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ABSTRACT

The stopped-fl ow apparatus has been used to study the
reactions of chromum (M) and 12-tungsto-cobaltate (II1I)
anions w th sul phur - containing organic Uganda in
agueous perchlorate sol utions.

The oxidation of thiourea and its N Substituted
derivatives (L) by chromum(M ), HOQ, , proceeds via
the formation of 1:1 conplexes, OOl, which are
consi dered to be sul phur bonded. These i nternedi at es,
formed within the tine of mxing on the stopped-flow
scal e have been characterised, and fromchanges in the
initial absorbance, the spectrumand thernodynam c
paraneters associated with conplex formati on have been
det er m ned. The kinetics of the electron-transfer
reactions to yield chromum (I11) conpl exes as products
have been investigated, with the principal pathway
I nvol ving a second-order dependence on the |igand. The

significance of this observation is discussed.

The ion HOXQ, also oxidises thiols such as penicillam ne,
glutathione and 2 - nercaptoethylamne via the formation
of intermedi ate sul phur-bonded esters. Unli ke the
conpl exes fornmed with the thioureas, the rates of formation
of these esters are sufficiently slow for kinetic
nmeasurenents to be made using the stopped-flow nethod.
The rate constants for the acid-catal ysed formati on pat hnay
were found to be snmaller than those hitherto reported for

simlar reactions involving this oxidant. The significance



of these values is discussed and conparison made w th ot her
val ues reported. Second, -order dependences of the redox
rates on ligand concentrations are al so descri bed.

Finally, in order to attenpt an evaluation of outer-
sphere systens, the reduction of the large 12-tungsto —
cobaltate( Ill1) anion by thiourea and its N substituted
derivatives has al so been investigated using the stopped-flow
t echni que. No conplex fornation was detected but
sone deviation of the rate fromfirst-order |igand
dependence at higher ligand concentrations and | ow
tenperatures is interpreted in terns of the formation
of outer-sphere conpl exes. Possi bl e mechani sns of the

reacti ons are di scussed.



GENERAL INTRODUGCTION




| Up till the eafly pert of this century the deteiled
'chemistry of inorganic resctions in agueous mediz was
'; limited to observation of their stoicheiometry.
Interpretation usually involved thermodynamic considerations
and time dependence was mneglected almost entirely.
Atteinment of equilibrium In some particular systems waea
regarded as being alow and 8 judiclous choice of
cetelysts was'necessary t0 increase the rete of reactions.
In &ll other cases, the sssumption was made that reactions
involving ionsa occurred rapidly and went to completion, |
The simple stoicheiometry of gaseous chemicsl systemé'
served as the basls for the development of our knowledge
qf the theory of chemiceal kinetics. However, the early
kineticists found the fleld of orgenic chemistry more
attractive and only in & few instances were studles made of

inorganie reactions in solution. More recently the

'.: developuent of new technigues of kinstic observetion has led

to a more general study of the solution chemistry of
inorganic reactions especially in the arees involving the
reactions of metal ions.> 1t

| Desplite the latse upsurge of interest in the kinetic
studies of inorganic reactions, the number of aystems which
could be investigated was elso limited. In#act only those
.3 reactions with halflives greater then Ca 30s could be studied

using the so celled *conventionel methods'. However, with

the developuent of fast reaction techniqugslz'lj it has
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become possible to exemine in detsail systems which hed
previously been outside.the scope of investigetors i.e. with

helf lives of the order of milliseconds or less.

Fast Resction Technicues

Although Hartridge and Roughton are now looked upon esa
the *founding fethers' of the fast rerction technique (meinly
. the continuous end to some extent the stopped - flow technique),
there are indications from the litersature that theirs might
have been a development and subsequent epplication to rapid
reactions in solution, of the basic prineiple espplied to ges
reactiona at an earlier stege by some workers. For example,
an spplication of the flow principle (but without mixing) wee
mede by Ernest Rutherfordl6 in 1897 in his wmeasurement of the
coefficient of recombination of gaseous ions. In 1905,
Raschigl7 made kinetic studies of the rapid reection between
nitric oxide and oxygen by driving the two gases into a
T-shaped glagss mixer and then, through glass tubing of varying
volume, into an absorbing solution which stopped the reaction.
The time during which the resction had proceded was cslculated
from the volume rate of gas flow and the volume of intermediary
tubing between the mixer end the absorbing solution, This
technicue was thus & direct precursor of one of the few developed
by Hartridge snd Roughton called the chemical or "quenching"

method. In 1922, Stewart and Edlunglﬁ

drove & mixture of
ethylene and bromine vapour into a mixer £nd then into a

reaction tube, By suddenly turning off & sgtreem of mixed




-3

'gases; end fdllowing fhe changes in the resction tubé
menometrically, the course of the resction was continuously
followed. Although the tiwming was rather slow, their N
method is obviously & precursor of the 'stopped-flow' methed.
| It was in 1923 that Hartridge and Roughton )’ -*
developed & method for solution studies which can be uéed t0
follow resctions with half lives of the order of (10-0.001)s.
. The principle 6f their method was to place the two reactants
in separsate conteiners, force them into a speclel mixing
chamber and then through an observation tube. The composition
0f the streeming fluid was determined at various polnts aleng )
fhe observation tube by optical, thermal eleetrical, chemiczl
or other methods of anslysis applicable to rapidly moving
fluids. This is the continuous flow method in which the rate
of flow of the fluid wee kept constant.

Another elternastive is to follow the extent of reaction
&t a fixed point about lem from the mixing chamber by verying
the veloclty of fluid flow either in discrete steﬁs es in
Milliksn's 21 procedure, oOr continuously as in the accelersted
flow method of Chancezz. Apsrt from the great adventeage
0of minimel fluid recuirement of the latter, it is alse
capeble of measuring hslf lives of 0.3 milliseconds.
| The stoppred - flow method is reletively simple&r than
the continuous flow wmethods =0 far discuséed. In this wethod,
- the two reactents are mixed Just es in the continuous flow

but the flow of the reacting fluld 1Is suddenly and

tar
instaqgously stopped. The progress of the reaction is then



mﬁnitored ﬁsing é fastlresponse device. With the
development of rapid electronic monitoring methods over the
1s8t few years notebly through the work of Chance®?, Gibson??
end later workers, the stopped - flow method has supengéded the
continuous - flow methods In importance and regularity of
use in the wmeasurement of repld chemical reactioﬁa.
The stopped - flow method has several advantages over
_the continuous flow method: . |
&) It is independent of the rete and character of
- flow down the observation tube |
b} = permsnent record can be obtained of the prdgréss
of the resction over a period starting at é few
milliseconds after mixture &nd extending as long
asg desired
e} It is free from the distorting effect of mechanical
disturbances e 3
d) the volumes of reagents recuired 2re minimal,
This section would be incomplete without & mention of
the relaxation techniques which zre geunerally applicable to
the study 6f reversible resctions heving half lives as short
as 10 7s. In all cases the position of & chemical
equilibrium is disturbed by rapid variation of a physicsal
peremeter such ss temperaturs,pressure or electric field
inteusity. In such a situstion, there is & time lap while
the eystem spproaches the new position of equilibrium and
this time lsg is related to the rate constants of the

forwerd end back reactions, Eigenlz hag described eppropricte
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experimental methods snd hes shown how the observed
equilihfium shift cen be relasted to chemical rate constéﬁta.
With the development of relaxastion technigues, rate
congtants near the diffusion controlled limit of the order
" of 1010 - 1011 1 m{::l"']‘S"’1 can be measured. This method
als0o has the sdded advantege of being free of the short —
comings or limitetions of the flow  wmethods since it involves
. only 8 singlé mixed solution., However, in view of the
~considerable difficulties associated with its use for
irreversible resctions, the stopped - flow method 1s generally
preferred for reactions both reversible and irreversible
where the half lives fall within its time - scale.l
For meny yesrs the development and subseguent usege of
both the countinuocus and stopped - flow method was dominated
by workers with physiological or bliochemical interests

25

notably by Roughtonzﬁ, Gibson “ and others working on

26

reactions of hsemoglobin and by Chance on enzyme reactions,
However, it was not until the lete 19505 esarly 60s that
results were published of the kinetic investigations
involving metal jon reactions in solution 21,28,

It has been established that such rescticuns often
involved ligend - substitution or electron - trensfer or both.
In redox reactions between two metal ions or & metal ion
and non-metellic substrates, ligand substitution is known
. to occur end 1g thought to provide a low - energy pathwey
for electren transfer. Typlioal exaﬁples of thls could be

the
found inﬂChromium (V1) oxidstion of both metcl sand non metsllie



substretes . R

Ligend Substitution Proéessas

Until reletively recently, mechanlstic studies were

restricted meinly to the complexes of CrIII, COIII, PtII end

PdII which undergo substitution slowly and which may be

inveatigated by use of conventional techniques. 'Taubeao
. infact pointéed out in 19%2 that metal ion complexes can be
divided roughly into two categories basing the division on
the kinetic data availebls at thet time. Those whose
reactions ere complete within the time of mixing (one minute,
room temperature,about 0.1 solutions) were classified &s '
labile while those that renct at rates too slow to messure
or st rates thet can be followed by conventionsl technicues
were c¢2lled 'inert' complexss. However, recent epplication
of rapid resction techuniques t0 the study of labile
complexes heg not only widened the scope ¢f the ligand
substitution resctions thet cen he and are being studied but
hag in effect helped to extend our knowledge in thls field.
- The most genersl form of the ligand substitution
reactions is given in equation (2)

Mxn-i-‘[-.,———” m{n_i‘f-t-x o (2}
Studies generally involve complex formation reactions and
interpretation of the results requires & knowledze of the

struecture of s0lvated metel ionS together with the

lability of lts asssociated solvent molecules. These dats are
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availdble for & substantisl number of iona31

although the
exact nature of many is.still uncerteain, The bulk of the
studies carried out in this field have been performed in
aquesus solution, and the reaction in most cases refers to
the replacement of g0lvent water in the co-ordination
sphere of the metal ion by the ligand.

Metal ion complexes are of two genersl types, outer
. gphere and inner sphere. In an outer sphere complex in
solution, the primasry co-ordination ephere 0of the metal ion
is s8ald to be intact whereas the co-ordinotion sphere of the
inner sphere complex is penetrated by the ligand to form a
bond. The existence of outer sphere ccaplexes in soluticn

32

was first recognised by Bjerruw’™ and the perticipation of
these oute} sphere complexaes (ion pair formation) as:
intermediates in the formstion of inneraphere complexes hasg
been considered for somq%imeaa. Thermodynawmic and kinetice
ptudies of the slowly reacting Cobalt (III) and Chromium (III)
Complexes 53,54 indicete active perticipetion of outer sphere
complexea{ With the development of modern technigues for
the study of very rapid reactioné, the role of outer-sphere
complexes in the reactions of lsbile metal cowmplexes and
their gensral importencs in complex formatioa reactions have
6ls0 been established >7 20,

Substitution reactions in general involve both bresking
and making of metel ion ligand bonda. The wmecheanistie

i-
espects have been discussed previously 11, for inorgeanic




complexes the nomenclature used for describing the
different modes of reaction has been introduced by Leungford
and Grayé. Four categories ere distinguished:

A (associstive), D (dissociative), Ia and Id the last two
being deseribed as interchange with predominantly
agsociative or dissociative character respectively. The
energy profile diegram which illustrates these mechanisme

-has the form shown in Fig. 1.

Energy
+
-

n1f * X

Reaction Co~ordinate
Potential energy curves for substitution reactions

Mn + Y = MX,.3 Y + X

FIG I
The dotted curve represents & concerted reaction and
corresponds to interchange. The full line represents
either en asssociastion or dissocietion mechenism depending
on whether the intermediates are lI,Y or(rxn_‘ + X+ f)
respectively. The three types ere represented by equations

in the following way:
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MXo + Y.,,._-—_‘-" Man"':_—'hmn-‘IY + X agssociative
MX, + Y -.;:“‘z.:(n_l X e I== MX .Y + X dissocistive
M, + Y &&= X-—- L:Xﬁ-_-—I-———Y interchange

An exemination of Fig 1 shows that for a dissociative
process, the entering group does not interact directly
with the resction centre in the tranagition state, wherees
for the associative process there is bonding. It is therefore
. poseible to distinguish between these two mechenisms
experimentsally. In an Id (dissociatively sctivated)
intimate mechanism, bond bresking provides a greater
contribution to the sctivation energy than bond wmaking, the
rate of reaction should therefore be relatively insensitive
to the nature of the entering group, while the rate of an
Ia mechanism should be very sensitive to the entering group
because of the greater contribution of bond&aking to the
activetion energy. It is generelly more difficult to
distinguish between D and Id end between A and Ie than it is
to distinguish between Id and Ia, Distinetion between the
former is besed purely on the life time of the intermediate
and activated complex.

It is often possible to assign & mechenism on the
bagis of the rate lew and product analysis. In the
anation reactions of Co (CN)5 Hzoz' (ref 39) eand Co (NH315
H203+ (ref 40) the D mechsnism hes been shown to be operating
with the existence of the species Co [CN)g- and Co (HH3);+
as intermediates. Confirmation of their existence as

discrete species hes been postuleted by their selective
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‘re&cﬁivity towards various nucleophiles. Reactions of the
type " o o
Co (NH3) 4 SO3 (D)™ + ¥ —> Co (NHy)y 503 ()™ +x  (3)
where X = NHy , OH , NO2 or NoS™ end ¥ = OH~, CN~, NOp or
NCS™ are all thought to proceed via & mechanism involving
the common intermsdiste Co (NH3)g4 803+ (ref 41 and 42}.

As far agff.mechanism goes, no unequivocal example
.0f this type of resetion is known for cetahedrel complexesi
but in the reaction of the square plener Rh (I) species
with amines, there is strong evidence for the formation of

43

g five - co-ordinate intermediate. This hes 8lsgo been

44
found in the reaction of Pt (II} with Cyanide.

The Comnplexation of Labile Metal - ions

Mostly through the work of Eigen45 and his co-workers
using relaxation methods, the reletive rates of attachment
of a ligend to one of these metal ions are now avallsbles.
In the interpretetion of the results obtained, the mechanisms
in generel reflect the reection types for inert species.
. For lons of the mlkall metals e.g. Li¥, Na*, K*, Rb*

*
2+ and Baz“

end Cs' &nd elkeline - earth metals like cal*, sr
(except Be?t and Mg2+) the rate constants for loas of water
are pot only cuite high (3"107 5'1) with all the ligands used
but there is alsc some variation frowm one ligand to the other.
Thig ia en indicetion not only that water molecules are lost

from the co-ordination sphere of the metal ions with reletive

ease, sipgnifying fest exchenge with the solvent, but slso
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that the rate determining step is most likely to be the
attachmenﬁ of the ligsand. In ezch group the rete increnses
with the size of the ion, though by less than & power of ten,
This variation in rate from one ion t¢ the other is
attributeble to the differences in the size/charge ratio
of the ions whigh measures their electrostatic ettraction
for ligend dipoles. . |

| With the alkali metals, complexes are formed only with
stronely interseting sgents whiech are capable of forulng
chela#@:_GOmplaxes such aa EDTA, nitrilotriscetste ete. and
the rﬁﬁes which were found to be very high were measured by the
ultrasoniec sbsorption method.45 For the slkaliune earth

36,45

metals rate constants with such chelating ggents are of

-] =1
the order of (107 - 109)1 mol la which is the same a&s theat

for calecium ions with sulphate?5’37

zn2*, ca%* end Hg®* which are all a*°

2+

ions resect about
as fast a3 Ca vet do not show marked differences between
ligends. Exemplesof this could be found in the reactions

2+ with bromide iou*® and with EDTA*7 both of which have

of Cd
9 -1 =1
rate constants about 107 1 mol s . From the results
obtained for this group of ions one might be tempted to
postulate an Ia rather than an Id mecharism for the
complexation reactions.
4 second group o0f catiouns L0 be considered are those

for which the rate constants are less than 10? 5"1 and

practically independent ¢f the nature 0of the ligand. This
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group includes mg2+, most of the divelent lons of the first
series of transition elements and some of the trivelent
rére earth cations for the reaction of Mg2+ with soﬁ',
82032“ and Gr042’ (ref 35,37) end with sdenosine di- and.
triphosphat336 a rate constant of ebout 10° S™F has been
obtained in ell cases, This is an indication that the
rate determining step is largely independent of the nature
. of the 1igsnd and is therefore likely to be the remcval of
water from the co-ordinstion shell of the cation. The
mechanism proposed by Eigen36 for this group of ions
involves the formetion of an outermephere complex st retes in
the region of diffusion-controlled processes, followed by
8 dissocistive ligand interchange. | o

The smgll increase in rates with inereage in the size
of the metal ion in the case of rare earth elements was
explained on the basis of elecirostetic effects. This type
of explanation hcwever breaks down for the transition -

2 2+
metal.series - Mn2+, Fe +, 002+, Ni and Cu2+. The slow

rates shown by N12+ and sz probably result from crystal
field stabilisation of the transition statel while the high
rates of Cri* snd especlelly cu®* have been attributed to |
Jghn - Teller distortion of the octahedral structure. In
these cases the axial water molecules arelheld less rigidly
then those in the equatorial positions and excheuoge ¢an
~take place more repidly with the solvent.

In znation reactionsinvolving & third group of metsl
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ions Mpf, the general intimate mechanism operating for these
cations is far from resolution. Unlike the first two

groups considered above, the rate of hydrolysis of these
cations is greater than the rete of woter loss from the
co-ordination sphere of the ion. Consecuently they often
react through their hydrolysis products. Kinetic evidence
of such parallel resctions is often cbtained for complexation
" by enions of'atrong acids with the obeerved rate constant,

k being of the form k,,g = kl + kz/[H"’]the latter term

o0bs’

48
being interpreted as resulting from the reaction of MOH(n'1)+.

-

Consequently reduction in charge upon hydrolysis leads
to a more facile loss of water by such species with the
result that they exhibit kinetic behaviour similar to that
of the second group. Exemples of such cetions ere Fel+
(ref 49), A1%* (ref 50) and Bez+ (ref 51).

Evidence for some degree of agsociative character
exists for the largest ions of this group such as
Rh(NE3) 5 H203+ 72and also for ions in this group which are
of moder=te size with fewer than three d electrons, such as
vot 93,04,

Fe(III) is the most widely studied of this group and
the rate constants for the resction of this cation with
various anions show & broad parsellelism with the basicity of

49

the anion. This could, of course, be interpreted as
indicating some associative charascter in the intimate

mechanism, Eigan36 proposed an elternative explanation
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whereln the outer sphere couwplex formed between the cation
and the ligand breeks up under the influence of both to

give FeOHZY and HL, which‘then react 1u o dissociztive manner.
' The oversll substitution rate is thus governed by the extent

. of hydrolysis. This mechanism was however criticised6

" the basls thet the anation rete constants of Cr (1, Al

which also undergoes hydrolyais much more repidly than it
- loses water, waB found 10 be insensitive to ligand besicity.
- Seewald end Sutin’’? pointed out that proton ambiguity
agssoclated with this aeid independenﬁ path does not allow

distinction to be mede between routes (4) snd (5).

Fe(Hzo)z + I'.."..‘_—“‘_' Fe(Hzt.'J)g+ . LT == PFelH 0)51. + H,0 (4)
Fe(H 0)50H2 + EL=Fe(H 0)50H2+ HE =2 Fe(H,0) 51 + 2,0 (5)

Prom the kinsetie data available the range of anation

rete constants sssocleted with Fe’' and FeOHZ* 1ie between

4 and 127 1 mol 13 -1 for the former &nd J a 103 to 3 x 105

1 mol lS -1 for the latter. The first order rate constant
for water exchange for F33+ ia 150 S'l, while that for

FeOHa

has been estimated as 104 8 (ref s6). Dheae
relatively small trends in rate constants with verying
ligands have been attributed to the variastions in the
magnitudes of the outer sphere complex formation constauts.57
- If this interpretation is wvelid, it would appeer thet bond
brecking is the dominant feasture of ligand incorporation into

the inner co-ordination sphere of beth iron(III) speéies.
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Electron transfer Resctions

The stability and.resctivity of en iou in any oxidetion
stete is known to be inrluenced by the presence of ligends.
In#aot & particular oxidation state of & metsl ion is ssid
to be steble only when the redox involves an unfavourable
free energy chenge or the activation energies are too large.?’ja

The electron transfer process itself must satisfy the
- franck - Condon restrictions which arise in prineiple from
the fact that the act of electron transfer tekes plece within
8 time thet is very much shorter then the time recuired for
muclei to chenge their positions. In order words, nucleer
motion is slow &s compered to electronic motion and the
former can be regarded £s stationary during the time taken
for electron transfer. Two important consecuences of this
principle are thet (a) both the oxidant end the reductent must
undergo reorgenization before electron transfer in £ wey thet
ensures thet their energies in the trensition states are
identical. This minimises the energy change on electron
transfer. The second is that restrictions are placed on
- chenges in spin angular wmomentum.Spin inversion when it occurs
is found to inhibit the ovérall redox rete. The electron
transfer resction between Co(HH3)63+ and Co(HHj)éz* is &
typicel exswple of this effect where the rate is found to be
very alow.9

In addition to the contributions from the two sources

outlined above, the asctivation energy will also contain teras
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resulting from the coming together of charged species
and the necessary rearrangement of the solvation shells.
Marcus, Zwolinski and Eyring’? have derived & theory for
- electron transfer reactions hased on the hypothesis that
the mechanism involves electron tunnelling. In terms of
the transition state theory of chemical kinetics, their

results may be written in the fornm

k= EE'Klexp (
h

_AGy _AG*e ) . (7

RT RT
where KT is 2 transmission coefficient which includes the
probability of barrier penetration. AG*e iz the activation
free energy for overcoming electrie repulsion between the
ions andﬁG; is the activation free - ensrgy for rearrangement
¢f the hydration and co-ordination shells. The transmission
coefficient, which is eslways less than one, increases
(tending to increasse the rate constant) ss the exchanging
partners come closer together. Because of electro~-siatic
repulsion, the energy of activetion also increases and this
tends to decrease the rate. However, at an optimum distancs
8 wmaximum exchenge rate is obtained. Similar theories for
electron transfer by a tunueling mechanism have been

proposed by tie1s80 61

eund by kercus.
Electron-transfer reactions in solution have been

divided into two groups depending on whether they proceed

62

by way of an outer sphere or inner sphere activated complex.

