu4N]C1.
Conditions; [Bu4 N]PF6 (0.3M)/[C1~] (0.005M) at m icro-Pt electrode in CH2CI2 solution, 
temperature:-40°C', reference; ferrocene, sweep rate; lOOmV/sec (D.C.).
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irreversib le ox idation  Cl / C l2 was observed a t E ap =  +  1.44V (vs.S .C .E .) in CH 2C12 

a t -40°C. T he D .C . cyclic vo ltam m ogram  of [Bu4N]C1 in CH 2 CI2 a t -40°C is shown 

in figure 4.1.

[Note: M echanism  4.4 proposed by K olthoff and  Coetzee is intriguing because it 

conform s to  the  accep ted  m echanism  of B r-  and  I -  oxidation in non-aqueous solvents 

(sections 4.2 and  4.3). It could be th a t  in itia l ox idation  of C l-  does p roduce C lJ , 

b u t th a t  C l3 im m ediately  d isp roportiona tes to  C l” and  CI2 according to equilibrium  

4.5. T he  reaction  is th en  essentially  the  sam e as 4.3 w ith the oxidation of two moles 

of C l” to  form  one m ole of C l2 w ith  the  passage of 2e. Since free Cl+ is no t known 

in so lu tion  (except as CI3 in super-acid  m edia [194]) the  second wave observed by 

K olthoff an d  C oetzee m ust th en  be assigned to  an im purity  or possibly an oxychloro 

species form ed betw een ch lo rine/ch lo ride and  adsorbed  oxygen.]

4.2 T h e  cyc lic  v o lta m m etr ic  stu d y  o f th e  brom ide-b rom in e  

sy s te m  in m eth y len e  chloride at a p la tinu m  electrod e

4 .2 .1  R e s u lts

T etra -n -bu ty lam m on ium brom ide , [Bu4N]Br, exh ib ited  two d istinct electrochem ical 

processes in C H 2C12 so lu tion  a t b o th  room  tem p era tu re  and  -40°C  in b o th  the  A.C. 

and  D .C . cyclic v o ltam m etry  m odes (tab le  4.2). In the  D.C. m ode the  first process, 

wave I, an anod ic  wave a t E ® =  +0.79V  (vs.S .C .E .) was to ta lly  irreversible a t b o th  

room  te m p e ra tu re  and  -40°C. In the  A.C. m ode, wave I was very broad  a t room  

te m p e ra tu re  and  was too b road  to  d istinguish  from  wave II at -40°C . W hen B r2 was 

added  to  th e  solution of B r” in C H 2C12, wave I was no longer visible in e ither the  

A.C. or D .C . m odes.

In th e  D .C . m ode the  second process, wave II a t E 1 / 2  =  +1.05V  (vs.S .C .E .) 

was quasi-reversib le a t room  tem p era tu re  and  -40°C.  The peak separation  A E p 

was m arked ly  dependen t on the sweep ra te , varying betw een lOOmV and 200mV at 

lOOmV/sec and  500m V /sec respectively. I11 the  A.C. m ode, wave II was very b ioad  at
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Figure 4.2: D.C. cyclic voltammogram of [Bu4 N]Br.
Conditions; [B ^N JPFg (0.3M )/[Br“ j (0.005M) at micro-Pt electrode in CH2 CI2 solution, 
tem perature:room  temp., reference; ferrocene, sweep rate; lOOmV/sec (D.C!.).

room  te m p e ra tu re  w ith  a half-w idth  of 210mV. W hen th e  tem p e ra tu re  was lowered 

to  -40°C , th e  half- w id th  of wave II was unob ta inab le  because th e  broadness of wave 

I m ade waves I and  II alm ost ind istinguishable.

In th e  D .C . m ode, if the  anodic po ten tia l sweep was reversed a t a po ten tia l >  

+ 0 .79V  (th e  peak  po ten tia l of wave I), th en  a broad  ca thod ic  wave, wave III, was ob­

served betw een + 0 .16  and +0 .30V  (vs.S .C .E .)(figure 4.2). W ave III was not observed 

in th e  A.C. m ode a t e ither room  tem p era tu re  or -40°C indicating  a high degree of 

irreversibility.
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4 .2 .2  D is c u s s io n

M astragostino  et al [46] have previously stud ied  th e  e lectrochem istry  of th e  B r ^ /B r 2 

system  in C H 2 CI2 a t a p la tinum  electrode. Using periodic renew al of the  diffusion 

layer vo ltam m etry  (P .R .D .L .V .) and  a 5.25m M  solution of te trabu ty lam m on ium bro - 

m ide in C H 2 CI2 they  observed two irreversible oxidation  waves; wave I a t E \ / 2 =  

+ 0 .75V  (vs. S .C .E .) and  wave II a t E \ / 2 - + 1 .06V  (vs.S .C .E .) in good agreem ent

w ith  th is thesis. M astragostino  et al observed positive and  negative p o ten tia l shifts 

of waves I and  II respectively  w ith decreasing concen tra tion  of brom ide. By coulom- 

e try  th ey  ca lcu la ted  the  num ber of moles of electrons, exchanged per m ole of B r-  for 

processes I and  II were 2 /3  and  1 /3  respectively, which led th em  to  p o s tu la te  the  

following general m echanism  for the  b rom ide /b rom ine  couple:-

3Br ^  B r3 -f 2e (I)
3 w  4 . 6

2B rJ 3B r2 +  2e (II)

T h e  resu lts  ob ta ined  in th is thesis from  the  cyclic vo ltam m etric  s tudy  of [Bu4N]Br 

in C H 2C12 are consisten t w ith  m echanism  4.6 ; th e  ra tio  of anodic peak cu rren ts , i“(I) :

was approx im ate ly  2:1, ind icating  twice as m any electrons per m ole of brom ide

were involved in wave I com pared w ith  wave II (figure 4.2); and  w hen B r2 was added 

to  th e  solu tion  of B r- , wave I was no longer observable.

T he  significance of the  la tte r  observation can be explained as follows : for the  

equ ilib rium

B r2 +  Br ^  B r3 (4-7)

th e  s tab ility  constan t of the  trib rom ide ion is given by

(4 '8)

In non-aqueous solutions the s tab ility  constan t of B r3 is increased dram atically
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w ith  respect to  an  aqueous environm ent [85] (tab le  4.1).

Table 4.1: The stability constant of the Br3 ion in various solvents.
solvent logio(^) reference
acetone 9.00 85

n itro m eth an e 7.00 85
aceton itrile 7 85

w ater 1.23 87

A lthough  th e  value of /? (B rJ) is no t known for C H 2C12 solution, the  B rJ  ion is 

expected  to  be  m uch m ore stab le  in C H 2C12 th a n  in H20 .  In th is thesis, when B r2 was 

added  to  th e  so lu tion  of Br~ in C H 2C12, according to  equilibrium  4.7 the  B r-  ions 

were converted  in to  B rJ  and  so in agreem ent w ith  m echanism  4.6 it was no longer 

possible to  observe wave I.

Table 4.2 shows th e  e lectrode po ten tia ls  of [Bu4N]Br ob tained  in C H 2C12 in th is 

thesis and  figure 4.2 shows th e  D.C. cyclic vo ltam m ogram  of [Bu4N]Br in C H 2C12 a t 

room  tem p era tu re .

4 .2 .3  T h e  c y c lic  v o lta m m e tr ic  s tu d y  o f  h e x a b r o m o m e ta lla te  c o m p le x e s

In ch ap te r th ree  it was rem arked  upon, on several occasions, th a t  the  exposure of 

hex ab rom om etalla te  com plexes to  po ten tia ls  m ore positive th an  the  relevant [MBr6]1-/ 2 

redox couple resu lted  in com plicated  electrochem ical activ ity  a t those po ten tia ls. A d­

sorbed  species were believed to  be a p roduct of th is process because a ‘p o in ted ’ sym ­

m etrica l ca thod ic  peak (see for exam ple figure 3.5), which are strongly suggestive 

of adso rbed  species (section 2.12), were recorded on the  D.C. cyclic voltam m ogram s 

of th e  com plexes under consideration . T he presence of adsorbed  species has been 

considered by previous workers to be an in tegral process of brom ide electrochem istry  

in b o th  aqueous [43,44,78] and  non-aqueous [46] solution which therefore suggested 

some form  of deg radation  reaction of the  hexabrom om etalla te  complexes with expul­

sion of Br~ or B r2 was occurring. However, degradation  m ust be discounted tor two
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Table 4.2: The electrode potentials of [Bu4 N]Br
D.C. m ode

tem p.

(°C)

E 1/2 (V) 
(vs.S .C .E .)

A  E p 

(mV)

i a l i cp '  V couple

+ 25 + 0 .79a irrev. - B r" /B r7

+ 25 +1.05 100 1.0 B r7 /B r2

-40 + 0 .79“ irrev. - B r " /B r 2

-40 +1.05 170 1.0 B r7 /B r2

A.C. m ode

tem p.

(°C)

E 1/2 (V) 
(vs.S .C .E .)

half-w idth

(mV)

couple

+25 +0.78 >220 B r“ /B r7

+25 +1.05 210 B r J /B r 2

-40 - - B r ' / B r J

-40 +  1.05 - Brg /B r 2

Conditions; [Bu4N ]P F 6 (0 .3M )/[B r“ ] (0.005M ) a t m icro-P t e lectrode in C H 2C1: 
solution,reference; ferrocene, sweep rate; lOOmV/sec (D .C .), 20m V /sec (A .C .), 
anodic peak  po ten tia l
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reasons:-

1. T he  d istinctive  appearance  of brom ide electrochem ical ac tiv ity  betw een + 0 .8V  

and  T 1 ■ 1V (vs.S .C .E .) was only once observed (w ith  [Bu4N]2[PtBre]) during  the  

cyclic vo ltam m etric  stud ies of second and  th ird  row tran s itio n  m eta l hexabro- 

m om etalla tes.

2. W hen th e  anodic po ten tia l sweep was reversed a t + 2 .0V  say, the  relevant 

[M Br6]1 -/2- couple still appeared  as a quasi- if not fully reversible couple when 

th e  whole po ten tia l cycle was com pleted . If th e  com plexes did break  up w ith 

th e  expulsion of Br~ or B r2 after ox idation  to  [M Br6]1_ then  w ith  an  anodic 

sw itching p o ten tia l much m ore positive th an  th e  relevant [MBre]1-/ 2- redox 

p o ten tia l, a cathod ic  re tu rn  wave corresponding to  th e  reduction  [MBr6]1_ —> 

[MBre]2 - , should no t have been observed.

Indeed, a t  m ore and m ore positive electrochem ical p o ten tia ls , th e  central tran s i­

tion  m eta l ions would try  to  re ta in  as m uch electron density  a round  them  as possible. 

T he elec trode  reactions in these exam ples are evidently  com plicated  and  there  is not 

enough in fo rm ation  w ith  which to  specify the  precise n a tu re  of the  processes occur­

ring. N evertheless, the  fact th a t  the  p o ten tia l of th e  ‘po in ted 1 cathodic peak  was 

variab le and  dependen t on the  iden tity  of the  m etal com plex does ind icate  the  exis­

tence of som e form  of adsorbed  m etal-brom ide species a t strongly  oxidizing po ten tia ls 

during  th e  cyclic vo ltam m etric  studies of hexabrom om etallates. Given th a t  no degra­

dation  reaction  occurred  bu t th a t  com plicated  redox ac tiv ity  was detec ted , then  the 

adsorbed  species m ight possibly be linked w ith the  uncharged [MBr6]° com pound.

T h e  cyclic vo ltam m etric  study  at room  tem p era tu re  of [Bu4N]2[RuBr6] (section 

3.7) s trong ly  suggested [RuBr6]3- readily  dim erized to  [Ru2B r9]3~ yet the  resulting  

th ree  m ole equivalents of B r" expected were not de tec ted  by cyclic voltam m etry. This 

ind icates e ithe r a) B r" a n d /o r  B r2 were not a factor during  the  investigation and the 

proposed reaction  is wrong, or b) under the  experim ental conditions ie: in the  pres­

ence of hexabrom om etalla te  complex, B r a n d /o r  B r2 were not electroactive. It is 

very p robab le  th a t the  solvent- electro ly te system  a n d /o r  the n a tu ie  of the  electrode
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play an im p o rtan t role under the  sam e conditions. T he cyclic vo ltam m etric  s tu d y  

of h ex ab ro m o tu n g sta tes  (section 3.5) showed so called ‘in e r t’ background electro lytes 

like [Bu4 N ]P F 6 and  [Bu4 N ]BF4 are not s tric tly  unreactive. A nd it m ight be of con­

siderab le  benefit tow ards th e  understand ing  of hexabrom om etalla te  e lectrochem istry  

if th e  investigations in th is thesis were repeated  using a lte rn a tiv e  electrode m ateria ls  

such as g rap h ite  or carbon paste  because as w ith the  case of iodide (section 4 .3 ), it 

m ay be possible for B r-  to  be adsorbed  onto p la tinum  electrodes in a  non-electroactive 

s ta te .

4.3  T h e cyc lic  vo lta m m etr ic  stu d y  o f  th e  iod id e-iod in e  sy s­

te m  in m eth y len e  chloride at a p la tin u m  e lectro d e

All p o ten tia ls  in th is section are referenced versus the  Ag-O.IM A g N 0 3(in C H 3 CN) 

reference elec trode  (equivalent to  TO.38V vs.S .C .E .).

4 .3 .1  T e tr a -n -b u ty la m m o n iu m io d id e

[Bu4 N]I exh ib ited  two anodic processes in C H 2 CI2 : wave I a t E* =  TO.03V (vs.A g / Ag+ ) 

and  wave II a t E “ =  T 0.42V  (v s.A g /A g+). Both processes appeared  irreversible a t 

b o th  room  tem p e ra tu re  and -40°C. (Wave II showed som e evidence of a ca thod ic  re­

tu rn  wave b u t th e  cyclic voltam m ogram  was very poorly resolved and only the  anodic 

wave could be confidently d istinguished).

B iserni and  M astragostino  [81] also investigated  the  electrochem istry  of te trab u ty - 

lam m onium iodide in C H 2 CI2 a t a p la tinum  m icro-electrode by the  m ethod  of linear 

sweep vo ltam m etry  w ith  periodic renewal of the  diffusion layer (P .R .D .L .V .). For a 

3.3m M  solu tion  of I-  th ey  observed two oxidation waves: wave I a t E i / 2 =  -0.06V 

and wave II a t  E lf2 =  T0.33V  (vs.A g/A g+ ). T he degree of separation  of the  two 

ox idation  waves was found to  increase w ith increasing I concentration . T heir coulo­

m etric  m easurem ents showed th a t  the  proportions of the  num ber of moles of electrons 

exchanged for each m ole of I were respectively 2 /3  and 1/3  for the  first arid second
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processes. By com bining these resu lts w ith th e ir stud ies using P .R .D .L .V . on I2 and 

I3 in C H 2 CI2 , (and  in agreem ent w ith previous workers [76-80]), Biserni and  M as­

trag o stin o  concluded th e  m echanism  of iodide ox idation  in solvents stabilizing the  

triha logen ide  ion (ie. non-aqueous solvents) was th e  following:-

31- — > I3 +  2e (I)
V ; (4.9

2 I3 — ► 3I2 -f 2e (II)

B iserni and  M astragostino  concluded th a t  electrode reactions I and  II were reversible 

in m ethy lene chloride. E xperim enting  w ith a solution of I"  in acetonitrile , Popov and 

Geske [75] observed two oxidation  waves by linear sweep vo ltam m etry  and  a lthough  

deviations from  ideally  reversible behaviour were observed, these were considered to 

arise from  electrode surface effects and Popov and  Geske concluded th a t  b o th  oxida­

tion  processes were electrochem ically  reversible. However, analysis of A E p from  cyclic 

vo ltam m etry  of I~ in CH 3CN solution by H inm an et al [79] and  of I -  in propylene 

ca rb o n a te  by H anson and  Tobias [80] concluded process I was irreversible and  process 

II was, a t b est, quasi-reversible.

T he  cyclic voltam m ogram s of I-  in CH 3CN solution and  propylene ca rb o n a te

o b tained  by previous workers exhib ited  two processes w ith  b o th  anodic waves and

cathod ic  re tu rn  waves. For exam ple, Song [82] de term ined  th e  electrochem istry  of 

l , l ,-d im ethy l-2 ,2 ’ -b ipyrid in ium diiodide in CH3CN solution a t a p la tin u m  electrode. 

T he com pound  exh ib ited  two distinguishable iodide couples: couple I a t E i / 2 =  -

0.09V (v s.A g /A g+ ), A E p =  171mV and couple II a t  E 1/2 =  +0 .35V  (v s.A g /A g+ ), 

A E p =  153mV.

Hence, a lthough  th ere  is a consensus of opinion favouring m echanism  4.9, the  

kinetic  na tu re s  of reactions I and II have not been agreed. U nfortunately , because 

the  cyclic vo ltam m ogram  of I~ in CH 2 C12 ob tained  in th is thesis was no t clearly 

resolved, th e  k inetic  n a tu re  of processes I and  II could not be specified precisely from 

the  resu lts  of I"  electrochem istry. However, th e  cyclic vo ltam m etric  study  of I2 in 

CH 2 C12 discussed in the  next section (4.3.2) ind icated  th a t  electrode reactions I and 

II were b o th  irreversible.
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T he  electrode po ten tia ls  of I~ ob tained  by cyclic vo ltam m etry  in C H 2 CI2 in this 

thesis are  shown in tab le  4.3 along w ith  those ob tained  by o th e r workers in C H 2 CI2 and 

C H 3 CN. It was noticeable th a t while D ryhurst and  Elving [77] repo rted  a th ird  anodic 

wave for I~ in CH 3 CN solution a t +  1.15V, a th ird  anodic wave was not observed in 

C H 2 CI2 e ither in th is thesis or by Biserni and  M astragostino  [81]. D ryhurst and 

E lving assigned wave III to  a cationic iodine species which agrees w ith  the  known 

ab ility  [84] of C H 3CN to  stabilise I ( l+ ) .  Since C H 2 CI2 is a poorer donor solvent 

th a n  C H 3CN it is likely th a t  cationic iodine species are too unstab le  in C H 2 CI2 to  be 

observed by cyclic vo ltam m etry  under norm al conditions,

Table 4.3: E lectrode potentials* of iodide in non-aqueous solvents at a platinum  micro- 
electrode.

solvent E (I) /(V ) E (II) /(V ) E (I I I ) / (V ) ref.

CH 3 C N 6 + 0.04 +0.37 +1.15 77

C H 3CN -0.09 +0.35 - 82

C H 2 C12 +0.03 +0.42 - this work

C H 2 C12c -0.06 +0.33 - 81

a e lec trode  p o ten tia ls  referenced vs. A g /A g N 0 3(in CH 3 CN) b pyrolytic g raph ite  
e lec trode  c re-referenced using E (A g /A g + ) =  +0.38V  (vs.S .C .E .)

4 .3 .2  Io d in e

In co n tras t w ith  [Bu4N]I, the  room  tem p era tu re  cyclic voltam rnograrn of I2 in CH 2 C12 

a t  a  p la tin u m  electrode o b tained  in th is thesis exh ib ited  two well defined redox couples 

with both cathodic and  anodic waves which were d istinguishable  at sweep rates  in 

excess of 50m V /sec (figure 4.3). As th e  electrochem ical reactions of I2 and  I"  are 

expected  to  follow the  sam e m echanism , w ith reference to  m echanism  4.9 the two 

Iodine redox couples were assigned as follows : couple I at A1 / 2 =  -0.12V (vs.Ag/ Ag+ ) 

was assigned to  the  electrode reaction I and couple II a t  E \ j 2  — +.0.42 V (vs. A g /A g+ )
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w as assig n ed  to  e lec tro d e  reaction  II. B o th  io d in e  cou p les w ere e lec tro ch em ica lly  

irreversib le  at room  tem p era tu re  w ith  large A A p’s and p eak  current r a t io ’s ipJip 

g rea ter  th a n  1.0 for sw eep  rates in th e  range 5 0 -1 0 0 m V /s e c  (D .C .) . T h e  e lec tro d e  

p o te n tia ls  o f I2  in  C H 2 CI2  o b ta in ed  in  th is  th esis  are sh ow n  in  ta b le  4 .4 .

Table 4.4 : The electrode potentials of I2 in CH2C12
w ave I w ave II

sw eep  rate E\/2 A  E,p ia f r■p! lp E 1 /2

(m V  /  sec) (V ) (m V ) (V) (m V )

50 -0 .13 233 1.33 + 0 .4 0 217  1.27

100 - 0.12 249 1.19 + 0 .4 1 202 1.09

200 -0 .12 295 1.17 + 0 .4 2 194 1.07

C onditions: [Bu4N ]P F 6 (0 .3 M )/I2 (0.0Q5M) a t a m icro-P t e lectrode in CH2C12, 
reference; A g/O .IM  AgNOs (in CH3CN), tem pera tu re ; + 2 5°C.

