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AEBREVIATIONS

8.1, unite are used in this thesis unless alternative gymbols are
defined in the following list :

exp exponential function.

G Gibb's free energy,

h Planck's constante

K Boltsmann’s constante

koal kilooalorie = 4184 J.

R gas oonstant per mole

ESD estimated standard deviation.

I ionic strength.

u mol 1! concentration.

Y wavelengtl.

B, molar extinction coefficient (mits of 1 tem™r),
AR® standard enthalpy change.
Ant activetion cnthalpy change.
Ast activation ontropy change.

k rate congtant,

kob- observed first-order rate constont,
¥ (with super- or subscrips) equilibrium constant.

pE, ~10g, (acid dissociation equilibrium constant),
bipy 2,2"= bipyridine.

dien diethylenetrianine,

DA sthylencdisminetetra~acetic acid,
on ethylenedianine,

e 2,2' 42" ~triavivotricthylanine,
Kolwr polyfluorotrichloroethylene,

PITE polytetrafluorocthylene,
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SULJIARY

The original intention of the work was to gnwmer evidence for or
aguingt the participation of o D process in the substitution resctions
of Cr(III) complexes. ho kinetios of the equstion of Cr(i,0)gli,>"
induced by nitrous acid were studied as an adjunct to stoicheiometric
experinents using the same yeaction, in which the possible five co-
ordinote intermedisto, °"("z°)53" wes soughts The repid reaction rote
mmuhnm-omm[ow.[ix*.mﬁma],mm
fogter in the presence of chlordde ioms High concemtrations (2 - 5i1)
of odded enions were used in the stoicheiometric experimente in on
atteupt to trep the intermediate as mone-acidopenta~aquochromivm(III)
complexes. Low concentratioms of suoh species were, indeed, detected,
but the discrimination of the postulated intermediate for the snioms and
againgt solvent weter wos omall, The disorimination factors obtained
for C17 and Br” were much lower than those reported hy another worier
mmmmwm«mxzo)sﬁ*,ummm
either the irmng-labilising ability of the iodo-ligend was responsiblo
for the incorporation of C1” and Dr™ in the provious work, or that
different intermediates are involved in the spontaneous and induced
aquations, Though the evidemce tends to favour the participation of o
mmmmuummmm,munmm
totally incomsistent with en interchange mechamisme Due to the incomclusive
nature of the results obtained in the competition studies, and the
mmtmwmmmtmm,
attention wae twmed tc on interecting oboervetion that was made during
prelimineyy experimonte to the stoicheiometrio work,

litrous acid wag foumd to be an efficient catalyst for the aquations
of halo-aquochromium(III) complexes in acidic aqueous medie, Other
oxyecids have little or no effect at low pll values, The kinetios of

aquation of Cr(H20)53r2+ in the presence of HN02 were studied in detail,
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Reaction retes are firgt-order in /comples/ and /HN0,/ and are proportional
to the reciprocal of /H'/ et high scid concentrations, At lower
acidities, limiting zoic Lebaviouwr is indicateds The possibilitice
of en ion~pair sochanisi or direct alladk Ly o nitrosating species on
the leaving group were oxoluded, and transient uilrito-intermediates,
formed Yy the rapid J-nitrosation of an aquo-ligend, are thought to be
involved in the catalysis mechanimm, Studies of the isomers gig- ond
Szane-0r(m,) ,(1,0)01%" showed thet the aquation of cnly the gip-isomer
is catalysed Wy IND,, indicating thet e gig-helo-nitritochromiwa(IIT)
intermediate is labile with respect to loms of halide don, Possible
explanations for this rphenomemon are advanced, Preparetive work
re-inforces the conclusions derived from kinetic studies, and several
new nitritochromiun(III) complexes are meported.