In the cuter sphere AQCtivated complex, the interaction

between the oxident and the reductsnt at the time of electron
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trensfer is suwell end the reaction tokes place with their
co-ordination shells intsct. In the inner sphere activeted
complex, both the oxida;t and the reductant are firmly
bonded during the electron trenafer through at least a
ligand common t¢ both co-ordination shells in the case of
two metal ions. The equivaelent traneition state involving
a metal ion and a reducing ligand curresponds in st.ucture
to the staeble inner sphere complexes discussed earlier.jsa
In some cases detectéble intermedietes are formed freom both
types of inner sphere activated coﬁplex.63-65 The guestion
of intermediates in oxidation reactions hes been discussed

in detail by Halpern.66

Electron exchange reactions between MR 03 - and Mn 042“
has been studied by Sheppard end Wehl end found to prouced by
67

an outer sphere mechanism, 90 8lgo 1s the exchenge beivween
substitution inert CO(NH3]3+ and Cr (320]62+ bectuse
co-ordineted ligands such as emmoni& and cthylenedizmice
cannot form bridges even though Cr(II) is ledile. However,
on ieplecing one of the six emmonia groups co-ordinated to
QpIII by & chloride ion, the seme resciion was shown by
Taube68 tc proceed by an inner sphere umechanism. The
reaction in acid solution is

[Colnig) s €11%*  +  [Cr(H0)p) 2*  +  sH;0Y —

[Co(H20)61 2% 4+ for(He0)g e1) 2% & sum,’ (8)

end the activaeted complex presumably hes tlhe structure
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"
IIHB NHB Oii\2 OH.‘2
H3N Co\\\ Cl ———:;/Cr CH,
HHB NH3 Ol ,, OH2

For the complexes [Co(NH3)5L33+, a survey of the
ligends L whioh sct in the same manner as C1~ hes been mede.®d
Trensfer to Chromium is observed with ¥, Br , 17, 5042'
N3', NCS™, carboxylate ions, P043‘, P2074_ and OH".
After electron trensfer the initielly lsbile complex mey be
inert to substitution.

In meny instsnces, the oxidations of ligrnds by metsal

ions have been known to proceed by &n inner sphere type of

mechanism with the involvement in some cases of well -

64,65, 70
characterised intermediates. Innerephere complex
formation of the type
.k 1)+
nxnf+ + L ;ﬁ%:ii ﬁxn_lLa+ —ﬂ-—-9l}a ) + P

k-1
is probeble where the substrate involved is & neutral or
negatively charged speciles. If a transient complex ion is
formed in the course of asny redox reection$S, there are three
possible rate controlling factora:

(6) the rate of formation of the intermediete

(b) the rete of electron transfer within the complex



ilon and
{c) the rate of breakdown of the complex.
- 1f (a) is rete determining, the factors govefﬁing
.ﬂthis step or steprs have been discussed earlier. IT (b)
ig the case, in the eabsence 0f apin inversion effects
the rate oi retction is expected $0 Dear some relationship
with the electron affinities of the ligonds. 1If breskdown
of the complex ié the rate controlling fastor, then the ”
étrength of the bond will become important.

Detection of the intermediste depends on the reletive

velues of the rate counastants k k-l and kz. This will be

1’

echieved, (8} if kl and k 1 ars very much greater then kz

with kf‘k 1 In this cese, 1f the rote of redox remction
falls within the stopped-flow range then the formation of
the complex preceding this step way be instentsnecusg. {b)

if'ki< k_l>-k2, complex formaetion and dlssppearsnce mey

both be observed. (e) if MX_ .L is mesintuined st & suwsll

n-1
ateady state concentraticn the olbserved rate constant will

be & function of k,,k _, and ka. (d} if k, > k., then the

1?
obgerved ra%e coustant for the redox reaction is controlled
by kl and thls corresponds to the case where complex formetion
is the rate determining step. Lany metal ion oxidations
‘of ligands are believed to be of thisg type.71

Although complex formation between 6x1dant end reduvuctant
wey be dstected this does not sutomatically meen that this

- species playsa direct role in redox process.66 There is =&
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kinetic ambiguity which does not allow distinetion to ba
mede sclely on the baesis of the observed rete law, between
whether or not the compiex iz 8 true intermediate, It |
however, aucﬁ?gntity is formed in measursble concentrstiouns
the establishment of the existence of a sequentisl process
mey be made spectrophotcmetrically, especielly by the |

obgervatiou of induetion periods and isosbestic points.



CHAPTER 1

EXPERIMENTAL METHODS
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The Stopped - Flow llethod

'l H,.' Virtually all the stopped - flow apperatus in use
v foday developed from thet first designed by Roughton.72
In constructing an efficient stopped - flow appseratus, seversel
points must be taken into consideration. -
(a) The reectant solutions wmust be thoroughly end
rapidly amlxed. The mixing chsamber wmust therefore
be properly designed to take care of these two
requirements.
(b) The flow velocity must bs adequaté i.e. above
eritical velocity for turbulent flow, The

eriticel veloelty is given by Reynolds formuls

Ue = Npm
where M is the viscosity of the flﬁid in poise , p,
the density zud 4, the diameter of the tube in cm.
NR is known &3 Reynolds number and is about 2000
for falrly short ftubes,

(e) The observation point should be some millimeters
from the mixing chember, to ensure thst mixing is
complete before observation. However it should
not be too far ewey since the lost time between
mixing end observation must be minimised.

(d) Finally, the flow must be stopped very quickly
for the efficiency of mixing falls if the flow is

too slow, Moreover, the more sudden the
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stoppeige the greater the chences of faster
reections being observed.
The sophisticetion of tﬁe epparatus depends on the lifetime
of the reacticn it is capeble of me&suring.

Two types of stopped - flow devices (three in all)
were a&veilasble and are now described in detail. The first
type (A and Al), the diegrem of which is provided in Fig 1.1
was used for reactions with half-lives of 0.05 - 58 whereas

‘& modified version (B) in Fig 1.4, was used for sll other
reactions with half lives greater then 10s,

In the 'repid' flow system (A) and (Al), the reactant
solutions were first introduced into two 1l0ml glass storeage
or reservoir syringes &nd from there transrerred to the
2ml delivery syringes by means of two three way taps. The
connection of the reservoir syringes to the three way teape
was achieved by the use of short lengths of '"Portex' plestic
tubinge.8olution was trensferred to the mixing device by wey
of glass tubing of 5mm internal dismeter. This was achieved
by applying the appropriate pressure on the pushing block.
The teflon plungers attached to the pushing block forced
the solution in each of the two delivery syringes into the
glass tubing eand hence into the mixing chamber. Plester of
Paris was used to hold the mixing chember firmly in
position to prevent any movement while the plungers were being
driven.

The mixing chamber used was a teflon two -~ stage
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eight-Jet device modified from the original design of Dulz

end Sutin.73

A ‘spectfosil‘ type 134 QS5 flow - through;-
spectirophotometer cell was attached to the observation tube
vory close to its exit from the mixer. This cell of Sum
path length hed & rectangular cross section. Another
gtopped - flow'apparatus (A1) was constructed which was
virtually.idantical with the one sbecve but for the materiel
_used for the mixing chamber, In this case the materisl
used was perspex.

Then some miner leaksge was oBserved In the two mixing
cheabers they were replaced by an s8ll - glass - two - jet
mixer of the type shown in fig 1l.2. Reaction rates on both
gtopped flow devices were found to be identical indicsting
that the mixing efficiency of the two - Jet device wes just as
good as the eight - jet one. '

As was poilnted out earlier on, effective stopping of
the flow is as ilxportant as efficient and thorough mixing.
This was schieved when the pushing block driven under pressurs
from e compressed gas encountered a vertical iron pin which
was pleced in one of seversl availeble holes in & bress block.
This front - stopping method was used in preference t¢ the
eonventionsl basek - stopping system gs it was Ffound to lessen
the recoil which occurred when flow was stopped. Also, it
provided grester operational flexibility in thet by having a
nuaber of holes in series in the stopping pin holder, it wes
possible to obtaiﬁ several pushes without refilling the drive-

syringes.
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Fig, 1.4.

"Slow" Stopped-Flow Apparatus
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Therm&statting of solutionsg was achleved by incorporation
of the feed tubes, mizing chember sud observation cell &ll
within a8 two piece sluminiuw block through which water was
ceirculated. The heeting snd clrculstlon of the water from
& tank was performed by & Circotherm MKII thermostat. Cooling
0of the water Iin the tank was schieved using & 'Tecam' dip-~
cooler refrigeration unit. The final steady temperature
(to * 0.1%C) was recorded by a thermometer placed in & cevity
in the top block. The buldb of thig thermometer was in
direct coantect with one 0f the feed ftubes =2nd thermsl contact
between the flow system, the thermometer and the sluminiuam
block was achieved by packing with bress filings,

Photoslectriec photometry wes used wmainly ss the method
0f detection. The power supplies and other electronic
equipment were operated from the mains via & type BTR-5 A.C,
automatic voltege stablilliser with an output of 240v at 5032.

One of the stopped - flow devices (A) above used san
S.P. 500 monochromgtor (Pye Unican Ltd, Cambridge) es its
light source, Visible radiaticn was provided by & tungsten
lsap whichhwas operated at 36 watts (6 volts, 6 amps) from =
Unicam 115D power pack. Ultraviclet radistion was supplied
by & deuterium lesnp which utilised the stendard Unicam power
unit. The intensity of light lesving the spectrophotometer
cell, which wes magked t0 construct an apérture approximately
~oue wmillimeter sguare, wes monitored using an &,i.1. €25¢s
photomultiplier tube. Its operating voltage was supplied
"by an A.E.I. type R1184 powef unit. The output of the
photomultiplier tube wes fed by way of & D.C. suplifier into
one input of a Tektronix 2463 differential smplifier which wss




«25

incorporeted in & Tektronix 564 storege oscilloscope. The
D.C. amplifier circuit ¢ontained a number of resister -
capacitor filters. gelection of & particuler filter for any
run was governed by & consideration of the magnitude of the
time constent of the cepacitor compered with the helf life
of the resasction. The other D.C. input signel to the
oecilloscope differential smplifier was also provided by the
. DeC. amplifier circuit . This current could be varied by
means of a calibrated helipot snd enabled input of a
'backing off' voltege.

Current in the triggering circuit was drawn from the
calibretion voltage output of the oscilloscope to one terminal
of e miniature roller microswitech which was mounted on top
of the pushing block. The other terminal was connected to
the external trigger input of the 2B 67 Tektronix time bese
Triggering of the oscilloscope sweep took plece when the
microswitch was closed as it passed the stopping - pin
shortly before flow stopped. Oscilloscope traces were
photogrerhed using & Shackmen super seven LK II Oscilloscope
camers fitfed with & polarcid CB-40 land beck,

The other stopped - flow &pparatus (Al) of similsr
design used as its light source & modified Hilger 'Uvispec!
monochrom&tor containing & 100 watt Osram tugsten lamp
(6.6 amps, 15 volts). Here the power pack was & Farnell
stebilised voltege/current S-Series type 15/106L unit. A

glass lens was used to concentrate light on the cell. This
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1imited this apparatué to 0pefation in only the visibvle reglion
of the épectrum. A Tektronix 5103N single beam storage
osecllloscope was used in conjuction with a Tektronix 54 20H
differentiel amplifier and Tektronix BBLON time bese.

Traces were photographed with a Tektronix C-5 oscilloscope
camars using type 107 poleroid film. |

The second type of stopped - flow apperatus (B} which
.was used for slow reactionslwith half livee greater then
10s 1= shown in Pig 1.4,

In this case, both the drive and reservoir syringes
together with the mixing device of the type shown in Fig 1.2
were all thermostatted within & large plexigless tank
through which was circuleted water from s sscond larger
tank by means of s B.T.L. circotherm heater pump. Temperature
control within the latter tank wes achieved using the seme
system aa for the first unit already described, Each of
the two 10ml cepscity pyrex-glass drive ayringes was Ffitted
with & specially constructed teflon plungers and connected
to & three wey teflon-barrelled stockeock by short lengths
of 'Portex; surgical tubing. The three way taps were
situated as shown in the disgrem {Fig 1.4} and supported by
perspex pillers. The plexiglaas tsnk was situated directly
ebove a Unicem S.P.800 D spectrophotometer fitfed with &n
S.P, 820 series constant wevenumber scan ¢ontrol and 5,7, 850
scale expansion unit linked to a servoécribe chart recorder.

The reacting soclution passed through the glass tube bent ct
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right asngles downwerds to & flow-through cell in the
SP 800 housing. This quartz cell hed & 10mm optical
path-length (Hellms QS 130).

Thermostatting of the sclution in the cell was
echieved by passage of water through the hollow cell-holder
using the circotherm heater - pump. The temperatures of
both tanks end that coming from the cell holder were
~constantly monitored using three thermometers and were
found to agree within + 0.2°C,

The operation of this stopped flow device (B) is similar
to those of type (A} The only difference is that the
pushing block in the former case is opereted menually
instead of using the compressed gsg and the opticel density
changeg with time is recorded directly by the cheart recorder

instead of voltage.

Celculetion of Results

To analyse the results obtained from the two 'fagt!
stopped flow epparatus (A and Al) it wes necessery to
convert the oscilloscope displays of voltage as a function
of time to the equivalent ebsorbance data.

1f Yo 1s the intensity of light trensmitted by an
opticelly clear solution (ususlly weter) and It is the
intensity of light transmitted by & solution of absorbance

0Dt at time t then,

I
oDy = log,, ;f (1)

For a calibrated photomultiplier tube where the output
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current, i, is linearly proportional to the intensit& of
incident 1light,
0Dy = 10310%-3- = log Yo {2)
. V4 - |
Since the impedance of the system is constant.

Calibration of the helipot control is achieved by
plotting its voltage output as measured ou the oscilloscoyre
screen againgt the corresponding readiugs on the control
knob (see Fig 1.5). The slope of such plot was found to
be 0.005575. The principle is to apply a signol from the
beek off source which would exactly balance the signel from
the photo multiplier tube (P,}.T.). The VBO line would
now be in position O whieh represents zero volts of P.i.T.
signal when no backing off was applied (see Fig, 1.6). -
With Vg gunow as the reference voltage, the FP,i..T. voltage
Vi corresponding to any other horizontal line on the screen
could be obtained by adding or subtracting the epproprisate
voltage AY. The latter value is given by multiplying AR
the vertical distence of separation by the oseilloscope
ggin setting. | | | |

This procedure can be illustrated by choosing a

hypothetical first-order trace shown in rFig, 1.7 for such a

reaction, _ _
0D - 0Do .
logg Kobs (3)
Ol - ODt e o
and the pseudo - first - order rate constant, Kbbs’ can be

obtained by simply eveluating the slope of a plot of
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The U=se of the "Back-0ff" Helivot

_________________ v
/\ ¥
““““““““““““““““ Vs.0.
0
5 :
Vt volts of P.M.T, signal applied
Vg
Vs.0.
i
______ N .0
II
\'s volts of helipot signal applied in opposite

B.O.
direction to "back-off" most of P,M.T. signal,



Pig, 1.7.

Hypothetical Oscilloscope Trace Representing

an Absorbance Increase

Distance from bottom of screen (cm)

Helipot dial reading = 540; " Gain = ©10
The horizontal line at 4 cm represents the zero
setting of the oscilloscope i.e. the display

obtained in the absence of any applied signal.

3

-

volts of P.M.T. signal
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log, (ODo - ODt) against time.
10

ODoo- 0Dy = 10815 1o

log 1o

10 Iy
= logyp it
] I
¥t
Vo

= log10

= logyy V& - loglovd) (4)
‘Vpo | = B.0. x 0.005577 |
| | = 540  x 0.005575

= 3.0 volts
The voltage corresponding to the bottom of the

oscilloscope screen i.e. zZerc cm., V,, is calculated by

equation (5)

v, o= Vo - AVgpo ": ! {5)
AVgo = Rg0 x Gain :' - {6)
= 4.00 x 0.10

= 0.40 volts
v ' = 2.60 volts
AVg = Rp X Gain o - (7)
| = 1.00 x 0.10 |
. = 0.10 volts
Voo =V, o+ AV - (8)
= 2.70 volts
AV, =R x gein - (9)
| = 5.00 T 0.10 '
= 0.50 volts

Vi = 3.10.volts
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logyo V4 - 1081y Voo = 0.0600

. log, (ODoo - ODy) = - 2.81 |

 Account wes taken of tha parallax error when evaluating
the various values of AV, This is Bn error which &rose
from the graticule belng fractionally closer t0 the lens of
the camera then was the screen {see Fig 1.8} for the
Tektronix 564 cscilloscope used, the various distances Ry
measured from photographa of traces were multiplied by 1.032
.to get the actusl distance on the screen. A progremme was
written for a Nove 1200 couputer (sée appendix 1 ) which
converted transmission dste into optical density'changes and
also gave values of loge (0Dy - ODt) at any time t.

The mixing ratios of the stopped - flow systems were
determined by pushing dilnte sclution of ferroin, Ee(phen}%*,
ageigst water., With the ferroin in One reservoir, water
in the other and vice - versa, the resultant optical deasity
obtained in each case was compared and alco with that
obtained when the same conceuntration of farroin was driven
through. The results indicated & retio of 1:i1 within an
experimental error of < 1.

The dead times of the two mpparatus were determined by
monitoring the complex formation reaction between Fe't end
NHgKCS in 0.2M IC104 at A = 465nm. The reaction carried
out in excess iron (III) wes found to be ﬁseudo - firgt order74
and the deod time i3 the time through which it was necessery
to extrapolate a plot of log {ODoo~ ODt) versus time to the

value corresponding to log (ODo) {see Fig 1.9 ). The latter
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Pig, 1.8,

Illustration of the manner in which error can
arise as a result of the graticule not'being in the

same plane as the oscilloscope display.

>
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\ x >
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[ |
' "‘
S y =1

A :~ Canmera aperture
BC :=~ Graticule

2 ED :~ Oscillocscope screen



Fig, 1.9

The cglculatipn of the dead-time of a stopped-

» flow apparatus.

CD

DE

. dead-time

i.'

représents.the transmittance of water
represents the transmittance observed at

the .start of the trace.

_represeénts a plot of logCAﬂ ~ At)versus tine,
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wea derived from & superimposed watser line corresponding
to the éero sbsorbance of the newly formed FeNCS2+ complex.
The dead - time for the stopped flow apparatus {A) using
the Unicem S.P. 500 wmonochromator was found to be 15ms.,
the second type (Al) using the Hilger (Al) wes 35ms - and“
the third type {B) using the SP 800 was experimentslly
estimeted to be 300 + 50 ms. | "

Preparation of Rearents

In el]l the investigatione carried out, the ionic
strength of the medium was meintsined constant at XOK ueing
mixtures of sodium perchlorate (Fluke puriss p.a.) and
perchloric acid (A.R.). The perchlorate ion was used
because of its poor co-ordinsting properties, In some
cases, lithium perchlorate was used ag the added electrolyte
instead of sodium perchlorate to investigate the effect of
thé éationa on tue rate of reection. Chaenges in rate of
between 10 - 20% have been reported by some workers76’77
bn replacipg sodium ifons by lithium iomns. This effect |
was not observed in our investigations.

All sgolutions were mede using water prepared froa eo
8ll glass still. Concentrations of stock aclutions of
perchloric secid were determined by titration agsinst weighed
quantities of sodium tetraborste using methyl red as
. indicetor while those of sodium perchlorate were.estimated

gravimetrieelly. 2ml of the latter were pipetted out
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sccurately into a weighed bottle =nd dried in sn oven
at 12000. From the residusl weight the molarity was
evaluated.

Lithium perchlorate was prepasred by the action of
perchloric acid on lithium carbonate.

Ii, 003 + 2H CI%y —> 2 11 C104 + H0 + CO,
The salt obteined was recrystellised several times in water
-and made into solution with distilled water. Stendardisation
of the solution was carried out by passing & known amount
down a cetion exchenge column in the hydrogen form and the
amount of hydrogen ions released was estimated by titration
against stendard sodium hydroxide. The concentration of the
originel stock of lithium perchlorate wags celculeted from

the average titre obtained.

Cheracterisation of the Productis

In redox recctions between almetEI ion and both metesl
and non-metellic substrates product anelysis does give some
indicetion as to the nature of the transition state
preceding the electron trensfer. This is particularly
significant in the Cr(VI) oxidetion reduction resctions®l
where the final produet is Cr(III). Since the bulk of the
work carried out involved this metel ion, investigsetions
have been mede on isolation and characterisation of the verious
products. Individual products which h&ve been identified will

be discussed under eppropriate chapters.
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- Jon - Exchange Technirue ,

Isolation.of the verious Cr{III} complexes so formed
was carried out using & specislly coneiructed ion-exchangs
ecolumn shownm in Figl,10. The column was l1l8ca loug =zud lem
internal dlameter, with & 25Cml. Separating funnel as a
reservoir. 4 glass eainter was also lacorporated as
shown, The column wes £illed with cetion exchange resin
" {Dowex S0W -.XS, 100 - 200 mesh) in the hydrogen form to
e level just below the capillary tube (outlet) level. In
80 doing, the possibility of the column running dry wes
eliminsted, The flow rate waa controlled by sppropriate
sdjustment of the reservoir tep and the cholce of the
E;Sinter used.
| The entire column with the exception of the tiﬁ of the

exit tube end reservoir wes immersed in an ice bath, This
wae not only to minlmise hydrolysis or sgustion of the
Cr{III) products but also to ensure.that each species came
down as & discrete band. The poséibility of equation
reaction was further minimised by tazking the desired species
off the column as rapidly as possible. This was achieved
by fitting & filter flask t¢ the column outlet and ereating
a partisl vecuum in the flesk by means of’an gspiretor pump,.
Although the bhend was i’oumi?8 not to be asz sharp as when

& slow eluting rate was used, efficiency of seperation was
achieved by first sllowing the varlous speclies to separate

using a siow eluting rate and appropriete solvent miztures
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Fig. 1.10

i .

—

connected to
an aspirator

pump.

Specielly constructed ion exchenge column used for the isclation

and cheracterisetion of some chromium (III) complex products.
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before applylng preésure through the aspirator pump.
B Béfore the coluun .wés used, it was first flushed
through with 2M EC104 to remove any cationic species whieh
might be preésent in the resin and then theroughly rinsed |
with distilled water to eliminste the free or excess
ecid. The resction mixture wes then transferred to the
resin through the reservoir. Appropriate solutlion mixtures
. were then used in eluting the various species on the coluan.

In eluting the differently charged thiocyanate complexes

of Cr{III) King and Dismukes!? found different concentrations
of HC10,4 cquite adecusate, For exsmple, for the negatively
charged, neutral and unipositive complex ions they used
0.15M HC1O0,4. In the ease of the di-positive aspecies they
used 1,0M HC1O0, while for the tripositive Cr (H20)63+, acid
concentration not less than 1.5M was used as the eluting
solvent. This method has been utilised by & number of
workeras szmongst whom were Lioore and Keller78, O0lson and
BehnkeBO etc. Although no chaenge 1w the spectra of these
species was observed by Olson and Behnke in the acid
concentrations ~ 1.0M, some of the products of the systems
investigated showed visible signsof aquetion within 3-€ hours
of the cowmencement of the resctious at room teaperature,
To prevent or at least aminimize this, different concentretions
of HC104 sud NaClO, mixtures were used in each case as the
eluting solvent with the concentration of the acid kept &s
low &s possitle. 0.10L. HC104 was first used for negatively

charged neutral or unipositive species. With 0.5M HC1O, =8
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eliant, s8light movement of the dipositive species was
observed which rapidly ceme off the column when 0,1M
HC1l0, sud 1M NeClO4 mixture wes used. The tripositive
cations elweys moved very slowly with C,1M HC10,4 end 1.0M
NaCl04 but ceme down more rapldly with 0.1M HC1O, %?d M
NeCl0, mixture. Using & fairly high concentrationhna0104
(~51), it was possible to isolate eny desired species with
. & concentretion as high as 0.01l,

The spectra of such concentrated species were obtained
in some cases using SP 800 sgpectroph otometer. The
chromium content of the freetions was determined using
bromine oxidation in besic media with spectroscopie
estimetion of the resultent Cr042~ at A = 372nm (£ = 4810
Lmoil omfl)al. Estimation of the =mount of sulphur in
the solutions was schieved gravimetrically.az’a3 On
completion of the CrIII oxidaetion process sbove the same
solution was boiled with a mixture of nitric ascid eand
perchloric acid for one te two hours, After all the
hydrogen bromide gas had been expelled, the solution wes
ellowed to cool t0 room temperature and the Cr(VI) ions in
this frection were reduced to Cr(III) using ferrous chloride.
A solution of BaCl, was then added. The BeS0, precipitste
vas allowed to settle after which it wes iiltered using
an eshless filter paper. The weight of BasO, was obteined
by difference‘after igniting end hence the number of moles

0f sulphur was cslculeted.