Biserni and  M astragostino  [81] observed two iodine couples using P .R .D .L .V . w ith 

a  l,5 m M  solution of I2 in CH2C12 at /'.]/2 =  -0.19V (vs.A g/A g+ ) and  £ ,1/ 2 =  —0.35V' 

(v s.A g /A g + ). T he ca. 0.07V increase in E\ /2 of reactions I and  II betw een the  

resu lts  of B iserni and  M astragostino  and the  E \ f i  values ob tained  in th is thesis can  be 

a ttr ib u te d  to  th e  different concentrations of I2 in CH2C12 used (tab le  4.5). Popov and  

Geske [75] have previously no ted  th a t  Aj /2 for electrode reactions I and  II sh ifted  to 

m ore positive p o ten tia l when the  concen tra tion  of I2 in CH3 CN solution was increased. 

These resu lts  ind ica te  th a t in non aqueous solvents in th e  I2 concen tra tion  range I •• 

5m M , couples 1 an d  II becom e m ore therm odynam ically  stab le  w ith  increasing I2 

concen tra tion .

4.3,3 D iscussion

Table 4.5 compares the electrode potentials of iodine obtained in this thesis with 

those obtained by previous workers. Ideally the ratio  of anodic currents should equal
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50 mVsec
100 mVsec  
2 0 0  m Vsec

C 0 .5 V  + 0 .0 V

Figure 4.3; D.C. cyclic voltammogram of I2 - 
Conditions; [BtLiNjPFe (0 .3 M )/l2 (0.005M) at micro-Pt. electrode in CII2 CI2  solution, tem­
perature: room tem p., reference: ferrocene.
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Table 4.5: Comparison of the electrode potentials of I2

solvent I2 conc.

(mM )
£ 1 /2  (I) 

(V)

E 1 / 2  (II) 

(V)

i(I ) /i( I I) ref.

CH 3CN 1 . 0 -0.16 +0.32 1.55“ [75]
C H 2 C12 6 1.5 -0.19 +0.35 1.60a [81]
c h 2 c i 2 5.0 -0 . 1 2 +0.42 1.50c d

a ra tio  of th e  lim iting  cu rren ts of processes I and  II b po ten tia ls re-referenced using 
A g /(0 .1M )A gN O 3 =  -f0.38V  vs S.C .E. c ra tio  of the  anodic peak  curren ts 
W /* ? (H )  d This work

2.0 according to  reac tion  schem e 4.7. However, th e  curren t ra tio  i(I ) /i( I I)  was sub­

stan tia lly  less th a n  2.0 w hen iodine was the  only species in itially  present. B iserni and 

M astragostino  [81] found th e  ra tio  11 / 11 1  was approx im ately  2.0 when e ither I -  or I j  

was th e  in itia l rea c ta n t in solution b u t could not explain the  anom alous behaviour of

I2.

A possib le exp lana tion  can be deduced from  the  th in-layer electrochem ical exper­

im ents of H ubbard  and  O steryoung [83] who stud ied  the  adsorp tion  of iodide and

iodine a t p la tin u m  electrodes in acid solution. T hey  found approx im ately  2 x l0 - 9

m olcm - 2  of I -  ion or 2 x l 0 - 9  m olcm - 2  I2 was adsorbed  in a  non-electroactive s ta te  

and  an ad d itio n a l lx lO - 9  m olcm - 2  I2, b u t not I-  was adsorbed  in an electroactive 

s ta te . Popov an d  Geske [75] observed th a t  it was the  increase in the  curren t constan t 

for wave II th a t  was responsible for the  decrease of the  ra tio  i(I) / i(II) below 2 .0 . T he 

increased cu rren t constan t of the  reaction

2 I3 — > 3I2 4* 2 e {I  I )  (4-10)

w hen I2 was th e  in itia l reac tan t present in solution can then  be explained by

the presence of weakly adsorbed , electroactive I2 on the  p latinum  electrode. T he
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anodic  peak  cu rren t of reaction  II, ( I I ) , was thereby  enhanced  by a con tribu tion  

from  electroactive weakly p re-adsorbed  I2 in add ition  to  the  norm al diffusion cu rren t.

H anson and  Tobias [80] found th a t  a lthough  the  anodic peak separa tion  i7“(II)- 

E “( I) rem ained  constan t a t 440m V in propylene ca rbona te  (cf. 470m V in C H 2 CI2 in 

th is  thesis) th e  separa tion  betw een the  corresponding  ca thod ic  peaks, Ep( l l )  -Ep( I) 

was dependen t on th e  h istory  of th e  po ten tia l scan (ie. the  sw itching po ten tia l) and 

th e  sweep ra te . T he  sam e dependency was observed in th is thesis w ith  I2 in C H 2 CI2 

so lu tion . W hen the  anodic po ten tia l sweep was reversed a t po ten tia ls  progressively 

g rea te r th a n  + 1 .4V  then  the  cathod ic  peaks of processes I and  II were shifted  to  

progressively m ore negative po ten tia l. E ventually  a s itu a tio n  occurred w here the  

anod ic  and  ca thod ic  sweeps crossed one an o th e r , a phenom enon which is associated  

w ith  deposition  of m etals onto  electrodes [27]. T he expected  enhancem ent of anodic 

cu rren t 2“(I) due to  a deposition  process on th e  ca thod ic  sweep was not observed and  

so th e  m ost ap p ro p ria te  conclusion would be  th a t  the  oxidation  of I2 a t large positive 

p o ten tia ls  a lte rs  th e  n a tu re  of th e  e lectrode surface, possibly due to  fo rm ation  of 

species w ith  cationic iodine.

4 .3 .4  T h e  tr i io d id e - io d in e  eq u ilib r iu m

For th e  equ ilib rium

I2 + I ^  I3 (4.11)

th e  s tab ility  constan t (3 of th e  triiod ide ion is given by

(4.12)

A charac te ris tic  fea tu re  of polyhalide solutions [85] in m ost non aqueous solvents 

is a  d ram a tic  increase in the  stab ility  constan t of the  polyhalide ions w ith respect to  

aqueous solution (tab le  4.6).
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Table 4.6: The stability constant of the I3 ion in various solvents.
solvent logio(^) reference

dichlorobenzene 8.80 [8 6 ]
acetone 8.3 [49]
d ich lorom ethane ~ 8 . 0 0 [81]
te tram ethy lsu lpho lane 7.49 [8 6 ]
d ich loroethane 7.20 [8 6 ]
n itro m eth an e 6.7 [49]
aceton itrile 6 . 6 [49]
m ethano l 4.20 [8 6 ]
w ater 2.85 [87]

T he  large value of /?(IJ) in non-aqueous solvents has a  m arked effect on th e  elec­

tro ch em istry  of iodide in th e  presence of iodine. P revious workers investigated  the  

ox idation  of iodide in C H 3 CN and CH 3 N O 2 using linear sweep vo ltam m etry  [74,76] 

and  observed th a t  add ition  of sufficient iodine to  th e  solution of iodide prevented  

th e  observation  of a  wave corresponding to  process I. Using cyclic vo ltam m etry  to 

s tu d y  an  equim olar solution of I -  and  I2 in CH 3 CN, D ryhurst and Elving [77] could 

only observe a well form ed wave I a t h igher sweep ra tes  (160m V /sec) a lthough a t 

slower sweep ra tes  (16m V /sec) an anodic process corresponding to  wave I was ob­

served ind istinctly . A sim ilar behaviour was observed in th is thesis w ith the  C.V. of 

an equ im olar solution of I-  and I2 in C H 2 C12 down to  50m V /sec sweep rate .

W hen a large excess of I"  had  been added, th e  cyclic vo ltam m ogram  of I ~ /I 2 in 

C H 2 C12 (figure 4 .4 ) began to  resem ble the  cyclic voltam m ogram  of B r“ in CH 2 C12 

(section 4.2). If th e  experim ental results are in te rpo la ted  fu rther, then  a t even g rea ter 

I -  concen tra tion , effectively I-  and a trace  of I2, a sim ilar C.V. to  th a t  of Br would 

possibly have been observed.



C
u

r
r

e
n

t

C H A P T E R  4.
130

2uA

+ 0 . 5 V  4-O.OV - 0 . 5 V

Figure 4.4: D.C. cyclic voltammogram of I2 (with excess I- .
Conditions; [Bu4 N]PF6 (0.3M )/I2 (0.005M) at micro-Pt electrode in CH2 CI2 solution, tem- 
peraturerroom  tem p., reference: ferrocene, sweep rate: 200mVsec- 1  (D.C.).
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5.1 In tro d u ctio n

T he s ta n d a rd  elec trode  po ten tia ls  [116] of the  first row tran sitio n  m eta l hexaaquo - 

Cdfro<\S , [M(H20 ) 6]2+, are listed  in tab le  5.1. P revious au tho rs [113,115,

116] have described  th e  general tren d  of figure 5.1, a generally increasing po ten tia l 

across th e  period  w ith  a d iscon tinuation  betw een M n(II) and  Fe(II), in term s of ligand 

field effects and  ion isation  po ten tia ls.

Table 5.1: Standard electrode potentials of first row transition metal [M(H20)6]2+ (figures 
in brackets are estimates only).

m eta l £ ° (M 3+/M 2+)/V m etal £ ° (M 3+/M 2+)/V

Sc (-2.6) Fe 0.771

Ti (-1.1) Co 1.93

V -0.26 Ni (4.2)

C r -0.41 Cu (4.6)

Mn 1.60 Zn (7.0)

T he redox p o ten tia ls  of second and  th ird  row transition  m etal hexahalom etallates 

exhib it th e  sam e general tren d  as the  first row transition  m etal hexaaquoc5^ic>os.  ̂

In th is  chap te r th e  trends exhib ited  are discussed in relation to  the  energy difference 

betw een different dn configurations and the  intrinsic differences betw een second and 

th ird  row, and  F “ , C l" and B r" . T he argum ents expressed by Johnson [116] and Van
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- 2.0  —
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Figure 5.1: The standard electrode potentials of first row [M(H20)e]2+.

G aal and  Van der L inden [114] as well as M oock [31] were found to  be m ost useful in 

th is  respect.

As in th e  previous chapters the  couples [MXg]2^ -1 refer to  M =  Zr, Nb, Mo, 

(T c), R u, R h, P d , Hf, Ta, W , Re, Os, Ir and  P t; X =  F “ , C l-  and B r_ ; z =  1-, 2-, 

3- e tc . T he  e lec trode  po ten tia ls  of the  hexafluorom etallates and hexachlorom etallates 

(tab les 5.2 an d  5.3) are  taken  from  references 55 and 41. Table 5.4 lists the  redox 

po ten tia ls  of th e  hexabrom om etallates ob tained  in this thesis.
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Table 5.2: The electrode potentials of [MF6] ^ " \  E l/2 in V (vs.S.C.E.) in CH3CN ( 
0 ,-1,-2 ).

oxidation  s ta te  of th e  m eta l

m eta l (M ) V I/V V /IV IV /II I

Nb - -1.17 -

Mo +2.08 +0.03 -1.87

(Tc) - + 1 .2 “ -1.8“

R u - +  1.23 -0.87

Ta _ -2.17 -

W +1.08 -0.92 -

Re +2.38 +0.18 -

Os +3.28 +0.63 -1.92

Ir - + 1 .236 -1.486

“in te rp o la ted  p o ten tia l ; 6C H 2C l2 solution
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Table 5.3: The electrode potentials of [MC16] ^ 2_1, E 1/2 in V (vs.S.C.E.) in CH2C12 (z =  
0,-1,-2,-3).

oxidation s ta te  of the  m eta l

m eta l (M) V I /V V /IV IV /I I I I I I / I I

Zr - - -2.53 -

Nb - +0.08 -1.32 -

Mo + 2.20 +1.05 -0.28 -

(Tc) - + 2 .0 a -0.8a -

Ru - +1.61 -0.05 -1.6

Rh - +2.43 +0.72 -

P d - +2.91 - -

(Hf) - - -3.16 -

Ta - -0.55 -2.05 -

W +  1.59 +0.40 -1.15 -

Re +2.35 +1.33 -1.12 -

Os - +1.28 -0.64 -2.0

Ir - +1.74 -0.02 -

P t - +2.30 - -

a in te rp o la ted  po ten tia l b ex trap o la ted  poten tia l; outside solvent range
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Table 5.4: The electrode potentials of [MBre]z/ z £ 1 /2  in V (vs.S.C.E.) in CH2 CI2 ( 
- 1 ,-2 ).

oxidation  s ta te  of th e  m eta l

m eta l (M ) V /IV IV /II I

Zr - -1.82

Nb +0.30 -0.89

Mo +1.15 +0.06

(Tc) + 2 .0 “ -0.4“

Ru + 1 .526 +0.13

Ta -0.16 -1.35

W +0.59 -0.75

Re +1.31 -0.89

Os + 1.24 -0.55

Ir + 1 .636 + 0.15

P t + 2 .026 -

“in te rp o la te d  po ten tia l; ^irreversible
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E

A  2  r o w  [M F  ] 3  r o w  [ M F  ]

Figure 5.2: i '^ fv s .S .C .E .)  of second and third row transition metal [MFe]3 in CH3C’N.
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Figure 5.3: ^ ^ (v s .S .C .E .)  of second and third row transition metal [MC16]2 in CH2
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A 2 r o w  [MBr \

■ 3 r o w  [MBr  1 
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- 2.0 —

Figure 5.4: ^ ^ (v s .S .C .E .)  of second and third row transition metal [MBr6]z in CH2C12.
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5.2 T h e redox p o ten tia ls  o f [M F6]:/ 2_1

As no ted  in section 5.1 the  redox po ten tia ls  of th e  hexafluorom etalla tes of the  second 

and  th ird  row tra n s itio n  m etals have been stud ied  by G.A. H eath , D .W .A .Sharp  

and  th e ir  co-workers [55,117]. All the  po ten tia ls given in tab le  5.2 were ob ta ined  in 

aceto n itrile  solution except the  [ I r F J 2/ 2- 1 couples which were ob tained  in C H 2C12 

solu tion  [31]. In figure 5.2 th e  e lectrode po ten tia ls  of the  second and th ird  row 

hexafluorom etalla tes are p lo tted  versus atom ic num ber.

5.3 T h e redox p o ten tia ls  o f  [M Clg]^2-1

Taken from  references [41] and  [31] the  electrode po ten tia ls of second and th ird  row 

hexach lorom eta lla tes in C H 2C12 are listed in tab le  5.3. In figure 5.3 the  corresponding 

elec trode  p o ten tia ls  are p lo tted  versus a tom ic num ber.

5.4 T h e redox p o ten tia ls  o f  [M B rg ]^ -1

T he m easu rem en t of all th e  [MBr6]2/ 3-1 electrode po ten tia ls were described in chap ter

3. T he  p o ten tia ls  are listed  in tab le  5.4 and  are p lo tted  versus atom ic num ber in figure 

5.4.

5.5 C om p arison  o f th e  redox p o ten tia ls  o f  second  and third  

row  tra n sitio n  m eta l h exah a lom eta lla tes

C om parison  of figures 5.2, 5.3 and 5.4 indicates th a t  a num ber of sim ilarities exist 

betw een th e  hexahalom eta lla te  redox system s:
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5 .5 .1

T he e lec trode  po ten tia ls  of isovalent hexahalom eta lla te  couples [MX6]2/ 2-1 increase 

regularly  w ith  increasing atom ic num ber, except for a d iscontinuity  a t the  cl3/ 4 couple. 

For th e  hexafluorom etalla tes the  e lectrode po ten tia ls  increase in the  o rderi­

ng0/ 1 <  n d 1/2 <  nd2/ 3 <  nd3/4 <  nd4/5 (5.1)

w hereas for th e  hexachloro- and  hexabrom om etallates the  electrode poten tia ls 

increase in th e  order:-

nd0/ 1 <C n d 1/ 2 <C nd2/3 >  nd3/4 <  nd4/ 5 <  nd5/6 (5.2)

5 .5 .2

[MXe]2 ions becom e m ore oxidizing w ith increasing ox idation  s ta te  of the  m etal.

Hence for a given m eta l M and  halogen X, th e  value of the  couple [MX6]2/ 2-1 is

always g rea te r (m ore + ve) th an  the  value of th e  couple [MXe]2-1/ 2-2 ie;

E 1/2 ( [MXe]2/ - 1 ) >  E 1/2 ( [ M X e ] '- '/ '- 2 ) (5.3)

for given M and  X.

5 .5 .3

T h ird  row tra n s itio n  m eta l hexahalom eta lla te  ions are m ore reducing th an  their iso- 

electronic second row coun terparts, eg:

[R uB r6]2- / 3-  a t  E l/2=  +0.13V  (vs.S .C .E .) 

[OsBr(i]2- / 3-  a t £ 1/2=  -0.55V (vs.S .C .E .)
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Figures 5.5 and 5.6 show the isovalent series of [MX6]1_/2“ and [MX6]2_^ ~  elec­
trode potentials superimposed on one another for the second and third row transition 
metals respectively. A number of features are apparent which, w ith  reference to  the 
generalized scheme A BCD are

5 .5 .4

Although slight deviations from ideally straight lines occur, the average grad ien t of 
section AB is greater than the average gradient of section CD. Hence the average 
difference in value betw een adjacent redox couples o f an isovalent series Is greater 
between ef^1 and d2̂ 3 than betw een df 4̂ and d5̂ 6.

5 .5 .5

Comparing between the isovalent hexahalometallate series the overall
slope dE/dn increases in the sense ;

[M F J*/*-1 >  p c y ^ ' 1 >  [ M B r J ^ '1 (5 ,4)

5 .5 .6

The discontinuity occurring between and (04 k  more pronounced ie; P k  greater, 
for second row than third row transition metal hexahalonaetallates.
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Figure 5.5: £ ,1/2(vs.S.C.E.) of second row transition metal [MX6]2 in CH2 CI2 .
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5.6 R eversib le  (equilibrium ) p o ten tia ls

For th e  reversible redox couple

[MX6]* + e  ^  [MXe]*'1 (5.5)

th e  s ta n d a rd  free energy change of th e  reaction  A G ° , and  th e  reversible electrode 

p o ten tia l E°  are re la ted  to  th e  equilibrium  constan t K  by

A G °  =  — RT In K  (5.6)

and

£» =  ^ l n A '  (5.7)

com bining 5.6 and  5.7 gives

A  G° =  - n F F °  (5.8)

S tric tly  speaking, th e  redox po ten tia l is a  m easure of the  free energy difference 

betw een th e  reduced and the  oxidized species in equation  5.5 including solvent effects 

and o th e r variables, ie;

free energies [MX6JZ 1 -  free energies [MX6J? (5.9)

However, the  free energy change involved in reaction  5.5 is also a function of 

en thalpy , en tropy  and tem p era tu re  from

A G  =  A H  — T A 5  (5.10)

T herefore equation  5.9 can be re-w ritten  as
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E°  oc £ ( / / [ M Xe]8" 1 - ff[MXe]*) - T  ^ [ M X e ] * " 1 - S[MX6H  (5.11)

(M =  m etal; X =  F, Cl, Br; z =  0,-1,-2,-3)

Hence th e  dependence of the  electrode p o ten tia l on th e  free energy difference 

betw een th e  reduced and the  oxidized species (equation  5.5) is com posed of two 

se p a ra te  con tribu tions: the  en thalpy  change and  the  en tropy  change of th e  reaction . 

T he sep ara te  contribu tions are discussed independen tly  in th e  following sections.

5.7  T h e  effect o f th e  en tropy term  on  th e  e lectro d e  

p o ten tia l

T h e  en tropy  con tribu tion  to the  redox po ten tia l of th e  reversible electron transfer 

betw een th e  p la tinum  electrode and  hexahalom etallate  ion is a m easure of th e  change 

in d isorder of th e  system . As the  octahedra l s tru c tu re  of each hexahalom eta lla te  

ion is m ain ta ined  during reversible electron transfer, significant en tropy  changes only 

arise from  changes in the  s tru c tu re  of th e  solvation shell su rrounding  th e  ion.

T h e  su rrounding  solvation shell or secondary solvation sphere [120] contains p a rtly  

orien ted  solvent m olecules which have some tran sla tio n a l freedom , unlike th e  molecules 

in th e  bulk  solvent which have bo th  random  orien tation  an d  tran sla tio n a l freedom . 

R eversible electron transfer to or from the  central m etal ion in hexahalom eta lla te  ions 

affects th e  secondary  solvation sphere in two ways:-

1. C hanges in th e  m etal-halogen bond length require an  a lte ra tio n  to  th e  volum e 

of th e  solvation sphere,

2. E le c tro s ta tic  considerations imply th a t  an increase in th e  overall charge o f a  

com plex ion produces an increase or decrease in  th e  o rdering  o f su rrounding  

solvent m olecules and hence a decrease or increase in th e  reaction  entropy.
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5 .7 .1  T h e  B o r n  a p p r o x im a t io n

O ne ol the  sim plest q u an tita tiv e  trea tm en ts  of the  solvent-solute in terac tion  is to 

regard  th e  solvent as a dielectric, s itu a ted  in the  field of com plex ions which are 

considered as electrically  charged spheres. T he  free energy change associated  w ith 

solvation of one mole of ions can then  be estim ated  by th e  B orn expression [121]

A G j - s — free energy of ion solvation in solvent s; L =  A vogadro’s constan t; z4 

=  charge on ion; e0 = electronic charge; r,- =  radius of ion; D =  solvent dielectric 

constan t; e0 =  vacuum  p erm ittiv ity  (=  8.854xlO~12F m ~ 1).