The acid hydrolyses of mitritochromiwa(III) complexes were found
0 be both rapid and acid catalysed, in contrast o o previous report.
The same rete law is applicable to all five complexes studied and contains
terue in both /i'/ and /i*/°, The rate conctant independent of soid
concentration appears to be very small, A mechonism imvolving singly
and doubly protonated intermediates is suggested. The reactions are
thought $o proceed withoud ohwonium-oxygen bond cleavage because of their
ropid nature, their low AN’ values, aud by snalogy with the formations
of nitrito-couplexes, which are belioved to avoid Cx0 fisaion.

tuch of the kinetic work involved in these studies was carried out
using the stopped~flow methods odifications to a Gibeson-iiilnes
stopped~flou spectrophotometer are desoribed which allow the instrument
to be used with highly scidio and other corrosive polutions.
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and reviewg on the

The existence of many excellent texts
reactions of metal complexes renders unnecessary o complete discussion of
the concepte underlying this field of chemistry. However, certain points
will be examined, insofar as they impinge on the studies contained in
this dissortation.

Harly studies in co~omdination chemistry were rationalised by Wemmer's
concept’? o2 a metal complex, which can be considered as a ocentral metal
ion surrounded by a characteristic nunber of electron-donating molecules
or ions. Ve can consider the metal ion as an acid, and the attached
groups, or ligands, as bases, using the theory of G.N. muuuau-
base character. The themmodynamic stabilities of metal complexes have
been much studied, using Bjerrun's theory of stepwise fommation'd as e
basis. lethods end vesults are well doounemted?® 13 35, oy eppomt
has also been devoted to dynamic processes, especialiy during the last
two decades.

Simple reactions of co-ordination complexes can be assigned to one
of three broad categoriecst

1. Substitution proceases
2+ Redox monéu
3¢ Reactions of co-oxdinated ligands.

The total mechanisn of a reaction may involve processes fitting
into more than one of the above categories. For inastence, an "inner-
sphere” redox reaction involves substitution in addition to electron
transfer. Protonation or deprotonation of a co-ordinated ligand, a
category ] process, often oocurs in connection with substitution,

Also the following reactions

an(n3)5'cn"" ¢ ROy — co(ma);m“" + mio,

night be considered as substitution, since the nature of the ligend ig



totally changed. However, the reaction must be placed in category 3
gince the Co- 0 bond remains intact, as proved by 100 trecer studdes®’.
The formations and dissociations of nitrito-complexes are partiocularly
relovant to this work, and will be discussed in greater detail later.
Another category ) process, the oxidation of a co-ordinated azido group,

is also pertinent to this study, and will be mentioned in due course,
mmamm:mtm.myummm,m&n
not well docunented. Some reviews ave, however, helpfuil® 19, 1,
contrast, redox processes are well reviewed ™ v 20y 21

Teube™ has defined metsl complexes as either "labile" or "inert®
with regard to the rates of their substitution processes. Complexes
whose reactions are complete within one minute, referved to roon temperature
and concentrations of ga. 0.1M, are said to be labile. Other complexes
are classified as inert, though some borderline cases do exist, since the
division is purely arbitrary.

Gross trends in the resctivity of metal complexes can be predicted
by a eimple electrostatic theory, assuming point charges and dipoles, but
subtle variations exist, especially with trensition metal complexes,
which depend on the electronic configuration of the metal ion, the
structure of the complex, and the nature of the ligande. The anomslies
can be largely resolved by the application of the Crystal or Ligand Field
theories, which ave fully discussed by Basolo and Pearson'® °, For
instance, the inertness of octahedral > (e.g. Cr(ITT)), low-epin 4 (e..
Oo(T11), RA(IT1)), and square-planar 4° (e.g. PL(IT), PA(IT)) conplexes oan
be explained using Crystal Pield Theory. Considering Cr(III), on simple
electrostatic grounds, we could comgider that its compounds might be
somewhat more labile than those of AL(III), since both metal ions have
the game charge, but the latter has a sualler redius, However, octahoed-
ral Cr(I1I) complexes experience an extra stebilisation emergy, due to
the orystal field splitting of the d-orbitals. Some crystal field
stabilisation energy will be lost during a reaction in proceeding to



either a five or seven co-ordinate trensition statelo. This effect

enhances the activation energy required for the process, and resulis
in a very slow reaction rate.