One of the mein problems associsted with this method
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is that_low concentrations of sulphur Wwirg belng determined
in each ¢ase; this restriction is lwmposed by the fact
that low initisl conceuntrations of Cr{VI) have to be used
to prevent parellel reaction between Crp072~ and the ligand
which could resultg§ in more compliceted products being
formed. The method however was tested by using & known,
concentration of sulphur in the form of thiourea and a

- result to +5% was obtained.

Another factor which might give rise to low values
of sulphur content is the loss of gaseous products®4 such
as 50, and H,S which might be formed during the course of
oxidaetion of the sulphur. Clesrly, elternative means of

charecterising low sulphur concentretion are required.



CHAPTER I

SOCKE FEATURES OF THE
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The highest oxidation state for chromium as for
Titanium and Yensdium corresponds to the loss of all the
34 end 4s electrons. Chrowium (VI) is the more strongly
oexidising, however. The oxidative properties of the wmetal
ion ere of consldersble laportance in both volumetrie
analysis aund ln the oxidstion of some organic materials.
It is used in the form of potessiuvm dichromete in the former
~and chromic scid in the latfer.

In aqueous solution, Chromium (VI) exists in several
oxyauionic forms. Above pHSYS, the dominant species is
the chromate ion Cr042'. In acid solution, however, the
nature of the species present is not as well defined not
only because of the protonation of Cr042~ to give ECro, "
(ref 85) =nd Hy Cr04 (ref 86) but also because of the
condensation resctions to give dichromate Cr2072‘ and
poesibly larger molecules which may also he protoneted.
Teble 2.1 gives the protonation constants of these chromium
(VI) speciles. In dilute acid soclutions, the predominant
form of chromium (VI) is HCr0,~ when {CI{VI}] is < ~ 10=3
x. 85-87

In recent years, detsiled kinetic studies coupled with
& wide veriety of mechenistic iovestigations29:88-20 ,r the
reduction of chromium (VI) by both orgasnic and inorgsunic
substrates have revealed the complex natufe of these re=ctiouns.
This wight be expected in a situation wheré the attsinwent

of a lower stable oxidation stste involves the transfer of
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TABLE 2.1

Protonation constents of chrowium (V1) species at 2500.

e

Refé.

i HCrO, - Ky o= faoro,7] - 1.04x 10 (a)
| [H+][Cro’;‘] | :
Hzér04 ﬁzl = [H?_Cr04] = 0,21 o (b)(cJ.(Id)(ef
| o [ ]{mero,] :
H6r207' K12 =[Hcr207 ] =‘ .0.03 .. _ | o (b)(ed ()
T

(a) G. Schwarzenbach and J. Meier, J. Inorg. Nucl. Chem;
8, 302 (1958). L _' o
{b) J.Y. Tong end E.L. King, J. Amer. Chem. Soc., 75,
6180 (1953). _
{e) G.P. Hejght, D.C. Richsrdsoun znd N.H. Colburn, Inorg,
_ Chem; 3, 1777 (1964).
() J.Y. Tong Inorg. Chem, 3, 1804 (1964},

(e} J.Y. Tong &nd R.L. Johnson, Inorg. Chem. 5, 1902 (19f¢),
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three slectrons, Almost all known redox resctions involve the
trensfer of no more them a palr of electrons ic one step.
The reduction of chromium (VI} to the stable +3 state
. usually proceeds in & similsr manner, with chromium (V}
and chromium (IV) being formed ss intermediates. A small
number of cases however, have been reported where
éhrowium (VI) sppears to accept three electrons simultaﬁeousg:}'i92
-The ability of HLrO4~ to form esters with electron - pair
donors particulsry those with hydroxyl groups, is slresdy
well established29 and 2 list of some complexes of this type
which hes been chearecterised to date is given in Table 2.2
The co-ordinmtion of reductanﬁs to the chromium centre in
a step preceding the redox process hes been ohserved in a
number of reactions of this oxidant.29

Informaticn on the elementary steps leading to the
transition state for the redox processes cen be cbteined
from characterisation of the intermediates and establishment
by means of the rate lew of the composition of the
activated complexes. Also from identification of the inert
chromium {III} complexes which sre the final products, it
is poseible to make deductions on the elementary steps

which might take place after the transition atate,

The Neture and the Role of Chromium (V) and Chromium (IV)

in Chromete (VI) oxidetions

Although the positions of chromium (IV) ard chromium (V)

in the PFrost dlarrem shown in Fig 2.1 are estimated limits,



Fig 2.1

ot |

1.0

"2 .0

‘0. . .
' ' Oxidation nuamber
FProst disgram for chromium. The points for Cr(IV) and Cr(V)
point (&) from the capture of Cr{IV) by

sre estimated limits;
Ce(III), Point {c) from the reversible reduection of Cr(VI) %o

Cr(V) by Fe(II) snd the slow oxidetion of iodide by Cr{VvI),
snd points (b) and (d) from the cepture of Cr(IV) by Cr{VvI).
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they are nevertheless representetive of the genersal itrend
observea in the mechanigtiec investigaetions of the chromium
(VI) oxidetions. For exsmple, the diagrem predicts that
chromium {(IV) will disproportionate, react with chrominm (VI)
or be reduced easily to chromiunm (IiI) ell of which sre

features of various mechanisms encountered.

A, Chromium (V)

A limited number of salts of chromium (V) have been
both isolated end identified., Salts of CrO4’" heve been
isolated from strongly basic solutions and contain
tetrehedral chromate (V) ton.??  Octehedral salts of
chromivm (V) (Or00152‘), have also been prepared from
concentrated HC1 solutions and Espensongo has provided kinetic
evidence thet H30r04 is the chromium (V) species forumed in
the oue equivalent reduction of HCr04_ in acldic solutions.

Chromium (V) which has e ¢! slectronic confliguretion
cen be genersted in & number of ways in solution.

() By one equivalent reduction of chromivm {VI)

- ieither by a substrete or by sctive interm:=diates,
such 88 chromiuvm (IV) or radicels derived from
the substirate. Radicals mey also be produced |
in one step three - eouivalent‘reductions of
chromium (VI} which mey then reduce a second
chromium {VI} to chromium (V).
{b} By disproportionstion of ohromium (IV) Fformed from

the reduction of chromium (VI) by two - enuivrlent



wdle

substrates,
The formation of chromium*(?) hes been detected
both by E.FP.R. spectrométry95“97 end visible spectroPhotometrg?"
The resctivity patterns of chromium {V) have been found to

)91b,97;93

be very similar to those of chromium {VI but the
former is phought t0 be alightly less reactive than the latter.
This is certainly the case in the chromium (VI) oxidstion
of igopropanol in 97% acetic @eid (ref 99) end slso im the
reduction of chromium (Vi) by oxalic acid.97

Exemination of the chromium (III) products of soume
oxidation resctions involving chromium (VI) - veveal ligsand

100,101 These are

incorporation of oxidised products.
reactions presumed t0 involve a two-equiVaient reduction of
chromiuvm (V). A corollary froa this and other observations
is that ligsnd incorporation of oxidised products ocdurs
during or sfter the reduction of chromium tV), while ligand
incorporation of the original substrete takes plece at

chromium (IV) because of its presumed lability.

B. Chromium (IV)

Only a few complexes of chromium (IV) have been

102,103

is0lated; this scarcity has been attributed to the

103
All information on

high oxidetive power of the ion.
chromiue (IV) in ﬁqueous systems have been luferred from
mechenistic studles, For exaunple, it is_widely believed
%0 be octshedral since the reduction of chromiua (V) to

chromium (IV) (or vice versa)} is in meny csses the slow step
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in the one - equivalent reduction of chromium {VI) to
cnromiuﬁ (I11). It is salso very labile to substitution
since inert chromium (III} complexes of non - reducing
ligands &nd unoxidlsed resgent are observed in reaction

producta.104’105

The oxidising power of this ion is
greater that that of either the +6 or +5 chrowium species.

Chromium {IV) mey be formed by two esouivalent
.reduction of chromium (VI) or by one equivalent reduction
of chromium (V) by & substrate or redicel, Direct
observations of this intermediaste have not yet been reportéﬁ
but indirect experimental evidence shows that there are
fﬁur possible ways by which the partiecipstion of this ion
as an intermediste in the oversll reduction of chromium (Vi)
tﬂiﬁ: astate may be postulated.

(a) one electron oxidation by chromium (IV)

(b) oxidation of chromium (IV) by chromium (VI)

(¢) disproportionation of chromium (IV)

(d) evidence frow chromium (III) products.
(a) and (b) can be treated simultaneously if induced
oxidation of manganese (II) is considered. The direct oxidation
of Mn2+ by HCr04~ is thermodynsmicelly unfavoursble, |
However in the presence of other iwo equivalent reducing agenté
Mn{II) c~n be rapidly oxidised to Ma3t or possibly Lun0j. |
This reaction which hes been used as an effective trap for
6hromium (IV) involves one electron transfer (1)

2+

or (1) + Mo®*—s or (11D +m’t (1)

2 ¥n?* —> 1m0, + Mn2+ (2)
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That the reaction could pfoceed to comupletion within a
relatively short time 18 & pointer to the porticipstion

of chrowlum (IV). If the overall rote of the redox
reaction between chromium (VI) and the substrate is
decreagsed by half on addition of Mn(II), then the mechanism

88 where 8 second chromium (VI)

postulated by Vesthelwmer
reduces the intermediate Cr (IV) forwed frow the first step
;s most likely to be opersting. This effect is observed
in the reduction of chromium (VI) by isopropencl in

a%8 ana by Arsenic (III),88 and

aqueous perchloric aci
hydrazinel05 to mention only &8 few examples. Indirect
'evidence for the existence and subsequen? disproportionation
of chromium (IV) to chromium (V) end chromium (III) hes
been provided in the reduction of chromium (VI) by excess
hydrazine.l

Inferencea can 2130 be drawn regarding the participstion

of chromium (IV) in some chromium (VI) oxidations from

the presence 0f unoxidized substrate iq&cme chromium (III) -

producta.

-

Mechenism of Tetrahedrel Chrowmate (VI) Substitution

It has been known for some yenrs that it is possible

to replece the oxide ions in Cr0 2- by other electron pair

4
donora when &acid is present. Substitution reections such

a8
X%~ 4+ ECro,” + H*—-I-c-?-&co " + HO (3)
1“4 '-c—k—-—--rj 2 3
b +

BX®  + HCro,T o+ H N or 0, x{P*1M* Lm0+ BY (4
N
b
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oceur readily and lead to more or less stable épecies in
solution. | " | i o |

A number of oxidatioﬁa appesyr to proceed by mechanisas
wherein the reducing agent bvecomes substituted in ﬁhe
co-~ordiustion shell of the chromium atom. The conversion
of isopropyl slecohol to acetons by chromic scid was

88 to involve the formation of

postulated by Veistheimer
.ehromate esters which undergo internal oxidation - reduction,
Spectrophotometric measurements have since confirmed the
involvement of such esters in the oiidation of isopropyl

95,98 Ester formation has elso beer

alcohol in eaoueous solution.
observed for & number 0f reactioms involving phosphorus (III}
and phosphorus (I) compounds with chromiuvm (VI), PFormation
0f thesze complex speciss in the latter case ir#@ct appesrs
t0 be & prerequisite for electron transfer, A cleer
demonatration of this is the oxidation of hypophé?gﬁs acid
by chromium (vz}.106 At pH~0, HsPO, forms an ester and is
oxidised ULy HCr04- whereas at pH 4-5, the predominant
species HyPOp™, lacking an “OH group does not form &n ester
and is conéequently not oxidised. |

Chenges in the electrounic absorptlion spectrs of
HCrD4- in the presence of subtretes guch as HSO4- {ref 107),
H,P0,” (ref 108}, HPHOB- (ref 109), HS,04~ (ref 110) and
WCS™ (ref 104) sre interpreted as indicating formation of

the 1:1 esters snd the ecuilibrium constants for these esters

-are given in Toble 2.2,
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TABLE 2,2

Chromate(VI) Ester Formation Constants at 25.0°C.

Complex L I/M K/t re-,
- ) . | - _
H()C!r(}3 + HOCrO3 ;T"_[OBCrOCrOjJ + H20 1.0 g8 __
- - 32 .
HOCTO4™ + HOSO, --.q_—::[oa(:ro&ozjz + H,0 0.5 36
- - - .
HOCr0,™  + HOSO4" = [°3C"°S°3]2 + H,0 3.0 4.1 . e
HOCr0,~ + HsSS0,” —=[0.crs50.1°" + H.o 0.17 1.24x107 4
’ 3 1% 3) % 01101 7104 .
HOCrOa + HUP(=0)H2T_030rOP(=o)H21_ + H,0 | 11 f _
HOCrO,~  + HOP(=0)(OH)H:[OBCrOP(=o)(ozr)n}‘-»zzzo 16 T
HOCrO,~ + HOP(0) H-==[0.0r0P(0) H]a' ¢ .0 7 £
3 2 3 2 2
3.0 8 e
HCCr0,™ + HOP(=0)(OH),2[0,CroP(=0)}(0H) 1~ + .0
3 25710 ] 0.25° 9.4 n
BOCr0,"™  + HOP(O) ,0H™ &2[0,0r0P(0,)0H) %™ « H,0 0.25 2.9 1
HOCrOa" + HOAs(OH)O™ ﬁ.'%(:rom(omo] 2= 4 H,0 22 3
HOGrOB' + HOC(zO)CHj :__“""0301'00(:0)0}13]- +H,0 1.0 1.5 k
- > . - 3 .
HOCrOB + HONH, —— ’OBCrOITHzl + H,0 1.0 1.2x10’ x
- ) i H + vl | "Ta. I - )
HQCr0,”  + HNHN g == [0,0rmn Fj] + 10,0 1.0 3.2 1
EY + HOCroq™ + €17 T—= 'ojc:-m]‘ + H,0 1.0 17* o
, 7. _ _ 1,0 11* o
) HOCTO4™ + SON™ T=20,crs50N]™ + H,0 0.3 220* g

¥ Units ere M”z
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A controversy has arisen over the neture of the
general mechenism of the scid-cetalysed substitution of

“OH in the bydrogen chromste 5nion.104’111

All rete
constants so far determined for such reactions have velues
in the range (1-7 x 107 12 mol=2 s~! (rable 2.3).

In an attempt to correlate the inmensitivity of the
formation rate constants to the nature of the incoming |

104 postulated .

ligand for these recctlons, Lin and Beattie
thet this phenomencn was & result of the rate-determining
step being diffusicn-controlled proteonation of hydroxyl ion,

The mecheanism suggested involves three sfages:

. - o
- L " K
HX + HCro, ;ﬁfk: g cr03 K, =Zlo (5)
-0 OH ?o ’
' X-—- = Cr0, o
+ 3k -
B + | J 1_. X ~¢Cro
H 3): eSS —— ) 3 + &' (6)
e OH _
-1 2
¥ - 0r0,- X | | |
| 2 X -Cr0," + HO , (7)
OH2 K ) | 3 2

The first astage {95), i3 the diffusion-controlled formation

of & weak complex end the second, (6) involves diffusion-
eontrolled protonation of “OH co-ordinated to the chromium
centre, with subseqﬁent loss of a proton from the substrate
resulting in the formation of & fully 5 -~ co-ordinste inter-

_ medlate, Since the reaction_is acid dependent it was reasoned
that the rste determining step would occur at either {6} or (7)
“but in view of the fact that the scid catelysed rate constﬁnts-

+*
for the anatlion renction, Eg are independent of the acid

8trengin of the SUbst pat
rate,
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TABLE 2.9

Chromete(VI) Zster Formation Rete Constants at 25.0°C

as Measured in Other Leboratories

(ka+ is the specific rate for the hydrogen-ion-dependent
pethwvay.

kf 18 the specifie rate for the hydrogen-ion-independent

pathway.)
g%, 2 . =2_-1 -1.-1

Substrate 1/ ke /1°mol™"s kfflmol S ref.
HCrO,” 1.0 6.2 x 107 . (a)
H,P0,” 3.0 1.2 x 107 - (e)
H,P0,” 3.0 5.0 x 107 - (d)
HS y04” 0.11 - 2 x 104 (e)
504" 0.11 (3.7 x 107)* % (e)
SCN™ 0.3 5.4 x 107 - (f)
(NH3)5000H2+ 0.25 4.0 x 107 - (g,h)
(NHa) ,Co(0il,)0ne*

4 e 0.2% 4.0 x 107 - {g.h)

* Celculeted on the basis of the elternstive interpretation

of the rate deta by A, Heim, Inorg. Chem., 1972, 12, 3147.

(n) J.R. Plrdziewicz eand J.H. Espenson, Inorg. Chemn.,
19?1: 1_0.! 634' :
(b) J.H. Swinehart and G.\/. Cestellan, Inorg. Chem.,

1964, 3, 278.
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(e) K.A., Muirhead, G.P. Height, and J.K. Besttie,
J. Amer. Chem. Soc., 1972, 94, 3006,
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i1t was concluded thet proton transfer took plaece after the
transition state anqhhat the rate determining step was (b). '“ﬁ

On the basis of this mechenism

ka+ - kok.l (8)

A value of between 10~% and 1077 mol~} waa calculsted 112
for Ko to Justify the proposed weak bonding between HCrOE
and the substrate in the transifion state .

Haim;ll on the other hand, showed that for k_, %o have
8 physically'possible value, ko wust be less then~ 5 x 104
1 ao1™t 871, He also expressed doubt that kg, would in
reality be as invarlant as would be required by this scheme
and con¢cluded that the more likely mechsnlsm is one |
involving protonation of HCr04 as the first step with 1585
of water being rate determining . Similar luvestigstions
cerried out with sulphur - coutsining reducing agents were

performed to shed some further light on the mode of thesse

anstion resctions.

Besctions of chromium (VI) with one-equivalent reductrnts

Reduction of chromium (VI) by one = equivalent
reducing ageuts and principslly metal - ion reductants, has
recently been reviewed by Espension.go The reduction is
thought %o proceed by s seaquence of one electron sieps with
{(10) &3 the rate - determining step.

Cr (VI) + ¥*M-—= cr (V) + M(n+1) (9}
(n+l)+

Cr (V) + Mm’ﬁ Cr (IV) + M

{10}
er (Iv) + u°t — Cr (III) + M{n+1)+ {11}
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13

This mechsanism wag first proposed.bleingl who also
postulated that (10) is the slow step consistent with the
difficult rearrecungement reaquired t¢ expand the chrowmium
co-ordinaticn from four to six. However, the possibility
of (9) being the rate -~ determining step cannot be ruled
out. Cne of the steps could also lavolve an inuner sphere
activated complex, since oxidised products are fqund
_co-ordinated with chromium (III).

Evidence for this reaction scheme comes from the form
of the ratse laws obsarved, the 1ndﬁction ratios obtained
by the induced oxidation of iodide ion, and identification
of the products in the oxidation of VZ¥ (ref 29) snd vo*

{ref 114).

Reactions of Chromium (VI) with two-ecuivalent reductants

Many resgents sre capable of effecting a two equivalent
reduction of chromivm (¥I) to chromium (IV as the first step
in the overell reduetion to chromium (III). The mechanisms
of thgse redox reactioans are best described by considering
the steps leeding to the formstion of the chromium (IV) end
the subsecuent fate of this intermediate. The latter
espect has been discussed under the role of chromium (IV) in
chromiuvn(IV) oxidation reactions 2nd need not be counsidered
further. The formstion of chrowium {IV) cen be discussed
in terms of both the neture of the mctivated complex sand

the two -~ equivelent step involved.
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Chrdmete.ester species analogous to that foramed in
the chromium (VI) oxideticn of isopropyl sleohol®8 appear
t0 be importent intemnedistes in the redox process.
BEvidence for their participation is obteined both frowm the
-rata laws snd by direct observation using stopped - flow
techniques. Although their detection does not necessarily
imply thet they are reguired for the redox resasction,
~several ceses ére known in which the preventlon of complex
formation inhikits the reduction ¢f chromiuam (VI).BB’loé’llj

The two-equivelent reduction 6f chromiva{VI}) to
chromium (IV) can occur by & number 0f processes:

(a) direct two electron trausfer

{v) hyaride ahstraction

(¢} inner sphere two-electron traansfer and

(4} substrate assisted electron transfer.
{e) is considered unlikely because of the large Franck-Condon
rg-organisation energies required. Mechanisam involving
(b) is found in both phosphorus (I) and phosphorus (III}
reduction of chromiuvm {¥I) where the removal of hydrogen
B8 & protoﬁ is a prerecuisite for the transfer of a peir
of electrons from phosphorus to chromium through an oxygen-
bridged intermediate.106’ 15 Cage {e) involves the formeticz
of & chromate ester followed by the net transfer of two elctrons.
This process 13 illustrated by the relati§e resctivities

of veriousa phosphDr#“s {I11) coumpounds already wmentioned.

The lest process to be considered (d) is the substrate




. e

essisted electron transfer. The reduction 1s effected by
the attack of thepsubstrate on co-ordinated substrate to
give direct formation of & dimer of the radical which could
form by one - egquivelent oxidatioun. An exemple of this
process is found in the chromiuam (VI) oxidstion of
thbsulphatell6 |

04Cr SS03°7 + 550427 s Cr (IV) + 8,042  (12)

Investigations carried out on the oxidaticn of e
number of sulphur - containing orgenic ligands By chromivn
{(VI) reveal thet the latter process (d) is most liﬁely to.
be Operating and these will be discussed in the éubsequen;

chapters,



CHAP TEBER III

OXIDATICY OF THIOURTA AND TITS5

N - SUBSTITUIED DERIVATIViES ¥ CHRO.IUL {VI)




-54-

Introduction'

Reactions of chromium (VI) with sulphur - containing
2,104,110,

ligands have been the subjeet of several recent atudieé.llZ,ll?
In some instsnces the formstion of Cr - S bonded intermedistes
has bheen postulated, the species being characterised by
a red shift of charge - transfer band in the near U.V.
region. Formation constants for such transgient sulphur -
"bouded ssteré have also been found to be significantly lsrger
than those of the correspounding oxygen - bonded apeoies.ag
This 1s intervreted as indirect evidence for & metal sulphur
linkege. For exemple, the snions, hydrogen sulphite,lol
HSOa' and hydrogen sulphata,107 HS304  both form 1:1 chromate
estera with formation constants of 36 and 4 .1 mol™t
respectively. Reference to Table?2 shows thet these values
are of the same order of magnitude found for esters in
which the substrate is linked to the chromium ceutre by
oxygen whereas, the iom ESp03 , which is considered to be
sulphur bonded to chromium, forme a complex which haé a

formation constant of ~ 109 1 mor-1 110,116

Also in the
oxidation reactions of throcyanatell7 and thiosulphate,llovll6
pathe iavolving second order terms in the ligand have been

110,116 conaistent with an ivcrease of the

observed
co~ordinetion aumber of the chromium {VI) compleﬁﬁon in the
transition state.