T hen  th a t  p a rt  of the  free energy change during reaction  5.5 which arises from  the  

rea rrangem en t of the  secondary solvation sphere can be approx im ated  by

T herefore  th e  Born en tropy change arising from  th e  rearrangem ent of the  sec­

o ndary  solvation sphere (and hence the  entropy con tribu tion  to  the  overall free energy 

change) is approx im ated  by

Finally , th a t  p a rt of the  en thalpy  change during reaction  5.5 arising from the 

rearrangem en t of the  solvation sphere can be approxim ated  by

(5.12)

(5.13)

d ifferen tia ting  equation  5.10 w ith  respect to  tem p era tu re

(5.14)

orn (5.15)
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( A  H ) Biorn
1 _  T_dD  
D D2 r)T

(5 .16 )

Given th a t  [1‘22]; D c h 2 c i 2 =  9.08 a t 293K ; Tr e d = r 0X = T , average = 0 .45nm  ; and  D c h 2 c i 2

(3320 /T )-2 .24 . T hen  for th e  reversible electrode reaction  5.5 w ith  zred=3 and zox—'2, 
eq u a tio n  5.13 p red icts th a t  the  free energy change arising from  the  rearrangem en t of 

th e  solvation sphere is {AG)Bom  ~  -687K Jm ol_1. For the  sam e reaction , equation

sphere  is (A H ) B 0m  ~  -793K Jm ol 1. A nd finally, for the  sam e reaction, equation  5.15 

p red ic ts  th e  en tropy  change arising from  the  rearrangem ent of the  solvation sphere

B orn  free energy change is then  -T (A S)Bom  ~  -293 x -362 % + 106K Jm ol-1 (which 

is only roughly  15% of (A G )* orn).

T he  m ag n itu d e  of (A G )florn and therefore also (A 5)j3orn would be reduced w ith  

Zred=l and  z ox=0  (by a factor of 5 neglecting changes in the  radii) bu t significantly, 

(A  G ) Born would still be dom inated  by the  con tribu tion  of (A H ) b 0tti- It should be 

recognised th a t  the  Born theory  only provides a rough approx im ation  as the  solvent 

canno t be regarded  as a  continuous dielectric in the  vicinity  of the  ions [123] and the  

com plex rad ii are not known in solution. Nevertheless, it would appear th a t  the  effect 

of th e  en tropy  te rm  in equation  5.11 on the  electrode po ten tia l of hexahalom eta lla te  

com plexes is likely to  be small.

N.B. W ith  regard  to  the  system atic  trends exhib ited  by hexahalom eta lla te  redox 

couples ou tlined  in section 5.5, it is reasonable to assum e th a t a series of isovalent 

hex ah a lo m eta lla te  redox couples undergo very sim ilar solvation effects given the  sim ­

ilar sizes of isovalent tran sition  m etal ions across a period. Therefore, ignoring the  

possib ility  of a Jahn-T eller d isto rtion  (chapter 1), the  entropy con tribu tion  to the  

e lec trode  p o ten tia l is likely to be very sim ilar for each isovalent hexahalom eta lla te  

couple w ith in  th e  sam e period. Therefore the  system atic  trends exhib ited  by the 

redox p o ten tia ls  of hexahalom eta lla te  ions will be independent of any en tropy  con­

trib u tio n  because each redox couple in an isovalent series involves approxim ately  the 

sam e en tropy  change.

5.16 p red ic ts  th a t  the  en thalpy  change arising from  the  rearrangem ent of the  solvation

is (A S )* ,orn 362JK  1mol l . From  equation  5.10 th e  en tropy  con tribu tion  to the



C H A P T E R  5. 148

5.8 T h e effect o f th e  en th alp y  term  on th e  e lec tro d e  

p o te n tia l

In th e  previous section the effect of the  en tropy  term , -T A S , on the  system atic  varia­

tion  of isovalent hexahalom eta lla te  e lectrode po ten tia ls  across a period was considered 

to  be sm all. From  equation  5.11 the  en thalpy  changes occurring in hexahalom eta l­

la te  redox system s are therefore responsible for the  system atic  trends exh ib ited  by 

h ex ah a lo m eta lla te  redox po ten tia ls (section 5.5).

T he en tha lpy  or heat of reaction 5.5 is rela ted  to the  energy of the  redox electron 

in th e  reduced m olecule and hence to  the  ionization energy of th e  reduced molecule. 

W hen  com paring  values of E°  th e  energy of the  redox electron  can be approx im ated  

by th e  energy of the  redox o rb ita l including electron pairing energy when required , 

£ (red o x ) [114]. C onsequently  the  en thalpy  change is influenced by those factors 

governing <S(redox), nam ely ; the  m etal (M ), the  num ber of redox electrons (n), the  

ligand  (L) and  the  solvent (S).

T h e  following sections will exam ine the  con tribu tions of each factor tow ards the 

general sim ilarities betw een the  redox po ten tia ls of the  hexahalom eta llates as de­

scribed  in section 5.5. T he differences betw een th e  redox po ten tia ls  of hexaffuoro-, 

hexachloro- and  hexabrom om etallates, shown in figures 5.5 and  5.6, will be discussed 

w ith in  th e  con tex t of the  influence of the  different ligands.

5.9 T h e in fluence o f th e  m eta l on ^(redox)

As a lready  noted  above, the  redox poten tia ls of the  hexahalom eta lla te  complexes 

are influenced by the  ionization enthalpies of the  m onatom ic gas atom s [87,113,116], 

especially  for the  higher oxidation sta tes where the  (n -f l) s  electrons have been re­

moved. U nfortunately  thereon? no com prehensive d a ta  concerning the  th ird , fourth 

and fifth ionization enthalpies of the second and th ird  row transition  elem ents - the  

s ta te s  which are chem ically relevant to th is thesis (tab le  5.5). Even then  a direct com­

parison could not be possible because the gaseous ions possess a five-told degeneiate
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d -o rb ita l m anifold whereas the  hexahalom eta lla te  d -orb ita l m anifold degeneracy is 

split betw een eg and t 2g o rb ita ls (chap ter 1). However, the  first and second ionization 

en thalp ies do show some phenom ena which can be rela ted  to  the  electrode po ten tia ls 

of th e  [lVIX6] 2 complexes.

5 .9 .1  P e r io d ic  v a r ia t io n  o f  io n iz a t io n  e n th a lp ie s

T h e  lower ion ization  en thalp ies of the  tran sition  m etals increase progressively across 

th e  second and  th ird  periods as a consequence of the  increasing effective nuclear 

charge ie: in th e  sequence

Zr <  N b <  Mo <  T c <  R u <  Rh <  Pd  

Hf <  T a <  W  >  Re <  Os <  Ir >  P t

T his is reflected by th e  isovalent hexahalom eta llate  redox couples which generally 

increase across a  period , ind icating  an increasing reluctance to  release an electron. 

N .B . T h e  s teady  increase of th e  th ird  ionization enthalpies of th e  second row tran sitio n  

m etals (and  therefore rem oval of a d-electron) has a d iscontinuity  a t R u(III)-4d5. This 

is due to  th e  rem oval of a  spin-paired  d-electron from  the  gaseous R u(II) ion-4d6. This 

im p o rta n t effect also concerns [MX6]2 electrode po ten tia ls and  is discussed in section 

5.10.

5 .9 .2  C o m p a r is o n  o f  s e c o n d  and  th ird  row

T he increased  ion ization  en thalp ies observed when progressing from  second to  th ird  

row tra n s itio n  m etals are trad itionally  explained by the  increased nuclear charge of the  

5d elem ents and  the  poor screening ability of the ir filled 4f shell. This would suggest 

th a t th ird  row hexahalom eta llates should be harder to  oxidize th an  their isoelectronic 

second row [MX6]2 co un terparts, which is the opposite of the  observed effect (criterion 

5.5.3). It is u n fo rtu n a te  th a t a m ore ex ten siv e  range  ol th ird  row transition  m etal 

ionization en thalp ies is no t availab le  because  it is not ce ita in  th a t the sam e tiend
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is obeyed w hen the  5d electrons are removed. In fact, rela tiv istic  exp lanations of 

d -o rb ita l energies [124] ind icate th a t the  o rb ita l energies of the  5d-m etals are above 

those  of th e  4d-m etals of the  previous row. This suggests 5d electrons are m ore 

available for redox processes th an  4d electrons which is consistent w ith  the  g rea ter 

reducing  ab ility  of 5d hexahalom etallates th an  their 4d isoelectronic co un terparts, as 

observed in th is thesis. T he rela tiv istic  in te rp re ta tio n  also postu la tes a con traction  

of th e  6s and  6p o rb ita ls inside the  5s and  5p o rb ita ls which would explain th e  larger 

first and  second ionization enthalpies of the  th ird  row tran s itio n  elem ents.

5 .9 .3  T h e  o x id a t io n  s ta t e  o f  t h e  m e ta l

T he successive ionization enthalpies of a m etal increase progressively as th e  effective 

nuclear charge increases. Similarly, the  electrode po ten tia l of a hexahalom eta lla te  

com plex increases w ith  increasing oxidation s ta te  of the  m etal (criterion 5.5.2).

5.10  T h e  in fluence o f  th e  cln configuration

T he influence of the  dn configuration can be assessed by calcu lating  the  e lec trosta tic  

in te rac tio n s  betw een electrons w ithin an ion. It is not w ith in  the  scope of th is thesis 

to  q u a n tita tiv e ly  calculate interelectronic correlation energies [2] bu t fo rtu n a te ly  a 

q u a lita tiv e  approach  can be used to  explain the observed resu lts. In order to  simplify 

the  analysis fu rther we shall assum e the  [MX6]2 complexes adop t a regular oc tahedra l 

sym m etry  and  th a t  effects such as Jahn-T eller d istortions do not occur.

W hen the  d -orb ita l m anifold is split according to the  ligand field theory  (chap ter

1), th e  e5- t2g energy separation  of second and th ird  row transition  m etals is sufficiently 

large th a t  sp in-pairing in the  t-2g o rb ita ls becomes m ore energetically  favourable than  

m axim ising the  m ultip licity  w ithin the  d m anifold. Hence it is the  filling of the  t 2g cl- 

o rb ita l m anifold which is of most concern in this thesis. The d configuiation pla^ s an 

im p o rta n t role in determ ining E (redox) as the  redox processes of hexahalom etallates 

are assum ed to  be m etal based.
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Table 5.5: The successive ionization enthalpies of the second and third row transition metals 
[126], A ^ g s /M J m o l- 1.

m etal I II III IV V

Zr 0.666 1.273 2.224 3.319 7.87

Nb 0.670 1.388 2.422 3.70 4.884

Mo 0.691 1.564 2.627 4.48 5.91

Tc 0.708 1.478 2.856

Ru 0.717 1.623 2.753

Rh 0.726 1.751 3.003

P d 0.811 1.881 3.183

Hf 0.68 1.44 2.25 3.22

Ta 0.767

W 0.776

Re 0.766

Os 0.85

Ir 0.88 ■

P t 0.87 1.797
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5 .1 0 .1  D is c o n t in u i t ie s  a n d  t h e  dn c o n f ig u r a t io n

T he concept of <S(redox) will be discussed in section 5.10.3 using the  concepts of M .O. 

theo ry  b u t to  explain  the  discontinuities observed in th e  series of isovalent [MXg]2/ 2-1 

couples a  c rysta l field approach  is m ore appropria te : T he  energy of the  nd shell is 

d iv ided  in to  two com ponents ; th e  coulom bic a ttra c tio n  which the  positively charged 

inert gas core has on the  nd electrons con tribu ting  -nU to  A H  and the  in terac tion  

energies betw een the  nd electrons. T he energy processes arising from  electron-electron 

in te rac tio n  are [125]

1. T h e  exchange energy (parallel spins, |  j ) ,  k.

T his is th e  energetic  origin of H und’s rule and  is roughly p roportional to  the  

num ber of pairs of parallel spins. A ddition  of an e lectron  w ith a parallel spin 

w ith in  th e  d- t2g m anifold exerts a stabilizing influence on th e  ion of - A H  and 

vice versa.

2. T h e  repulsion energy (parallel spins, j | ) ,  r.

T h e  coulom bic repulsion betw een all pairs of parallel spin electrons w ithin the 

d - t2g m anifold exerts a destabilizing influence on th e  ion of + A H  and is roughly 

p ro p o rtio n a l to  the  num ber of pairs of parallel spins.

3. T h e  repulsion energy (spin pairing, | | ) ,  R.

W hen  two electrons occupy th e  sam e o rb ita l w ith in  th e  d - t25 m anifold, the  

coulom bic repulsion energy betw een them  destabilizes the  ion by an energy 

+ A H .

N eglecting ligand and solvation effects the  energy of the  d-shell, £ { d n ) is then  

app rox im ate ly  given by

S{cln ) = -nU +  a(k) +  b (r) +  c(R ) (5.17)

th e  energy change when one electron is rem oved is then
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£ {d n l ) -  £ { d n ) = U +  A  a(k) +  A  b(r) +  A c(R ) (5.18)

T he  ind iv idual con tribu tions ol k, r and  R  identified as a, b and  c can be easily 

ca lcu la ted  for each dn( t2g) configuration and they  are listed  in tab le  5.6. T he relative 

E \ / 2  values are then  the  difference betw een successive dn configurations, £ ( d n~1)- 

£ { d n), w ith  an a rb itra ry  zero poin t a t the  d0/ 1 couple (having th e  energy U).

Table 5.6: Interelectronic correlation terms of k, r and R for [MX6]* complexes.

t2<7 core exchange repulsion repulsion E \ / 2
config. attraction energy,k (11), r (11), R

d° 0 0 0 0
} d ° /d 1 u

d 1 -U 0 0 0
} dV d2 U-k-r

} k+r

d2 -2U k r 0
} d2/d 3 U~2k-2r

} k+r

d3 -3U 3k 3r 0
} d3/d 4 U-3R

} 3R-2k-2r

d4 -4U 3k 3r 3R
} d4/d 5 U-k-r-3R

} k+r

d5 -5U 4k 4r 6R
} d5/d 6 U-2k-2r-3R

} k+r

d6 -6U 6k 6r 9R

T he A £  term s refer to  the  energy differences betw een successive couples. Referring 

to  figures 5.5 and  5.6, it is clear from  tab le  5.6 th a t  the  prevailing slope and the 

d iscontinuities observed in the  electrode po ten tia ls of isovalent hexahalom eta llate  

couples a re  determ ined  by the  en thalpy  contribu tions of th e  interelectronic repulsion 

term s (k + r)  and  (3R-2k-‘2r). F urtherm ore, the  a b ru p t d iscontinuity  betw een the  d2/3 

and  d3/4 couples is a  consequence of there  being no appreciable difference in the  

exchange energy and  the  parallel repulsion energy betw een low spin nd3 and nd4 ions.

However, a. general g rad ien t (k + r) does not satisfy the  observation th a t the linear 

progression of redox po ten tia ls is sm aller for the  d3/ , d ' ,  d' / series than  the d / ,
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c/1/ 2, d2/3 series (criterion  5.5.4). This inaccuracy can be explained in two ways : 

E ither th e  in terelectron ic  repulsion energies are significantly a ltered  when spin pairing 

occurs or, by th e  in tro d u c tio n  ol a fou rth  repulsion pa ram ete r K which acts betw een 

spin pa ired  o rb ita ls in th e  d - t2ff m anifold destabilizing the  ion w ith  and  en thalpy  

+ A  H .

Table 5.7: Interelectronic correlation terms of k, K, r and R for [MX6]2 complexes.

t2 g core exchange repulsion repulsion repulsion E\/2 A S
config. attraction energy,k (TT),r (U), R K

d° 0 0 0 0 0
} d ° /d 1 u

d 1 -U 0 0 0 0
} dV d2 U-k-r

} k+r

d2 -2U k r 0 0
} d2/d 3 U-2k-2r

} k+r

d3 -3U 3k 3r 0 0
} d3/d 4 U-3R

} 3R-2k-2r

d4 -4U 3k 3r 3R 0
} d4/d 5 U-k-K

} k+K +r

d5 -5U 4k 4r 6R K
} d5/d 6

-r-3R
U-2k-2K

} k+K +r

d6 -6U 6k 6r 9R 3K -2r-3R

T h e  new in terelectron ic  correlation term s w ith  the  pa ram ete r K included are shown 

in tab le  5.7. A ccording to the  A S  term s, the  differing gradien ts and th e  d iscontinuity  

betw een d2/3 and  d3/4 represented in the  schem atic figures by AB, CD and BC can 

now be a ttr ib u te d  to  the  energies (k + r) , (k + K + r)  and (3R-2k-2r).

T h e  sam e p rocedure was repeated  but with the  Racah param eters for the  ground 

s ta te  e lec tro sta tic  energies of the  various ions instead  of k, K, r and  R. (T he  repulsion 

energies for th e  various dn configurations were listed previously by J.S .G riffith  [2] who 

utilized th e  R acah  param eters  A,B and C). A new param eter D was in troduced  in this 

work to  account for the  differing gradients observed (see tab le  5.8). T he d0/ couple 

was again  given the  a rb itra ry  value of zero and the  A £  term s indicated  the  slope
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g rad ien ts  corresponded to  the  energies A-5B and A -5B +D  w ith  the  d iscontinuity  

am oun ting  to an energy of A + 10B + 5C . Hence:-

k + r  ~  A - 5B

R ~  A +  5 /3C

K ~  D (5.19)

Table 5.8: Interelectronic correlation terms for [MX6]2 using the Racah param eters A, B,
C and D.

h  g correlation E\/2
config. energy

d° 0

}0
d 1 0

}5B-A

}A-5B

d 2 A-5B

}10B-2A

}A-5B

d3 3A-15B

J-5C-3A

JA + 1 0 B + 5 C

d4 6A -15B +5C
}5B-5C-D-4A

}A -5B +D

d 5 10A -20B +10C +D

J10B-5A-5C-2D

}A -5B +D

d6 15A -30B +15C +3D

5.10.2 T he in tere lectron ic  repulsion param eters

From  th e  experim ental values of the  electrode po ten tia ls given in tables 5.2, 5.3 and 

5.4 th e  th ree  grad ien ts (k + r) , (k + K + r)  and  (3R-2k-2r) can be given num erical values 

x, y and z ie:
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k +  r =  x 

k + K + r  - y 

3R - 2k - 2r =  z (5.20)

S tra igh tfo rw ard  calculations can then  derive values for th e  relative energies of 

th e  repulsion energy ( T I ) R >  th e  repulsion betw een spin paired  orb ita ls K and  the 

com bination  (k + r) , the  exchange and  repulsion energies ( I T ) -  T he values determ ined  

for th e  isovalent series [MXe]2^2-1 are listed  in tab le  5.9 while the  relevant calculations 

are ou tlined  in A ppendix  A.

Table 5.9: T he relative energies of the interelectronic correlation term s (k + r), K and R for 
hexahalom etallate  complexes.___________________________________________________________

Second row transition metal hexahalometallates
[MFe]1" / 2- [m f 6]2- / 3- [MCle]1- / 2- [MC16]2- / 3- [MBre]1- / 2- [MBr6]2- / 3-

(k+r) +  1.21 - +0.96 +  1.12 +0.85 +0.95
K - - -0.31 -0.36 - -0.42
R +0.80 - +0.51 +0.57 +0.41 +0.48

Third row transition metal hexahalometallates
[MFe]1- / 2- [m f 6]2- / 3- [MCle]1" / 2- [MC16]2- /3- [MBre)1- / 2- [MBr6]2- / 3-

(k+r) +1.18 - +0.94 +0.98 +0.74 +0.60

K -0.58 - -0.43 -0.43 -0.11 -0.08

R +0.93 - +0.61 +0.66 +0.47 +0.35

Table 5.10 sum m arizes the  values in tab le  5.9 by ind icating  w hether the  values 

( r+ k ) , K and  R  increase or decrease in the  order

[M F6]z : [MCI6]z : [MBr6]z (5.21)

W here values in tab le  5.9 were absen t, the  underlying trend  was in terp re ted  from 

the  rem ain ing  two values in 5.21. T he im portan t teatu res of tab le  5.10 are

a) T h e  repulsion energies, R, between two electrons paired in a d - t25 o rb ita l de­

crease w ithin th e  sam e period in the  order:
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Table 5.10: R elative trends of the interelectronic repulsion energies between isovalent hex­
ah a lom eta lla te  series in the sequence [M F6]2/ 2-1 : [MCle]2/ 2' 1 : [M Br6]2/ 2-1

(k + r) K R
second row [MX6]1_//2_ decreasing - decreasing

second row [MX6]2-//3- decreasing (decreasing) decreasing

th ird  row [MX6]1_//2~ decreasing increasing decreasing

th ird  row [MX6]2 -/3~ decreasing increasing decreasing

R[MF6]z > R[MC16]2 >  R[M Br6]2 (5.22)

T his o rder reflects the  nephelauxetic  effect of th e  ligands (section 1.3) as one 

m ight expect because the  nephelauxetic  ra tio  (3 is a function  of the  R acah repulsion 

p a ra m e te r  B, and  decreases w ith decreasing in terelectronic repulsion in the  com plex 

ion. T h e  d - t25 electrons, which are form ally located  on the  m etal in hexahalom eta l­

la te  com plexes therefore experience less in terelectronic repulsion when surrounded  by 

chloride and  brom ide ligands th an  w hen surrounded by fluoride ligands. Such a result 

is consisten t w ith  the  g rea ter delocalization and hence g rea ter covalency of M -Cl and 

M -B r bonds (section 1.7).

b) For th ird  row hexahalom etallates the  repulsion betw een spin paired  o rb ita ls, 

K , ap p ears  to  increase in the  sense

K[M F6]2 <  K[MC16]2<  K [M Br6] (5.23)

Ow ing to  the  greater delocalization w ithin M -Cl and  M -Br bonds the reverse trend  

was expected  an d  there  appears to be no logical explanation  of th is phenom enon. T he

expected  tren d  in K was observed w ith the  second row isovalent series [MXg]  ̂ ,

a lthough  th e  accuracy of the  values calculated  are dependent on the [TcBr6]2~/3_ 

electrode po ten tia l which was predicted  to  be -0.4V (tab le  5 .4 ),(close to the  value 

of -0.34V ob tained  by previous workers [60] in H Br solution), bu t which m ay be 

inaccura te .
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N.B. T he  unexpected  order of 5.23 ind icates th a t  linking K w ith  spin-paired  o rb ita l 

repulsion energy is incorrect and a different in te rp re ta tio n  leading to the  sam e result 

is requ ired .

c) W ith in  the  sam e period, th e  values of the  energy (k + r)  decrease according to

[M F6]2 >  [MC16]* >  [MBr6]2 (5.24)

A ccording to  5.10.2a) the  repulsion energy r(fT ) decreases in the  order 5.24 be­

cause of th e  ligand nephelauxetic  effect. Therefore either: 1) the  exchange energy k 

also decreases b u t th e  ensuing destab iliza tion  is less th a n  th e  loss of repulsion energy

2) th e  exchange energy is the  sam e for [MF6]Z, [MC16]2 and  [M Br6]2 or 3) the  exchange 

energy  increases according to the  ligand sequence F <  Cl <  Br.