Besolo and Pearson'® have extended the nomenclature developed Ly
Hughes and Ingold®> o deseribe different types of orgenic processes, to
facilitate ite application to the substitution reactions of metal
complexess A rather more useful approach, however, bas been evolved Yy
langford and Grey™". They suggest three possible pathweys for a
substitution reaction in solutions

. Dissoeiative (D) M 4T ==X +X+T=IX T + X

Associative (A)s M, + T =, YK T + X

Interchange (I): 1M eesess == MK _iTeeresdX

The interchenge mechanism is visualised as an exohange of ligands
between the immer and outer co-ordination spheres of a complex. The
inner sphere consisis of ligands which are strongly bound to the metal
ion, while the outer sphere consists chiefly of solvent molecules held
by feeble interactions, Non-solvent molecules and ions may also be
weakly bound in the outer sphere. In the D process, bond Lreaking is
the doninant factor determining the energetice of the reaction, while
bond making is important in the A process. The I mechanien wmay be
divided into two sub-categories, I‘ and I'. depending on the relative
importance of bond breaking and bond making in the tremsition state.
The D, Iy I, and A processes correspond closely to the 8, 1 (lim), Sls
s.a.maiz(m)ms,mmw.umwmxom
Pen'nonu.

In both the D and A mechanisus, a definite reaction intermediate
ic euvisaged, even though this may be metastable with respect to
reactants and products, and can celdom be isolated. No detectable
intermediate is postulated for an I mechanism, The course of the three
reaction schenes can best be illustrated using the familiar transition
state theory free energy versus reaction co-ordinate plots (Pigures 1 and?2).




FICURE 1

Free energy profile for both
A and D mechanisms
Reactants, MX + Y
Intermediates, XMY for A process
¥ 4 X4+ Y for D process
Products, MY + X

FIGURE 2

Free emergy profile

for an I mechanism
Reactants, X + Y
Activated complex, Xeeeooleeess?f
Products, MY + X



ENERGY

FREE

FREE ENERGY

REACTION COORDINATE

REACTION COORDINATE



The gubstitution reactions of octahedral complexes usually prooceed
W o dissociative mechanisn, while those of couplexes baving a lower
co-ordination nuuber normally involve association. Some exceptions to
the dissociative rule for octahedral complexes have recently come to
light, notably the work by Teube and co-Workers-' on the reaction of
5O with Ra(¥¥,)c*. Associstive character in the reactions of sose
or(111)?, Ra(111)%°, and Pe(11)27 conplexes has been suggested. The
wore open structure of complexes with co-ordination numbers less than
gix is believed to encourage associative processes, though nmc
hindrance cen sometimes prozote disseciative activetion'®.
' The chief line of evidence for a dissociative mechenisn in the
subgtituiion reactions of cctahedral complexes is the lack of dependence
of the reaction energetics on the extering group, with the notable
exception of the hydroxide ion. Subsidiary criteria arise from the
decrease of the reaction rate with inorease of the charge on the complex,
the increase of rate with steric crowding within the complex, and the
close correlation of reaction rate with leaving group binding, The last
futormhuthﬂlutmtﬁ\vmotlmm‘mmﬂm&,
e,gs for the process:

Coliliy)g X 4 Ep ——= Colliy)y KoY + X°
If the mechanisn of the acid hydrolysis, or aguation, is identical for
different ligonds X~, then AGY will correlate linearly with AQ°
for the reaction, Hence a straight line plot should be obtained for
log k (wheve k is the rate of aecid hydrolysis) versus -log Q (where Q is
the formation equilibrium constant at the sane teuperature, expressed in
ternms of concentration rether then activity). luch data is available
where X is a monovalent anion and, indeed, & good linear relationship is
observed (Pigure 3)2%, loreover, the slope of the line is acourately
1.0, suggesting that the environment of X in the transition state, beare
a great resesblance to that in the product, as expected for a dissociative
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Plot of log, k (acid hydrolymis rete) versus
=100 (formation constant) for
acidopenta~ammineoobalt (III) complexes.
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procesg. A similar free energy relationship is obtained for the equation
of scidopenta~aquochroniun(III) complexes™ ., However, the slope of the
line is only 0.56, which suggests that the leaving group is not completely
dissociated in the transition state.

The anomalous effect of hydroxide ion in substitution reactions at
octahedral centres has caused much controversy. The base hydrolysis of a
complex in agueous solution, despite being first order in hydroxide ion
concentration, is now generally accepted as involving a dissociative
conjugate base mooh-ninmn, rather than an associative process. There
are several lines of evidenoe,'® 32¢ 33 put perhaps the most persuasive
is the work on reactions of the types

gig~ or irame- co(a)zl.‘l" + O —> co(cn)alm'“‘ ¢ X
The values of the isomeric product distributions and the fact that these
values do not depend on the nature of the leaving group X empport a
dissociative mechanism involving a trigonal-bipyramidal intermediate. The
work has been reviewed hy Basolo and Pearson'’, A conjugste base
mechaliisn is normally only important at high pH for ammine or amine complexes.
However, the presence of more acidic groups in a complex, such as the aquo-
ligand, often renders the conjugate base mechanism significant even at a
quite high acid concentration. To quote an example relevant to this study,
the aquation of the bromopenta~aquochromium(III) ion involves a conjugate
vase path contributing 24% of the observed rate st 318 K, in i /i'7 34,

Acid hydrolysis reactions of ectahedral complexes are normally pH
independent, providing that the solutions are sufficiently acid to ensure
that conjugate base formation is negligible, However, strongly basic
ligands can sometimes be labilised by protonation, resulting in acid catalysis.
This effect has been observed in Co(IIT) and Or(III) aystems 4 jnvolving
such ligands as <05, ¥, N,") 507 4 and ~ON", In this study, the
dramatically acid catalysed aquations of Q-bonded nitrito-complexes of
Or(I1I) ave denonstrated, and further discussion on this topic will be
presented later.



That the substitution processes of octahedral complexes usually
involve dissociative control is not too difficult to demonstrate, but
the distinction between a2 D and an Id mechanism, in the absence of an
isolable intermediate, is by no means straightforward. The distinction
is particularly relevant to this work since the question of the existence
of the five co-ordinate intemmediate cr(nzo)53" provided the initial
stimulus for this study. C.H, lLangford has been particularly active in
defining criteria to distinguish D and I, mechanisns® and in reviewing
the related evidence=®’ °! 421 43, gy yy capeble of detection, an
intermediate must be able to exist for a sufficient time to diseriminate
between species in the bulk solution, or, at the very least, survive
rearrangement of its solvation shell to selectively react with a species
in the outer gphere., Hence the intermediate must be stable enough to
withatand several collisions with solvent and other non-reacting molecules.

There appear to be two general methods of detecting intermediates of
reduced co-ordination number in the reactions of octahedral complexess

(a) Kinetic
(v) Stoicheiometric

A good example of method (a) is the now clagsical study hy Haim and
Wiinartns 45 on the enstion of Co(aN)oH,0% by N, end SN, A gemuine
D process would lead to the following mechanism for the anation reactions