The sbove findings make the study of the kinetics eund

mechanism of the chromium (VI) oxidation of thiomres,
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NN1 ~ ethylenethioureq, W - methyl and NHI - dimethyl

thiourea of interest for seversl reasons.

(a)

(b)

(o)

complex formaticn hus been observed in esch case
and the data obtcined in these studlea may be
readily compared with those of other 1igsnd3117
where the possibility msy ariege of either N-
or S~ co-ordination to the metal centre. If the
former ls the case then the greetly increased
steric hindrence in the reaqtion of the N-
substituted derivutives should be reflected in
the thermodynemic psrameters for couplex
formation,

It is slso of interest to compere the rate laws
in these studies with thst for the reaction of
the same oxlident with other sulphur - containing
ligends. ' |

The rate of oxidation of several “:hiourea

derivatives by metal ion oxidants such as Cobalt

118,119 4nq langanese (III)120 appears 10 be

{I11)
controlled by the rate of substitution of the

reductant into the inner -~ co-ordinstion sphere

of the metal ion. Although coaplex formetion

waa not detected in either case, 1t is of interest
to Investigate the anunlogous reactions with
HCr0,” which slso exhibits substitution control

4
in some of its redox reactions.29
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Experimental

Potaséium dichromate (Znsler), sodium perchloraté
(Fluka, puriss p.e.) and perchloric acid were used without
further purificstion. fhtoures {(B.D.H.) and NNi- o
ethylenethicurea {Aldrieh) were recrystallised twice from

ethenol - water (50/50 V/V) and Nyt

- dimethylthiocuren
(Aldrich) from dioxen. N - methyl-thiourea was used
‘without further purification and ansalyses of the cocmpounds

gave results consistent with at least 99.9% purity.
(&) Kineties

 Solution in large excess of the ligand [(2.5 - 40) x 10"3L;]
were mixed with (2 - 4) x 1074 1 [c:-?l] where HCrO4~ is
eatablished to be the predominsant species. Kinetic '
measurements were made using & stopped - flow épparatus
deseribed in chaepter I with a dead time of the order of 5
milliseccunds, f Uuicem S.P. 500 mounochromator wes usged as the
monochromatic light source. Solutions were allowed to
thermostat for at lemst 30 mins. prior to any resdings being
taken. Yoltage readings et various times from photogrephs
of oscilloscope traces were referred to & krnown voltage and
converted to sbsolute optical densities using a Nova 1200
computer by the method given in chapter 1. |
First - order kinetic plots were linear 1o greater then
85% completion of the resction and duplicate measurements
gave results in agreement to + 2%. Cowparison of initisal

optical densities with those for solutions of chromium (VI)
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of identical concentration showed that a complex was formed
within the time of mixing of the reegents. The spectra

of the intermedistes were derived from the variation of
optical densities 8t Tt = 0 and those for thiourea and
ethylenethtourea are shown in figure 3.1. These spectra
have been found tc be similer to those of N-methyl-tnd
NNl-dimethyl~thiouraa.

“(b) Stoicheiowetry

The stoicheiometries of the reactions of all the
ligends with chromium (VI) were determined using
spectrophotometric titrations. Spectra of solutions
containing verious concentrations of chrowmium (VI) in the
range (1-40) x 1077k end & constant ligand concentration
(3.2 x 10%)) were measured after reaction hed occurred,
the residusl chromiumt?ﬂ being monitored at waveleugths
where there was little or no absorbance fiom the chromium
(III) - complex products.. Similar results were obtained
when the reaction products were removed using a cation -
exchenge column end the unreected (negatively charged)
Chromium (VI) was determined as above. Fig 3.2 &nd 3.3
show typicsal titration curves obteined both in the presence
end &bseunce of couwplex products,

Results obteined in &ll the reasctions indicate that
3.0 + 0.2 moles of the substrate were consumed per mole of

oxidant.
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(e) Eroducts

Detailed éharacterisation of the reaction producté
were carried out iun two céses i.e. in the reaction of
chromium (VI) with thioures and ethylenethiourea since
preliminary investigetions of the products from the resctions
involving the other two ligends (methyl-thioures end dilethyl-
thiourea) indicate a trend similesr to ethylenethioures,

In the case of thiourea; a stoicheiometric excess
(Ca. 30m mol) of sodium dichroumate dissolved in water
(15ca’) was added slowly to & cooled acldie (Ca.0.S5i)
solution (35 cma) eontaining thicurea (50 m mol). The
solution rapidly turned green snd four volumes of ethanol
were added followed by cone. HC1l (50 cm3). On cocling

3 km&dro cdlo-cde
erystals of CC+ - dithiobis (formﬁmidinium)‘were obtained

identical to those prepared by hydrogen peroxide cxidatiou,lzl
the S-S bood being confirmed by Raman spectroscopy. The

overall helf-resotion of thiourea may thus be represented

as (1)
‘ N, | NH,
2 (FHz)z €8 — \+ +/
~C-85-85-C_  +2e
¥Hp NHp

Further confirmetion of this disulphide as & product was

given by the resdy decomposition to sulphur in acid medis.
In the reactions of ethylenethiourea, although the

characteristic green colouration of Crl)XI complexes was

given under conditicns identical to those above, no -




protonated disulphide was precipitated. After such &
reaction cerried out at [H*] = 0.25M, however, addition
of base increasing the bH to Ca 8 (just prior to eny
precipitaetion being evident), followed by diethyloether
extraction and conceutration of the ether soluticn on a
rotary eveporator, yielded a white solid. Llemental
anslysis was consistent with bis (dihydroimidazol - 2 -

1 ju the Remen -

. 122
spectrun confirmed the disulphide linkage. For

ylio) -~ disulphide and the peak at 502 cm™

comparison, the corresponding apectrum of L -~ cystine

1 waa cobsarved.

was run where & peak at 498 cm”
The metel - ion resction products in the presenqé of'
excegs of the reductants were hexa - aquochromiuvam (III) snd
chromium (III} -~ thiourea complexes together with & szwall
amount 0of & highly cherged ion. Solutions containiﬁg
4 x 10724 ¢r {VI), 5 x 102K ligand snd 0.25 HC1O0,4 were
used for this investigation in es&ch case. Ia the case
of thioures, two cationic species were identified &and
isolated using a Dowex 50W x 8 (100 - 200 mesh) ion -
exchenge column deseribed in chapler I. Comparative
eiution rates with Cobalt (III) ~ ammine couplexes of
known cherge confirmed these both to be +3 overall charge.
Separation was effected using sodiuvm perchlorate -
perchloric =scid solutiom as eluant and the spectrum of the
non -~ sulphur - contalining fraction wias identical with
thet of [Cr (H20)6 }3+. In order to determine the total

puaber of moles of reductent reacting with the chromium (VI),
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experiments were carried out under exectly the seme
conditions 8e8 those desqribed in vhich thiouresa was in
excess., Immedietely after reaction an aliquot portion
of solution (100ml) was trensferred to & Dowex S0W x 8
ion - exchrnge column described in chrspter 1.

In previouS studies on thiourea and its derivatives,

118-120
it has been considered that cne of the nitrogen

stous is protonsted in mccord with the detas of ‘»‘.‘alterl23
and his co-workers. These date iqknct relate to dioxen-
water mixtures and may not be extrepolated to acidie

124,125
squeous uedis, Under such conditions, the pka
values of the conjugate acids of thiourea end its derivatives
fall in the renge - 1.0 to - 1.9 (ref 126,127) so thet no
protonction would be expected even in the most acidic medis
studied here. The uncharged unreascted thioureg in the
sample transferred to the ion-axchange column w2s therefore
eluted without retention snd weas wonitored using & silver -
jon titration in basio medis, ?® in whioh a known volume of
silver (I) is added to the thiourea golution. After
removel of the silver sulphide formed the excess of eilver

ion was titrsted with esmmonium thiocyenate using iron (III)

alum &3 indicator.
- *’ » L5 - * -
(HHa)zcb + Ag + 2£H3——>H2H.Cﬂ +  AgpS + 2NE, (2)

Repeated determinations indicnrted that 3.8+0,1 mol of

thiouree reacted per mole of chromium (VI) end since 3 mol

3 +

L1

were oxidissd to the disulphide, the remmninder is consiler

(& ]
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bound in the inert chromium (IIiI) complex. Some
disulphide wmey be wetkly bound in the couplex ion since
sulphur anelyses of ion-exchenge elustes based on 8042‘
(see chapter I) indiceted high S : Cr retios. The
chromium content of the separated fractions wes deterwined
by bromine cxidation in basic medit in a menner described
in chapter I. In this wey, the relative proportions of
.two +3 product ions were characterised as [Cr (H2016]3+
(357) end [(#20)5 Crf(1Hz), 053}3* (59-62%). The small
bend of more highly charged (> 4+) materiasl retained on
the column thus amounted to< 5. of the initisl chromiuam
ion, and mey &lso have some thiourea co-ordinated.

The formulation of & 1l:1 chromium (III) - thioure=s
complex is thus consistent with the earlier observation
of 0.8 + 0,1 mol reductant co-ordinated, although the
possibility of e 1:2 complex being present cannot be
completely elimineted. The spectrum of the sulphur
containing frection (fig 3.4) was obtained (after seperstion
on the column) by elution with~5il sodium perchlorsate
conteining 0.1l HClO4. In this way solutions ~ 0,01li
in complex ion were prepered.

A siwiler procedure edopted for the ethylenethiourea
reaction revesled the existence of three products one of
which vwes more readily eluted from the column. Reaction

of the excess of ethylenethiourea in a manner siwilar to

that described ebove resulted in quentitative precipitetion
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of the 1l:1 silver (1l)-ethylenethiourea complex. The
excess of sllver ion was then titrated agminst NH, NCS.
Repeated determinstions revesled e retentioun of 0.6 3 0.1 wol
of reductant per mole of chromium (III) produced. Only
two of the fractions showed significant amounts of sulphur
to be present, the third being identified s [cr (H2016]3+
(ﬁ’joﬁ). Again smell smounts of highly charged species were
. not eluted. |

Comparison of the chromium (III) content end co-ordinsted
reductant figures suggest that two isomeric forms of the
1:1 complex are formed and the first fraction (~15y%) is

considered to bs the § - bonded isomer[(Hz0) crill

(S&;HH.CHz.CHé:%H)] in which there is substantisal charge
'aeparation if protonation of one of the ring nitrogen
atoms takes plece in seidiec media. The third fraction (44-
48%) (*“ig. 3.4) is then thought to be the N-bonded isowmer
similar to the major reaction component of the unsubstituted
thiourea system. The possible formation of the S~bonded
isomeric species which undergoes ready hydrolysis may
result froﬁ steriec hindrance of the substituted reductznts.
Attenpts were wmede to further identify the green
complexes formed. After elution from the ion«exchangé
column, the solution was concentrated on & rotary
evaporator., In this wey the NeClO, was éepar&ted and ths
chromium (III) complex redissolved in diethyl ether
coentaining the minimum amount of methenol. Repeated

reduction to & s50l1id followed by extraction gave & green
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Solution which when finally dried a8t reduced pressure
over P205 yielded e purple solid. YWVhen the redox
reaction with thiouren was carried out in chleride wmedisa,
Some [Cr01]2+ (~10%) was formed and, using the method
described above, the purple compound [Cr (1120}5 E(Nﬂz)zcsj]_
Cl3 HC) wes produced (Pound: C,4.6; C1,40.9;
Cr,14.2; N,7.8. Calculated: C,3.3; H,4.2;.C1,39.9;
Cr, 14.4; T, 7.82.). |

These purple solids 8re extremely hygroscopic and
readily revert to the green solutiona. The isolation
0f these species thus confirme the ion-exchange results

that the cationic species produced are [Cr(H20)6]3+ and
: Y 3t .
-[Cr [(Nﬂz)z Cé}] reapectively.

RESULT?S _AND DISCUSIION

(8} The couplex intermedistes

Studies were made =2t a wevelength of 380um and the.

- presence of complexes was confirmed from initial opticsl
density measurements. From date where the hydrogen - ion
concentration was varied, it was observed thet the extent
of complex formation depended on the amounts of hydrogen
ion present. If L = Substrete, the initial rapild

recctions msy be reprecsented as (3).

[((HO) c:-oﬂ' + HY 4 L—»[Lc:-oﬁ + H,0 (3)

and at the wevelength used where both the uncomplexed snd

complex forms of chromium (VI} ebsorb equstion (4) mey be
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0,10 '
written7 » 104 aa ‘ '
Vii Pelty+ + }
[er'tf loi{n ) g&%i%ﬂl . 1 . (4)
ACD DA KAEL |
VI
where [Cr }T = the total metal - ion concentration,
AOD = the difference in absorbance between the coaplex
VI

aod Cr ', AL = the correspondling difference in absorption
coefficients, snd L = the peth-length (0.5cw). The data
.in figures 3.5 snrd 3.6 represent some of the initisl opticel
density changes presented in the foram of equation (4} from
which both the squilibrium constents and the absorption
coeffigients may be derived. Details of these constants
derived at each temperature studied are presented in
Table 3.1 where little tewmperature varistion of the abscorption
coefficient is observed.

A gimilar complex formation has been observed117 in -
the caée of the thiocyanate icn and the K values of 380,

211, 570 end 700 12 mo1~?

for thioures, ethylene thioures,
N-methyl thioures snd NN dimethyl thioures respectively

mey be compared with that of 220 12 mol™2 derived previously
for thiocyenate 104 (I = 0.3k). The ccorresponding value

~ For [CrOgCl]—formation is 17 1-2 mn:al—2 {ref 107). There
~are available few date with which the thermodynsmic
peremeters may be compared. For thé formation of the
thiosulphato-complex, [Cr03(8203)]2“, & value of

AE,- 3 k cal mol™l hes been deri?ed,gz but more inforastion

is8 clearly required before conclusions can be drawn as to

the gignificance of such velues,
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TABLE 3.1

wy

Thermodynemic parameters for ianitial complex formetion

derived using equation (4)

L = Thiouresa

.1o¢ - 15.2 20.0 24.9 30.0 | 35.0

K 1%m01"% 6481120 4814100 380460 280445  215+40

£ 1 mo1~tow™?} 1256 1230 1270 1250 1254
AG = -5;5210.3k c&l;mol'l; AE ; -9;810;6K;cai mo1-1
AS = -21.043 cal K~lmol~l
I = NNl - ethylenethioures

170c t 15.2 20.0 24,9
£ 12 me1-2 361+18 2§éijo | 2111;5

£ 1 mol™tew~l 1232 1238 1263

AG = -3.2+0.4 k cal.mol-l; AH ; ~8.8+0.9 k cal.mol™t
AS = -1944 cs kL mo1-%



7o¢

K 12 mol”

€ 1 molTem”

L

p0¢

K 12 wol”

2

B8
N - methyl thiourea
15.0 ' 20.0 25.0
603+123 5984125 569+120

1 12ma 1200 1290

i - dimethyl thiourea

2

20.0 25.0

800430 708+50

€ 1 mol™lew™ 1205 1200
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It is elso of Interest to note thet in the present

investigntion the charge-trensfer mexima (fig3.l) are

ot 380nm similar to thn£ for the thiocsulphate complex,
Projtszcjl)z" ref (110 and 116) end identical to that for
the thiocyanate specie5117 (380nm) suggesting & common
mode of co-ordinrtion to the chromium centre. Also the
equilibrium constents, K, in these reactions are of the
same order of magnitude; this would tend to eliminete the
'pOBBibility of an ettaechment through the nitrogen stoms
gince the steric hindrance involved in the cese 0of the
substituted molecules might be expected to be much more
significant.

(b) Kinetics of the oxidation reactions

The first order decrease in ebsorbance at 380nm wes
observed to be both ligand snd hydrogen-ion dependent,
although non-integrel 1ln order with respect to both. Rete
constants at 420na in the lower ligend-conecentretion renge
were in satisfactory egreement with those et 380nm. Tvo
differing hydrogen-ion dependences were Observed in these
oxidation recctions depending on the thiourea substrete.

The resction with thiourea is considered to proceed
via three puths which may be written in overell form es

(5) - (7),

k

(0301-1.)-——-‘1—>c::-‘Jr i X (5)
K

(0,0rL) + gt + 1 —»erlV 4 plopl (6)

k 1V
(OBC:'L) + 2u* + p —L?Jr + Ll-Ll (7)
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op fast, 11 31 o f (8)

end & rete law counsistent with & scheme of this type wey

be expressed as (9) conforming to the observed first -

| _ | k‘[ﬁ{][L] + .
Rate = - d[CrVI] = K[H+] [L] tﬁo +A k2 [E+]2 [L]B [C I']‘JE‘
dt_ (1 + K{I‘] [H-i-] )

order rate behsviour

(9)

'Rearrangement of the observed rate constant, kobs, leetds to

equation (10)

robs (1 + K|T) [H+]} =(f)= ko + [E*] 1] (k1 + kg[H*]) (10}
X [I.] [H"’] .. | .
From & knowledge of the eqQuilibrium constants, the left
hand side of equaetion (10) wes evaluated (f) and & streight
line obtained on plotting (f) egainst [L] (fig 3.7) yielded
ky» ¥rom the hydrogen - ion dependence of such plots
(Fig 3.8) k7 and Ky were derived (Tabls 3.2). A fuller
representation of the reaction paths ia provided in the
scheme (vide infra).

From.the initisl opticael - density chenges 1t is
known that one proton is reauired in the formation of the
compleXes, The kg path is postulated &8 & one - electron
reduction of chromium (VI). In the other studies involving
redox processes of this type it has been cobserved thsat
~two protons &re requiredzg’go’l29 except in the reaction
114

oz Vo2t where two protong ere released on oxidation.

If the one ~ electron half renction for thiocurea is vritten
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TABLE 3.2

Rate constants for the resctions of chromium (VI)

with thiouree and its N-substituted thioureas.

L - Thiourea

1% ¥k 212 wor-?st iy 12 mo17%s™t  k, 1%m017s7?
15.2 0.00540.005 8.6+1.8 2946

20.3 0.015+0.01 10.0+1.5 3143

24.9 0.020+0.01 15.641.4 3342

30.0 0.03040.01 19.6+1.6 33+2

AE* koal mol~t 10.7+2.5 1

1

AS* eel K™ rnof4 19.0+8 -45+6



L =

1

-

NN"- Ethylenethioures

700

15.2

20.0

24.9

AE¥* k cel mol”

AS* ceal K"l

% |

mol

kq:S"i
0.12+0.01
0.20+0.03
0.30+0.04
15+1

=913

L = N-Methylthiourea

Ul

15.0

20.0

25.0

AE* kenl mo1~1

AS* cal

mol

Koe s-1

0.010+0.001
0.015+0.003
0.020+0.005

e
K

kg 1
37.042.0
46.5+4 .0
47.5+4.0

1.5

=432

kg 13 wo1 s
2913
61+4
6615
1.7

-4547

3 m01"3 3—1
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L = Wil-Dimethylthioures

0 -1 3 -3 -1
TvC kC( S kp 17 wol S
20.0 0.004+0.002  3L+3

25.0 0.010+0.005 34+4
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es, (NH),CSTTMH,+NE : C.5. H o+ e (11)

then the sscond proton 1s derived from the subétrate

itself thus satisfying the formel hydrogen - ion requirements.
Although this path constitutes only & minor route,

confirmation of the formation of redicals has been derived

from acrylonitrile polymerisation, and o wesk electron

resconance signal was observed at 77K {(at X - bend |

frequency), g = 2,002+0.002., This is consistent neither

with solely a dl

chromiuvm (V) complex (expectedﬁ:]qgsljc)
and it may arise from the formation of & ehromiuam (v)
complex with esn uncharged thicures molecule scting 28 &
ligand. The magnitude of the signal conflrms thnt the
principel paths are probably two - electron steps invelving
- 2 moles of reductant. In the case of the k, path, fhs
hydrogen - ion dependence psarallels that of the k, route
in that there may he formetion of & complex of the type
Croz{thiourea)2 snalogous to the specles Cr02012 end
0r02F2. The construction of models in which the ligends
sare sulphur bonded for all the reductants indicote
that structures of this type are feasidle and mey be
considered as trensition stetes. {see Plg 4,16, Chepter 1IV)
In the cuse of other N-substituted thioureszs there

waa no evidence for a reaction corresponding to eguetion (6)

end two formsl reaction paths were detected,
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(0,Cr L) _EK._)CrV + L | | (12)
_ K :
(00r 1)+ ot L —B-» otV 4 1lgl a1y

2 10 Ehsts plgld e (14)

and the rote law mey be written as in (15).
aler'™ KL (E*) (ko + ky [H*]2 [LJ)_[Crw Jr (15)
e (1 + x[1}(E]) o

" Treatment of-the data in a maunner slmilar to that for
thiourea yielded the rate constants ku?nd KB (Table 3.2)
in each case. Typical plots of the rate expression from
which these values were evolueted are shown in Fig 3.9.

The experimentally derived kinetic date are presented
in Table 3.3 where comparison mey be made with the
caleulated first - order rete coustants ecuations (9) =nd
(15) derived from the dats in Tables 3.1 end 3.2 and where
the overnll agreement is cousidered good. The reacticn
paths kq and kP are then ansalogous to those (ko angd k2}
deplcted in the scheme and the possibility of a transition
state of the type (Crosz) in the latter reaction may bve
consldered.

The rate lews observed differ only relatively slightly

from those derived previouSly 1n oxidetions of this type.101’llc’

117,132 end then only at low ligrud concentrations, 4t the
higher concentretions of rll the thlourea substretes, the
predominent paths k, and kP ere directly comperedble to the

117
route proposed in the thiocyenete study. Also the -

composite rate coustents k, = 34 {thioures}, kP = 47
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Comparison of observed and calculaled rate constants
[equ&tion (1071 at various lizand and hydrogen-ion

concentrations,
I =1,0M and N = 330nm,

L = Thiourea

‘Temp, = 30400' [Cr(Vl)]t = 4 x 10_4M
[HT}= 0,250

[H')= 0_s50M

k -
3 . obs]s | 3 -
[L]10 kohs/s calc’, [ L]10 Kohs/ S
10,0  0,03% 0,041 5,0  0,0573
15,0  0,0633 0,069 10,0 0,135
20,0 0,097 0,099 15,0 0,202
25,0 0,129 10,1298 20,0 0,286
25,0 0,392
[0')= 0,75, y [1"]= 1,0
3 ' - obs f5 3 4
[L}i0 ‘5hs/‘ cale, [L}10 kOhi/r
10,0 0,268 0,246 10,0 0,101
15,0 0,424 0,401 15,0 0,636
20,0 0,560 0,562 20,0 0,930
25,0  C,76U0 0,724 25, 1,190

0
30,0 0,890 0,8874 30,0 1,430



Temp, = 24 9° ler(v)], =

(1']= 0,504

3 J nha./S'

[L]10 l5bs/5 enle,

3.0 0,0282 0,025
5,0 0.0512 0,019
6,0 0,0613 0,0625
8,0 0,020 0,090
10,0 0,1160 0,119
55,0 0,1880 0,195
20,0 0,2640 0,273
25,0 0,3480 0,352
30,0 0,444 0,431
35,0 0,540 0,511
40,0

[H']= 0,25N

Kobs/s™'
[L]10° kobs/sd cale,

10,0 0,038 0,039
15,0 0,0496 0,0647
20,0 0,094 0,092
25,0 0,115 0,119
30,0 0,156 0,148
40,0 0,214 0,206

(2-4) x 10

-

[H']= 1, 0M
[L]10° lbbs/fd
3.0 0,109
5.0 0,177
6,0 0,222
8,0 0,295
10,0 0,396
15,0 0,612
20,0 o,aso'
25,0 1,160
30,0 1,360
35,0 1,590
40,0 2,040

[(H']= 0,75M
[Lyre’ lobs/J
10,0 0,256
15,0 0,370
20,0 0,516
25,0 0,656
30,0 0,880
40,0 1,230

K 0obs /S"’
cile!