N .B . T h e  in te rp re ta tio n  of the  resu lts ob tained  are  best confined to the  relative 

values betw een isovalent hexahalom eta lla te  series w ith in  a given period and not to  the  

a c tu a l num erical values. Inspection of tab le  5.9 ind icates th a t  R energies of second 

row hexahalom eta lla tes  are less th a n  those of the  corresponding th ird  row complexes 

conflicting w ith  the  g rea ter size of 5d com pared w ith 4d o rb ita ls. Indeed the  analysis 

assum es th a t  values of k, K, r and  R  rem ain constan t across a period w ith in  the  same 

isovalent series. In fact the  values of th e  repulsion energies B and C, and hence k, r 

and  R  ap p ear to  generally increase across a period [2] although  d a ta  are only available 

for M (I) and  M (II) ions.

5.10.3 T he energy of the  redox o rb ita l, £(redox)

T he cry sta l field in te rp re ta tion  of the  series of isovalent [MX6]2/z_1 redox couples 

is very successful when describing the  origin of the  d iscontinuity  between nd2/3 and 

nr/3/ 4 (crite rion  5.5.1). To explain how the  different halide ligands effect th e  isovalent 

[MX6]z/3-1 redox series an a lte rna tive  approach based on m olecular o rb ita l m ethods 

will be used here:

T h e  energy of the  redox orb ita l, £ (redox ), [114], is w ritten  as the  sum m ation  of
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two term s: a) the energy of the  lowest-lying d-orbita.1 in the  d-m anifold, <S(t25), and

b) th e  difference in energy betw een th is orb ita l and  th e  redox orb ita l. In the  contex t 

of low -spin hexahalom eta lla te  complexes (w ith no Jahn-T eller d isto rtion ) th is energy 

difference is equivalent to  the  spin-pairing energy P.

In M .O . theory  S{\,2g) is defined as the  sum  of two com ponents :-

1. T he valence s ta te  ionization energy (VSIE) of the  d -orb ita l of the  m etal M w ith 

effective charge q, V S IE ^ . (This is the  application  of K oopm an’s theorem  which 

approx im ates the  o rb ita l energy of the  m etal as th e  negative of the  ionization 

p o ten tia l for the  removal of an electron from  th a t  o rb ita l [127]). P lus

2. A 7r-covalency c o n t r i b u t i o n , w h i c h  is positive for a 7r-donor ligand and  neg­

a tive  for a 7r-acceptor ligand.

T hus

£ ( h g )  =  -V SIE ^ +  A ,  (5.25)

As th e  V SIE is charge dependen t, it can be represented by

V S IE ^ =  o m +  k{3mq (5.26)

a m and  (3m are constan ts  of the  m etal and kq, (0 <  k <  1), represents the  effective 

charge of th e  m etal which is less th an  the charge of the  free ion because of the  

charge tran sfe r con tribu tion  from  the ligands. A fter correction for electron pairing 

th e  experim en ta l V S IE ’s for free M (III) ions [2] is a sm ooth  function of the  nuclear 

charge z and  therefore of the  num ber of d electrons n. Hence the  VSIE can be 

expressed  in term s of a reference value, ie:

VSIE?n =  VSIE?e/ (1 +  7 1 1 ) (5.27)
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w here 7  is a constan t (0.08 for first row tran s itio n  m etals) . Therefore equation  
5.27 can be w ritten

V S IE ^ =  ( a re /+k/3re /q) ( 1  +  7 n) (5.28)

From  first o rder p e rtu rb a tio n  theory  [127]

A * : A c ' -  <5 ’29)M L

A S  m l  =  S m  — S l =  -V S IE ^ — E l (5.30)

w here E l  is the  ligand o rb ita l energy. T hen

dArr dAir A r
d V S l E l  dEL A  E m l

hence from  5.25

(5.31)

—d £  ( t2„) A k

rfVSIE’ =  ~  A £ ML =  (5 '32)

5.11 H exah a lo m eta lla te  e lectrod e p o ten tia ls  and e(redox)

T h e  differences and  sequential trends betw een the  electrode poten tia ls of the  hexa­

h a lom eta lla tes  are  divisible into four m ain categories :

5 .1 1 .1

T he difference betw een the electrode poten tia ls of isovalent hexahalom etallate  neigh­

bours w ith in  the  sam e period which can be w ritten  as
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E[M X 6f  - E{M 'X 6f  =  A ( M A T )  (5 .3 3 )

A(M,M‘) defines th e  slope of and is therefore  th e  ra te  of change of - £ ( t .2fr)

with increasing d-t2̂  electron popu lation , n. N eglecting any effects of n on k and q

A(M,M’) - „  4 - i n , , , +  k0 r e / q , -  %

-  7 (oirei  +  kSre/q) ( l  -  2 ^ —)  (5 .34)

f d A r d A ,  d V S W l  A ,  \  ,
( dn dVSIEJ, ’ da ~  A S m C ^"1 + "/q') (5'3o)

In ch ap te r one th e  properties of the metal-halogen bonds were discussed in term s 

of th e  differing electronegativities of the  halide ligands which led to  increasing v- 
donation from  the ligand to the metal in the order

[MF6f  < [MCy* < [MBr«f (5 .3 6 )

T he gradient A (M ,M ’) i;S influenced by the values of k, q and A*-/ A £ m l -  k is a 
num ber between 0 and 1.0 which reflects the covalency of the M-L bonds and is ap­
proximately equal to 1.0 for a purely ionic bond. Similarly the effective nuclear charge 

q decreases with increasing electron donation of the ligand to the metal. Therefore Tor 

hexahalom etallates the decrease in both k and q mull reflect the order 5.37.

A £ ml can be approximated by the energy of the first charge transfer band of the 

hexahalom etallate complex in the visible/ultra-violet region (section 1,9). Equation 

1.7 indicates th a t when considering hexafluoro-, hexachloro- and hexabromometal- 
lates, A E ml will be greatest for hexafluorometallates and smallest for hexabromomet-
allates. A* is positive for halide ligands and increases in the order F" <  Cl" < Br" 
and so the contribution of -2A iJr/A Eml to A(MAf) increas.es in the order 5.36..
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T herefore the  p red icted  gradien ts, — d £  { t 2 g ) / d n  for the  redox couples of isovalent 

h exahalom eta lla te  series should follow the  order

[M F e ] ^ " 1 >  [ M C le ] ^ - 1 >  [MBr6]z^ _1 (5.37)

T his tre n d  was observed in th is thesis. Provision for the  difference in slope be­

tw een th e  dP/1 ,dx/2,d2/3 and d3/ 4,d4/ 5,d5/ 6 couples can be m ade as in section 5.10.1 by 

in troduc ing  a new te rm  into  th e  spin pairing  energy of the  complexes w ith a g rea ter 

th a n  half filled d - t2g m anifold.

5 .1 1 .2

T he difference betw een the  e lectrode po ten tia ls  of two consecutive electron transfer 

steps of th e  sam e hexahalom eta llate  com plex, often referred to  as the  redox stab ility  

of [MXe]3, can be w ritten  :

E[M X6]2+1/2 - EfMXe]2̂ - 1 =  A (ox,red) (5.38)

A (ox ,red) is then  a m easure of th e  change in the  energy - £ ( t 2g) of a hexahalom et­

a lla te  com plex w ith respect to  the  overall charge on th e  ion z. Neglecting any effects 

of z on A and  k as relatively m inor

A /_  jN   — d £  ( t2g )  A1 q  dq d / A n  / k on\
A (ox,red) =  ^  ~  Ak/Jm ^  ^  (5.39)

E q u a tio n  5.39 is difficult to  assess in rela tion  to  the  effect of varying the  ligand 

of hexahalom eta lla te  complexes. However, one can in te rp re t d q /dz  as the  ex ten t of 

m e ta l ch arac te r of the  redox orb ita l, which is expected  to be grea test for the  hexaflu- 

o rom etalla tes  because the M -F bond is m ore ionic in na tu re . If the  con tribu tion  

of F ~ , C l" and  B r“ is assum ed to decrease by approxim ately  the same am ount with 

increase in z (d A ^ /d z  is probably  sm allest for F "  in fact) then  th e  redox s tab ility  of 

isoelectron ic [MX^]' com plexes shou ld  decrease in the  order
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A (ox,red) : [M F6]2 >  [MC16]2 >  [M Br6]2 (5.40)

In th is thesis it was only possible to  calcu late  the  redox stab ilities of [MCle]2- 

and  [M Br6]2_ complexes. T he resu lts are listed  in tab le  5.11. C learly the redox 

s tab ilities  listed  in tab le  5.11 agree w ith  the  p red iction  of equation  5.40. Table 5.11 

along w ith  figures 5.2 - 5.6 also clearly illu stra tes  the  enhanced  redox s tab ility  of d3 

h exahalom eta lla tes  com pared w ith  o ther m em bers of th e  sam e isovalent series.

Table 5.11: Redox stabilities (volts) of the second and th ird  row [MCle]2- and [MBrg]2- 
com plexes.

M X =  Cl X II td
Nb 1.40 1.19

Mo 1.33 1.09

Tc 2.80* 2.40*

Ru 1.66 1.39

Rh 1.71 1.15*

Ta 1.50 1.19

W 1.55 1.34

Re 2.45 2.20

Os 1.92 1.79

Ir 1.76 1.48

* e s tim a ted  value

5 .1 1 .3

T he d iscon tinu ity  in the  progression of isovalent hexahalom eta llate  redox couples has 

been discussed in section 5.10.
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5 .1 1 .4

E q u a tio n  5.25 indicates th a t the  higher e lectrode po ten tia ls  of the  second row [MX6]J 

com plexes com pared w ith th ird  row [MX6]3 com plexes is governed by a larger V S IE ^ 

of second row m etals com pared w ith  the  analogous th ird  row m etals. This conclusion 

co n trad ic ts  th e  available ionization d a ta  bu t adds suppo rt to  the  rela tiv istic  descrip­

tion  of the  o rb ita l energies (section 5.9b). A series of theo re tica l calculations m ight 

be helpfu l to  e lucidate  this problem .

5.12  T h e effect o f  th e  so lven t (S) on th e  en thalp y  term

In section 5.6 it was assum ed th a t  th e  solvent con tribu tion  to  the  en thalpy  change of 

an [M Br6]2 -/ 3- couple could be approx im ated  by

J 2 H solv[MBr6}3-  - Y ^ H solv[M B r6]2" (5.41)

A nd in section 5.7.1 the ion-solvent in terac tion  was in te rp re ted  by using the Born 

e q u a tio n  which led to  equation 5.16 describing th e  con tribu tion  of the  solvent to  the  

en th a lp y  change during a typical one electron electrochem ical reduction  :-

Le2 /  1 T  d D \  (  z2 y 2
red ox

=  <5 -42r red

It w ould be unwise to  re la te  solvation enthalpies calcu lated  from  the  Born equation  

to  th e  overall en thalpy  change of reduction since a largely em pirical approach has been 

ado p ted  so far. B ut, it is useful to com pare the  effects of different solvents on the 

sam e system .

T able  5.12 sum m arises the calculated solvent con tribu tion  to  the  free energy, en­

th a lp y  an d  en tropy  of reaction for an [MBr6]2" /3“ couple in the  th ree  solvents H20 ,  

S 0 2 and  C H 2C12 • For the  th ree different solvents, one can say on purely e lec trosta tic  

considerations th a t  the solvent enthalpy con tribu tion  is relatively constan t toi solvents
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of w idely varying dielectric properties and  is therefore  p robab ly  only of im portance  

w hen a specific chem ical in te rac tion  occurs.

Table 5.12: Born solvation energies for an [MBre]2 - /3 - redox couple in different solvents.

h 2o

D 293 =  80.36

s o 2
D293= 14

CH2C12 
D 293 =9.09

A G  (K Jm ol- 1 ) -762 -716 -687
A H  (K Jm ol-1 ) -776 -805 -793
A S  (Jm ol-1 ) -48 -304 -362

A fea tu re  of tab le  5.12 w orth noting is th a t a lthough  it is sm all in com parison with 

th e  solvation enthalpy, the  entropy con tribu tion  from  th e  ordering of solvent molecules 

a ro u n d  ions is substan tia lly  sm aller for solvents w ith  large dielectric constan ts. T he 

m ain  reason  for th is m ay be th a t  in solvents w ith a high dielectric constan t the  order 

of th e  system  is already high and  is therefore little  affected by any sm all local increase 

in o rder around  ions which gain a charge.

5 .13  Sum m ary o f  th e  en ergy  con trib u tion s to  th e  redox p o ­

ten tia ls  o f second  and th ird  row h exah a lom eta lla tes

•  T he  electrode po ten tia l of a reversible [MX6]2̂ -1 redox couple is p roportional 

to  th e  free energy change during the  redox reaction .

•  T he  en tropy  contribu tion  to  the  free energy change is assum ed to only involve 

a rearrangem ent of the  solvation sphere around  the  hexahalom eta llate  complex. 

T he  B orn equation  predicts th a t the  en tropy  con tribu tion  to the  free energy 

change is likely to  be sm all com pared w ith the  en thalpy  contribution.

• T he  en thalpy  con tribu tion  to  the free energy change is responsible for the  sys­

tem a tic  trends observed w ithm  the  hexahalom eta lla te  redox po ten tia ls. T he 

principal contribu tions to the  enthalpy arise from:-
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1. T he character of the  m etal which can be re la ted  to  th e  V SIE of th e  m etal 

w ith effective nuclear charge q.

2. T he num ber of d electrons. T he in terelectronic  repulsion energies can be 

com bined into an in terelectronic correlation  schem e which can p red ict the 

relative slopes and discontinuities of a series of isovalent [MXg]"/2-1 couples.

3. T he n a tu re  of the  halogen ligands which influence th e  redox po ten tia ls  by 

the ir nephelauxetic  properties.

4. T he  n a tu re  of the  solvent which affects th e  redox en thalpy  by the  form ation  

of a secondary coord ination  sphere of solvent molecules.

5 .14  T h e d eterm in ation  o f unknow n redox coup les

A valuable  outcom e of th e  system atic  p a tte rn  of hexahalom eta lla te  e lectrode p o ten ­

tia ls  is th a t  if some po ten tia ls  are already known th en  the  po ten tia l of an unknow n 

redox couple can be p red icted . This is accom plished by ex trap o la tin g  the  tren d  of 

know n redox couples (figs. 5.2-5.6) to  incorporate  an unknow n electrode po ten tia l. 

W here  two unknow n isovalent redox couples are side by side (eg. [RhBre]1 -^2- and 

[P dB r6]1 - /2 - ) th en  an inform ed guess of the  grad ien t betw een the  two e lectrode po­

ten tia ls  can be in te rpo la ted  and  then  the  electrode po ten tia ls  read off.

T his p rocedure also proved to  be of sem i-diagnostic value as fu rther verification 

of th e  successful synthesis of [Bu4N]2[MoBr6] (sections 3.4 and  6.9).

5 .1 4 .1  T h e  d e te r m in a t io n  o f  u n k n o w n  [M F 6]2/z_1 r e d o x  co u p les  

in  a c e to n itr i le

a) H exahalo techneta tes were not synthesized in th is thesis because of the  po ten tia lly  

dangerous rad ioactiv ity  of technetium . However, ex trapo la ting  the  [NbFg] / and 

[M oF6]1_/2_ redox po ten tia ls gives an estim ate  of the  [TcF6]1-/2_ redox poten tia l:

[T cF6]1_/2_ a t E \ / 2  =  +1-2V (vs.S .C .E .) in CH3CN.
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T he po ten tia l of the  redox couple [TcF6]2 -/3- is m ore difficult to  p red ict because 

th e  [RhFe ] 2 redox couple has not been determ ined . However, R appears to  in­

crease betw een [MX6]1 -/2- and  [MX6]2 -/3- for second row hexahalom eta lla tes  hence 

a value for the  redox couple can be estim ated :

[TcF6]2- / 3-  a t E 1/2 ~  -1.8V (vs.S .C .E .) in C H 3 CN.

b)  E x trap o la tin g  the  [TcFe]2 - /3- and [RuFe]2 -^3- redox po ten tia ls  gives an 

e s tim a te  of th e  [RhF6]2 -/3- redox poten tia l:

[R hF6]2_/3_ a t E 1/2 ~  0.0V (vs.S .C .E .) in CH 3 CN. ■

B oth  com plexes, [RhFg]2- and [RhFg]3 - , have been p repared  as alkali m etal and  

alkaline ea rth  salts [128,129] and  are susceptib le to  hydrolysis. T he anions should 

be su itab le  for electrochem ical study  in a dry  organic solvent and since [R hF6]1- 

salts have also been p repared  [130] th e  [R hF6]1_//2_ redox p o ten tia l should also be 

observable in d ry  C H 3CN at approxim ately  + 2 .0V  (vs.S .C .E .). A lthough R h F 6 is 

know n [131], th e  [RhFe]0/ 1- redox po ten tia l is p red icted  to  lie well above th e  solvent 

range.

c)  E x trap o la tin g  the  [OsF6]1-/2- and [IrF6]1-/ 2- redox po ten tia ls  gives an es tim ate  

of th e  [P tF 6]1 -/ 2- redox potential:

[P tFe]1- / 2-  a t E l/2 = -f 1.8V (vs.S .C .E .) in CH 3 CN.

5 .1 4 .2  T h e  d e te r m in a t io n  o f  u n k n o w n  [MC16]z/z-1 r e d o x  c o u p le s  

in m e t h y le n e  ch loride

a) E x trap o la tin g  the  [MCl6]1_/2_ redox po ten tia ls of Nb and  Mo and the  [MCl6]2_/3_ 

redox po ten tia ls  of Ru and  R h gives an estim ate  of the  [TcClg]  ̂ redox poten tials:

[TcCle]1" / 2-  a t E 1/2 =  + 2 .0 V (vs.S .C .E .) in C H 2 C12 

[TcC16]2_/3_ at E \ / 2 =  -0 .8 V (vs.S .C .E .) in C H 2 C12
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T he e lectrochem istry  of [Bu4 N]2 [TcC16] was investigated  in C H 3 CN by previous 

workers [60]. At a ro ta tin g  p la tinum  electrode two irreversible processes a t £ ’1 /2  =

+  1 . 8 8  V and -1-2.30V (vs.S .C .E .) were observed and  a t a dropping m ercury  electrode 

(D .M .E .) four irreversible processes were observed a t E 1/2 =  -0.34V, -0.68V, -1.11V 

and  -1.83V (vs.S .C .E .). T he p red icted  electrochem ical behaviour in C H 2 CI2 suggests 

th a t  CH 3CN and Hg are no t passive p a rtic ip an ts  in the  redox processes of [TcClejC

(N.B. M oock [197] has determ ined  the  redox po ten tia ls of [Ph4 P ]2 [TcCl6] in C H 2 C12. 