Go(ﬂ)ﬁoa' - N . co(w)sa' T X
k,
co(a)g>™ + X" ky—> Co(a) x>

This mechanism would exhibit the following rate law:

ke = BT [T+ k)
1¢ /X7/ were large compared %o k,/k,, @ rate independent of /X7/ would be
expected, Bvidence for a limiting anation rate at high anion concentration
was indeed observed, the caloulated value of which was independent of the
identity of the anion, but agreed very well with the water exchange rate
determined by an 1% trecer method. Since ion-pairing would be unlikely,



dao to the like nature of the cherye on both complex and substitubing

enion, on intermedicte oust be forwed during the resction which exdste
sufficiently long %o disorimimnte in fovour of embry of s sajon, end

agndnst the re-cutyy of o molvent molecvle. Similar kinetic evidonoo
suppords the axiotenoce of olher five co-ordinmte intermediates, such oo
Nm‘?')‘m;’ “t ﬁu(m‘pg" nf and mlg- 48.

Kinetic evidonos for an interchange mechanion is often obtaimed in
the rates of formiion of complewss from solvated wetal doms, ®3t 4¢ one
sommos that Fisents cuten-cobese anscoirtion nectrniza®® 1o oporative,
Conpidor the following gousinl scheues

q*r‘ i “m?oooooox’-
#nn-o"- —j——> .h-l X("’)’

I 2, 45 canll, thea kK, = Kk, A imowledge of the oubar-splare
associztion constent K, will ensble an estimstion of k, %0 be made, In

o mjority of cases, valves of i, are found to be of tho same megaitude as,
Tl scassdint loas than, tho yute of volvent oxchange. This 18 underwtands
able if the tremsition stote involves the intorchange of o noneselected
epecies, sinoce the chamoo of imcorporation of o reagent rather than o solvent
molecule is purely dependent on their relative population in the outer epheve.
mwgmmmmwm«m(ms)ﬁoﬁ,m
M“’g“ﬁ)g"nodﬁﬂﬁﬁv"”waﬂwuﬁ,ﬂﬂ

end ST, In All eascs k, wme found %0 be Letweon 57 and 257 of the water
mmmmh:‘m

Stoioheiometrio nethods deedgned to deteot intermeldiastes Luve been of
two Lindo
Le Computition oxporinents in which o solootivity factor i dotermined
W a comparison of the proporticn of products formed in the yeaotion
with the proportion of emtoring groupe present in the origimal
solution.
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2. Demonstration of a common intermediate by obiaining identical
producte fron the reactions of a wide range of Precursors.

lothod ) has been used in the current study snd further aspects will be
discussed later. As an example of Nethod 2, Loeliger and Paube’> have
tabulated results from their oum and earlier studies of the Hg®' and
50" induced aquations of gig- and yreme-Co(en),01," , Colen), (i),
Co(en) 8,01, ™, Co(en) J,001%*, Colen)H1,0 Br**, Co(em),01 Br", and fzene-
Co(en) .01 H," ions to show that the retio of gig and fxang products is
independent of the leeving group. Sargeson and co-workers” have extended
the above study to optical isomers and obtained evidence for a trigonal-
bipyrenidal intermediate. Relevant evidence from the base hydrolyses of
Co(I1) complexes has been mentioned abovelS,

Perusal of the review Yy Huetterties and Schunn’> shows the desrth of
stable five co-ordinate species, with the exception of organo-metallic
conplexes, Other exanples involve ayanide ion as & ligand (s.g. Oo(an),” ,
m(w)s*). These facts could indicate that meacceptor non-labile ligands
nay be important in stabilising a five co-ordinate interediate. Other
pentaco-ordinate stable species have been prepared using streined or
sterically hindered ligands, Deanmples inolude high-spin complexes of
divalent metol ions of the firet trensition series prepared by Cimmpolini®®
using methylated tren and dien ligands, A five co-ordinate intemsediate
could be favoured if the solvent were a poorly bonding species™C. Also,
if a negatively oharged conplex were imvolved, solvent molecules in the
outer sphere might not be oriented correctly for interchange and outer sphere
rearvengenent oould be necessary’’, The above lines of evidence sugur
mmmaor(xzo)s:’*ummu. However, a steble five
co~ordinate complex of Cr(III), cae13(m.3)z. has been prepared by Fowles
and Green’ ', go the investigation of the penta-equo intemediate was thought
%0 be worthmhile.