0,0394
0,1750
0,2195
0,3118
0,406
0,646
0,889
1.133
1,378
1,623
1,869

-l
obs

calec,

o
3%
o+
8]

o
w
.z
O

0,539
0,689
0,841

1.146



Temp, = 20,3°

[u")= 0, 25M (1']= 0,508,

' Kobs /5'J obs /S"
[L]10° kobs/éJ calc, [1.]10° kobi/}-j calc)
500 0,0132 0,0139 540 0,0456 0,043
10,0  0,0296 0,032 10,0 0,100  ©,0998
15,0  0,0192 0,052 1540 0,171 0,160
20,0 0,0692 0,0728 20,0 0,228  0,2215
25,0 0,099 0,094 25,0 0,318 0,271
[17)= 0,751 | [u)= 1,00 .
3 ‘obs /s~ 3 n‘u.a;/S
[LT10 kohs/s-, cale, [L]10 kobé/«r’ cale,
10,0 0,214 0,205 2.5 0,0744 0,0635
15,0 0,324 0,325 3,75 0,121  0,1074
20,0 0,444 0,446 5,0 0,154 0,154
25,0 0,572 0,568 6,25 0,210 0,207
30,0 0,760 0,773 7,50 0,250 0,2496

8,75 0,296 0,208
10,0 0,350 0,318
15,0 0,720 0,747




Temp, = 15‘00
+ i e T4l - + o 1
[1n'l= 0,25M | e [87]= 0,500 g
3 | ohs [ « E - ohs/S
[ Lo knhs/g- cale, [L]107 /6" ealc,
5.0 0,0112 0,0111 3,0 0,0215 0,0195
10,0 0,0276 0,0276 5.0 0,0387 0,0388
15,0 0,046  0,0456 6.0 0,0452 0,049
20,0 0,0656 0,0644 8,0 0,0636 0,0703
10,0 0,092 0,092
15,0 0,157 0,150
[ 1)= 0, 75M _ [0)=1,0m @
! s
5 3 l)bS}S 3 ¥ ohs/
(L]0 hob#‘ cale, [ 1110 kobs/& ealc)
50 0,0812 0,084> 3,0 0,082 0,078
10,0 0,194 0,193 5.0 0,144 0,147
15,0 0,334 0,305 6,0 0,176 0,183

8.0 0,234 0,256
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L = Hthylenethiourea
Temp, = 15,2° [er(VI)], = 2 x 10”4y
t 5O ™M M
(u']= 0,50, e [H']= 1,01 o e
3 .j -obs ik 3 y obsg
[L]HJ k'obs/s calc, Lj10 kobs/5 cale,
3.0 0,04828 0,0519 3.0 0,122 0,120
5,0 0,078 0,079 5.0 0,193 0,196
6,0 0,094 0,091 6,0 0,231 0,234
8.0 0,120 0,115 8,0 0,296 0,309
10,0 0,143 0,137 10,0 0,380 0,384
1] = 7.5 x 1072
kol)sfs "/

+
(1) kobs/S -] calec,

0,25 0,0324 0,0554
0,35 0,752 0,075
0,50 0,115 0,109
0,60 0,142 0,136
0,80 0.216 0,204

1,00 0,278 0,296



Temp, = 20,0 [Cr(VI)] = 4 x 10”4
, Kops 57
. [L]1o kobs%i-; cale’
5,0 0,244 0,243
7.5 0,338 0,361
10,0 0,484  0_478
12,5 0,568 0,595
15,0 0,704 0,712
17.5 0,880 0,829
20,0 0,94 0,945
25,0 1,270 1,18
‘_'Pe:.:p, = 24.9° [Cr(VIJ]t = 2 x 10
[H' )= 0,50
4 Tobs /57
[L]10 “obs/S’ cale’
3.0 0,08° 0,081
5,0 0,122 0,124
6,0 0,146 0,144
8.0 0,192 0,181
10,0 0,220 0,215

M

4,

Il

[ L]10°

(%}



Temp. = 24 .9°

[L} = 2.5 x 107°

M
+ ’ko})s SAJl
[0 ) k,psf$ cale,

0,25 0,0356 0,0353
0,35 0,0476 0,049
0,50 0,0653 0,0688
0,60 0,092 0,082
0,80 0,118 0,112

1,00 0,151 0,145

0,80

L = N-Methvlthiourean

Temp ., = 15‘00 [Cr(Vl)] =

3 kobs $
[L]10 kobs/b-l cale,

5,0 0,01258 0,0122

Ll

8,0 0,022+ 00,0216
12,0 0,0396 0,U349

15,0  0,0540  0,045)

4 x 10

Ay

[ 8']= 0, 50M

3
[L]10 liobs/‘s"

5,0
8,0
12,0

15,0

0,092
0,128
U,194
0,222
0,310
0,440

0,045
0,0888
0,150

0,193

-
O
1

knhs &
calc’,

0,0503
0,09u5
U.l 165

0,1894

it



lemp, = 20U 0°
[H']= 0,254
3
[L)10 kobslg
5,0 0,0140
8.0 0,0232
12,0 0,0404
15,0 0,052
Temp, = 25,00
[H']= 0,251
3 -)
[ L]10 kobs (
5,0 0,0148
10,0 0,0344
15,0 0,0516
20,0 0.0836
[(u']= 0 751
(L]10 obs/S
5,0 0,132
10,0 0,294
15,0 0,196
20,0 0,740

ST Y.

[Cr(VI)] = 4 x 107

obrs /S

cale

0.,0146
0,0244
0,0390
0,0499

[tr(VI)] =
obs/5

cale’

0,0358
0,0758

. -
kObS /5

calce,

00,1400

0,4939

2 x 10

-4,

N
[4'])=

[L]w3

M

)=

[ L}103

[1']=

[L])10°

5,0
10,0
15,0

20,0

0,500

obs

kOb /5 ci l(‘

06,0496  0_0542
0,082

0,155  0,1548

0,218 0,19913
0,50M

obs/fﬁ’
l{ob /[j / calc,
0,0532
0,136 0,1369
0,238 0,2167
0,348
1 OM

-

Oha /5 =

kobs/‘r— cale,

0,242 0,258
0,512 0,578

0,250 0,9040

1.24




L = NN
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- Dimethiwylthiourea

Temp, = 20 Un

[H7)= o, 500

3 -l
[L]10 kOhS/;

5.0 0,0290
8,0 0,0192
12,0  0,0828

15,0 0,115

Temp, = 25,0°
[n')= 0, 25

(L)10d k., s

obs

L%
o

0,009
10,0  0,0204
15.0  0,0344

20,0  0,0492

5,0 0,083
10,0 0,168
15,0 0,272

20,0 0,412

[er(VIi] = 4 x 1074

obs /%

cale,

0,0285
0,0503
0,0803
0,1031

+
[# ]= 0,751

[L]10°

5.0
8,0
12,0

" 15,0

[er(VI)] = 2 x 1074

kobs/SF}
cale,
0,0097
0,0200
0,0304

0,0409

obs /§
cnlc/

0,0767
0,1694
0,2638

00,3587

[1'])=

[L]10°

10,0
15,0

20,0

kobs S

0,0652
0,116
0,173
0,246

0,50M

kobs/f )

0,0340

0,079

c
—_—
i
nN

-1

i
I‘iobs §

0,138
0,304
0,472
0,632

kobs//f‘j
) enle

0,0335
0,0741
0,1157
0,1577
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(ethylenethiourea), kp = 66 (methyl-thiourea) end kg = 32
(dimethyl-thioures) 17 mol™2 S™% may be comprred directly

with a value of 10 17 mél'B s=1 for the corresponding

NCS resction. These rate constants are of the same order
of msgnitude end the leck of any significent kinetic

effects in the N - substituted thiocurea series may be due

to preferred co-ordination of the reductants to chrowium (VI)
through the sulphur etom. In this respect the d&tazre

.aimilar to those observed in the resction of Cobalt (III)

119

with these reductents and also in the corresponding

reaction psth involving Ln 0H2+a$120.

In all the systems referred to previously with sinmiler
rate lews, the presence of a8 second sulphur - containing
ligend in the trensition state is considered importent.

The role of the hydrogen ions mey be to (doubly) protonete
an oxygen atom of the original (HCrOg) ion thus allowing en
easier eccess for co-ordination of the second thioures to give

a transition state which may be formulsted as elther scuere

pyremidel, I or trigonel bipyremidel, II, in configuration,

— ) = =
OH,, ¢
L - l...--'" L l//’L
/Cr\ H,0 C’r\‘n .
o 0 )
e _"'J — -
1 11

Were the H,0 molecule to dissociate repidly, then tetrehedrel

(Cr O2Ly) would be formed. If, however, the oxygen &ton
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was only singly protonated, it is still possible for attack
by the secoud molecule of reducing egent which is

suggested by the kj path for the thioures reaction, Such

a8 mechanlsm has also been observed previously in the rescticn

92,116 and with sulphite ion.101 The

with thiosulphete
driving force for reactions of this type where 2 second molecule
0of the substrate is involved may be two fold in thet there o
~may be some inéipent disulphide formation in the trensition f:
states whieh would result in a more facile two - elesctron
reduction to chromium (VI). Experiemeﬁts carried out

in the presence of mangaenese (II), which is known29 to ect

as 8 trap for chromium {yy), showed no difference in the

rate, indicating an absence of any reaction between

chromium (VI) and either chromium (IV) or the products of

eny chromium {(IV) redox r‘eacﬂ!;i::lns.z9 This aspect haa |

been discussed in detnil in chapter II,

Under counditions of low ligand concentrations it is
considered that reduction of chroamiua (V} {(resction (5) |
saud (12)) is the rate determining process in accord with the
mechanisa bostulated by King and his co-workersll3 for
one -~ electron reductants. | .

The fate of the Chroﬁium (IV) is less well identifiéd,"
but the presence of thioureas ligends in the chromium (III)
produets is consistent with lebile chromiﬁm (IV) species
rapidly co-ordineting several ligsnds and undergoing &

further one - electron redox reaction with the foruetion of



a radical which dimerises. |

_fast, IV
ort’ 4 Bl =—— (Cr  Ln) (16)
IV _tast IIT .
(cr ' I,) == (Cr | Ln'l.) + L | (17
. faa l . . . ' .. .
2% ~—— L7, . E _ o : (18}
the

There ic a change iﬁ co-ordination number from&tetrahedral
chromium (VI) ion to the octahedral chromium {III) products.
The nature of chromium (IV) species in solution is not well .
documented but it has been postulated thet an incresse in

- ¢co-ordinztion number tekes place on'formation of chromiuvm (IV}.
Some support for & lasbile chromium (IV) specles 1s also given
by observations made during the course of this lnvestigstlon
that in chloride media, in the thiouresa resction, some

(cr ¢1)%" 1s formed aﬁhell as the Or3+ and [ Cr {(NH2)20§}]3+ ;_

complexes. Since CrIII

is substitution inertythe chloride

ion must have been attached to the chromium centre in &

higher oxidation ztate with the whole complex undergoing reduction.
It is of interest that in these systems where there '

is & large excess of ligend the products are disulphides

with no evidence for further oxidation to sulphones.lla’133

In this respect these one - electron reductsnts resemble

the corresponding recction with cysteine134 but contrast to

that with thiocyenete where sulphate is a producf..117




CHAPTER IV

REACTIONS OF CHROMIUM (VI) WITH SOME THIOLS.
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Introduction

The resctions of chromium (VI) with penicillamine(l),l
glutathione(Il) end p-liercaptoethylamina(III) shown below,
were investigoted as part of our continued Iinterest in the
reaction of this oxidant with sulphur - contaeining

organic ligande

™ T
HS-?—-?«-——COQH
OH3 H
I
H H H 0 H H 0 H H
| A Y | B
HOZC - ? - ? - ? -0 =8 - ? - C - - ? —COZH
NHZ H H H—C—H H
I
84
IX
B X
b
1::'.3-0--c|:..1~r112
|
H H
II1

Unlike thiouresa end 1ts N - gsubstituted derivetives,
two of these thiols namely penlicillamine and glutzthione
heve thres different stoms, viz O, N end 5 available

- for attachwment to wmstal ions. In £11 the three cases,



complex formotion hes been observed to teke place prior
to redoi reactiong and it 1s of interest %o investigate
whether the bonding modes in these complexes are ony
different from those observed for similar reactions
desoribed in the preceding chapters. The choice of
thiols used as reductants in these studica is such as
would enable their cheloting eabilities to be investigated,
. For exauple, if oxygen of the carboxylic group 1la sn
laportant co-ordinsting site then absence of this in

p - mersapto - ethylamine should be reflected iun the
thermodymamic parameters of the complex formation. The
relative positions of the various funcetional groups and
in perticuler the size of the molecule &8 & whole are also
expected to affect these values., .
| Earlier investigntions of the resctions of these
thiols derives from their medical or bhioclopical significence.
fwo different eymposiall’rl36 were held on glitathione

in this connection while DL - penicillsmine Lias been
emnployed in the treatment of Wilson's disease, & metabolic
error in which an excess of copper is associcted with
lesions in the brain and 11verld’, Different workers
have studied the reaction of copper {(11) ions with
penicill&min8138’139 in neutral media, A red-viclet
complex with N pey @t 520nm is formed up to a ligend :
copper ratio of 1.3 ¢ 1 glving way to & predominently

Yellow speclies at higher ratios, The infra-red spectrum



of the red-violet complex has beeu considered as consistent
with a mixed -~ valence qhelata complex involving mercspto
and amino groups. The reaction$of peunicillamine with
various heavy wetal ions have alszo been exXtensively
gtudied 2nd charaecteriastic reductive chelate formation
similar to that observed with cuprie ion hasg been
reported.l4o From these results, the suthors suggested
. that the mixed veleunce complex formation mey be an
important form in the course of the eliwination of
copper with penlcillenine. | |

The resction of chromiuﬁ (V1) with penicillamiﬁe
has previously been investigatedl4l at Pl-{‘]o No detailed
mechanism was given hbut & 1 : 3 chromium {III)
penicillemine complex was found upon reduction of chromiuxm
(VI) by this ligend. In addition an account was given141
of the medical significance of this system which in the
main deals with the effectliveness of the various chelating
aegents for the removal of chromiuvam bound tc haemoglobin

Under the experimental conditions employed in the
present iﬁvestigation, transient orange species wers
observed in the reduction of chromium {VI)} by these thiols.
Unlike the thioureas, however the rates of formztion of
these complexes were found to be sufficlently slow for a
kinetiec investigetion to be made using tﬁe stopped-flow

fechnique.



Experimentel

All the three thiolsg, DL’ - Penicillamine (Puriss),

.ip - mercaptoethylamine HC1 and glutathione were Kbch-Light'
products end were used without further purification,
Perchloric acid (A.R.) wag used to investigote the effect
of hydrogen ions on the rate of the resctions while

~sodium perchlorate ( Fluka puriss p.a,) wes the added

"eleatrolyte in mainteining the ionic strength constent
at 1.0M. Sodium dichromate (B.D.H. Reagent) waa used
in cases vwhere fairly high concentrations of chromium (VI)
waere desired l.e. stoicheiometric snd final product
studies, t0 prevent the precipitation of potasgsium
perchlorete which would have resulted had the potessium

galt been used.
Kineties

- The complex formation reections between echromium(VI)
and both glutathione end B-mercapto-ethylamine were
studied using the stopred-flow apparatus described in
chapter I which had & dead time of the order of milliseconds,
The 1light source used was & Unicem 5.P.500 monochrometor.
The psendo-firstorder rete constants were derived from
osdilloscope traces of transmission curves using a
Nova 1200 computer, by the method given in Chepter I.

The corresponding reaction with penicillemine weas

relstively slower and this together with the redox
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reactions was aonitored using the hand - driven stopped-.
flow aystewe elso described in chepter I.

For the formstion resctions the experimental
conditions were cerefully chosen such that a state of
equilibrium was achieved between the reactants and the
Intermediate complexes before the redox reactlons
became important. The coucentration of the reactants

- employed are &s follows [Grv;] =2 x 10'4H, [}igand} =
(2 - 8) x 2077, {5%] ;= (0.02 - 0.30)x and I = 1.0
In the redex reactions, essentislly the same concentrations
were used sxcept that the ligand concentration TEUGe wWeSs
extended t0 15 x 107 K in the cese of glutathione, The
very sldw redox rezction between chromium (VI) snd

F -~ marcapto ~ ethylamine was not investigated.

Stoicheiometry

Earlier investigationsof & related ligand
(L - Cysteine) with the oxidant carried out in ks

laboratoryl34

reveal & varisble stoicheiometry when the
latter wos determnined by spectrophotometric titrution.
For this reason, and bectuse it was consldered

desirueble to measure the stoicheiometry under conditions
related directly to the kinetic date, ecidimetric
titration of the sulphydry1142 group wag used. This
involved mixing 50wl of 0.2L[ligend]with 25miof 4 x 1074
Dcr (VI]]and the reouisite volumes of sodium perchlorete

and perchloric ccid to give [H+] = 0,10M end I = 1.0N,
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The mixture was finelly diluted to 1l00ml solution with
distilled water. When the resction wuas completed,

a 50ml sample of this mixzture was used to charge a
Dowex 50W x 8, 100-200 mesh cation exchenge resin
deacrived in chapter I. The column wea rinsed first
with water, then with 0.10K HC104 and finally with a
sclution containing 0.10M HC104 eaud 1.0) NeClO, until
~the first coloﬁred ccemplex had almost reached the lower
part of the resin. This is to ensure that all the
free ligand had been taken off the Eolumn. The fractiocn
¢collected wes made up into a8 gtendard solution and
eliguots titrated sgeinst standard scdium hydroxide after

treatment as in ref. 142,
Products

Exactly the sams counditions and experimental
procedure were used 88 above, for the characterisation
of the products. The only difference is that after
the free or excess ligand had been teken off the column,
elution of the various complex speclies wes carried out
using perchlorie se¢id snd sodium perchlorate mixtures eas
descrived in chapter I. Anfalysis of the chromiuvm and
sulphur conteuts were 2lao achieved using the methods

describved 1u chapter I.
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RESULTS AND DISCUSSION .

- ¥

Nature of the renctant species

Interpretation of the kinetic deta isg strongly
dependent on & detailed knowledge of the form of the
reactants. Chromium {VI) is known to exist as HCrO4”
under the sxperimental conditions used in the present
‘atudies. This aspect has been discussed fully in
chapters II end III.

The PX® values corresponding to the loss of &
proton by - SH or_ﬁH3 groups (assuming the lstter is
protonated) &ll the ligends are™>8 (ref. 136,139,143,144,
147) whereas those of the carboxylic groups are < 3.5
for the -COOH group in.penicillamine the PXe i3 2,44
(ref 147} whereas those of glutathione ere 2.1 and 3.5

resPectively.136’l44

Hence, under the conditiocns used
in these investigations the zwitterion is presumed to
be the dominant sp:eies although a small proportion of
mono-protonated specles may be present.

Dizsociation of such protonated species tgking

penicillamine ag an example is given by equation (1)

CHy ¥ o, NH

NH

ES - C - C - €CO0pH Hs-?-?-coguﬁ (1)
|
CHq H | CHy H

and Ka is evelusted using ecustion (2)



Ka = ! o (2)

Atfempta were made to determine the effect of
these protonsted species (if any) on the effective
concentrations of the hydrogen ions used. This was
done by wmeasuring the PH of the verious solutions
~of the lig=nd prepered under ldenticel conditions as
these used for the kinetie studies. For this purpose
a'?H meter (E1L Liodel 234) wss used'With a8 calomel electrode
ag refereﬁce in conjunction with & gless electrode, .
The ?H of the mixed solutions were also determined.
The results obtained (Table 4.1) were compared with &
celibrated curve (fig 4.1) dsrived from messuring the
PH of various securate dilutions of perchloric acid
contsining hydrogen ion concentration (0.01 - 0.10)K
agaln with each solution meintained at 1.0K ionic
strength, There wea virtually no difference between the
two results. Interestingly, no trend was also
observed cbntrary to expectation between the lowest and
the highest ligand concentrations used at constsnt (HY).
Hence, elthough a small proportion of protonated species,
may be formed, the effective concentretion ¢of the hydrogen

ion 1s the initial [HY],.
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TABLE 4.1

Measured PH of the verious 1ligand councentrations

containing different [ H']

a8 was used in the kinetie

expériments.
L = Penicillomine I = 1.0M
[ 2% = o0.0ax 2%l - o060
[Pen 103/54 H EH [Pen] 107, pH EJH EH i
nitial leture 4 of nitial Mixture enld of
React- Fetcte
ion. ion.
2.0 1.08 1.08 1.08 2.0 0.90 0.92 0.g2
3.0 1.08 3.0 0990
5.0 1.10 5.0 0.92
6.0 1.10 6.0 0.92
8.0 1.10 1.10 1.10 8.0 0.92 0.92 0.62
[5*] < 0,08 [1{] = 0,101

[ Peu] 1qﬁh

2.0 0,78 0.80

3.0 0.78
5.0  0.80
6.0 0.80
8.0 0.8 0.80

itial ixture Egd of

Reect~
ion

0.80

0.80

2.0
3.0
5.0
6.0

8.0

0.76
0.70
0.70
0.72
0.72

'0.70

0.70

P 10
en ﬁ%E itial Fﬁxture Ehd o]

Recet
lon

0.69

0.€5
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L = Glutethione

[Glutethione ] = 2.0 x 10"
[H+]M

v Eﬁitial ngtura EE& of

Reaection

0.04 1.10 1.09 1.10
0.06 0.91 0.91 0.90
0.08 0.79 0.80 0.80
0.10 0.70 011 0.71

[ s1utathione ] = 8.0x10"Jx

0.04
0.06
0.08
0.10

1.10
0.92
0.80
0.69

e !
= ]7/"”2}311:1::1 ﬁxture

1.09
0.92
0.81
0.70

H
End of
Reaction
1.09
0.92
0.82

0.70
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o 45 18 | .
0.8 |
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Celibretion curve: Plot of pH

-1o m_“m,,u

ageinst ..Homwnuﬁm.@ at 1.0M ionic streungth.