T h e  com plex exhib ited  one reversible oxidation [TcC16]1 -/2- a t E x/2 =  + 1 .98V  (vs.S .C .E .) 

and  a reversible reduction  [TcC16]2-/3~ a t E i / 2 = -0.85V (vs.S .C .E .) in excellent agree­

m ent w ith  th e  p red ic ted  values.)

b ) E x trap o la tin g  th e  [W CE]2 -/3- and  [TaCle]2 - 3̂- redox po ten tia ls gives an 

e s tim a te  of th e  [HfCle]2 -/3- redox poten tia l:

[HfCl6]2_/3_ a t E 1/2 =  -3.1V (vs.S .C .E .) in C H 2 C12.

5 .1 4 .3  T h e  d e t e r m in a t io n  o f  u n k n o w n  [M B r 6]z^ _1 r e d o x  c o u p le s  

in  m e t h y le n e  ch lor id e

a) E x trap o la tin g  th e  [NbBr6]1_/2_ and [MoBr6]1_/2“ redox po ten tia ls  gives an esti­

m ate  of th e  [TcBre]1 -/ 2- redox poten tia l:

[TcBr6]1_/2_ a t E x/ 2 = + 2 .0V  (vs.S .C .E .) in C H 2 C12

T he [TcB r6]2 -/3- redox po ten tia l can be p red icted  in the  sam e way as 5.14.1: 

[TcBr6]2- / 3“ a t E 1/2 ~  -0.4V (vs.S .C .E .) in C H 2C12

T he e lectrochem istry  of [Bu4 N]2 [TcBr6] was previously investigated  in CH 3CN 

[60]. Two irreversible processes at E 1/2 =  +  1.70V and +2.32V  (vs.S .C .E .) were 

observed using a ro ta tin g  p latinum  electrode and irreversible processes a t -0 .34 \ , 

0.68V, -1.11V and  -1.83V (vs.S .C .E .) were observed w ith  a D .M .E. By analogy with 

th e  [TcC16 ]* / z _ 1  complexes (5.14.2), the  [TcBr6 ]z / 2 _ 1  complexes would presum ably  be 

m ore stab le  in dry C H 2 CI2 th an  dry CH3 CN or d iy  CH 3 C N /H g.
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b )  By assum ing the  repulsion energy K is approx im ate ly  th e  sam e for the  second 

row tran s itio n  m etal series [MBrg]1-/ 2- and [MBre]2 -/ 3- then  the  p red icted  value 

for the  hypo thetica l redox couple [RhBr6]1_/2~ is :-

[R h B rJ 1- / 2-  a t E l/2 ~  + 1 .8 V (vs.S .C .E .) in C H 2 C12.

E x trap o la tin g  to the  [PdB r6]1-//2_ redox po ten tia l gives:

[P d B r J 1- / 2-  a t E 1/2 ~  + 2 .1V  (vs.S .C .E .) in CH 2 C12.

c) E x trap o la tin g  the  [TcBr6]2 - /3- and  [RuBr6]2 - /3- redox po ten tia ls  gives an  

e s tim a te  of th e  [RhBr6]2~/3_ redox poten tia l:

[RhBr6]2- / 3-  a t E 1/2 ^  +0.65V  (vs.S .C .E .) in C H 2 C12.

d )  E x tra p o la tin g  the  [W Br6]2-/3~ and [TaBr6]2_/3~ redox po ten tia ls  gives an 

e s tim a te  of the  [HfBr6]2 -/3- redox po ten tia l:

[HfBr6]2- / 3-  a t E 1/2 =  + 2 .2 V (vs.S .C .E .) in C H 2 C12.

T he  la t te r  section, 5.14.3, exemplifies the  value of the  concept since, even though 

th e  hexabrom om etalla te  salts of P d  and  Rh could not be p repared  in a form  which 

was soluble in m ethylene chloride, th e ir relative redox properties are predictable.

5.15  A p p lica tion s o f h exah a lom eta lla te  redox p o ten tia ls

Redox po ten tia ls  are useful for num erous applications where therm odynam ic infor­

m ation  is required. Prim arily, redox poten tia ls can be used to  predict w hether species 

A can ox id ize/reduce species B in order to  determ ine w hether the  synthesis of a  com ­

pound  is therm odynam ically  feasible. In th is section some useful applications of redox 

po ten tia ls  are discussed by resorting to specific exam ples.

N.B. R eactions are divided into two half-cell reactions w ith the oxidation half-cell 

on the  left hand  side and the reduction half-cell on the  right hand side. E ceil is then 

given by :-
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Eceu = ErHS — Elhs ( 5 . 4 3 )

5 .1 5 .1

H exach lo ro tungsta tes(V ) are norm ally  p repared  by the  reaction  of tungsten  hexachlo- 

ride  w ith  e ither q u a te rn ary  am m onium  chlorides in th iony l chloride solution [132] or 

alkali-m etal iodide in a sealed tu b e  [133]. However, D ickinson et al [133] also discov­

ered th a t  tungsten  hexachloride reacts w ith po tassium  hexach lo ro tungsta te(IV ) when 

th ey  are  ground  together a t room  tem p era tu re  to form  the  hexach loro tungstate(V ) 

salt.

WC16 +  [WC16]2-  — ► 2[WC16]1- (5.44)

T his reaction  was described as rem arkable [13] b u t w ith  [W C y 0 / 1 Ei / 2 =  +1.59V

and  [WC16]1-/2- E \ / 2 =  +0.40V  th en  E ceu= +1.19V  and  th e  solution reaction  5.44

is ev iden tly  therm odynam ically  feasible.

T hus because hexahalom eta llate  redox po ten tia ls  increase as the  charge on the  

m eta l increases, for a given m etal, then  reaction 5.44 should be therm odynam ically  

feasible for the  general p repara tion  of o ther hexahalom etallate(V ) complexes.

T he  converse reaction, the  d isp roportionation  of [WC16]1- is therm odynam ically  

unfavourab le  and is reflected by an absence of hexahalom eta llate  complexes which 

d isp ro p o rtio n a te  in organic solvents.

5 .1 5 .2

T ungsten  hexachloride and tungsten  hexabrom ide can be reduced to  the  hexahalo- 

tu n g sta te (IV ) by tetra-n -bu ty lam m m onium iod ide in CH 2 C12 (chapter 6 ). B ut the 

a tte m p te d  reduction  of hexabrom otan tala te( V) by iodide in C H 2 C12 was unsuccessful 

(ch ap ter 6 ):
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12/r E 1/2  =  +0.80V  (vs.S .C .E .) in C H 2 C12

[TaBre]1- / 2-  £ 1/2 =  -0.16V (vs.S .C .E .) in CH 2 C12

hence E ceu=  -0.96V in C H 2 C12 and  A G  is unfavourable for the  reduction  of 

h ex ab ro m o tan ta la te (V ) by iodide.

5 .1 5 .3

MoC16 was repo rted  [134] to  be the  p roduct of prolonged refluxing of m olydenum  

triox ide  w ith thionyl chloride bu t could not be confirm ed [13]. T he [MoC16]0/1_ 

redox po ten tia l a t E \ j 2 =  + 2 .20V (vs.S .C .E .) suggests M o d e  should be accessible by 

chem ical m eans.

5 .1 5 .4

[NO]1+ can oxidize [WFg] 1 to  W F 6 in CH 3 CN bu t does no t react w ith [MoFe]1' 

T h e  redox po ten tia ls in CH 3CN (vs. A g/A g+ ) are

[NO]1+'/N O  E y  2 =  +0.87V

W F 6 / [W F 6]1- E 1/2 =  +0.51V

M o F 6 / [ M o F 6]1_ E l/2 =  +1.60V

U F 6 / [U F 6]1_ E 1/2 = + 2 .31V

C u (II) /C u (I )  E 1/2 =  +0.71V  [196]

hence the  order of oxidizing ability  [40] in CH 3CN is 

U F 6 >  M o F 6 >  [NO]1+ (solvated) >  C u2+ (solvated) >  W F 6

5 .16  F uture work

T h e  hexahalo techneta tes (except [TcC16]2 - ) and several hexafluoro- and hexabro- 

m o m eta lla te  complexes have not been investigated experim entally. W hile the  com­

plexes [ZrF6]3, [H1E6]C [RhF6 ] 2 and [PdF6 ] 2 have not yet been a ttem p ted  they  should
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be synthesisab le by s ta n d a rd  m ethods [128,130,135,136,137]. T he difficulties encoun­

tered  w ith  organic-soluble hexabrom om etallates have been outlined  in chap ters 3  and 
6 .

An obvious extension ol this thesis would be a s tudy  of the  redox po ten tia ls of sec­

ond and  th ird  row tran s itio n  m etal hexaiodom etalla tes. T he p repara tive  m ethods for 

hexaiodom eta lla tes, w hether by chance or by design, appear to  be res tric ted  to  those 

com plexes which can be form ed by the action of hydroiodic acid on a hexabrom om et- 

a lla te ,hexach lo rom eta lla te  or an oxom etallate  (eg. R e 0 4 ). T he  known hexaiodom et­

alla tes are  res tric ted  to  those elem ents to  the  right of the  Periodic Table [13], which 

would hopefully exhibit redox activ ity  which is congruent w ith  the  theories discussed 

in ch ap te r 5. T he  p repara tion  of hexaiodom etalla tes of elem ents to  the  left of th e  Pe­

riodic Table would provide an in teresting  challenge to  the  syn thetic  chem ist. R eaction 

in anhydrous organic solvents analogous to  the  p rep ara tio n  of [ZrBr6]2- (chap ter 6 ) 

would provide a possible route, (Z rl4, Hfl4, T a l4 and  N b l4 are all known), a lthough  it 

can be an tic ip a ted  th a t  the  large steric requirem ent of six iodi iigands m ay inhibit 

com plex fo rm ation  p articu la rly  in the  case of second row m etals and large cations.

T he  redox properties of the  first row tran sitio n  m etal hexahalom etallates m ight 

also provide a fru itfu l topic of research although the  hexahalom etallates are only 

know n com prehensively tow ards the  left hand side of the  first row elem ents.

Finally, it would be of fu rther in terest in th is area  of work to  determ ine the  first 

charge-transfer energies of as m any hexahalom etallate  complexes as possible (chapter 

1). It should  th en  be possible to  identify a rela tionship  betw een the charge transfer 

energy an d  th e  redox po ten tia l, since b o th  p roperties are p rim arily  influenced by 

changes in th e  m eta l t 2g o rb ita l energy.
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E xp erim en ta l procedure

6.1 G enera l in form ation

All m o is tu re  sensitive hexahalom eta lla te  complexes were p repared  on a P yrex  vacuum  

line fitted  w ith  a m ercury  diffusion pum p and an Edw ards high vacuum  ro ta ry  oil 

pum p . T he  vacuum  m anifold was fitted  w ith Rotaflo Teflon stopcocks and  reaction 

vessels were f itted  w ith  e ither Rotaflo or Youngs Teflon stopcocks. T he  s ta tu s  of 

th e  vacuum  was m easured  w ith a m ercury  filled vacuostat and  Apiezon-N or Kel-F 

greases were used th roughou t. Rotaflo reaction vessels were flam ed out prior to  use 

to  rem ove surface m oistu re  and  solid com pounds were handled  under a dry-n itrogen  

a tm osphere  in a L in to tt glove box. Those com pounds which were not prepared  under 

vacuum  were rigorously dried on the vacuum  line before use. Unless s ta ted , dried 

solvents (section 6.23) were used th roughout.

Infra-red  sp ec tra  in the  range 4000 to 180cm-1 were ob tained  on Perkin-E lm er 983 

and  580 infra-red  spectrophotom eters. Sam ples were exam ined as solid mulls between 

silicon or caesium  iodide p lates w ith sodium  dried Nujol as the  m ulling agent. R am an 

sp e c tra  were o b ta ined  w ith  a Spex Ram anlog spectrom eter from  crystalline sam ples 

vacuum  sealed in to  th in  Pyrex glass capillaries. T he laser lines used were 476.5nm, 

488.Onm, 515.4nm , 568.2nm  and 647.lnm . In this chap ter v ibrational d a ta  are listed 

w ith  th e  p rep a ra tio n  of each com pound where appropria te , and in tab le  1 .6 .
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V isib le /u ltra -v io le t absorp tion  spectra  were ob tained  using aP\otaflo vessel fitted  

w ith  a 1m m  p a th -len g th  quartz  glass op tical cell a ttached  to  a side arm . T he ap p a ­

ra tu s  was designed to  fit into the  sam ple com partm en t of a  Perk in -E lm er Lambda- 9  

or Beckm an UV 5270 spectropho tom eter. Dry com pounds were weighed into the 

rotaflow  com partm en t in the  glove box, then  dry solvent was d istilled into the  vessel 

on th e  vacuum  line. Solution concentrations were approxim ately  5 x l 0 -3 M (weight of 

solid ca. 0.02-0.03g in ca. 5ml of solvent). E x tinc tion  coefficients were not calculated  

because the  concen tra tion  could not be m easured accurately  enough. T he solution 

abso rp tion  d a ta  are listed w ith  the  p repara tion  of each com pound where appropria te .

C, H, N and  Br m icroanalyses were determ ined  by the  U niversity  of Glasgow 

m icroanalysis dep artm en t. T he departm en t could only analyse those com pounds 

which could be hand led  in the  open air. T he au th o r a tte m p te d  to  determ ine the 

brom ine con ten t of W B r5 and W B r6 by the  Volhard m ethod  bu t found the  analysis 

resu lts  were widely sca tte red  and unreliable.

E lectrochem ical experim ents were perform ed w ith th e  cell a p p a ra tu s  described in 

section 6 .2 . In to ta l, th ree  different sets of electrochem ical ap p a ra tu s  were used: a 

PA R  m odel 170 p o ten tio s ta t and program m er, a Hi-Tek p o ten tio s ta t type  D T 2101 

in con junction  w ith  a  Hi-Tek waveform  generato r type  P P R 1 and  H ew lett-Packard  

X-Y  recorder, and  an EG & G  PA RC m odel 175 universal p rogram m er w ith EG&G 

PA R  m odel 173 p o ten tio s ta t and EG & G PA R  X-Y recorder. Sweep rates >  IV  sec - 1  

were m on ito red  w ith  a Telequipm ent m odel D 6 6 A oscilloscope.

6.2 T h e e lectroch em ica l cell

T h e  requ irem ent of s tric tly  anhydrous conditions for the  present work precluded the 

use of a  conventional glass p o t1 as a  useful electrochem ical cell. To exclude mois­

tu re , the  g rea test efficiency is ob tained  by use of a  vacuum  tigh t electrochem ical cell. 

Several workers have already tackled the  problem  of design previously. An exam ple 

is the  ‘A nderson’ cell [37,38] which employed a D .M .E. w ith a m ercury pool counter 

e lectrode and a silver/silver perchlorate  reference electrode. T he reference, electrolyte
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and  sam ple solutions were m ade up individually  in a glove box before the  whole ap p a ­

ra tu s , (in effect two ce lls-a  reference cell connected to  the  electrode cell via. a Luggin 

cap illa ry ), was joined together. T he m ain draw back of th is cell arrangem ent was the 

ted ious hand ling  procedures and th e  lim ited  range of the  m ercury  electrode.

T he cell designed to  s tu d y  the  redox po ten tia ls and  reactions of tran sitio n  m etal 

hexafluorom etalla tes [39,40] in aceton itrile  proved to  be much m ore versatile  th an  

th e  ‘A nderson’ cell and cleverly inco rporated  a silver/silver n itra te  reference elec­

tro d e  b u ilt along the  sam e lines as s tan d a rd  reference electrodes. U nfo rtunately  this 

com m endable  fea tu re  m ade the  cell very com plex to m an ipu la te . Consequently, the  

cell design chosen for th e  work in th is thesis was th a t  invented by K laus M oock [31,41], 

a d iag ram  of which is shown in figure 6 . 1 . A m ajor advantage of th is design over the  

o thers  was th e  inco rporation  of a cooling finger pro jecting  in to  the  electro ly te solution 

which p e rm itted  low tem p e ra tu re  electrochem istry  under vacuum  conditions.

6 .2 .1  C e ll c o n s tr u c t io n  an d  e x p e r im e n ta l p r o c e d u r e

T he whole cell a p p a ra tu s  was m ade from  Pyrex  glass and the  th ree electrodes from  

p la tin u m  wire. T he auxiliary  and quasi-reference electrodes were m ade from  p la tinum  

w ire (d iam eter 0 .5 m m ) spot-w elded to  tungsten  rod and encased in glass so th a t  

app rox im ate ly  5m m  of p la tin u m  wire p ro tru d ed  into the  solution. T he p latinum  

m icro-electrode was described in section 2.13. A fter the  com pletion of experim ents, 

th e  th re e  electrodes were im m ersed in concen trated  n itric  acid to  remove any inorganic 

and  organic m ateria l adsorbed  onto  the  electrodes.

In o rder to  perform  an experim ent, the  two side arm s containing the  supporting  

e lec tro ly te  and  the  com pound were first loaded in a glove box and then  evacuated 

on a vacuum  line overnight. These were sealed and then glass-blown onto the  m ain 

a p p a ra tu s . T hen , along w ith the  reference com pound and  a small Teflon stirring 

b a r th e  whole ap p a ra tu s  was flamed out and evacuated overnight. (T he reference 

com pound  (here ferrocene) was in itially  weighed and in troduced  into a th in  glass 

capillary  which was evacuated and sealed such th a t the reference com pound was 

sealed in a section of the  capillary approxim ately  6 cm long. This section of the
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Figure 6.1: The electrochemical cell.



C H A P T E R  6. E XP ERIM EN TAL PRO CEDURE 177

glass capillary  had previously been deeply scored by a glass knife approx im ately  ‘2 cm 

from  one end in order to  fac ilita te  the  ru p tu re  of th e  am poule by shaking.) The 

solvent was th en  vacuum  distilled into the  Rotaflo com partm en t and the  breakseal 

of th e  e lectro ly te  com partm en t broken. Once th e  electro ly te  had  dissolved, after 

careful m anoeuvering ol the  cell, th e  working p o ten tia l range of the  solvent-electro lyte 

system  was determ ined . T hen  the  breakseal of the  com pound com partm ent was 

broken, th e  com pound dissolved and  its redox ac tiv ity  determ ined . T he reference 

com pound  contained  in th e  evacuated , frangible am poule  in the  rotaflow com partm ent 

was dissolved in the  solution a t the  end oi the  experim ent by shaking the  ap p ara tu s  

in  o rder to  break  the  am poule. If cooling was requ ired , a su itab le  slush m ix tu re  of 

solvent an d  dry-ice was m ade up in th e  cooling finger. T em peratu res inside th e  cell 

were es tim a ted  by com parison w ith a conventional cell equipped  w ith a therm ocouple 

and  by a ttach in g  a therm ocouple  to  the  underside of th e  cell used in this work, which 

in d ica ted  th a t  tem p era tu re s  a round  -40°C  were ob tainab le .

6.3 T h e p rep aration  o f m eta l b rom ides from  th e  m eta l or 

m eta l oxide

6 .3 .1  G e n e r a l p r o c e d u r e

T ransition  m eta l halides are classically p repared  by heating  th e  reduced m etal or a 

m eta l ox ide/charcoal m ix tu re  in a s tream  of n itrogen  and  halogen [138]. T he ap p a ­

ra tu s  norm ally  includes a horizontal glass reaction  vessel which can be heated , and 

th ro u g h  which th e  n itrogen /ha logen  s tream  flows over the  heated  m etal. T he m eta l 

ha lide  vapour form ed is carried  by the n itrogen stream  along the  reaction vessel un til 

it condenses on a cooler surface. Once reaction  is com plete the  desired p roduct is 

th en  separa ted  by sealing the  app rop ria te  section of glass ap p ara tu s  under nitrogen.

W ilkinson and  Lincoln [139] proposed the  sim ple and  effective m odification whereby 

th e  horizon tal reaction  tu b e  was replaced by a vertical system . T he m etal powder is 

su p p o rted  on a glass wool plug [supported  by inden tations in the  tube) and topped  

by a second plug. In this m anner, the  heavy m etal halide vapour is removed from the
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reaction  zone in p a rt by gravity. This m ethod  was successfully used in th is thesis to 

synthesize tu ngsten  pen tabrorn ide and zirconium  te trab ro m id e  from  tu n g sten  powder 

and  a zirconium  ox ide/charcoal m ix tu re  respectively.

Because of the  high tem p era tu res  required , the  reactions were perform ed in a 

silica glass reaction  tu b e  which was connected to  a Pyrex  collection vessel by a silica- 

Pyrex  graded  seal. B rom ine vapour was supplied by bubbling  th e  n itrogen flow stream  

th ro u g h  a vessel contain ing brom ine liquid. In terconnections o th er th an  glass betw een 

th e  various sections of ap p a ra tu s  were m ade of p .v.c. tu b in g  which was renew ed for 

each experim ent. T he ap p a ra tu s  was thoroughly  flushed w ith n itrogen  before each 

experim en t to  d im inish  th e  ex ten t of m oisture con tam ina tion  from  the  p.v.c. tubing.