"

The general associative nature of substitution reactions of the inert
PL(1I) complexes has been well documented™®® 23, and pentaco-ordinate
intermediates or transition ctates are envisaged. The nature of the
entering group is of similar importance o that of the leaving group, and
themtmofthajmnm«laulcliandalmm.mmmdw
reaction rates. The kinetic $zrans effect has been asoribed to the ability
of the ireng ligand in ptabilising the five co-ordinate intermediate or
transition statel® 24,  py(II), o soft acid, forms nove stable complaxes
with soft Weses, hy Pearcon's hard and soft acids and bases theory (HBAB)Z197,
A conparison of & 1ist of soft bases” " and the onder of §rens effect
ligands®® showe o definite tendency for such bases to be high in the fzans
effoct series, It would thus be not wareasonable to predict that stable
five coordinate complexes of Pt(II) should exiet, and several have indeed
boen isolated?”, Of particular intevest is the trigonal~bipyranidal species
n(wg)s?“.mmumwmmmmm
The comperative failure of ligands in octahedral complexes to show trang
offects has been discussed by langford and Stengle’’. Emanples have been
reported, however, such as -80,% in frane-Co(L,), X 50,™ (wheve X = M,
d",sﬁ'.-m;; n-loro)“. t‘uor(xzo)sxa"s",m.mo:
Mum(m)omm“.

The absorptions of enemgy in the visible region of the electromagnetic
spectmun which characterise transition metal complexes are caused Ly
eloctronic transitions between metal ion d orbitals of diffevent energy.
Such aboorptions ave week, since the trensitions are laporte, and sonetimes
oven spin, forbidden, and are broad because of coupling with vibrational
levels, the non-gymmetric modes of which cause the slight Ureakdown of the
seloction rules. Photonetry has been extensively used in this study for
following the reactions of trensition metal complexes. This nethod possesses
the major advantage of being non-interfering (in the absence of photocatalysis),
and the poseibility of the elimination of conflicting reactions by a suitable
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choice of monitoring wavelength is aleo useful, The opportunity of being
able to scan opectra during a reaction confers the following additional
benefitas

(a) It is often possible to identify products and even internediates.

(bt) The presence of imosbestic pointe indicates the "clemnness" of a

reaction,

A neasure of the crystel field splitting paremeter, /\(the energy
aifference between the t,, end e levels in an ootahedrel structure), for
o certain corplex can be deduced from its visible spectrum if corrections
are applied for the change in averege interelectronic repulsion caused Ly
the transition’®. /\ Values observed for different ligands bousd to &
typical metel ion inorecse in the following ordert

f<m-*<cl'~-éur'~n‘3<f<od’<-mo"

4320<-m‘<m3<m~-eo’;<-m2‘¢m<w;<w'
This is an ewanple of a spectrochemical series. The placings above are not
identical for every metal ion, though the order is usually very similar,
A different popition in the above series to that generelly accepted has been
found in this stuly for the O~bonded nitrito-ligand when bound to Or(11I),
This anomaly will be discussed later.

The spate of rate data published on labile systeme during the last
decade has been due primarily to the developnent of the necessary rapid
reaction techniques. Conventional methods, such as the classical technique
of sampling, quenching and analysing, end the menual uses of photometry,
electronetry, and polarinetry, still have their place, however, for the
study of inert gystems. Repid reactions cen occasionally be rendered
suitable for study by conventional means Yy cooling to low teuperatures or
by the use of very low reagent concentrations.
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Repid seaction tochniques have been exvellemtly reviewed® ™, The

various methods foll ints two general categorics:

(a) Those in which mixing of reagents is involved.

(v) Those utiliming a stetic sample.

Due to the dead-time between nixing reagents and being able to observe
the reaction, the mixing techniques are limited to processes with half-lives
of approximately > 4 me, The techniques using & static sexple have no
such linitation and half-lives down o nanogecond values can be measured.