Formetion of the Intermediate Species

l. Charretericsation

(a) Spectrum

In €1l the kinetic meesuremeunts carried out for
the determination of the formation rate constents of the
intermediete species, the initial ebsorbance wes found
to correspond to that of chromium (VI) containing no
ligand., In the recctions of chromium (VI) with
p-mereaptoethylamine end glutathione which were investigeted
using the 'fast' stopped flow apperatus described in
Chspter I, the chenge in asbsorbance AOD on attainment of
equilibrium is defined by equation (3)

j 7 I
H,O H,0 0

AOD = (ODyaxy - ODg) Xg, log log (3)
Thex Tpax Tpax

where I{ is the intensity of light corresponding to ODi.
AOD can thus be easily celculeted from stopped - flow
traces. By measuring AOD at éuitable wavelengths under
normal reaction conditions it was possible to obtain the
spectrum of the orenge species. A nex w&s found to be
430nm in both cases as shown in Fig 4.2 kinetic sand
equilibriuvm messurements were therefore carried out at

" this wavelength.

Repeated spectroscopic scans of the releatively



1032:/um1-1cm—1

l.2

Fig 4.2

e e e

»

\mmmw% (A) Spectrum of Cr(VI)-cysteine ester
A O %

(6) Spectrum of Cr(VI)-Glutnthione ester
(¥) Spectrum of Cr(VI)-2-mercapto-

ethylnrmine ester

(Fef 134)

"o . T -
_.\}.;.._..mv Spectruam of HCrO,

350 400

A

(

nm)
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glowly reecting mixtures of Cr(VI) snd penicillemine
show & decrease in absoQbance at A = 350nm end en
inerense at A ~420um with en isosbestic point 2t 390nm
(g 4.3). This is en indicstion that thé complex
exhibits meximum absorption &t N ~420um. Consequently
both the formation as well &g the redox of this reaction .
were studied 8t A = 420nm over a hydrogen iom |

_concentretion range of (0.02 - 0.10)M

(b) PExtinction Coefficlients and Eouilibrium Constants

A state of equilibrium between the reactents ‘znd
the coumplex was observed In all the traces under the
experlmental conditions employed. _ On increasing the
eoncentrations of the ligends maint%}ng[Cr(VIJlo and
[H*]o constant, it was discovered that the absorbence
ODgay 814 not increase beyond s limiting vaelue whiech wes
directly proportionsl to [Cr(VI)]o. Under such
conditions the spparent extinction coefficient Egyp cen
be obtezined uwsing equetion (4)

0D

m
Epr = 212 - (4
x - 1
where ODeqm is the ebsorbence at equilibrium, 1 iz the

optical patnlength and x is the concentraﬁiou of complex
present which is itself eauel to the [cr'l] initially

preaent. Using this method, EAPP values of 1280+30,

-1

1275415 and 1265415 1 mol ‘em™  were obtained for the
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Fig 4.3

1.0

Absorbance

1 21

4C0 450 500

. . - ’ - F
300 : 350
| A (nm)
Spectre of slowly reeseting mixed solutions of chromium (VI) end penicillamine st, (&),
. T ~4 -
t =0; (b)) t= n3=awaou~ t = usrawmnuu t = maiamHOﬁ Hu = 4x 10 M; mwwﬁu = 5 x 1C qu

hm+u = 0.0l I = 1,0i.



extinetion coefficlents of the complexes formed with
penicillemine, glutathione and P-mercapto-ethylemine
respectively.

Under the conditions where uncompleied Chromium(VI)
wes present at equilibrium, the measured value.of
ODggm Was found to be independent of [H']} .  Applying
the general assumption that HCr04— only forms & 131
_complex under ﬁhe conditions employed in these gtudies

equation (5) mey be derived.

=" [x) [z} 1

- + (5)
AOD A .1 ' K.AE WL
[CrVIJQELI
Plots of agalnst {L] gave good llnearity

AOD
at all the temperstures studied (see Fig 4.4). The
absence of any variastion of intercept with differing
hydrogen ion concentrations is an indicetion that little
or no net uptake or loss of protons 1ls involved in the
complex formation. In addition, the lineerity of the
ebove plot suggests that the assumption of & golely
mono couplex formation is justifled.

Derenleaul4d has observed that when the concentration
0f the complex formed in such resctione is not negligzible
83 compared to the concentration of the reagent in
'eicess, the eguilibriuvm constants obtrined from such

plots sre s8lways less than the true value, If equation



Mg 4.4

Plots of the left hend side of
equetion (5) sgeimst [I]for (e)
Penicillamine at 12°C (b) Glutathione
at 25°C end (c¢) 2-mercaptoethylemine et
20%c. [E]= 0.cax (), 0.06m (A)

0.08% {(®) end 0.10K (X).

1 1 1 1

_OMT.”_\.: . .
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{6) holds then any varizstion in the value of Af is
bound to alter the concantration of the complex x.
A 0D ' |
X = | (6)
AL .1

1 1

At was veried st intervals of 20 17 mol'lcm“ in order
-to minimise varictions in the value of K on evaluating
equation (5}, Although the values obteined from such
an epproach were slightly higher thun those ylelded by
the Benesi - Hildebrand plot, the differences were not
congidered significent (see Teble 4.2) showing that the
.assumptions made in the latter csse aré probably justified.

The red shifts of the charge transfer band observed
for the chromium specles in these studies sre about
twice as large &8s for Cr82062” {ref 110} where the shirft
of Aamx to 390nm has been interpreted &s evidence for
& gulphur bonded species. The squilibriuam constanf for
the complex formetion Iin each case was also quite high
when compared to the oxygen bonded specles, This hag
also been uaedll2 as indirect evidence for a
chromium -~ gulphur linkegse. There is therefore little
doubt thsat sulphur boﬁding is present in the intermediate.
However, the question of whether there is chelction needs
to be given some consideration,

Since no complexes higher thsaun 1:2 have been

reported for chromium (VI) no more thsn & bidentete chelste



TABLE

4.2

Thermodynamic pnrameters‘for Complex formation derived

using equation (5) designated (&) and also those derived

from variation in the value of AT designated (b) ref 145 .

L = Penicillemine

¢ 12.0

%1001 1010420
E(ﬂ)lmol”lcm*11270130
k{®)1mo1=* 1150450

8(b)1m01'1cm'11248

17.0

886415
1254440
889440
1248

AH =

L = Glutathione

AG
AS

i

4.240.5 Kool mnol™l

~1.141 cel K~lmol~

AG = ~3.8540.4 KCal mol'li

AS = =9.943 cel K 'mol~l
7Pc 15.0
k{®)1m01=1 - 15684100
2(a)lmol-lcm"1 1387440
{t)ypo1-1 16434100
¢P1mo1 Yo 1388

)

1

20,0

1320460
1309+20
1550+100
1288

25.0

680430
1230+50
700440
1228

25.0

1263440
1284410
1436450
1288

AH = 4.5_—t0.5 Keal

-6.840.6 Kcal mo1™*

30,0

475425
1280420
510430
1268

30.0

1064+ 40
1348430
1180480
1367
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L = B-merceptoethylamine

m 20.0 25.0 30.0

k{8 1moa? 13944100 1200480 1152460
el®)mor~ten™r 1391430 1399+40 1313430
k{(®)1mo1-2 14704100 13004100 11704100

£ 2mo1-ten 1328 1328 1308

AG = -4.240.4 Keel mol-l; AH = =3,74+1 X cal mol™}

1

AS 1.8+1 cal g



complex would be expected in these studiles. I£ 0,5
bonding configuretion wers present within the chromium(VI)
apecies, then P—mercaptoethylamine which heg no
carboxylic group is expected to behave fairly differenily
towards chromium (VI). Not only does the spectrum of the
intermedinte species formed by this ligand exhibit a2
B\max at the ssme region as that formed by glutsthions

. but also the K value obtained is almost twice ss lerge

gg that of penicillamine. The fasct that this complex

ie the most stable of 8ll the three would f§lso argue
aegainst an 0,3 bonding chelate complex. It might be
tempting to postulate an N,S bonding configuretion for
the complex species. However, since the reastants

are presumed t0 be in the zwitterion form with the amino
groups protonsated, no boud - IS expected between N of
this group end chromium (VI).

A less subgtantial plece of evidence against
chelation 1is provided by the low value of the entropy of
couplex formation (see Teble 4.2).

Cysfeine which is structurelly relcted to these
ligands form similsr chromete (VI) ester134 with an
equilibriuvm constant of 1030 1 mol’l and a"max oceuring

at 420nm, The value of 1410 1 mol“l«cm“l

for the

extinetion coefficient is elso similar tolthose obtained

in these studies. _
From 811 these observations,equilibria (7) end (8)

mey be postulated for the formation of the intermediste
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complex, : _ ‘

- Ky -
HCrOo, + H,L /== HLCrOa + H,0 : (7)
HCro, + H3L _.,__.—2-“ H,LCr0g + H,0 (8}

Since the measured values of K andAf in all these
‘reactions are independent of acid concentration,
equetion (9) &nd (10) can be postulated to hold within

experimental errors.

HLCrOa HzLCTOj | (9)

K1 K, SR (10)

The above results indicate that it is impossible to.
differentiate between the overall complex formation
resctions involving the two specles of the ligend, H,oL
and H3L+. It mey elso be viewed as confirming the
experimentél evidence from FH mezsurements that only a
neglible amount of the latter species is formed under

the experimentel conditions used.

2, Formation Kinetics

—

411 the kinetic messurements were carried out using
excess of the ligends. Plots of log(0Dx - 0Dy} ageinst

time gave good line=rity for over 80% of the reaction



end the pseudo-first-ordar rate constants k., Wwere
evaluated from the slopes of thess plots (see Filg 4.5).
Phese are tabulated in Table 4.3.

Plots of kg,e 28 & function of [ligend], st
constont [H+]0 were linear with positive intercepts
(see Fig 4.6 - 4.8), This is cousidered as evidence
of the wvalidlty of the argument as to the nature of the
reacting ligend species in the overall ecuilibrium
resotion.

Representing the total ligand concentration in
each case as Hpl, the various reactions contributing to
complex formation can be formmlated a&s in equatlons fll)

and (12}

- k |

—F o :

HCrO4 + HZL kb HLCrOB + HZO | (11)
H+

o . |
Bero,” + H,L + HY —=L= HICro; + H,0 + HY (12)

+
'.I{H
b

On the basis of this scheme equation (13) can readily be
derived

. |
Eps (k§+ [z}o + k%) [0 + ke [Tlo + & (13)

Rearrangement of equation (13) yields equation (14)

+ + L .
kobs = (k2 + 7 [E7) [ + & + v [, 0o
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TABLE

4.3

Rete constonts for the formation of the Cr(VI) - L complex.

[ er(vy)]

Temp. 12°C

[
[1]20% /1
2.0
3.0
5.0
6.0
8.0

[ 5]

[ £]103/1
2.0
3.0
5.0
6.0
8.0

]

n

2 x107%; I

0.C4M

0.081

= 1,0M
L = Penicillamine A = 420nm
[1r+]= 0.06L
102k, /5"t [ £]103 102k 1, ./572
0.464 2,0 0.601
0.60% 3.0 0.86
0.87 5.0 2,29
1,04 6.0 1.39
1.38 8.0 1.83
[ 5] = 0.10x
10%k 1 4 /5™2 [ ]10%/x 10% , /s
0.755 2.0 0.867
1.08 3,0 1.12
1.41 5.0 1.65
1.64 6.0 2.00
2.07 8.0 2.45
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Temp 17°%C
ey = oom g .:.; [, - o.o6u¢. _1"'w“

obs;/s"1

‘[ g,103/u 10%kgpe/ 5™ - [i]ped 0 20%
2.0 f' 0.7% . 2.0 - 0.948
3.0 | 0.936 3.0 1,202
5.0 ‘ f w,-'1.357 B 5.0 Ca.m
6.0 T 1.614 Ny ' 6.0 . o 1.906
8.0 _”‘l"2.052 B . 840 - 2,495

(=), =o.m¢” - . [a*] = o.iom

- lalgodm 0 10%k, /87 | - [1)aodpm 0%, /s

2.0 . ;'v 127 'J _, _ 2.0 100

30 . 14y 30 1.7
5.0 208 -0 is0 2,486

6.0 . o 2.41 *.'1-5; 6.0 . 2.90

8.0 ., 3109 8.0 _ 3.71
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Temp 2?00
+ -

[8*], = o.02u
[ 2] 1032 10%k p o/s~1
2.0 0.790
3.0 1.027
5.0 1.538
6.0 1.796
8.0 2.22

. [8*] . = o.o06u

[1]o10% /2 102, /571
2.0 1.76
3.0 2.129
5.0 2.695
6.0 3.425
8.0 4.458

2.0
3.0
5.0
6.0
8.0

2.0
3.0
5.0
6.0
8.0

2.21

2.63

3.64

3.90
4.88
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Temp  30°C
[#%], = 0.04u [H+]o = 0.06u

[ 1],20% 10%,, [s~t [ 2] 107/ 10%kp /5

2.0 1.79 2.0 2.34

3.0 2.30 3.0 2.83

.5.0 ) 3.21 5.0 3.?6

6.0 3.78 - 6.0 4.14

8.0 4.23 8.0 5.13
[u*], = o.o8x [8*] = o0.101

[ 1]20%/u 102k0b8/3'1 [1J0103/M 102k°h3/3'1

2.0 2.96 2.0 3517

3.0 3.53 3.0 3.992

5.0 4.54 5.0 5.514

6.0 5.34 6.0 6.084

8.0 6.545 8.0 175
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L = Glutethione A = 430nm
Temp 15°C
[ 5*] = 0.041 [5*] = o.06u
. -l b -
[ 1]0103/1. kaB/S [ I‘]olc’}fhl kobs/s 1
. 2.0 : 0.056 2.0 0.080
3.0 0.072 3.0 0.108
5.0 0.106 5.0 0.154
6.0 0.126 6.0 0.186
8.0 0.146 8.0 0.240
[ B*]= 0.08u [ 5*] = 0.10u
. -] . -
[ 1]5103 - [ 1] 103/x Koyl 5™t
2.0 0.1120 2.0 0.123
3.0 0.147 3.0 0.184
5.0 0.216 5.0 0.272
6.0 ' 0.258 6.0 0.320

8.0 0.320 8.0 0.410



2.0
3.0
5.0
6.0
8.0

[ H*],
[ L]°103/m

2.0
300
5.0
6.0
8.0

= 0,06l

k. /st

obs

0.108
0.139
0.202
0.232
0.300

2.0
3.0
5.0
6.0
8.0

2.0
3.0
5.0
6.0
8.0

0.04L

kobs/s-l

0.070
0.093
0.136
0.154
0.200



6.0
8.0

[ u*],
[L]°103/u

2.0
3.0
5.0
6.0
8.0

[

= 0,06l

obs/

0.1430
0.186
0.256
0.310
0.392

[ 1], 203/ Koy
2,0 0.093
3.0 0.123
5.0 0.184
6.0 0.208
8.0 0.264

[1],103/u .
2.0 0.192
3.0 0.254
5.0 0.366
6.0 0.424
8.0 0.550



Temp = BOOC
[H*]0 = 0,04}
[L]OIOB/M

2.0
3.0
5.0
6.0
8.0

[H*]o = 0,08
[L]0103/M

2.0
3.0
5.0
6.0
8.0

-

-1
koba/s

0.122
0.164
0.232
0.262
0.338

=1
koba/b

0.258
0.356
0.500

0.575
0.730

2.0
3.0

5.0
6.0
8.0

2,0
3.0
5.0
6.0
8.0

0.324
0.424
0.616
0.730
0.935
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L = B - mercaptoethylomine

Temp 20°C
[Iﬁﬂo = 0.04K [ ﬁ*]o = 0.06M
3 1y -1 » T -1
[ 1] 1077k % 6 [ 1] 1071 Koyl
2.0 0.0395 2.0 0,0604
3.0 | 0.0524 3.0 0.077
5.0 0,080 5.0 0.117
6.0 0.093 6.0 0.144
8.D 0.120 8.0 0.178
'S +] .
[n ]0 = 0,08} [ ]° = 0.10K
[ L]oloj/m km,m:,,/s"l [ L]0103/m koba/s‘1
2.0 0.077 2.0 0.098
3.0 0.104 3.0 0.132
5.0 ‘ 0.159 5.0 0.198
6.0 0.180 6.0 0.234

8.0 0.244 8.0 0.288



Temp 25 °c

2.0
3.0
5.0
6.0
8.0

2.0
3.0
5.0
6.0
8.0

e (6 3

0.025
0.0336
0.0536
0.062
0.076

2.0
3.0
5.0
6.0
8.0

2.0
3.0
5.0
6.0
8.0
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[ H"]o = 0,10

3 N -1

[L]olo Ju INE

2.0 0.124

3.0 0.164

2.0 0.246

6.0 0,282
8.0 | 0.360

Temp 30°%

+
[ m ]O = 0.04M [H*]o = 0.06M
], i |
[£]g10%/x Ko q/S [ L]°103/k oba! 5
2.0 0.069 2.0 0.102
3.0 0.095 3.0 0.134
5.0 0.136 5.0 . 0.198
6.0 0.154 6.0 0.230
8.0 , 0.194 8.0 0.292
[ H+]° = 0.08M [2*], = o.101

(1] 107/ Kope/S ™t [ 2] 103/ /5™
2.0 0.138 2.0 0.172
3.0 0.175 3.0 0.216
5.0 0.256 5.0 0.324
6.0 0.306 6.0 0.380

8.0 0.380 8.0 0.488
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= Q[ﬂo.-b B *

The kinetic date agreea’well with the scheme where the
plot of kobs againsi [L}o geve good linearity (fig 4.6 -
4.8) ot constent [H+]o' On pleotting the slope ()

and intercept B obtained from such plots against [H*]o
good straight lines wsre obteined in all the cases

(see Fig 4.9 and 4.10). The various rate constants,

' k¥+, ke and k%+ were derived from the slope and
intercept of such plots. The velues of these constants
obtained for all the ligends at various temperatures

ere presented in Table 4.4 , In most of the reactions

the value of ky was found to be very smell and could

not be evaluated accurately.

The Hydrogen - Ion - Dependent Pathway

+
The kg valueg in Teble 4.4 which also include

the equivelent kinetic parameter for the str&}urally
related cysteine, are in each case less than 107 12 mo1-2 S’l.
Comparison of these values with those so far ohteined for
such resctions ({1 - 7} x 107 12m01725~1) ghown in Table
2.3 {chapter II), indicate that the rete constants in
the present studies are signifieantly lower.
Two mechsnisns have been postulated to account for
the observed kinetic data &nd have been discussed earlier,

$112 104

One approach proposed by Helgh » Beattile and their

co-workers postulated the formation of & weak complex
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Pseudo-first-order plots for the formation of chromete @sters

vith (a), [clutntnione] 5 x 107%[n*]= 0.0ax,1 = 1,04

T

I

0.0EX, I

1.0i

2

T = 30.0%

[erT]) < 2 5 10%
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25°C; (b)), [Z-Lercuptoethylﬁuine] 8 x 10 ’z,[n*]: 0.10K
1,01 T = 25° and (c)’[Penicillumine] 2 x 107%u,[gY] -
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TABLE 4.4

he 4

Rate constants for the formation of the intermediate

complex species between chromium (VI) end the various

thiols (L) &t dlfferent temperatures.

L = Penlecillemine

2% 10%* /1200272571 ko 1 mor-l 571

12,0 0.188+0,005 - 0.75+0.4

17.0 0.25+0,01 1,20+0,7
25.0  0.338+0.02 ) 1.8242,0
30.0 0.463+0.06 2,10+1.0

AB*/Kcel mol™l  5.9+2

AS*Jeal K~ lmol! -31.8+12

L = Glutathione

. H - -~
7% 10“2Kf+/12m01‘25'1 ke/1 mo1”l 573
15.0  4.4010,10 | | -
20.0  5.33+40,20 ' -

25,0  7.06+40,50 | -
30.0  9.60+0.50 .

-1

AB*[Kerl mol 10.2+4

Sl -
AS*/ 08l K mop - 11.4+3

/l mo]."1 1

0.037+0.02
C.0(640.03
0,160+0,10
0.21940.15

H+ i -
ky /1 mol

0.36+0.15
0.6840.40
0.98+0, 60
1.2940.80 -



I = B-ilercaptoethylamine

. -2 o+ - - . - _ + -' o
pOg 107 %5 /1%mo1~%s7} ke/l w0l s™ Wl /1 wmorls
20,0 3.2240.30  0.5040.30 0,3240,10
25,0 © 3.7910.15 T 1,7040,60 C.44+0,20
30,0 4.88+0,20 s . 2.0+41.0 : 0.68+0.35

.

7.243
. -1 -
AS*feal K" mol  -24.7+10

AH* [Keel mol”

L = cysteine(ﬂ)

-2 1t D - -1 -1

% 1072} /1%001725™ kp/1 mol™s
25 1.3040,20 o 24l

. -1
AH*/Koel mol 743
' -1 -
AS*[eal K "mop  ~24.0+11
{e) J.I'e lieCnnn and A. lictuley, J. Chem. Soc. Delton,

1975, 783.
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followed by rete - determining diffusion controlled
protonetion of the CH™ group of HCrO,” with the
subseaquent loss of the water molecule. Rn alternative

mechanism was put forward by Hcimlll

who argued that

the reaction is likely to involve protonaticn of the

OH™ group etteched to HCr04“ as the first step followed
by rate determining water loss frou the pente co-ordinsate
" complex formed.

The third possibility thet could be considered
assuming the release of the proton and water molecule
occur faster, is that the formation of the first
intermediete is in#aot the rete determining step. This
however, would not give rise to the observed dependence
of the rate on hydrogen ion concentretion, It is
obvious therefore that protonation muet occur before the
rate - determining step. This would seem to give added
weight to Heim's mechanism but sssuming this holds, weter
loss would be expected to teke place with & specifie
rate probebly greater then 107 S‘% ag the equilibrium
constant for the formation of H20r04 is almost certainly
less then unity (see Teble 2.1 chepter II). The k§+
values obtained in these studies are in the range

2 '25'1 which is M103_t1mes smaller

(0.3 - 7) x 10° 1°mol
than those obtained for 2ll other similer resctions
previously studied. It seems reasongéble to conclude

therefore that in the present studies either formation
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of the Cr - S bond or dissociation of the S - H bond
is rate - determining.

An estimete can be made of the rate of proton-
trensfer from the S-H bond from the known dissociation
constent K%, if it 1s assumed that the strength of the
S-H bond is uneffected by & weak S----Cr linkage. Since-
the rete of recombinetion of the proton with its
~conjugete bese is probebly diffusion-controlled47'145 the

rate of proton dissocietion csn be edimated as,

X
RsH —9> Rs~ + EH* (15)
Rk
1 X
KB =|__d- (16)
X2
x, = 1010 i (17)

Values of k, obteined in this way ere less then 102 s-1
since the PK% velues corresponding to the loss of
proton from the - SH group is > 8 in &ll the ligends
investigated.