6 .3 .2  T u n g s te n  p en ta b ro rn id e

(see Lincoln and W ilkinson [139])

T ungsten  pow der ( lg , 5.4m:->d) supported  betw een two silica-wool plugs was pre­

reduced  by hydrogen gas a t 250-300° C  for approx im ately  30 m inutes to  remove any 

surface oxide. T hen  th e  hydrogen gas was replaced w ith  n itrogen-gas and the col­

lec tion  ap p a ra tu s  was flam ed-out with a  gas to rch  to  rem ove any condensed w ater. 

T h e  fu rnace tem p e ra tu re  was raised to 700°C  and  then  brom ine vapour ad m itted  to 

th e  n itrogen  stream  at th e  ra te  of approxim ately  one bubble per second. T h e  initial 

ligh t-brow n p roduct, which was flam ed away, was followed by a black vapour/so lid  

which descended in to  th e  collection vessel. W hen reaction  had  ceased the  flow stream  

was reverted  to  n itrogen  only and the  system  allowed to  cool. T he collection vessel 

con tain ing  approx im ate ly  2.7g of W B r5 was sealed under nitrogen. W t/m o l =  583.3g, 

yield approx. 85%.

In fra-red: 330(s), 240(s)cm ~1

(cf. 260(sh), 230(sh), 205(vs)cm “ 1 [ref. 159], 280. 245cm "1 [ref. 183])
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6 .3 .3  Z irco n iu m  te tr a b r o m id e

(see Young and  F letcher [140])

Z irconium  dioxide (0.75g, 6 .1 m«v?j) and finely pow dered sugar charcoal (1:4) were 

in tim ate ly  m ixed and  placed betw een the  two silica-wool plugs in th e  vertical bromi- 

n a tion  a p p a ra tu s . W ith  the  n itrogen stream  regu la ted  to  approx im ate ly  one b u b ­

ble every four seconds, the  tem p era tu re  was gradually  raised to 700° C  and  brom ine 

vapour was in troduced  to  the  n itrogen  flow stream . B rom ination  occurred  very slowly 

a t approx im ate ly  750oC producing a w hite p ro d u ct after th e  in itia l yellowish-w hite 

p ro d u ct had  been flam ed away. T he large volum e of reaction  m ix tu re  effectively 

blocked th e  reaction  tu b e  and a slow flow ra te  of n itro g en /b ro m in e  vapour was nec­

essary  to  prevent any pressure build up. R eaction was stopped  after five hours when 

approx im ate ly  1.3g of w hite Z rB r4 had been collected and sealed under nitrogen. 

W t/m o l =  410.8g, yield approx. 40%.

6 .3 .4  H a fn iu m  te tr a b r o m id e

A 4 : 1  m ix tu re  of pow dered sugar charcoal and  hafnium  dioxide ( lg , 4.7mwol) was 

b ro m in a ted  by th e  sam e m ethod  as 6.3.3 except the  silica reaction  tu b e  was modified 

to  include a righ t angle bend. T he H f0 2/C  m ix tu re  was spread horizontally  betw een 

two silica-wool plugs approxim ately  1 0 cm  ap a rt such th a t  the  reaction  zone was ap ­

prox im ately  half filled. By this m eans, an  adequate  flow ra te  could be m ain tained  

w ithou t any pressure  build  up. T he reaction m ix tu re  was placed as near to  the  right 

angle bend  as possible to  facilita te  the  removal of hafnium  te trab ro m id e  from  the  

horizon tal reaction  zone by gravity. T he reaction  was m ain tained  a t 830°C for 3 

hours during  which tim e approxim ately  1.5g of cream  coloured H fBr4 was collected. 

W t/m o l =  498g, yield approx. 60%.



C H A P T E R  6. EXP ERIM EN TAL PRO CEDURE 180

To P u m p

M(CO)s

F
Figure 6.2: A pparatus design used to prepare metal bromides from the metal carbonyl.

6.4  T h e preparation  o f  m eta l brom ides from  th e  m eta l 

carbon yl

M olybdenum  hexacarbonyl and  tungsten  hexacarbonyl react w ith  liquid brom ine at 

room  te m p e ra tu re  to  form  m olybdenum  tetrab rom ide  and tu n g sten  hexabrom ide re­

spectively. B o th  p roducts are highly m oisture sensitive hence the  reactions were 

conducted  in a vacuum  system  (figure 6 .2 ).

6 .4 .1  G e n e r a l p ro ce d u r e

T he m eta l carbonyl was weighed and evacuated under a dynam ic vacuum  for two to 

th ree  days un til dry, then  sealed under vacuum  into a glass vessel w ith a break-seal 

(B). B rom ine was degassed over P 2 0 5 by freeze-thaw , then  distilled onto fresh P 2 0 5 

in a g rad u a ted  rotaflow vessel (D). T he glassware ap p ara tu s  6.2 was then  constructed , 

checked for leaks, flam ed ou t and evacuated overnight.

Using a m agnet, the  breakseal of vessel B was broken w ith the  m etal ball bearings 

which were th en  rem oved along with vessel C by a gas torch. Tap G was closed so th a t
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th e  whole ap p ara tu s  could be tipped  to  m an ipu la te  th e  m eta l carbonyl into vessel 

A, after which vessel B was rem oved by gas torch. W ith  ta p  G closed and vessel A 

cooled w ith liquid nitrogen, excess brom ine was distilled onto  the  m etal carbonyl in 

vessel A. A fter vessel D had been rem oved th e  reaction  m ix tu re  was allowed to  w arm  

to  0 °C. R eaction was allowed to  proceed a t 0°C for 30 m inutes w ith  tap  G opened 

briefly every few m inutes to allow th e  escape of carbon m onoxide gas th rough  tra p  F, 

which was cooled w ith liquid nitrogen. R eaction vessel A was then  allowed to warm  

to  room  tem p era tu re  and  left to  react for one hour after which th e  volatile m ateria ls 

were distilled  into vessel E. Vessel E was rem oved w ith the  gas torch, vessel F cooled 

w ith  liquid n itrogen and then  tap  G opened and  the  residue in vessel A pum ped  under 

vacuum  for 24 hours to  rem ove any rem aining traces of brom ine. Vessel A containing 

th e  m etal brom ide was then  sealed under vacuum  w ith  a gas torch.

6 .4 .2  M o ly b d e n u m  te tr a b r o m id e

(see von H ieber and Rom berg [141])

Following procedure 6.4.1, dried M o(C O ) 6 (0.7g, 2 .6 mmd) reacted  qu an tita tiv e ly  

w ith  excess brom ine under vacuum  to  produce a dull black pow der, M oBr4. T he 

pow der exhib ited  a broad , m edium -strong absorp tion  a t 290cm -1 in the  infra-red 

region. Two o ther possible absorp tions betw een 220cm - 1  and  190cm -1 were unre- 

solvable. No evidence for m olybdenum -oxygen or carbonyl stre tch ing  m odes could 

be detec ted . Infra-red  d a ta  for M oBr4 has not been previously published. T he com­

po und  was not sublim ed as M oBr4 is therm ally  unstab le  [142] and  was used w ithout 

fu rth e r purification. W t/m o l =  415.5g, yield quan tita tive .

6 .4 .3  T u n g ste n  h e x a b r o m id e

(see Shchukarev and Kokovin [143])

Following procedure 6 .4 .1 , dried W (C O ) 6 (5g, 14mw\) reacted  quan tita tive ly  with 

excess brom ine under vacuum  to produce a grey-green pow der, W B r6. T he powder 

exh ib ited  a very strong, broad absorp tion  in the  infra-red region a t 2 2 0 cm - 1  assigned
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to  th e  i/3 stre tch ing  v ib ra tion  of W B r6 (cf. 217cm -1 [ref. 159], 305cm -1 [ref. 183]). No 

evidence for tungsten-oxygen or carbonyl stre tch ing  m odes could be detec ted  in the  

infra-red  region. R am an signals observed a t 209cm -1 and (possibly) 190cm-1 were 

ten ta tiv e ly  assigned to  the  v\ and  v2 v ibrations of W B r6 respectively by com parison 

w ith  o ther hexabrom om etalla tes (tab le  1.6). T here  are no previous reports of R am an 

v ib ra tiona l frequencies for W B r6 in th e  lite ra tu re . T he com pound was insoluble in 

C H 2 CL2 even after shaking for several days. T he v isib le /u ltra-v io le t solution spectrum  

of th e  com pound in CH 3CN changed over 25 hours un til th e  spectrum  resem bled th a t 

of W B r4 .2 C H 3CN (section 3.5). T he  com pound was used w ithou t fu rther purification. 

W t/m o l =  663.25g, yield quan tita tive .
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6.5 T h e p reparation  o f

bis tetra -n -b u ty lam m on iu m  h exab rom ozircon ate(IV )

Freshly sublim ed ZrB r4 (0.7g, 1.7mrnol) and [Bu4 N]Br ( l . l g ,  3.4mr^l) were p laced in 

one limb of a tw o-lim bed glass Rotaflow vessel and  C H 2 CI2 (10ml) was distilled  onto 

th e  m ix ture . T he ZrB r4 solid did not dissolve so the  m ix tu re  was s tirred  under 

vacuum  w ith  a m agnetic  stirring  bar for 5 days after which some of the Z rB r4 was 

still un reacted . T he solid was allowed to se ttle  th en  the  clear solution phase was 

decan ted  in to  the  second limb and  the  solvent evacuated  to  leave a w hite solid p roduct. 

Since the  reaction had not proceeded quan tita tive ly , th e  p roduct was con tam ina ted  

w ith  [Bu4 N]Br which is very soluble in C H 2 CI2 . T he  tw o-lim bed vessel was evacuated  

overnight to  remove any traces of solvent and  th en  th e  two lim bs were separa ted  under 

vacuum . T he m ildly hygroscopic w hite p roduct exh ib ited  infra-red  and  v is ib le /u ltra ­

violet abso rp tion  spectra  consistent w ith the  form ation  of [Bu4 N]2 [ZrBr6]. W t/m o l 

=  1054.6g.

O bserved
[Bu4 N]2 [ZrBr6]

infra-red v3 219cm 1

R am an sam ple burned  in laser

v is /u v  (C H 2 CI2 ) 36.1, 39.9kK

L ite ra tu re
[Et4 N]2 [ZrBr6] ref.

in fra-red 1/3 223cm 1 144

v is /u v  (C H 3 CN) 34.5(sh), 38.9, 40.0(sh), 44.4kK 145
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6.6 T h e p reparation  o f

bis te tra -n -b u ty la m m o n iu m  h exab rom oh afn ate(IV )

Freshly sublim ed H fBr4 (0.75g, 1.5nmil) and  [Bu4 N]Br (0.97g, 3mmd) were placed 

in one lim b of a tw o-lim bed glass Rotaflow  vessel and  C H 2 CI2 ( 1 0 ml) was distilled 

onto  the  m ixture . T he HfBr4 solid did not dissolve so the  m ix tu re  was stirred  un­

der vacuum  w ith a m agnetic stirring  bar for 3 days after which some of th e  H fBr4 

was still unreacted . T he solid was allowed to se ttle  then  the  clear solution phase 

was decan ted  in to  th e  second limb and th e  solvent evacuated  to  leave a w hite solid 

p ro d u ct. Since the  reaction  had  not proceeded quan tita tive ly , the  p roduct was con­

tam in a te d  w ith  [Bu4 N]Br which is very soluble in C H 2 CI2 . T he tw o-lim bed vessel 

was evacuated  overnight to  remove any traces of solvent and  then  the  two lim bs were 

sep ara ted  under vacuum . T he hygroscopic w hite p roduct exhib ited  infra-red , R a­

m an  and  v isib le /u ltra-v io le t spectra  consistent w ith  the  form ation  of [Bu4 N]2 [HfBr6]. 

W t/m o l =  1141.9g.

O bserved
[Bu4 N]2 [HfBr6]

infra-red v  3 189cm 1

R am an Vi ‘2 0 0 cm - 1

v is /u v  (C H 2 CI2 ) 39.1kK

L ite ra tu re
[Et4 N]2 [HfBr6] ref.

in fra-red 1/3 189cm 1 144

R am an Pi 197cm-1 144

v is /u v  (C H 3 CN) 3 7 .6 (sh), 38.9, 4‘2.9kK 146
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6.7  T h e preparation  o f

tetra -n -b u ty la m m o n iu m  h ex a b ro m o n io b a te(V )

Following th e  m ethod  of Dehnicke et al [105], freshly sublim ed N bB r .5 (0.76g, 1.55mjtvt>lS) 

and  [Bu4 N]Br (0.5g, 1.55mm\) were placed in one limb of a tw o-lim bed glass Rotaflow 

vessel and C H 2 CI2 (10ml) was distilled onto the  m ixture. T he red N bB r .5 solid did not 

dissolve so the  solution was stirred  under vacuum  w ith a m agnetic  s tirring  bar while 

th e  lim bs of the  Rotaflow vessel were suspended in an oil b a th  m ain ta ined  a t 40°C. 

A fter 3 days stirring  some of the  NbBrs was still unreacted . T he solid was allowed 

to  se ttle  th en  th e  red solution phase was decanted  into the  second lim b and  the  

solvent evacuated  to  leave a red /b row n  solid. Since the  reaction had  not proceeded 

quan tita tive ly , th e  p roduct was con tam inated  w ith [Bu4 N]Br which is very soluble 

in C H 2 CI2 . T he  two-lim bed vessel was evacuated overnight to  rem ove any traces of 

solvent th en  th e  two limbs were separa ted  under vacuum . T he m odera te ly  hygroscopic 

reddish-brow n p roduct exhibited  infra-red and v isib le /u ltra-v io le t spectra  consistent 

w ith  the  fo rm ation  of [Bu4 N][NbBr6]. A weak absorp tion  in th e  infra-red  spectrum  of 

th e  com pound a t 963cm -1 indicated  the  p roduct was con tam inated  w ith  an oxyhalide 

com pound, m ost probably  [Bu4 N]2 [NbOBr5] or [Bu4 N][NbO Br4].

O bserved
[Bu4 N][NbBr6]

infra-red 1/3 237cm l /  (N b -0  str. 963cm x)

v is /u v (C H 2 Cl2) 2 0 .8 (sh), 22.7, 26.8, 34.9,46.4kK

im e ra tu re
[Et4 N][NbBr6] (reference [146]) Cs2 [N bO Br5] (reference[107])

infra-red 1/3 239cm -1 N b -0  str. 977cm - 1

v is /u v (C H 3 C N /B r- ): -  210(sh),22.6, 26.9, 

35.3, 43.7kK

(solid): 21.7(sh), 25.3, 28.0, 

33.9kK
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6.8 T h e preparation  o f

te tra -n -b u ty la m m o n iu m  h ex a b ro m o ta n ta la te (V )

Following th e  m ethod  of Dehnicke et al [105], freshly sublim ed TaBr.s (2.2g, 3.7rmol) 

and  [Bu4 N]Br (1.2g, 3.7mmd) were placed in one limb of a tw o-lim bed glass Rotaflow 

vessel and  C H 2 C12 (15ml) was distilled onto  the  m ix ture . T he  yellow T aB r5 solid did 

not dissolve so the  m ix tu re  was stirred  under vacuum  w ith a m agnetic  s tirring  bar for 2  

days after which tim e some of the  T aB r ,5 was still unreacted . T he solid was allowed to 

se ttle  th en  th e  yellow solution phase was decanted  into th e  second limb and the  solvent 

evacuated  to  leave a yellow solid p roduct. Since the  reaction  had not proceeded 

quan tita tive ly , the  p roduct was con tam inated  w ith [Bu4 N]Br which is very soluble 

in C H 2 C12. (R epetition  of the  experim ent w ith  the  reaction  solution gently refluxed 

at 70°C did not increase the  reaction  yield by an appreciable am ount.) T he two- 

lim bed vessel was evacuated  overnight to  remove any traces of solvent and  then  the  

two lim bs were separa ted  under vacuum . T he m oderately  hygroscopic yellow product 

exh ib ited  infra-red  and  v isib le /u ltra-v io le t spectra  consisten t w ith  the  form ation of 

[Bu4 N] [TaBr6].

O bserved
[Bu4 N][TaBr6]

infra-red z/ 3 2 1 1 cm 1

v is /u v (C H 2 C l2) 22.0(sh), 26.0, 32.0, 33.3, 41.5kK

L ite ra tu re
[E t4N][TaBr6] ref.

in fra-red v3 213cm 1 147

v is /u v  (C H 3 C N /B r~ ) 22.2, 26.1, 29.8(sh), 31.9, 33.6, 36.9kK 146
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6.9 T h e prep aration  o f

bis te tra -n -b u ty la m m o n iu m  h exab rom om olyb d ate

(see Dehnicke et al [58])

M oB r4 (0.5g, 1.2rri'fo\) and  [Bi^N JBr (0.77g, 2.4mv\ol) were placed in one limb of a 

tw o-lim bed glass Rotaflow vessel and CH 2 CI2 ( 1 0 ml) was distilled onto the  m ixture . 

T he black M oBr4 solid did not dissolve so the  m ix tu re  was stirred  under vacuum  

w ith  a m agnetic  stirring  bar for 3 days after which some of the  M oBr4 was still un ­

reacted . T he  solid was allowed to  se ttle  then  the  black solution phase was decanted  

in to  th e  second lim b and  the  solvent evacuated  to  leave a purple-black solid p roduct. 

Since th e  reaction  had  not proceeded quantita tively , the  p roduct was con tam inated  

w ith  [Bu4 N]Br which is very soluble in C H 2 CI2 . (T he reaction  was repea ted  w ith 

th e  reac tion  m ix tu re  gently  refluxed a t 70°C  w ithou t any appreciab le increase in the  

reac tion  yield.) T he  two-lim bed vessel was evacuated overnight to  remove any traces 

of solvent th en  th e  two limbs were separa ted  under vacuum . T he very hygroscopic 

purp le-b lack  solid p roduct exhib ited  an infra-red spectrum  consisten t w ith the  form a­

tion  of [Bu4 N]2 [M oBr6]. T he cyclic vo ltam m etric  study  of the  p roduct (section 3.4) 

revealed th e  com pound was con tam inated  w ith [Bu4 N][M oOBr4 ].

O bserved
[Bu4 N]2 [MoBr6]

infra-red z/ 3 227c.m 1

v is /u v  (C H 2 CI2 ) 17.6, 21.3, 26.2, 28.2, 29.8, 36.4(sh)kK

T h e  infra-red  and  v isib le /u ltra-v io le t absorp tion  spectra  of the  sam ple of 

[Bu4 N]2 [M oBr6] did not reveal any absorptions characteristic  of [Bu4 N][M oOBr4].

infra-red [P P h 3 Me]2 [MoBr6].2 CH 2 B r2 i-"i 230cm 1 [ref.58]

v is /u v  (solid) C s2 M oBr6 16.1, 19.6, 24.1, 28.0, 41.7kK [ref. 148]
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6.10  T h e prep aration  o f

tetra -n -b u ty lam m on iu m  o x y te tra b ro m o m o ly b d a te (V )

[Bu4 N][M oBr4] was prepared  by a varia tion  of th e  m ethod  described by Allen and  

N eum ann [149]. [Bu4 N]Br (4.47g, 13.8m«v4) dissolved in conc. H B r acid was added 

dropw ise to  a hot solution of M 0 O 3 ( lg , 6.9mifid) in conc. HBr (40m l). T he re­

su lting  solution was evapora ted  slowly on a h o tp la te  un til a yellow p rec ip ita te  had 

form ed. T he cooled solution was suction filtered and  a yellow pow der w ith  brown 

speckles recovered. T he com pound exhib ited  v isib le /u ltra-v io le t abso rp tion  spectra  

in conc. H B r and  CH 2 C12 solutions consistent w ith  the  fo rm ation  of [Bu4 N]2 [M oO Br5] 

and  [Bu4 N][M oOBr4] respectively. T he com pound was taken  up in hot conc. HBr, 

ho t filtered and  recrystallised  from  conc. HBr under nitrogen. Ochre p late le ts of 

[Bu4 N][M oOBr4] which were m oderately  stab le  in a ir were ob tained  in approx im ately  

50% yield.

O bserved
[Bu4 N][M oOBr4]

infra-red 1002(s), 978(s), 288(s), 251(vs)cm - 1

v is /u v  (C H 2 C12) 20.4, 23.7, 26.1kK

L ite ra tu re
infra-red un reported

v is /u v  (C H 3 N 0 2) [Ph4 As][M oOBr4] 13.8, 20.6, 23.8, 25.6kK ref.[63]

Analysis
[Bu4 N][M oOBr4]

found 0(28 .31), N( 1.96), H(5.50), Br(47.45)

calcu lated C(28.31), N('2.01), H(5.35), Br(47.45)
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6.11 T h e prep aration  o f

te tra -n -b u ty la m m o n iu m  h ex a b ro m o tu n g sta te (V )

[Bu4 N][W Br6] was p repared  by a m odification of th e  m ethod  described by W alton 

and  Brisdon [150]. W B r5 (0.7g, 1.2m^ol) and  [Bu4 N]Br (0.39, 1 .2 nwodi) were placed 

in one lim b of a tw o-lim bed glass Rotaflow  vessel and  CH 2 CI2 (10ml) was distilled 

onto  the  m ix ture . T he W B r5 solid did no t dissolve com pletely so the  m ix tu re  was 

stirred  under vacuum  w ith  a m agnetic  s tirring  bar for 24 hours after which some of 

th e  W B r5 was still unreacted . T he solid was allowed to  se ttle  then  the  red solution 

phase  was decanted  in to  the  second lim b and  the  solvent evacuated  to  leave a red- 

brow n solid p roduct. Since the  reaction had  not proceeded quantita tively , the  p roduct 

was con tam ina ted  w ith [Bu4 N]Br which is very soluble in C H 2CI2 . T he two-lim bed 

vessel was evacuated  overnight to  rem ove any traces of solvent th en  th e  two limbs were 

sep ara ted  under vacuum . T he hygroscopic red-brow n product exhib ited  infra-red and 

v isib le /u ltra -v io le t absorp tion  spectra  consistent w ith the  form ation  of [Bu4 N][W Br6].