Relamation methods, ploneered Yy Eigen and his co-workers >®, involve
mmnu%;mor.mmnmmmumm
of the subsequent re-equilibration, The disturbance may be applied in the
forn of a mingle pulse, az in the case of the temperature=~, pressure~, and
slectric fisldw, jusp methods, or periodically, by mesns of ultzascomic
waves oF & hizh frequency altemating electric field, Providing that the
ingulse does not greatly disturb the equilibrius, the relamation process is
fivet onder, irrespective of the molecularity of the resction, and can be
selstod fo the Tetes of the forwand and reverse resotions® b, %,

Relaxation wethods have proved especially useful in the study of the
fomation and dissociation of labile couplexes, the tempermiure-junp
technique enploying photometric readout baving, perhape, the widest
applicstion. The origisal jouls hesting apparetus of Bigen®’ is inited
to stulies of relexation $ines of about > 1 us in conduoting solutions.
The uge of lasersy 0% T* and ispwoved nodes of joule heating' " can exbend he
%ime limit well into the nanosecond region, while both laser and niovovave =
heating are applicable to non=conducting solutiocns.

The ultrasonic perturbation method hos been used to detect outer
sphere nssooiation equilibris ococcurring in 212 electrofyte aystens, e.g.
the sulphates of divalest mebel dons'’ 3%,  E5R has also been used to
detest outer spbere sssociatdon, eege with Ox(1,0)c> .  However, the
greatest upe of e radiofrequenqy speciroscopy uethod in the study of metal
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conplex reactions has probably been the deternination of solvent exchange
retes by the IR lino-brosdening technique. A recent Teview - presents
the theory of the method and the resulis published to date.

Rapid photolytic and elootrochenical methods of studying reaction
mm,m.mmmmmm.mmm
extensive applicetion to metal complexes, though some polarogrephic
investigations have been reported’>®,

mmmmm_mumwmw«
only to systems possessing viable equilibria. For processes with a large
equilibriun congtant it is usually impbssible to arrange the conditions
guch that a perturbation will produce a measurable change in the concentr-
ations of the species present, lethods using mizing of reagents do not
puffor fron this disadvantage. In addition to irreversible reactions,
oquilibriun relaxation can be studied Wy means of a mixing technique, using
o concentretion—junp method 4, for emmple.

A gimple nixing technique is the injection of one reagenmt into another
by means of a hypodemnic syringe. However, the nixing efficiency is low,
and the awthor has found that the dead~time is of the order of a few
seoonds for the addition of one reagent to an equal volume of another
situated in o square section spectrophotometry cell, Efficient mixing in
a short time interval is best obtained by means of a flow method. The
two resgent solutions are forced along separate narrow bore tubes, under
turbulent conditions, into a mixing chamber, Obsesvations on the ensuing
reaction are made in the exit tube from the mixer. A variety of
techniques have been used to detect the progress of the reaction including
photonetry, conductivity, temperature and pH measurements. Alternstively,
the mixzed solution may be quenched by addition to a thind reagent, or Yy
repid cooling, No special detection equipment is required for quench flow,
ginoe the samples can be analysed at leisure and the extent of reaction at
the point of guenching established. lany factors influence the efficiency
of flow equipnent (e.g. flow rete end the sensitivity of the detection
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systen), but none is perhaps more eriticsl than the perfommance of the mixer,
into designs of which hos gome much effort end ingemuity v 67,