It 18 therefore quite tempting to postulate
deprotonetion es the rate - determining step with water
loss being the fast finsl step. If this were the
case 8nd the principle of microscopic reversibility
assumed, the rete of acquation of the complex would be

expected to be controlled by protonation vhich is usuelly
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diffusion controlled. Such a8 situstion is unlikelj
not only becsuse it is unusual for & rote-determining
step to be diffusion - 'controlled but also because the
roate -~ constant for.acid - catalysed aquation of the

10 1 mol"l S“l as -

complex would be expected to be ~ 10
opposed 0 the observed value of <2 {Teble 4.4).

FProm a1l the considerations ebove & conclusion can
be drawn that the rete - determining step ia_the
formation of the Cr - S bond. Inveatigation of a
systen involving similar ligend structure but with the
proton in the -SH group being repleced by a8 bulky group
like the methyl group might throw some light on the

mechanism_involved in these resetions.

The Hyvdrogen ~ Jon Independent Pathway

104 ¢or this

The mechenism previously proposed
pethway involvesproton-transfer to form the departing

water molecule (equation 18).

\ k
X e Cr0g3 ——> X - Cr0,~ - :
L e, o
-1 : '
H CH | H20

The observed proportionality of ke to the acld strength
of the substrate has led to the proposael that the loss
of proton from the loosely co-~ordineted scidic substrate

is likely to be the rate determining step.
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The velues of kl for all the ligands studied cen
be estimated if it is essumed thet this is equivelent to
kg the proton dissocietion rate constent of non-bonded
HX using equetion (17). Using the value of Ko ~ 1077

104,112

o mtsll"l esgtimated for similer resctions ke can be

calculeted from equetions (17) eand (19).

k, = Kok (19)
The values of kf obtained from such calculations using
maximum possible velues of K, and Ki are two orders of
megnitude less than that obtained experimentally in
these studies (see Teble 4.4), It is interesting to
note that the experimentel veluea compered well with
thet measured for the corresponding process with

L - cystein3134.

II The Electron-Trensfer Resctions

(e) Stoicheiometry snd Finel Products

The 1ligend : Chromium (VI) ratios using ecidimetric

titration methodal4?

were found to be 3.0+0.1 in the
reections involving Penicillamine and glutathione

suggesting en overell re=sction given by ecustion (20).

pEY 4+ 2HCro4~ + 6L —>2cr(1rr) +31t - 1l (20)

Using this method desceribed in deteil in chapter I and
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the experimentel conditions referred to earlier in this
chapter, two complexes were ohserved on the columns in
both cases., _ ) | |
The first species isolated from the lonm exchange
¢olumn containing the products from penicillemine
reaction with Cr{VI) is purple in colour. A couperison
of the elution rate using cr(Hzo)Z+ end Cr (H,0)5c1%"
as references aﬁd elso appropriste solvent mixtures
'outlined in chapter I show this specles 1o be doubly
charged end contained about 60% of the total chromium, -
The second species on the column has & more intense -
purple colour and could not bs eluted as & band even
with an eluent containing 2M Hclo4 and 4M Na0104.
However, the complex appesred t0 @quate on prolonged
elution to yield Cr(Hgo}Z which could be eluted with
the solvent mixture as above. This latter coaplex which
contains S 40% of the totel chromium is presumed to be |
& dimeric 4+ charged =zspecies, This could have resulted
from a parallel reection of Cr2072‘ e feet which
contrasts with currently held views about the reactivity f
 of this specles as compared to HCr04.
' It ia interesting to point out that similer results
were obteined in the chromium {(VI) oxidation of L-cysteine.
Two complex species were 8lso 1dentifizd and
isolaeted in the product mixtures from glutathione reactions

with chromium (VI}), Using the anelyticel wethods



referred to previously, the first bluish-purple species
1soleted wag presumed to be the aquo species with a -

+3 cherge., Confirmatién 0f this was obtained from |
the spectrum of the species which wes identical to that
of Cr(H,0)7" and slso the fect that mo 50,%" precipitation
was oObserved when sulphur anslysis was ceorried out esg
outlined in chapter I. The second specles which was
greenish in colour also carries & +3 charge and contained
‘f“40% of the total chromium. About 50% of the first
species was formed while the remaining 10% was the
dimeric +4 species which was difficult to isolete.
Although the presence of sulphur in the greenish complex
was confirmed by BaSO4 precipitation, inconsistent Cr :

S ratios were obtained possibly &s & result of the low
concentration of sulphur being determined, -

Products identical to those obtained for glutathiané
were identifiedlin the mercaptoethylemine reaction with
chromium. The only difference is that 78% of the &quo
species end 20% of the green species were formed in the
latter case with no trace of the dimeric species.

From all the observations above including the
stoichelicmetric results, it seens insvitable to conclude
that the purple species in the penicillamine reaction
end the two greew species in the reactions involving the
other two ligands must contain the disulphide co-~ordinsted

t0 the chromium probably through either O and N bouding.
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Cleerly & method cepable of cuantitatively determining
the amount of sulphur present in low concentrations
such as those under considersation is necessary to esteblish

beyond reasonable doubt the nature of these species.

(b) Xinetics of the Electron-Trensfer Hesctions

The electron-trrnsfer recctions of both penicillamine
and glutethione were studied. Under the experimenteal
conditions used the redox resction involving mercepto-
ethylamine was found to be very slow.

The redox reactions of the two systems were
investigated over & tempereture range of 12-30°C using
identical conditions &8 those used in the study of the
formation reactions although the ligsnd concentration
range in the glutathione cese was extended to 15110'3K.
Under these conditions the redox reasctions are et lesst a
factor of ten slower then the formation reactions.
Pseudo-first order rate constants were evtluated from
plots of In (ODy - ODy, ) &s & function of time (Fig 4.11)
and the values odbtained are shovm in Teble 4.5. On

plotting k es a function of the ligand no direct

obs
first or second-order dependence wes observed except in
the glutethione reactions where & high ecuilibrium
constant had been evaluated (see Teble 4.2). Since
the complex formed is & kineticeally important species
and since &t lower ligsnd concentretions appreciable

emounts of Cr(VI) would be expected to remasin uncoumplexed
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TABLE 4.5

Kate Constants for the Redox KResctions

[ertv)] = 2x 107 ; 1= 1.0u

L = Penicillamine A = 420nm

Temp 12°
[ H"]0 = 0,04l [a*], = o.o6u
[ 1] 107/ 107k, /5™ [1],0%m  10%,, /s
2.0 0.590 2.0 0.89
3.0 0.758 3.0 1.10
5.0 0.991 5.0 1.35
6.0 1.09 6.0 1.43
8.0 1.23 8.0 1.604

+ . + .
[ &*], = o.o08u Lat] ) = 0.
(1] 10 0% /s [ £] 107 107k, /5™
3.0 1.36 3.0 1.66
5.0 1.67 5.0 1.96
6.0 1.78 6.0 2.11

8.0 1.94 8.0 2.92
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Teﬂ’l 1 c [l
[&*), = o.oamw = | :ﬁ; [#*], = o.06u
[1]0103/1’5 o 10'31"::1:3/5-l | [L]0103/LI 1‘:’3“(::_?93/5_l
2.0 0.959 2.0 - 0.948
3.0 1,164 - 3,0 1,658
5.0 . 1.529 5.0 . . 1.912
6.0 " 1.666 | 6.0 . 2.059
8.0 1.838 - 8.0 2.6
+ : - ' _ ' + s
[u ], = o.o8u - | (B ]0 = 0,10
(1] 207 0%k, /87 '..[1J°103/M .; 103 573
2.0 LS 2.0 1.99
3.0 2,03 L300 . 2,499
5.0 = - 2.4 : - 2.0 0 3.033
6.0 3 2.588 N 6.0 3,109
8.0 2.907 | 8.0 ' 3.40%G
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Temp 25°C
[#%] = o.02: . [2*] = o.0m
o) 0

(1] 107/ 107k p,/5"1 [L]0103/M 107k, /s
2.0 0.853 2,0 1.55
.0 1,014 3.0 1.902
" B0 ' 1,420 5.0 2.476
6.0 1.599 6.0 2.624
8.0 2.044 8.0 3.014
[u*], = o.06u : [iﬂjo = 0.08x

J -1 ) 3
[L]olo Ju 103k°bs/3 [ L]°103/L 1o3kob8/s
2.0 2.20 2,0 2.67
3.0 2.753 3.0 337
5.0 3.508 5.0 4.36
6.0 3.628 6.0 4.73

8.0 - 3.837 8.0 5.02



Temp 130

%

[8*], = 0.04u

[ 1) 107/x

2.0
3.0
5.0
6.0
8.0

[ w*], -

[L]OIOB/H

2.0
3.0
5.0
6.0
8.0

0.08M

130~

3 . |
107K 516/ S

2.14
2.74
3.46
3.74
4,08

107Ky f 571

4.173
5:21
6.547
6.71
7.36

[ 1],20%/x

2.0
3.0
5.0
6.0

8.0

[L]Oloj/m

2.0
3.0
5.0
6.0
8.0

[ n*]o = 0,06

[®*], = o.10u

/57

107
kobs

3.22
3.98
5.32
5.366
552

3 Y |
0
1 kobsfb

4,762
6.366

7-85
8,11

8.95



Temp 1 OC

[ H+]0 = 0.041

[ 1],20%/2

240
8.0
10.0
12,0
14.0

[ x],
[L]°103/u

5.0
8.0

10.0
12.0
14.0

0.08L

=13l =

L = Glutathione

3

=1
10 kobs/O

0.511
0.820
1.00
O |
1.400

3 -1
10 kobS/S

1.19
1.50
1.801
2,009
2.15

%, =

[ 5",
[ 1]0103/;

5.0
8.0

10,0
12.0
14.0

430nm,

= 0,06)

0. 745
1,069
1.203

1.359
1.602

[u*] = o.10k
O

[ 1] 20%/u

2.0
8.0
10.0
12,0

14,0

103k

1.481
1,802
1.958
2.20

2,406

obs/‘

[




Temp 25°C

[*] = o.021
[ 1] 107/

3.0
5.0
8.0
10.0
12.0

[ H*]D = 0,06x
[L]°103/M

2.0
3.0
5.0
6.0
8.0

~132—

109k . /s~

obs

0.442
0.6794
0.9788
1.3125
1.6221

10.0
12.0

[ =]
[ 1] 107/

2.0
3.0
5.0
6.0
8,0

1.54
1.65
1.85
2.14

2.20
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Temp ngg

+ > +] .
[n*] = 0.0 [11]o = 0,061
[ L]oloj/u 10%kgpa/ 5™ [ 1] 103/% 1o3k°bs/s“1
5.0 1.229 5.0 1,805
8.0 1,805 8.0 2.447
110.0 . 2,204 10.0 2.917
12.0 2.888 12.0 3.417
15.0 3.438 15.0 4,125

4 . ad - {
| B ]o = 0,08 (= ]o = 0,10l
[2] 20772 1o3kob8/s"l [,L]0103/m 107K, /51
5.0 2.406 5.0 3.424
8.0 3.039 8.0 3.938
10.0 3.358 10.0 4.375
12.0 3.671 12.0 ' 4,813

14.0 4.44 14,0 5.282
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(a fect confirmed by the absorbsnce increase) the result
obtained would be & reflection of the importance of a
denominator term in the rate law, This trend was also
observed in the resctions of chromium (VI) with the

146 end thiocyanate.117

thioureas
There was no difference in the reaction rate

vhen sbout 0,0416l ln (II) was present in the reecting

~mixtures end elso when all the rescting solution were

degassed. From the data obtained the following reaction

scheme can be postulated.

+ Ky
HLCrO4 + H —=3 Cr(V) (21)
k _
HICrOg + H,L —2 5 Cr(Iv) (22)

From these reesctions the rate lew given by equation (23)

nmey be derived.

_ a[cer(vi] = x[n,1] (kl [2*] + kz[_HzL]) (Cr(VI)yot
at 1 + K [B,1] (23)
B Ko [Cr(vﬂ _— (24)
where [cr(vi), . = [or(vi],
. K[5,1]

« « kobs = E -+ ;
k[ 2] k., [H,1 (25)
1 + k[H,1] : + Eglnn /




Réarrangement of equation {2%) gives equation {26)

i | . . . e

kozbs( 1+ K[ElzL] )

= & [B] + ik, [E,1) (26)
K [H,L] o

Kopg (1 + K [HzL]-

_ R E’ » evaluated using the
X [ H,1)

appropriate velues of K in Table 4.2 wes found to be

a linesar funection of [H2L] (Fig 4.12 end 4.13)., The
Blopes from such plots which yielded ky direectly were
found to be independent of the ligand councentrations in
agreement with the scheme. The intercept was found

to plot linearly aeg s function of [H+]o in the case of
penicillemine (Fig 4.14) snd [H*]g in the easge of
glutathions (Fig 4.15). k9 was derived irom such plota

Temperature dependeunce of the rate data are illustrated

in Table 4.6.

(c) Mschanism of the Redox Processes

Pact of A
Reasction (21) is eecmsidered—to—invelse thres

éonsecutive one electron - trunsfer mechanism (alreadf
discussed) with the first of the three stéps belng
rate - determining. |

As can be seen from the vﬁlues of the rete constants

" ky end kp in Table 4.6, the major route in these studies
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TABLE 4.6

Yeristion of the various constants for the redox resctions

between chromium (VI) and the thiols (L) with temperature.

= Penicillamine
-2.-1 .

¢ 10%c, /1%mo1 25 102/k,1%m01~25"1
12.0 1.9540,2 ~ 8.040.5
17.0 2.90+0.5 11.840.5
25.0 5.741.0 14,3+1.0
AE* [Kenl mo1 ™t 14.1+3 9.0+2
AS*[eel K™ mol ™ -16.7+5 -32,546

L = Glutathione
% 102k1/12m01'28'1 102jk212mol*2s‘1
15.0 11,242 9.7+0,2
25.0 - 25.0+4 12,1+0.4
30.0 26.6+5 21,240.6
AH*/K el mol™ 11,043 6.9+2

AS*/cel K mo1"1-24.347 ~39.745
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as with simllar reactions involving thioure&a,146
cysteiué,134 thiocyanate_ll7 snd thiosulphatello involve
second corder ligand dependences. The signiflicance of
gauch second - order processes in the expausion of the |
chromium eo-ordination number from 4 to 6 has been
discussed?d (see 8lso chepters II and III). The low
energy pathwey provided by the formation of the incipient
~disulphude may alsc be a factor. The evidence obtained
in these studies that the product disulphide is
co-ordinated to Cr{III) supports this latter view,

Chromium {(IV) is thought to be &n important
intermediate in these reactions and regardless of whether
it is formed by weay of two consecutive one elaectron _
transfer, sequation (21), or through an activated couwplex
conteining two molecules of the ligend bounded to I
chromium in the transition state {shown for cysteine in
fig 4.16 ; reaction 22), reduction to chromium (III)
product is by way of one equivalent oxidation of the
ligand, The free radical produced as a result of
this atep_is thought to dimerise.

Ma{II) which has successfully been uzed &8s 8
trepping agent for chromium (IV) has no effect on the
reaction rate in these studles. This would terd to
eliminate the perticipetion of 2 second dhromium (VI)
in the subsequent reduction of the intermedisate
chromive (IV) to chromium (III) complexes sand lend

pupport to the theory thet it is the ligend whieh 1s
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P Gt . wd

involved in this step. '_ o | ;ﬂ}“

L}

]

In conclusion, the oxidation resctious involving - .ﬁg”
penicillamine, glutnthione asud P - mercaptoethylamine E
proceed with the formastion of a complex eg the first -
step in each case. This is similar to previous

observations of resctions of chromium (VI) with 52032-
(ref 110), HS03™ (ref 101), thioures (ref 146),

134

‘thiocyanatal;7; cysteine ete. Second - order
dependence of the rate on ligsnd concentration was aleo
. observed &g the major route in the oxidation of these
ligands, 8 fact which is now an established fenture of
the reduction of chromium (VI} by sulphur containing
ligends., However, product patterns, slthouch similer

134 which is gtructurally

to those found for eysteine
releted fo the ligands, differ <from those of thiourea
and thiocyanate where the ligand end not the product is
co-ordinated to chromiuvm (IIX}.

Before the mechanism of these reactions can be
gstablished with certeinty mere work is required in
(a) the charscterisation of the chrowium (III) product
complexes especielly finding a relisble method which is
capeble of determining the low sulphur content ¢of these
species, (b} trapping and identification of the radicals
and (¢} the use of H.P.R. in monitoring the chromiuam (V)

formed (if sny)..



CHAPTIER ¥

PHE KINETICS OF THE ZLECTROY TRANSFER BETVERN THE
12 - TUNGSTOCOBALTATE (III) ANION AND THE THIQOUREAS IN
AQUEOUS SOLUTION. | o
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Introduction

Barlier investigdtions of the reactions of

thioures and 1ts N -~ substituted derivatives with _

chromivm (VI)146 revesled the formation of sn intermediete

complex in sach case, a8 the flrst step in the overall

reduction of the oxident to the stsole cbhromium (III)

complexes., Isolation and cheracterisation of these |

“product - spécies was thought important in the elucidetion

of the mechanisms of these oxidetion reactious.

However, in view of the experimental difficulties which

often accompeny this procedure especially in the |

reaction of chromium {VI) with some thiols referred to

In the preceding chapter, it was thought desirable

to study the reaction of the thidureas with & one -

electron cxlidant where the possibility of en inner - sphere

complex formstion is highly unlikely. It was also

reasoned thet if & ligend intermediate is formed, it

would be a free radical snd the free radicéi -

co-ordinated radical embiguity observed for some systemsl48’l49

and also in the chromium (VI) oxidetion of some thiols

(see chapter IV) would not exist.

" The first complex ioﬁfﬁe used es en oxident was the

tris -~ (1,10 - phenenthroline) iron (IIIX) specles becruse of

150 ‘

its substitution inertness and preliminery .

151 of the resctions of this oxidant with the

investigations
thioureas reveel a first - order dependence of the rate

on ligand coucentrations up te & 20 - fold excess or more
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in some cases, followed Ly & second - order dependence,

152 41 the

A similar result wes obteined by Carlyle
k¥inetic studles of the electron transfer between Hsoj‘

and tris - (1, 10 - phenanthroline) iron (iII) ions.

Because of the unexpected observations wade in the

sbove investigations and in particuler the possibility

150,152

of a dimerlic species of the oxidant being one of

the active aspecies in solution, which would have to be

included in the kinetic scheme, it was decided instead - .-

to study the reactions of 12 - TungétOGOBaltate (III)
anion, It was thought thet the bulky tungsitsn -
oxygen cages surrounding the tetrahedrel cobalt atonm
would eliminate the femaibility of & direct complex
formetion between the cobalt and the thiouress, thereby
giving rise t0 simple electron exchenge resctions with
the steble 12 -~ Tungstocobaltete - (11) anien and the
disulphide of the thioureas as the producti. |

There are very few reports in the literesture of the
electron exchonge renctions involving these heteropoly
complexes. Iowever, the kinetics of the electron
exchenge between the 12 - Tungstocobaltate (11) and the

12 - Tungstocobaltate (III) anions have been studied in

153

T4

aqueoys solutions, An outer-sphere type of mechsnism was

postulated for the system and it is of interest to sees

how the present investigations agree with this schenms.
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Experimentel

(a) Preparction

Reagent greode chemicnls were uséd without further
o purifiontion for the preparstion of the potassium salt
of 12 - tungstocobaltate (11}, [COIIO4W12036]:6
hereafter deasipgnated es anion I, by the mgthod of Baker
-and McCutchedn.154 The 12 -~ tungstocobaltate (IIX),
[COIIIO4ﬁ12036]-5 anion (II), was prepored elecirolyticslly
ag follows, An unknown guantiiy of anion 1 was
dissolved in sbout 150ml of O,5M HC104 and placed Iin the
anode compartment of en electrolytic cell. The other
compertment also contnined 0.5K HCIO4. The electrolysis
was carried out using two bright pletinun electrodes with
en &pplied potential of 10OV, As the electrolysis
progressed, there weg & gradual change of the colour of
the solution in the snode compartment from green to yellow.
When this process was coapleted, the yellow [OOIIIO4W12036]-§
solution was transferred to & stoppered conlcal flesk and
stored in the fridge overnight. White crystals of potassium
perchlorate were observed in the conicel flask the
following day and these were filtered off lesving a cléar
Yellow solution.
The remaining potassium.ions in the stock solution

were replaced with lithium ions by the use of

Dowex 50V - X12 (Cation - exchange resin. The procedure
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adopted vis as follows. The oation exchsnge resin in .
the hydrogen form, was placed ln a coluon 40cm long and
about Jcm internal diaméter. A falrly concentrated
golutlion of lithium sulphete was allowed to run slowly
throuvh the column after whioh Awas flushed through

several times with dlstilled water uutil 1t was aulphata
free. The prepered solution of avion II was then sllowed
to pass down,the columnn at & very slow rete with the
-11thium ions on the'resin being displaced by the
potessium ions in the solution, The ebove procedure
was repeated twice using B fresh catlon exchange resin,

on each elution.

The removnl of potassium lons was necsssary for

two reasons. Firstly, under Cl0, ion concentration of

1.0M precipitation of potesaium perchlorate mey

coour and this is likKely to interfere with the transmiszion
of light through the solution in the observation tube,
Secondly, since the presence of potessium ion hsad been

153

found to inerease the rate of elsctron - exchenge
between enions I and II, the use of lithium wra therefore
desirable to minimlise this effect based presumably on

the bigger size of the potassium ions.

(b) Anal Y Si._g

The concentrations of the stock solutions of

anion 11 were determined by both spectrophotometric and
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potentiometric titrations with ferrous ewmonlum sulphate
which quentitatively reduces anion II to anion I.

The ferrous ammonium sulphate used wos standardiced
by potentiometric titroetion as follows. 20wl of
0.05M ferrous ammonium sulphate prepared in about 1M H2504
wes measured out accurately into o 100nl beaker. Two
electrodes, one a calomel electrode as reference rnd a
- platinum electrode as the indicator electrode were pluced
in the beaker. The electrodes were attached to a pH meter
{(Vibret 46L}.  Small volumes of & standard C.05M Ceric
smmonium sulphate sclution were then added to the soclution
in the hesker &t intervals. After each addltion, the |
golution was stirred for about 2-5 minigtes using o
magnetic stirrer and the s.m.f, of the solution was then
recorded. A graph of B(V) agrinst volume of cerium (1IV)
added was plotted (Fig 5.1} and the concentration of
ferrous sammonium sulphate evaluated, This was confirmed
by & spectrophotometric titration using a stmndord
solution of potassium dichromate. The two results agree
to +1%. ‘

The saturated celomel electrode hss & poteuntisl of
0,246 V when compared with the standard hydrogeu electrode.
The voltage measured represgents the difference in potentisl
of the indientor and reference electrode:

E = E - B (1)

meas ind ref

The potentiel of the indicstor electrode can, therefore be
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calculated from the measured voltage by substituting the
potential of the calomel reference electrude into the

bR . n

ecuetion above: .