O bserved / infra-red: [Bu4 N][W Br6] ^ 3  2 1 2 cm _ 1  

L ite ra tu re /in fra -red : [P P h 4 ][W Br6] u3 210cm _ 1  [ref.159]

T h e  v is ib le /u ltr a -v io le t  ab sorp tion  sp ec tra  are lis ted  in ta b le  3 .5 .1 .
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6.12 T h e prep aration  o f

bis te tra -n -b u ty la m m o n iu m  h ex a b ro m o tu n g sta te (IV )

Tw o m ethods of p repara tion  were a ttem p ted :-

6 .1 2 .1  T h e  a t te m p te d  m e ta th e s is  o f  C s2W B r 6 an d  [B u 4N ]B r

C s2 W B r6 was p repared  by the  m ethod  described by Peacock et al [157]. W B r6 (0.5g, 

0 .7 5 rm d) and C sl (0.39g, 1.5mw\) were in tim ate ly  m ixed and  heated  under vacuum  

in a sealed C arius tu b e  for 4 days at 130°(7. T he  iodine which form ed during the  

reaction  was rem oved by slowly raising the  tem p e ra tu re  to  290°C w hilst evacuating 

th e  solid under a dynam ic vacuum . T he green p roduct was identified by infra-red 

spectroscopy as Cs2 W B r6.

O bserved / infra-red: C s2 [W Br6] 2 1 0 cm  1

L ite ra tu re /in fra -red : C s2 [W Br6] ^ 3  214cm 1 [ref. 157]

Cs2 [W Br6] ( 0.25g, 0.27mM ) and [Bu4 N]Br (0.17g, 0.54mi*\ol) were placed in one 

lim b of a tw o-lim bed glass Rotaflow vessel and  C H 2 C12 ( 1 0 ml) was distilled onto  the  

m ix tu re . T he m ix tu re  was stirred  under vacuum  w ith  a m agnetic  s tirring  bar for 

3  days b u t th e  C s2 [W Br6] did not dissolve into solution and th ere  was no reaction. 

C H 3CN (10ml) was su b s titu ted  for CH 2 C12 because of th e  stronger solvating ability  

of CH 3CN bu t no reaction  occurred.

6 .1 2 .2  R e d u c t io n  o f  W B r6 w ith  [B u4N ]I  in  C H 2C12

W B r6 (0.46g, 0 .7 m*f>\) and [Bu4 N]I (0.52g, 1.4mp4) were placed in one limb of a 

tw o-lim bed glass Rotaflow vessel and CH 2 C12 (10ml) was distilled onto the  m ixture . 

T he  solution was shaken under vacuum  for 4 days, the  red solution phase decanted
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in to  th e  second limb and  the  solvent evacuated  to  leave a red-brow n solid. The 

v isib le /u ltra-v io le t absorp tion  spectrum  taken  in C H 2 CI2 was dom inated  by the  spec­

tru m  of [Bu4 N]I +  trace  I2 which is characterized  by very in tense, narrow  absorp tions 

a t 27.4 and  34.0kK and which m asked any o ther absorp tions which were present. 

([B u4 N]I alone does not exhibit any absorp tions in C H 2 CI2 down to a cut-off a t 

240nm  while I2 alone in C H 2 CI2 exhibits b road , weak absorp tions a t 20.0, 27.0 and 

35.5kK).

To rem ove th e  iodine, the  solid was tran sferred  to  a clean Rotaflow vessel, CH 2 CI2 

(5ml) was d istilled  onto  th e  solid, th e  solution shaken, th en  th e  solvent evacuated. 

T he  w ashing p rocedure was repeated  eight tim es. F inally  th e  solid was heated  a t 

60°C  for 24 hours under a dynam ic vacuum  to  remove th e  last traces of I2. T he 

m odera te ly  hygroscopic reddish-brow n p roduct exhib ited  infra-red  and  v is ib le /u ltra ­

violet sp ec tra  consistent w ith  the  form ation of [Bu4 N]2 [W Br6] which was ob tained  in

alm ost q u a n tita tiv e  yield.

O bserved / infra-red: [Bu4 N]2 [W Br6] V3  — 2 0 0 cm - 1

L ite ra tu re /in fra -red : Cs2 [W Br6] v3 214cm 1 [ref.157]

T h e  v is ib le /u ltr a -v io le t  a b sorp tion  sp ec tra  are lis ted  in  ta b le  3 .5 .1 .
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6.13 T h e prep aration  o f

bis te tra -n -b u ty la m m o n iu m  h ex a b ro m o rh en a te(IV )

[Bu4 N]2[ReBrg] was p repared  from  K 2[ReBre]. P o tassium  p e rrh en a te  (K R eC ^) was 

p repared  by titra tin g  a solution of Re2 0 7  in d istilled w ater w ith  3M KOH solution 

un til th e  solution registered pH8. T he w hite p rec ip ita te  of K R e 0 4  was filtered and 

w ashed w ith a sm all volume of cold w ater.

6 .1 3 .1  T h e  p r e p a r a tio n  o f  K 2R e B r 6

Following th e  m ethod  of W att and T hom pson [59], a 250ml beaker was charged 

w ith  K R e0 4  (1.82g, 6.3mwA), K Br (0.75g, 6.3m<W>), conc.(48%) H B r (120ml) and 

50% hypophosphorus acid (2ml). T he solution was hea ted  a t 110 ±  5°C  un til the  

so lu tion  volum e had been reduced to  approx im ate ly  5ml. T he m ix tu re  was chilled 

w ith  ice then  suction filtered to  collect th e  dark-red  crystals. T h e  com pound was 

recrysta llized  from  4M HBr and  identified as K 2R eB r6 by infra-red  spectroscopy and 

m icroanalysis.

O bserved / infra-red: K 2R eB r6 224cm 1

L ite ra tu re /in fra -red : K 2R eB r6 ^ 3  217cm 1 [ref. 153]

A nalysis/ found: Br(64.28) calculated: Br(64.45)

6 .1 3 .2  T h e  p r e p a r a tio n  o f  [B u 4N ]2[R eB r6]

K 2R eB r6 (0.51g, 0.68msyo\) dissolved in th e  m inim um  volume of 2M HBr solution was 

stirred  in a beaker with acidified Dowex 50 W -X8 cation exchange resin (ca.3g) then  

rap id ly  filtered. [Bu4N]Br (0.44g, 1.3m«Mo\) dissolved in the  m inim um  volum e of 1M 

H B r solution was added to the  filtra te  and a yellow com pound precip ita ted . T he
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p rec ip ita te  was suction filtered and washed w ith sm all volumes of ice cold w ater and 

diethyl e ther. T he a ir-stab le  yellow com pound, [BU4 N]2 [ReBrg], was ob tained  in a 

55% yield (based on K 2 R eB r6).

O bserved
[Bu4 N]2 [ReBr6

in fra-red n3 ‘209cm 1

v is /u v  (C H 2 C12) 13.2, 13.3, 15.0, 15.2kK

L ite ra tu re
infra-red [(C7Hi5)4N]2[ReBr6] 1/3 208cm  1 [ref.155]
v is /u v  (24% HBr) K 2 R eB r6 13.2, 13.3, 14.9, 15.2, 16.7kK [ref. 165]

Analysis
[Bu4 N]2 [ReBr6]

found C(33.48), H(6.01), N(2.34), Br(41.75)

calcu lated C(33.40), H(6.26), N (2.43), Br(41.70)
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6 .14  T h e prep aration  o f

bis te tra -n -b u ty la m m o n iu m  h ex a b ro m o ru th en a te (IV )

[Bu4 N]2 [RuBr6] was p repared  from  K 2 R uB r6.

6 .1 4 .1  T h e  p r e p a r a tio n  o f  K 2R u B r 6

Following the  m ethod  of Fergusson and G reenaw ay [163], brom ine vapour was bubbled 

th ro u g h  a solution of K 3 RuC16 (0.5g, 1.16mmd) dissolved in the  m inim um  volum e of 

conc. H Br acid (48%). A black p rec ip ita te  was filtered and  w ashed w ith sm all volumes 

of cold w ater and  cold d iethyl e ther. Infra-red  analysis ind icated  the  com pound was 

a m ix tu re  of chloro- and b rom oru thenates. T he black p rec ip ita te  was th en  dissolved 

in 48% conc. H B r (50ml) and the  solution slowly evaporated  to  a  volum e of 15ml. 

T he  cooled solution was filtered and  brom ine vapour bubbled  th rough  th e  filtra te  

p rec ip ita tin g  sm all black crystals of K 2R uB r6. A lthough th e  brom ide m icroanaly tical 

resu lt ind icated  some HBr or possibly K B r had  co-precip ita ted  th e  com pound was 

used w ithou t fu rther purification.

O bserved / infra-red: K 2 R uB r6 u3 250cm -1

L ite ra tu re /in fra -red : K 2 R uB r6 v3 263cm 1 [ref. 158] |

Analysis
K 2 R uB r6.HBr

found: Br(76.98) calculated: B r(75.63)

6 .1 4 .2  T h e  p r e p a r a tio n  o f  [B u 4N ]2[R u B r6]

K 2 R uB r6 (0.58g, 0 .8 8 miw>l) dissolved in the  m inim um  volum e of 2M HBr solution was 

s tirred  in a  beaker along with acidified Dowex 50 W -X 8  cation exchange resin (ca.3g)
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th en  rap id ly  filtered. [Bu4 N]Br (0.57g, 1.76m ) dissolved in the  m inim um  volum e of 

2M HBr solution was added to  the  f iltra te  and  a blue com pound p rec ip ita ted . T he 

p rec ip ita te  was suction filtered and washed w ith sm all volum es of ice-cold w ater and 

d iethy l e ther. T he air-stab le  blue p roduct, [Bu4 N]2 [RuBre], was ob tained  in a 5 5 % 

yield (based on K 2 R uB r6 .HBr).

O bserved
[Bu4 N]2 [RuBr6]

infra-red 235cm 1

v is /u v  (C H 2 C12) 13.4(sh), 14.1(sh), 14.7, 16.2, 18.1, 19.0, 19.8, 23.4(sh)kK

L ite ra tu re
infra-red Cs2 R uB r6 v3 240cm 1 [ref. 163]

v is /u v unreported

A nalysis
[Bu4 N]2 [RuBr6]

found C(36.16), H (6 .8 6 ), N(2.56), Br(46.86)

calcu lated 0(36 .07), H(6.76), N(2.63), Br(45.04)
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6.15 T h e prep aration  o f

bis te tra -n -b u ty la m m o n iu m  h exab rom oosm ate(IV )

[Bu4 N]2 [OsBr6 ] was p repared  from  K 2 0 s B r 6 by a m odification of the  m ethod  of G ut- 
bier [95].

6 .1 5 .1  T h e  p r e p a r a tio n  o f  K 2O sB r 6

A solution of K 2 0sC l6 (0.7g, 1.45m.wdl) in 48% H B r solution (50ml) was slowly reduced 

to  a  sm all volum e on a ho tp la te . A fter cooling, the  solution was filtered to  collect a 

black crysta lline  p rec ip ita te  which was washed w ith ice-cold abso lu te  e thano l (5 ml) 

and  suction dried. A lthough the  brom ide m icroanalysis ind ica ted  some H B r or pos­

sibly K B r had  co-precip ita ted  the  com pound was used w ithou t fu rther purification.

O bserved / infra-red: K 2 0sB r6  v3 226cm -1

L ite ra tu re /in fra -red : K 2 0 s B r 6 ^ 3  224cm 1 [ref. 164]

A nalysis
K 2 0 s B r 6

found: Br(69.04) calculated: Br(64.11)

6 .1 5 .2  T h e  p r e p a r a tio n  o f  [B u 4N ]2[O sB r6]

K 2 0 s B r 6 (0.55g, 0 .7 3 m M ) dissolved in the  m inim um  volum e of 2M HBr solution 

was stirred  in a beaker along w ith  acidified Dowex 50 W -X 8  cation exchange resin 

(ca. 3g) and the  m ix ture  filtered rapidly. [Bu4 N]Br (0.48g, 1 .5m n$ dissolved in the  

m inim um  volum e of 2M HBr solution was added and  a brown com pound precip ita ted . 

T h e  brow n p rec ip ita te  was filtered and washed with 5ml portions of ice-cold w ater 

and  d iethyl e ther. Brown [Bu4 N]2 [OsBr6] was obtained  in ca. 80% yield (based on 

K 2 0 s C 1 6 ).



C H A P T E R  6. EXP ERIM EN TAL PROCEDURE  197

Observed
[Bu4 N]2 [OsBr6]

infra-red v3 214cm 1

v is /u v (C H 2 C l2) 19.0(sh), 19.7(sh), 20.02, 22.1, 23.9, 24.7(sh)kK

L ite ra tu re
infra-red [(C7 H i6 )4 N]2 [OsBr6 ] v3 211cm _ 1  [ref. 155]
vis /  uv [Bu4 N]2 [OsBr6] 18.9(sh), 19.5(sh),

C1CH2 C H 2 C1 20.1, 22.0, 23.6, 24.5(sh) [ref.166]

Analysis
[Bu4 N]2 [OsBr6]

found C(33.17), H(5.99), N(2.23), Br(42.34)

calcu lated C(33.28), H(6.24), N(2.43), Br(41.56)

6.16 T h e prep aration  o f

bis te tra -n -b u ty lam m on iu m  h exab rom oirid ate(IV )

[Bu4 N]2 [IrBr6] was p repared  from  K 2 IrB r6 by a m odification of the  m ethod  of Fer- 

gusson and  R ankin  [91].

6 .1 6 .1  T h e  p r e p a r a tio n  o f  K 2IrB r6

A solu tion  of K 2 IrC l6 (0.39g, 0 .8 m r^) in 48% H B r (60ml) was evaporated  nearly  to 

dryness. T he procedure was repea ted  and  then  on a th ird  evaporation  th e  volume 

was only reduced to approxim ately  10ml. T he solution was cooled by an ice-bath  

and  brom ine vapour poured over the  solution. T he black-blue p rec ip ita te  which 

im m edia te ly  form ed was suction filtered and  washed w ith ice-cold e thano l (5ml). 

A lthough  a brom ide m icroanalysis ind icated  th a t excess brom ide in the  form  of HBr 

or possibly K B r had  co-precip itated , the  p roduct K 2 IrB r6 was used w ithout fu rther 

purification .

O bserved /in fra-red : K 2 IrB r6 //3  ‘231cm
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L ite ra tu re /in fra -red : K 2 IrB r6 v3 235cm _1 [ref. 152]

A nalysis

K 2 IrB r6

found: Br(68.50) calculated: Br(63.94)

6.16.2 T he p rep ara tio n  of [Bu4N ]2[IrB r6]

K 2 IrB r6 (0.38g,0.5mr«l) dissolved in th e  m inim um  volum e of d istilled  w ater was s tirred  

in  a beaker along w ith  acidified Dowex 50 W -X 8  cation  exchange resin (ca. 3g) and 

th e  m ix tu re  filtered  rapidly. [Bu4 N]Br (0.33g, lmrv>!) dissolved in th e  m inim um  volume 

of d istilled  w ater was added  and  a blue com pound p rec ip ita ted . T h e  p rec ip ita te  was 

w ashed w ith  5m l po rtions of ice-cold w ater and diethyl e ther. Blue [Bu4 N]2 [IrBre] 

was ob ta in ed  in approx im ate ly  50% yield (based on K 2 IrCle)-

O bserved
[Bu4N]2 [IrBr6]

infra-red u3 2 2 1 cm  1

v is /u v  (C H 2 C12) 13.3, 13.8, 14.4, 16.7, 18.1, 18.7kK

L ite ra tu re
[Bu4 N]2 [IrBr6] ref.

in fra-red v3 2 2 1 cm 1 90,162

v is /u v  (C H 3 N 0 2) 13.3, 14.0, 14.6, 16.7, 18.1, 18.8kK 166

Analysis
[Bu4 N]2 [IrBr6]

found C(33.06), H(6.21), N(2.21), Br(41.32)

calcu la ted C(33.23), H(6.23), N(2.42), Br(41.48)
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6 .17  T h e p rep aration  o f

bis te tra -n -b u ty la m m o n iu m  h ex a b ro m o p la tin a te(IV )

[Bu4 N]2 [P tB r6] ( see ref.92) was p repared  from  K 2 P tB r6.

6 .1 7 .1  T h e  p r e p a r a tio n  o f  K 2P t B r 6

Following th e  m ethod  of G u tb ier and  B auriedel [167], a solution of K 2 P tC l6 (0.5g, 

lmvol) dissolved in 48% HBr (50ml) was slowly evapora ted  to  a sm all volum e on a 

h o tp la te . T he  p rocedure  was repea ted  and  then  on a th ird  evapora tion  th e  volume 

was reduced  to  approx im ately  10ml. T he solution was cooled by an ice-bath  and 

brom ine vapour poured  over th e  solution. Red-black crysta ls of K 2P tB r 6 precipi­

ta te d  im m edia te ly  and  were suction-filtered  and  washed w ith  5ml portions of ice-cold 

e thano l an d  d iethy l e ther, (yield 85%).

O bserved
K 2 P tB r 6

in fra-red v3 243cm 1

R am an Vi 217cm -1 , z/ 2 194cm-1

L ite ra tu re
K 2 P tB r 6 ref.

in fra-red 1/3 243cm 1 151

R am an ui 217cm -1 , V2 195cm-1 151

A nalysis
K 2 P tB r 6

found: Br(63.80) calculated: Br(63.66)

6 .1 7 .2  T h e  p r e p a r a tio n  o f  [B u 4N ]2[PtB re]

A solu tion  of [Bu4 N]Br (0.43g, 1.3mnvA) dissolved in the  m inim um  volum e of 48% HBr 

was added to  a sa tu ra te d  solution of K 2P tB r6 (0.5g, 0 .7 m ^ )  in 48% HBr. A yellow
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solid p rec ip ita ted  and  was suction  filtered and  washed w ith 5 ml portions of ice-cold 

w ater and  diethyl e ther. W hen th e  yellow p rec ip ita te  was dried on the  vacuum  line, 

th e  com pound changed from  a yellow pow der to a sticky brown solid. Therefore the  

com pound was re-dissolved in excess 48% H Br solution and slowly evapora ted  to  a 

sm all volume. W hen the  solution cooled, dark  red crystals of [Bu4 N]2 [PtBre] form ed. 

T he  crystals were suction filtered and washed w ith ice-cold e ther. (Yield ca.40% 

based on K 2 P tC l6).

O bserved
[Bu4 N]2 [P tB r6]

infra-red u3 230cm 1

v is /u v (C H 2 C l2) 18.0(sh), ‘26.3, 31.0, 32.0(sh)kK

L ite ra tu re
infra-red [(C7 H 1 6 )4 N]2 [PtBr] v3 230cm 1 [ref. 155]

v is /u v

(C H 2 C12)

[Bu4 N]2 [P tB r6] 18.9(sh), 22.6(sh), 26.3, 

30.8, 32.2kK

[ref. 92]

Analysis
[Bu4 N]2 [P tB r6]

found C(32.23), H(6.38), N(2.11), Br(40.60)

calcu lated C(33.15), H(6.22), N(2.41), Br(41.38)
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6.18  T h e a tte m p te d  p rep aration  o f

tris te tra -n -b u ty la m m o n iu m  h ex a b ro m o rh o d a te(III)  

- u n in ten tion a l p rep aration  o f  

tris te tra -n -b u ty la m m o n iu m  n o n ab rom od irh od ate(III)

Following the  m ethod  of R obb and  Bekker [1 0 2 ], th e  precursor K 3 R hB r6 was p repared  

from  R hC l3 as follows:-

R hC l3 .3H20  ( lg , 3.8nw>H) was dissolved in d istilled w ater and the  pH a lte red  to 

pH9 by add ition  of 1 M KOH solution which resu lted  in a w hite p rec ip ita te . T he 

so lu tion  and  w hite p rec ip ita te  were hea ted  a t ca. 80°C for 90 m inutes to  digest the  

solid th en  filtered (W h a tm an  N o.l filter paper). T he p rec ip ita te  of R h (0 H ) 3 .3H20  

was washed copiously w ith  distilled w ater.

A solution of R h (0 H ) 3 .3H20  (0.8g, 3 .8 m(nol) and  K B r (1.24g, ll.S m M ) in 48% 

H B r (15ml) was heated  a t 50°C for 10 m inutes. A fter cooling, a sm all am ount of 

b lack p rec ip ita te  was filtered off then  absolu te  e thano l (1L) added  to  the  solution. 

T he  solution wa left overnight during  which tim e a fine light brown solid p rec ip ita ted . 

T he  solid was filtered (W h atm an  N o .l) , dried in an oven th en  recrystallized from  4M 

H B r by add ition  of e thanol. T he  reddish-brow n com pound K 3 R hB r6 was ob tained  in 

25% yield (based on R hC l3 .3H2 0 ) .

K 3 R h B r6 (0.45g, 0.64mmd) dissolved in the  m inim um  volum e of 2M H Br was stirred  

in a beaker along w ith acidified Dowex 50 W -X 8  cation exchange resin (ca. 3g) and the 

m ix tu re  filtered rapidly. W hen [Bu4 N]Br (0.62g, 1.93m«<vA) dissolved in the  m inim um  

volum e of 2M H B r was added to  the  solution, the  expected p roduct [Bu4 N]3 [R.hBr6] 

did  no t prec ip ita te . T he m ix ture  was gently evaporated  to  a small volume on a hot 

p la te  and  a black solid ob tained  by filtering. T he solid was washed w ith ice-cold e ther 

(10m l) and  suction dried  to  ob ta in  a. green powder which analysed as [Bu4 N]3 [Rh2 Br9]. 

T he  experim ent was repeated  several tim es and on those occasions p rec ip ita tes  did 

form  in th e  first instance when [Bu4 N]Br was added to  the  solution of ‘[H3 0 ]3[RhBr 

However, th e  solids which were isolated were e ither green [Bu4 N]3 [Rh2 Br9] or a sticky 

black solid, iden tity  unknown.
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Observed
K 3 R hB r6

infra-red 1/3  249cm 1

v is/uv (4M  HBr) 18.0, 22.5kK

L ite ra tu re
infra-red Cs3 R hB r6 i/ 3  253cm  1 [ref.96]

v is/uv (4M  HBr) K 3 R hB r6 18.1, 22.2kK [ref. 168]

Analysis
K 3 R hB r6

found: Br(67.99) calculated: Br(68.52)

O bserved
[Bu4N 3 [Rh2B r9]

infra-red v  255, 250(sh)cm ~1

v is /u v (C H 2 Cl2) 17.4, 21.4(sh)kK

L ite ra tu re
infra-red [Bu4 N]2 [H3 0 ][R h 2 Br9] v 250, 245cm "1 [ref. 103]

v is/uv (4M  HBr) K 3 R h 2 B r9 17.8kK [ref. 102]

Analysis
[Bu4 N]3 [Eh2 Br9]

found 0 (3 4 .2 1 ), H(6.90), N (2.68), B r(43.42)

calcu lated 0(34 .89), H(6.54), N (2.54), Br(43.56)
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6.19 T h e a ttem p ted  p rep ara tion  o f

tris te tra -n -b u ty la m m o n iu m  h ex a b ro m o m o ly b d a te (III)  

-u n in ten tio n a l p rep aration  o f  

tris te tra -n -b u ty la m m o n iu m  n o n a b ro m o d im o ly b d a te (III)

A solution of tervalen t m olybdenum  in 48% H B r solution was p repared  by the  m ethods 

of W ardlaw  [56] and  L ohm ann [169]. T his required  the  steady  electro ly tic  reduction  

of a solution of M0 O 3 (3.5g, 24miW) in 48% H Br (50ml) for ca. 3 hours under a s tream  

of n itrogen  gas. To 5ml of the  reduced solution was added  [Bu4 N]Br (2.32g, 7.2mnol) 

dissolved in th e  m inim um  volum e of 48% HBr. W hen the  volum e of solution was 

reduced by 75% a red-brow n solid p rec ip ita ted  which was slightly  m oistu re  sensitive 

and  analysed as [Bu4 N]3 [Mo2 B r9]. In o rder to  suppress d im erisation , th e  experim ent 

was repea ted  w ith a  three-fold excess of [Bu4 N]Br. In stead  of reducing th e  solution 

volum e to  p rec ip ita te  th e  com plex th e  solution was ex tra c te d  w ith  deoxygenated 

C H 2 CI2 and  dark  red crystals p rec ip ita ted  by add ition  of deoxygenated diethyl e ther 

to  th e  organic phase. T he infra-red sp ec tru m  of th e  crysta ls was identical to  th a t  of 

th e  d im olybdenum  com plex ob tained  previously.

O bserved
[Bu4 N]3 [Mo2 B r9]

in fra-red 1/  249(vs), 219(s)cm  1

vis/uv(48%  HBr) 17.9, 19.6(sh), 22.2(sh), 23.8kK

L ite ra tu re
[Et4N 3 [Mo2 Br9] ref.

in fra-red v  247(vs), 227(s)cm -1 170

v is/uv (pow der reflectance) 18.2, 20.0(sh), 22.5(sh), 23.5kK 171

Analysis
[Bu4 N]3 [Mo2 B r9]

found C(34.17), H(6.45), N(2.53), Br(44.12)

calcu lated C(35.19), H(6.60), N(2.57), Br(43.93)
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6.20 T h e a ttem p te d  p rep aration  o f

bis te tra -n -b u ty la m m o n iu m  h exab rom op a llad ate(IV )  

- u n in ten tion a l prep aration  

o f bis te tra -n -b u ty la m m o n iu m  h ex ab rom od ip a llad ate(II)

K 2 PclBr6 was p repared  by the  m ethod  of G u tb ier and Krell [101]:-

P d C l2 (0.7g, 4 m ^ )  was added to 48% HBr (50ml) in a  1 0 0 ml beaker and  the  

m ix tu re  hea ted  to encourage b rom ination  of the  palladium . A sa tu ra te d  aqueous so­

lu tion  of K B r (l.Og, 8.4mf'vj) was added and  the  solution cooled in an  ice-bath . W hen 

brom ine vapour was poured  over the  solution, black crystals of K 2 P d B r6 p rec ip ita ted  

from  th e  solution.

O bserved /in fra-red : K 2 P d B r6 1/3 266cm 1 

L ite ra tu re /in fra -red : K 2 P d B r6 i/ 3  253cm -1 [ref. 154]

T he  sam e m ethod  was unsuccessful when repeated  w ith [Bu4 N]Br su b stitu ted  in 

place of K B r because [Bu4 N]Br was found to  p rec ip ita te  from  H B r (probably) as 

polybrom ides in the  presence of brom ine vapour.

K 2 P d B r6 (0.66g, Im M ) dissolved in the  m inim um  volum e of 2M H B r was stirred  

in  a  beaker along w ith Dowex 50 W -X 8  cation exchange resin (ca. 3g) and  rapidly  

filtered. A sa tu ra te d  solution of [Bu4 N]Br (0.64g, 2 mfncl) in 2M H Br solution was 

added  to  the  filtra te  and a sticky brown solid p rec ip ita ted . T he brown solid was 

w ashed w ith  5ml portions of ice-cold e thano l and  diethyl e ther. T h e  brow n p roduct 

analysed  as [Bu4 N]2 [Pd2 Bre].

If K 2 P d B r6 and [Bu4 N]Br are stirred  together in CH 2 C12 then  [Bu4 N]2 [Pd 2 B r6] 

is ob ta ined  in low yield. Similarly, [Bu4 N]2 [Pd 2 Br6] is the  only p roduct from the 

m eta thesis  of K 2 P d B r6 and [Bu4 N]Br in CH 3 CN. B ut, the  m etathesis of K 2 P d B r6 w ith 

[E t4 N]Br in CH 3 CN produced a. red-brow n com pound which exhibited  an infra-red
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spectrum  consistent w ith  the  fo rm ation  of a  m ix tu re  of [Et4 N]2 [PdB r4] (u 255cm 

and [Et4 N]2 [PdB r6] (v  227cm - 1 ).

O bserved /in fra-red : [Bu4 N]2 [Pd2 B r6] u 256(s), 191(s)cm  1

L ite ra tu re /in fra -red : [E t4 N]2 [Pd2 B r6] v  266(vs), 262(vs), 192(m )cm  1 [ref. 173]

Analysis
[Bu4 N]2 [Pd2 B r6]

found C(32.52), H(2.06), N (6.25), Br(42.94)

calcu la ted C(32.65), H(2.38), N (6.12), Br(40.76)
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6.21 T h e a tte m p ted  p rep aration  o f

b is(te tra -n -b u ty la m m o n iu m )h ex a b ro m o ta n ta la te (IV )

T he synthesis of th is  com pound was desired as p a rt  of an investigation  into the 

correla tion  betw een charge transfer energies and  E \ j 2 values, as well as offering a 

useful cross-reference for the  [TaBre] ^ 2 - 1  redox couples a lready  determ ined . Two 

m ethods of p repara tion  were a ttem p ted :

6 .21.1

[Bu4 N][TaBr6] and [Bu4 N]I in th e  mole ra tio  1 : 1  were gently  refluxed in C H 2 C12 under 

vacuum  for 3 days. W hen th e  solvent was evacuated , the  un reac ted  s ta rtin g  m ateria ls 

were recovered.

6 .21.2

T aB r4 was p repared  by reduction  of T aB r5 w ith  alum inium  pow der in a C arius tu b e  

a t 250°C  for 3 days according to  th e  m ethod  of M cCarley and  B oatm an  [97]. W hen 

T aB r4 and  [Bu4 N]Br (mole ra tio  1:2) were gently  refluxed in C H 2 C12 under vacuum  

for 3 days no reaction  occurred. NB: R eaction 6.21.2 could have been a tte m p te d  

in  CH 3CN solution as the  reaction is known to  proceed w hen N bB r4 .2CH3CN and 

[E t4 N]Br are used (W alton et al [108]). However, W alton et al found th e  reaction  of 

T aB r4 w ith  C H 3CN form ed an unidentifiable p roduct.
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6.22 T h e p rep aration  o f su p p ortin g  e lec tro ly te s

The necessary requirem ents of a suppo rting  electro ly te were considered in chap ter 2.

Tw o sim ilar supporting  electro lytes were used in th is thesis, te tra-n -bu ty lam m o- 

n ium hexafluorophosphate  ([Bu4 N ]P F 6) and te tra -n -b u ty lam m o n iu m te tra flu o ro b o ra te  

([B u4N]BF4). B oth  com pounds were p repared  and purified in the  sam e m anner, th ere ­

fore the  p repara tion  of [Bu4 N ]P F 6 will only be discussed (in the  case of [Bu4 N]BF 4 

su b s titu te  H[BF4] for K P F 6):

K P F 6 (15g, O.OSTv'd) was dissolved in excess d istilled w ater and th e  solution fil­

tered  (W h atm an  N o.l filter paper). A slight excess of [Bu4 N]OH was added  slowly 

to  th e  f iltra te  while stirring  th e  solution w ith a glass rod  un til p rec ip ita tion  of w hite 

[Bu4 N ]P F 6 was com plete. T he w hite com pound was filtered w ith a sin tered glass fun­

nel and washed w ith lukew arm  (ca. 40°C)  d istilled w ater. T he solid was transferred  

to  a  500ml beaker, thoroughly  stirred  w ith  luke w arm  distilled  w ater (ca. 250ml) 

th en  filtered w ith  a  sin tered glass funnel. T he washing p rocedure was repea ted  until 

th e  washings registered pH7 (approx im ately  6  tim es). A fter washing, the  com pound 

was transferred  to a 250ml round  b o ttom ed  flask and  evacuated  under a dynam ic 

vacuum  for 2-3 hours. A fter drying, the  solid was dissolved in  C H 2 CI2 and filtered 

(W h a tm an  N o .l)  th en  the  solvent evacuated  by a dynam ic vacuum . T his process was 

rep ea ted  un til the  filtered solvent was crysta l clear (approx im ately  4 tim es). Finally, 

th e  w hite  pow der of [Bu4 N ]P F 6 was transferred  to  a  large Rotaflow  vessel and  dried 

on the  vacuum  line for several days w ith  occasional shaking before tran sfe rra l to  the  

glove box for storage.

6.23  P urification  o f  so lvents

6 .2 3 .1  M e th y le n e  ch lor id e

A nalar C H 2C12 (200ml) was refluxed over P 2 0 5 (5g) for 15 m inutes th en  rap id ly  

d istilled  d irectly  in to  a Quickfit flask to m inim ise contact w ith  th e  open air. Topping
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and ta ilin g 1 by 20% (discarding the  first and  last 20% of d istilla te ). T he d istillation  

was repeated  w ith  the  d istilla te  collected d irectly  into a large Rotaflow vessel. The 

Rotaflow vessel was transferred  to the  vacuum  line and  th e  solvent degassed th ree  

tim es by the  freeze-thaw  m ethod: (T his requires th e  solvent to be frozen very slowly 

s ta r tin g  from  the b o tto m  of the  vessel and  gradually  m oving to the  top. As gas 

bubbles effervesce, the  stopcock is opened briefly to  allow th e  escape of the  gas. The 

slowly rising solidified solvent effectually ‘pushes’ th e  dissolved gas out of solution.) 

W hen the  solvent was thoroughly  degassed, th e  solvent was distilled over into a 100ml 

g rad u a ted  Rotaflow vessel (on the  vacuum  line) contain ing dA m olecular sieves. (T he 

m olecular sieves were previously dried by heating  at 180°C overnight while evacuating  

on th e  vacuum  line.) T he dried  and  degassed solvent was p ro tec ted  from  light by 

surrounding  the  Rotaflow vessel w ith a lum inium  foil.

6 .2 3 .2  A c e t o n i t r i l e

C H 3CN was purified by the  m ethod  of J.M . W infield [172] which required  several 

stepw ise d istillations perform ed in a Pyrex  still equipped  w ith  a 0.75m vacuum  jacket 

separa ting  colum n and  p ro tec ted  from  m oisture.

1 . H PLC  grade aceton itrile  (350ml) was refluxed over anhydrous A1C13 (ca. 6 g) 

for 1 hour th en  rap id ly  d istilled, ‘topping  and ta ilin g ’ the  solvent by 3%.

2. K M n 0 4 (2g) and  Li2 C 0 3 (2g) were refluxed w ith the  solvent for ca. 15 m inutes 

then  the  solvent rap id ly  distilled, ‘topping  and  ta ilin g ’ th e  solvent by 3%.

3. T he solvent was refluxed over K H S 0 4 (5g) for ca. 1 hour then  rapidly  distilled, 

‘topping  and  ta iling ’ the  solvent by 3%.

4 . T he  solvent was refluxed over C aH 2 (6 g) for ca. 1 hour th en  rapidly  distilled, 

‘topp ing  and ta ilin g ’ the  solvent by 3%.

5 . T he  solvent was refluxed over P 2 0 5 (4g) for 30 m inutes then  rap id ly  distilled, 

‘topp ing  and ta iling ’ the  solvent by 3%.
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6 . S tep 5) was repea ted  th en  the  solvent transferred  to  a  large Rotaflow vessel 

in a  dry  box and  degassed and distilled  onto ac tivated  m olecular sieves as for

c h 2 c i 2.



A ppendix A

C alcu la tion  of th e  in terelectronic correla tion  term s (k + r) , K and  R.

All th e  values were calcu lated  from  the  d a ta  in tab les 5.2, 5.3 and  5.4 an d  wherever 

possible g rad ien ts were calcu lated  by a least-squares best fitting  line analysis.

A .l  Second  row  [ M F q\ 1~ / 2~ ; M  =  N b , M o, Tc% R u

x =  k +  r =  +1.21 

z =  3R  - 2(k +  r) =  -0.02 

R  =  [-0.02 +  2 (+ 1 .2 1 )]/3  =  +0.80 

K u n o b ta inab le

A .2 Third row [MF6]1/2_ ; M =  Ta, W , Re, Os, Ir

x =  k + r =  +1 .1 8

y =  k +  K +  r =  + 0.60 therefore K =  -0.58

z =  3R  - 2(k +  r) =  +0.45 

R  =  [+0.45 +  2 ( + l .  18)]/3 =  +0.93

•210
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A .3 S econ d  row  [MClg]1 /2~ ; M  =  N b , M o, Tc% R u, R h,

P d

x =  k +  r =  +0.96

y =  k +  K  +  r =  + 0 .65  therefore K =  -0.31

z  =  3R  - 2(k +  r) =  -0.39 

R  =  [-0.39 +  2 (+ 0 .9 6 )]/3  =  +0.51

A A T h ird  row  [M Cle]1 /2 ; M  =  Ta, W , R e, O s, Ir, P t

X =  k +  r =  + 0 .94

y = k + K + r =  +0.51 therefore K =  -0.43 

z =  3R  - 2(k +  r) =  -0.05 

R  =  [-0.05 +  2 (+ 0 .9 4 )]/3  =  +0.61

A .5 Second row [MBr6]1 ^  ; M =  N b, M o, Tc*, Ru

x — k + r =  + 0 .85  

z =  3R  -2(k +  r)  =  -0.48 

R  =  [-0.48 +  2 (+ 0 .8 5 )j/3  =  +0.41 

K u n o b ta in ab le

A .6 Third row [MBr6]1-/2~ ; M =  Ta, W , R«, Os, Ir, P t

x  — k +  r — + 0 .7 4

y  =  k +  K +  r =  + 0 .6 3  th erefore K =  -0.11
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z =  3R  - 2(k +  r) =  -0.07 

R  =  [-0.07 +  2 (+ 0 .7 4 )]/3  =  + 0.47

A .7 Second row [MCl6]2-/3_ ; M =  Zr, Nb, Mo, Tc*, Ru, 
Rh

x =  k + r  =  + 1 .12

y =  k +  K +  r =  + 0 .76  therefore  K =  -0.36

z =  3R  - 2(k +  r) =  -0.52 

R  =  [-0.52 +  2 ( + l  .12)]/3  =  +0.57

A .8 Third row [MC16R /3- ; M =  Hf% Ta, W , Re, Os, Ir

x =  k +  r =  + 0.98

y =  k +  K +  r =  + 0 .55  therefore  K =  -0.43

z =  3R  - 2(k +  r) =  + 0 .03  

R  =  [+0.03 +  2 (+ 0 .9 8 )]/3  =  +0.66

A .9 Second  row  [M Bre]2  ̂ ; M  =  N b , M o, Tc*, R u

x  =  k +  r =  + 0 .95

y =  k +  K +  r =  + 0 .53  therefore  K =  -0.42

z  =  3R  -2(k +  r) =  -0.46 

R  -  [-0.46 +  2 (+ 0 .9 5 )]/3  =  +0.48
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A .10 T h ird  row  [M B r6]2 /3 ; M  =  Ta, W , R e, O s, Ir

x =  k +  r =  + 0 .60

y = k + K + r =  -0.52 therefo re  K =  -0.08

z =  3R - 2(k +  r) =  -0.14

R  [-0.14 +  2 (+ 0 .6 0 )]/3  =  + 0 .35  (* es tim a ted  value)
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C hem icals

C h e m ic a l S u p p l ie r

d iethy le ther M ay and  B aker L td.

aceton itrile R a th b u rn  Chem icals L td.

d ich lorom ethane (P ron .A R ) M ay and  B aker L td.

abs. e thano l Jam es B urrough PLC .

hydrobrom ic acid (48%) BDH chem icals L td .

fluoroboric acid Aldrich Chem ical C om pany Ltd.

phosphorus pentoxide K och-light labora to ries  L td .

Dowex 50 W -X8 cation BDH chem icals L td .

exchange resin

tu n g sten  wire Jenkins

p la tin u m  wire Johnson M atth ey  M etals L td .

tu ngsten  pow der V entron A lpha p roducts

brom ine M ay and  Baker L td.

te tra-n -bu ty lam m onium hydrox ide A ldrich Chem ical C om pany Ltd.

tu n g sten  hexacarbonyl F luka AG

214
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cont.

C h e m ic a l S u p p lie r

p o tassium hexafluo rophosphate A ldrich Chem ical C om pany Ltd.

m olybdenum  triox ide H opkins and  W illiam s Ltd.

rhen ium  oxide V entron G .m .B .H . K arslruhe,W G

zirconium (IV ) oxide Aldrich Chem ical C om pany L td .

H afnium (IV ) oxide Aldrich Chem ical C om pany Ltd.

te tra-n -bu ty lam m on ium brom ide  

(H PL C . grade)

Fisons PLC .

te tra-n -bu ty lam m on ium iod ide  

(H PL C . grade)

Fisons PLC .

tetrae thy lam m on ium brom ide K och-light labora to ries  L td.

m olybdenum  hexacarbonyl BD H  chem icals L td .

n iobium  pen tab rom ide V entron A lpha p roducts

ta n ta lu m  pen tab rom ide V entron A lpha p roducts

pallad ium (II) chloride Johnson  M atth ey  chemicals L td.

tr isp o t ass ium hexachloro- 

ru th e n a te (II I)

Johnson  M atth ey  chem icals L td .

b ispotassium hexachloro-

osm ate(IV )

Johnson  M atth ey  chem icals L td .

b ispotassium hexachloro-

irida te (IV )

Aldrich Chem ical C om pany Ltd.

bispotassium hexachloro- 

1 p la tin a te (IV )

Johnson  M atth ey  chem icals L td .

rhod ium trich lo ride Johnson  M atthey  chem icals L td .
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