Bind = Ppees * 0.246. o (2)

From equation (2), it is possidle to calculate the
~equivalence point potentiel for the titretion of Fe(II)
with Ce(IV). |

Eequiv 0.800 + 0.246
1.046V

The value obtalned experimentanlly is comparable to the
theoreticel valus of 1.105V,

Potenticmetric titretion of snion IXI with the
standardised ferrouves ammonium sulph&tite was carried out
In exactly the sume menner as outlined above uging 10ml
of 5.85 x 107n Fe(II) solution with various volumes of
anion (II) stock solution, The titration curve from
which the concerntration of the anion II was evaluated is
as showu in Fig 5.2, | |
| . The spectrophotometric titration wmethod for
determiniﬁg the concentration of anion II involves mixing
sbout 2ml of the stock sclution of the oxidant with various
volumes of 1.04 x 1077l Fe(II) solution in different 10ml
volumetric flasks and making each solution up to the mark
with distilled water. After sheking, thé flesks were
kept aside for some time to ensure that the resction

hed gone to completion, The spectrum of each soluticn
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wasg obtaiﬁed usiﬁg an SP BOO spectrophotometer and the _
opticeal density et A = 390unm for ench solution was plotted
egninst volume of Fe(IIf added. A typleal titration
curve Obtsluned for & different concentration of anion {II).
18 presented in Fig 5.73. Results-pbtuined from the
two methods esgree to within 424, |

The reduction potential of the anlon IT - enion I
couple was determined by potentiometric titration of (e)
‘aujon IT with iron (II) end (b) Ce(IV) with snion (I).
The experimental procedure was as described for Ce(IV) -
Fe(IIl) redox reaction earlier. In the Pe(ll) - anion {(II)
messurement, 10ml of 5.85 x 077K Fe{Il) wan titrated ngninst
3.82 =x 10‘3M anion II while an unknown concentration
of suion I was titrated against 5 x 1077 Ce (IV). The
titration curves obtained for both (s8) and (b) ars sﬁpwn
in flge 5.2 and 5.5 reapectively.

The potentinl at the equivalence point for any

redox reaction is given by

.0 0 _ :
. _ N5y +nBE}3 o -
equiv = _ (3}
M+ N

where Ez refers to the rédox éouple of the oxidizing agent,
nA is the electron change in this htlf resction, Eg refers
to the redox couple of the reducing agent andeB ig the
corresponding electron change. From the titration
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curves in figs 5.2 and 5.5 the E in both cases con

gauiv

O values for iron (II)

be obtnined and from the known E
and Cerium (IV} the redﬁx couple of union IT and anion I :éﬁ.} 
be celculuted using eocuation (3). This value was
infect found to be 1.03+0,01 ¥ which is close to the
literature value of 1.0 V (ref 155). 
The weid strength of the stock aolﬁtions of enion IT
were determined by PH t;tration using a stundard solution
of 0.10L FaOH. The PH meter used was the same Vibret
46L as wes used for e,m.f. measurements above, only that in
this case, the plaotinum electrode was replaced by & gless
electrode. Typlcal PH titrotion curve obtained is &s
shown in PFig 5.4. The acid strength of the stoek
solutions in all cases were between 0.05 and C,10. end
fhese values were taken into consideration in the hydrogen
Jon dependence studies, The complex anlon IT stock
solutions were stored in 2 refrizewtor and were found to te
quite étable under this scidity range for several weeks.
The thioureas used In these investigations were
recrystallised as outlined in chepter III, Hydrogen
ion concentration was varied using perchloric acid (Analsr)
while the ionic strength wes maintained constant with

l1ithium perchlornte prepered as described in chapter I.

(c) Stoicheiometry

The stoichelometries of the resacticns of
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[CoIIIO4W12036]-5 {anion II) with thioures,
N - methylthiouren and ﬂNl-athylenethiourea werse
determined both spectrophotometricelly and by potential
measurements. These.two methods have been discussed in
detsil earlier. o

In the spectrophotomezﬂ§gstitrations involving
excess ligends, 2als of 3.418M anion (II) were mixed
with various,vdlumes of 3 x IO"BM ligand and made up
t0 10ml solution with distilled water; while in excess
complex snion I1, 2ml of 10-3M 1ig&nd was involved.
From the results obtained representntive curves of
which are shovn in Flgs (5.6-5.8), a coaplex: 1ligand
ratio of 1:0.9540.03% was obteined for the reactions
involving thiouren and methylthiourea with anion II.
This value was confirmed by potentiometric titrations
(FPigs 5.9 - 5.11). However ethylenethiourea was
observed to behave differently using both methods as
illustrated in Pigs (5.8 end 5,11). This unusual
behaviour of ethylenethiocuree towerds anion II might be &
kinetié effect rather than a thermodynaumiec one. A rough
estimate of the eguilibrium constant for the resction
(4} show thet the resection is expected to go extensively

to completion.

11, -5 T, . o 176, pdogl
2 [Co7 0401 096]77 4 2L 2[00 T0,%, 056+ 2L-LT (4)
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However, the redox potenticl of thiourea and substituted
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thioures - disulphide syatema hed been messured
previouély and no such effect was reported.

_From the potentiometrie titretion curves (Fig 5.9 -
5.11) the different potentials =t egquivelence poiuts
‘ware obtained ¢nd using ecuation (2) in donjunction with
equation (3) £% for the ligand - disulphide couples
were obtained. Although these values were slightly
_higher by = 10! than those reported in the 1iteraturel56’157

they were in the srme order of wmagnitude i.e.

ethylenethiourea>thiourec = methylthiourea,

(4) Kinetics

The snion IT spectrum exhibits & maxinum at
A= 390nm in the visible reglon. Conasquently its
redox rescticns with thiourea, N - methylthicurea and
NNl ~ ethylenethiouren were studied ot this wavelength
using the stopred - flow apparatus described in chapter 1
with & dead time of the order of milliseconds. TPseudo -
first - ¢rder rate constants were derived from transmissics
curves using a Noval 1200 :omputer, by the method given
in chapter I. | |

The slower redox reactions at the lowest tempercture
studled (8.700) were monltored using the hand - driven
stopped - flow system which is also described in chapter I.

The concentration of the resctznts employed in

these studies are es follows: [anion II] =2 x 10"4M,
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[Ligand] = (1.5-15) x 1077u and['H*]0 = (0.120-1.0)M.
The lonic =trength of the medium wees maintained

constent at 1,0M with lithium perchlorate,

RESULTS AND DISCUSSION

All the kinetic data ware obtained usiﬁg 8N excess
of the ligend. Conparison of the initial absorbances
~in these kinetic investigationa vith those for the enion II  -
when no ligend was present showed no significant - ‘
difference. This is &n indication that no detéotable
internediate was formed. Plots of In(0Dyg-0D.) a8 a
function of time were linear to about Boﬁ,usually more
at higher tewperntures (Flg 5.12) ond pseudo-first order

rate constents, k , were obtalined from the slope of

oba
such plots. The variztion of this parameter with
temperature is tebulated in Tobla 5.1, Within
experimental eerr, the rats constants were found to be
independent of the hydrogén ion concentrations used (sse
Table 5.1). | |

On ﬁlotting ko sgainst ligand concentruations,

bs _
interesting results were obtained. A first order dependence

was observed for all the reactions up to a certain excess concen-

tration of the ligand. At higher vsalues & prounounced
k
obs

[}

versus [L] were suggestive of & second path being second

deviation wes found (Figs 5.13 end 5.14). Plots of

order in ligsnd concentrations {see figs 5.15 and 5.16) The
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TABLE

N
.
=

Observed rate constnnts (koba) at varying ligend snd

II1. . ->
04

v -41-'
1112036] = 2 X 10 ™

hydrogen ion concentretions [Co

I=1.0L; >\ = 390nm

L = Thiouren

Temn = 350

[a*], =1.0u | [8*] = o.501
[1]107/  xope/s™ [z]r0/ Kopa/S ™
1.5 0.0225 1.5 0.0281
2.5 0.0365 2.5 0.0358
3.5 0.0513 3.5 0.04995
5.0 0.0752 5.0 0.078
8.0 0.134 8.0 0.132
12.0 0.202 12.0 0.225

15.0 0.260 15.0 0.288



1.9
2.5
JeD
5.0
8.0
12.0
15.0
20

[#*] = o.10K
[ L]10%/u

2.0
£.0
12.0
20.0

BT —~

-1
koba/S

0.0119
0.0186
0.0268
0.040

0.0644
0.1040
0.1550
0.244

-1
koba/s

0.0388
0.0689
0.109
0.25

[1]10% /2

1.5
2.5
3¢5
5.0
8.0
12.0
15.0

(7]

n

0. 50

a=1
kobsfo

0.0121
0.0183
0.0259
0.044

0.0664
0.1052
0.164
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Temp. =1RK. 6C

hd

[r*] = 1.0u

[n]10% /1 kype/S ™
1.5  0.0111
2.0 10.0175
2.5 ©0,0217
3.0 0.0264
35 © 00,0919

8.0 0.0535

Temp. = 8,7°C

, 3 ’ ~1
[E]r0’/u /S
1.5 (1,0046
2.5 - 0.0080
3.5 0.0126
5.0 0,0180

8.0 0.033
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*'  L = NNl-Ethzlenethiourea

" TPgmp 35%

[ =*] = l.ow

[ £]10%/u
1.5

2.5

3.5

5.0

. 8.0 .

2 - 12.0‘

  . 15.0

Temp = 25%

[8*] = 1.ox

koba/s

o

1 0.0227

0.0367
0.0518

0.072

C0.117 ¢

0.180

0.234

' -1
[1]103 K ps/S

<

1.5

0.0120
2.5 . 0.021% -

3.5  0.0294
5.0 0,040

8.0 © 0.0696

12,0 ~0.117

15.0 | 0.154

- [E*] = ouom

o RS X /sf?,7'&'

obs

2.5 . 0.042

J.0 - 0,068 L

8.0 0.2

."._'[ B*] = 0,10k R

L SWA

1.5 © o0.0128

3.5 00279
5.0  0.042
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0
Temp = 18.6 C

[8*] = 1.0u

[1]20% Eotigl 8™
1.5 0.0078
2.5 0.0123
5.0 0.0245
8.0 0.0485
Temp = 8.700

[5Y] = 1.0m

[ 1]10% ) K s/ ST
1.5 0.0043
2.5 0.0073
3.5 0.0116
5.0 0.0173

8.0 0.0405
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L = N-lMethylthiouren

Temp = 35°0

[8%] = 1.0u [8*] = 0.5

[ £]10%/u by JB [ L]10%/u koba/s'l
1.5 0.0493 1.5 0.0511
2.5  0.089 2.9 0.0799
5.0 0.169 5.0 0.159
8.0 0.294

12.0 0.488

15.0 0.628

Temp = 25°C

[#*] = 1.0m
3 -1

[1]107/u k. /S
1.5 0.0278
35 0.0655
5.0 0.0925
8.0 0.1810
12.0 0.3620

15.0 0.5640



.'Témp = 18.6%

[H*]: 1.0K
[1]20%/u

1.734
2.889
. 4.045
©5.778
| 9.246

Pemp = 8.7°C

| 1 8%]= 1.0m
 °      [ 1]20%/x

S
2.0
2.5

3.0
4.0449
5.778
9.246

=186 —

-1
kobsjs

0.0219
0.0427
0,0600
0.1251
0.3029 =
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range of the first-order dependence path was found to

incresse with increesing temperature, while the second -

order path predominated at lower temperatures im =11

the reactions. A Blmilar trend wemae slaso cbserved in the

reasctiona of tris(l,10 ~ phenanthcoline )

with the thioureas'’ and HSO0,~ ion,172

II1I

Representing C, 04??120335 anion as

tron(III) ion “

IIT
CO

II,
* om0,

1I
enion a8 Cy . and the thicureas as RS, the following

mechenisms can be postulated for the electron exchange

fi

12

0

resctions from both the Btoicheiomefric and kinetic date. . .

Mechaniam I

et + rs Yo, It .
11X K 111
e, + RS —_9B» ¢c,***_ RS

Mechenism 11

RS’

RSSR

)
(6)
(1)
(8):.
(9)

(10)

‘Reections {5), (6) and (7) above hold followed by:

—

-
3z



cfff.rs + mrs K2 e}l 4+ mssm® o)
RsSR® + ogf == ¢, I 4+ =mssR = (12)
2 RS ==>RSSR = .~ - .. - f;'“ (10)

These reaction schemes are consistent with the rate

of loss of snion II being expressed as in equation (13).

et | e fo g o wgr fo T [ms) « kg, foo e
4 _ : 1l + K RS

whare Koa represents the outer - sphere squilibrium const=ant.
Agssuming K,g to be of the order of unity the expression

for the k,,g can be derived from equation (13).
kdbs = (ko + Kos{(kl + ko [RS])J [RS] : - ;14)

Re-arrangement of equation (14) givea equation (15).

'_.._kObB =k, 4 E & + Kook [RS] (15)
'However, two pathwayé were identified; one indepéndent.of

and the other dependent on the ligand concentrations with

the latter dominating at higher ligsnd coﬁcentrations and
._low temperatures (see Figs. 5.15 and 5.16). The

observation is considtent with the proposed outer-sphere
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mechenism in thet the assumption made above of 12K, [KS]
may not hold at higher ligend concentrations which would
explain the curvature obtained in this region in the plots
of ky,g versus [RS] (Pigs. 5.13 end 5.14). It would also
explein the temperature dependence of this second-order
path since the thermodynamic paremeter Kos i1s expected

to be higher at low temperctures, again meking the

15K [Rs] essumption untenable.

| A curve fitting method wes adopted to evaluate

the various rste constents using & computer programme
shovn in Appendix II. However inconsistent velues were
obtained for k, end k, wherees a constent velue to + 5% wes
obtained for k, in each case at constant temperature.
Theae k, velues &re in egreement with those obtained from

the slopes of the plots of k  _ egeinst [RS] and also from

b
the initisl part of the plots of kObs/[RS] versus [RS].
This suggests that the k, pethwey is the dominant one at
concentration of ligand up to ~ 20% excess. The velues
of kg so obteined at different temperatures are presented
in Table 5.2. It would therefore seem that it is only
8t very low ligsnd concentrations thet the mechanism of
these resctions can be considered a2s being more readily
established.

A siwmiler outer-sphere mechsnism to those &bove, hsas

been postuleted by Cerlyle for the reection of Hsoj‘ with
tris - (1,10 - phensuthroline) iron (ITI)172 jon end the
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TABLE 5. 2

Variation of the rate constants kj (equation 6) with

temperature.
L = Thiourea

0 -1l.-1
Temperature/°C k,/1 mol™"S
8.7 | .44
18.6 7.00
25.0 7.96
25.0 14.2
AE* = 9.740.3 K cal mol™}; AS* = -21.7+2c81 K~1 mo1~l

1L = NNI-Ethylenethiourea

Temperature/°C k,/1 mo1~1s~2
8.7 2.90
18.6 5.24
25.0 8.10
35.0 ) 14.50

AH* = 9,940.4 X cel mol—l; AS* = -21.042 cel K~ tmo1™t

L= N- Me_‘_thy[thiOL!reQ

Temperature/oc ko/l m(;.l:.I 5—1
18.6 9.0
b 18-0
35-0 34+0

= E) B
AH =120 F1KCat mol ;  AS=-11.8% 3 Cal K mol
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aétivﬁtion parameters for reaction (5) in these studles
(Table 5.2) are similar in magnitude with those obtained
for the Fe(phen}3+ + L p;thway. However the alternative
mechanism put forward by the seme euthor involviag
dimerisation of the ligend as the firat step followed by =
rate -~ determining two electron-transfer reaction 1s not
deemed feasible in the present iuvestigations becauée of
the kinetic ipertness of the disulphide product.
B Although it is difficult to say precisely whethef
the.complex formed is outer ~ sphere, the sbsence of any
detectable intermediate coupled with the structureljj’158
end stabilityl59 of anions I and II would make this & real.
possibility. | - :
A third mecheniem which also gives & 1:1 stoicheiometrj.

is given below

cotll 4 x5 —Fo cotl 4+ Rs° - (5
RS* + ES -;::1": RSSE* | (16)
co’ll 4+ mssrr _X2 co’l + RsSE (17)
2RS* === RSSk -~ - ' (10

S

If this mechanism was operating, it would be difficult to

| explain the temperature dependence of the second-order
path without invoking an outer-gphere complex formation of
some sort. Mechanism I postulated earllier for thess |
reactions is not likely to be operating elther beceuse the
addition of up to 0,015k [Co(en)2!£]+ to rescting solutions

of anion II and the ligand had n¢ effect on both the
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stolcheiometry and the rate of.these reactions. This

would not be the case if Col is an importent intermediste.

Mechanism IT therefore éeems t0 be the moat favoured.

Since only very few kinetic studies of the resctions
of [0011104W12036]'5 enion has g0 far been investigated l |
more work is required in the following sress to esteblish
beyond doubt the nature of the oxldation reactiong

involving th;s'Oxidant. | |

. a) 4 rellable method for cheracterising and pdssibly

' distinguishing between the radicals formed by the
ligevd aund those by the dimeric specles of the
ligand would clear some of theée uncertaeinties,

b) A full investigation of the medium effects in
these reections may also prove useful.

o} A study of the trace metsl ion catslysis for fhese
arstems might throw some light on the mechanisas |
of the reactiouns, ._ | |

d) It is also of interest to sée what fﬁe rate law
would be if these renctions are carrled out uander
excess complex anion II where no second-order

dependence on the ligand concentrations is expected,

' q

e) Fiuelly,,second-order pathway has been established
I+
p)

and also for those of chromium {VI) with some

for the resctions of Fe(phen) with HSOB" (ref 152)
gulphur - containing ligends referred to in the
preceding chapters. Investigation of the reactions

0of the coaplex &nion II with other non - sulphur
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conteining ligands like iodide ions and hydroquincne
might help in esteblishing whether this secoud - o

order pathwey is'merely a feature of sulphur chemistry.

Lok
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APPERDIZX I

-

Computer progremme (in extended basic) used to eslculate
the ebsorbence chenges occurring in the course of a

reaction end also values for log (0Doo 0Dy) end k -
)

*NEW

1 PRINT » GAIN B.0O. R.B.O. R.I."
L=T C7=1

INPUT Al;

LET Al=1,.@32%A1

PRINT ,;
INPUT A
PRINT ,
INPUT A
PRINT ,
INPUT A
PRINT "
INPUT A
LiT AS5=A5/2

PRINT ™ R.O.T. TIME 0.D. L¥(0.D.)"
GOTO #f46

LT Dé=B2

INPUT Ab;

IF 46=999THZN GO TO (154

LET A7=(A2%.6¢5575) -{A1=23)

L3T A8=A8+1

LET A9=A7+(A6%Al)

LZT Bl=A7+(44%A1)

LT BZ:(LOG(A?)-LOG(BI])/2.3¢3

LiT B2=ABS(B2

L3 B3=LOG(B2)

LET B4=A8'Aj
PRINT, 34, ;B2, ;B%,;
PRINT nu

Li? B5=B5+1

IF B5=1THZN GOTO ¢¢43
IF B5=2THIN GO TO ¢@a
1¥ B5=3THEN GO TO @$1¢
30 TC @118

PRINT nn

LET B6=RB4

L=? B7=B6*B6

LET B8=Bj3

L.T B9=B8*B8

LZT Cl1=B6*B8

GO TO ¢gaé

Lil? C2=B4

H i ESSeTS
S0 NS

TRE",

AR Ehak R oh oo Shaohahe Y

TSSOSO AOND (0 00 O edwd=d~d OO B B D B LOOND N

6
¢

RS EEEEEEEEEEEENE S EERE XX X N NI I S I I TS N

B N e Sy S R e S e R S N e e e s R R s R e e e R s R RS R SR SN SR o s R ool sl ah ey

ot ol ol sl el el s e A A= R R SR Shsh Sho b Sy Sk choh Sh oo e Ne sl S = §
COAN NND ONMOTSe] b H o\ oW ONLS-g B N\ N0 oS- B on



*g121 LET
*¢124 LT
*g127 Lio
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B6=B6+02 o
C3=C2%C2 ' _
.B 7:37+03 L J

*d19¢ LET C4=B3
*2135 Li7 BB8=B8+C4
*#136 LET CS5=C4*C4
*¢4139 LIT BO=BY+CS
*#142 LET C6=C4*C2
*#145 LET Cl=Cl*C6
*#148 LET C7=C7+1 N
*4151 cO0 T0 gg46 e
*(#154 LET C9=B6"B6 . A

*d157 PRINT ww

*#16¢ RINT,B6;,B7;,C1;,
*¢163 TRIND nn

*0266 PRINT, BS;,B9;,B9:.C7;,
*d169 PRINT ww» |
*3172 LuT CB8=({B6*B8)-(CT7*C1))/(C9-{CcT7*BT))

*d175 Lot D1=((Cl*Bé)—(BB*BZ))/CC9-(CZ*B7))

*@178 LET D2=(B9-(2*C8*C1)~(2*D1*B8)+(2*C8*D1*B6)+(B7*C8+2)+{C*D1

+2)]

*#181 LET D2=D2/¢C7-2)

*$184 LIT D3=(CZ*B7)-B6+2

*@157 LET D4=C7%*D2/D3

*d19¢ L.iT D5=B7*D2/D3

*3193 LIT D2=5.R{ABS(D2))

*7196 LET D4=S R(ABS(D&))

*#199 LiT D5=SGR(ABS{D5))

*dogo PRIUT -
*do>0s TRIFT "GRADIENT & ERROR",C8,D4
*do@b PRINT n»

*@211 PRINT *INTERCEPT & ERROR", D1,DS
#4214 PRINT mn

*@217 PRIFT "ROOT MEAN SOR BRRORY, D2
*gdo2@ LuT D7=¢25 |

*g229 LET D8=D6*ixT (ABS(CS8)*D7)

*d226 LET D9=(D8-D6)/D7

*¢d229 DRINT nw

*¢292 PRINT "O.D.¢. & INIT. RATE.", D8,DY
s#235 = o

L2
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. APPENDIXII

-
Coumputer programme (in extended Basic) used to evaluste

the rate constsnts k ,k) sod k, for the resctiona of

ITI -5
Co™""04W) ,04¢

with the thioureas,
¢¢¢1 PRINT KA

-f@gd2 INPUT K

$#¢¢3 PRINT "ILin

ggg4 1MPUT L

¢@gs PRINT "K2w

¢¢g6 INPUT O

¢@$7 PRINT "Low

¢¢ds INPUT P

¢¢¢9 PRINT "K3®

#P1¢ INPUT S

¢$11 PRINT "L3"

¢$12 INPUT T

f$1) LET N=K*L

$g14 LET N=L+2

##15 LET Q=0*P

@P16 LiT R=P+2

¢¢17 LET U=3*T

¢#18 LaT V=T+2

¢¢19 LT D=(P*K-0*L)*(P*U-7*3)
gpog LT E=(P*S-T*0)*(P*N-L*q)
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¢#21 LET F=(P*N-L*R)*(P*U-T*Q)

g@22 LET G=(P*V-T*R)*(P*M-1*Q)

#¢23 LET C=(D-E)/(F-G)

$p24 LET B=((P*K-O*L)-(P*N*C-L*R*C))/(P*M-1*Q)
g@25 LET A=(K-B*M-C*N)/L

gg26 PRINT A,B,C

gp27 co 10 ggg
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