Mo original apperatus of Hartridge and Roughton'® wes of the
continuous-flow type. Using this mode, solutions are driven continuously
through the aysten by gas pressure, while meaguresents are made at intervals
along the length of the exit tube to establish the extent of renction at
different times after nmixing, Altematively, observations are nade at one
point and several mune are carried out using different flow rates.
mﬁmwammmmwmmwmﬁm.m
Beclmann gpectrophotometer as the detector., IMotor driven syringes, firet
introduced Yy Dirken end Yook! |, ave now generelly used to deliver reagents,
Continwus~-flow is a comparatively simple technique in that repid response
detection is not required. A dead-tine of the onder of % ns can be easily
achieved and the utilisetion of very sensitive observation wethods permite
high accurecy and the use of dilute reagents. large volumes of reagents
mist, however, be consuned, which is & greve dissdvantage for many chenieal
ayctens.

mmmmmtormunm.wmmm,omw
bosane Peasible. Chance's accelerated flow apparatus'® was developed so
that small volumes of reagents could be used. Reagent solutions in smeld
ayringes are dischanged through the flow systes by o sbarp .anual push.
Photonetrie detection is explayed in one position directly after the mixer
and the light intensity is displayed sc the Y-deflectdon on an oseilloscope
gorecn. The flow rate varies during the run, hut is sensed fron the movement
of the driving syringe pistons and displayed as the X-deflection on the
oscilloscope. The spot is photographed treversing the omcilloscope soreen
and the trace is analysed to detemmine the rete of reaction. This method
poasesses no particular edvantage over the siupler stopped flow technique,
vhich has largely superseded it.

The stopped~flow technique (SF) hao quickly developed into perhape the
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mogt populer fast reaction research tool, and has been extensively used in
this study. A manunl, motor, pnematic or Iydraulic drive forces the
reagents out of ayringes and repidly through the flow gysten., VWhem
sufficient volumes (ca.d nl. $otal) of fresh recgont solutions have been
delivered to purpe the mixer and observetion ube the flow is sbruptly
arrected. The whole course of the renction can then be chbeerved in a
shatic serple at o poirt imedintely sfter the rizer. The rethod was
#iret desoribed by Ronghton ', improved by Chence™, and finally perfected
ty Gibaon®l,

A midtitude of designe 57221805 Lo op eruiprent have been deserived,
with dead tizec of between two and fifteen rilliseconds betwsen miming and
the initis] detection of the resction, The tive resslution of SF is thue
not quite as good no that of ecortimwous flow (CF). A recent design Yy
Borger®, however, nses very high driving pressures and specia) valves o
arvest the flow. It ir olaimed thet reactions with half-lives of less than
4 mg can be pbudied using thie apperetus. An insbmument capable of working
ot very low temperatures has been described by Caldin®!, ond prowises to be
& vseful developrent of the SP techmigue. An improved version of Caldin's
appevetus, constructed of completely inert materisls, is currently being
developed inthis Depertront.?

Mery hybrid designs have been publighed, incorporeting SF with snother
ropid reaction techmique. Twarples include the ST/terperaturo~jump
ingtowsent of Brwan and HarmosS?, and the flow/flash spperetus of Gibson
and Oreemood ™,  Current dvances in SP technology include the applicatieon
of oneline conputing®®® 100 oon the rapid ealevlation of rete date, and
ropid scemming spectronetry, to obtain the spectra of transient
smtermetiatos®,

Flow techniques were developed originally by physiologists and biow
chenists, bt their rapid adoption Yty inorgamic cheriste during the last
fifteen years hae vesulted in o wealth of rote data on the reactions of metal
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complexes which is too vast to catalogue. The recemtly institubed
conmercial production of various designs of SP equipment hy the American
Instrusent Co., Inc. and Durrun Instrusent Co. camnot but encourege even
greater expansion by making the technique widely available.
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Sods
(2)

muawmmmmmmamummm
wwmmwsimm:m“,wamMth
have been mede. The plan and elevation of the design are showm in
Pigures 4 ond 5. As supplied Ly the University of Sheffield woricshops,
the flow umit wos constructed of stainless steel which was found fo be
abtaclked by the high perchloric acid comocemtrations (< 2i1) used in soume
cxperinents, To avoid contamination of the solutions hy dissolved
metal ioms, the whole flow gystem between the driving myringes ond the
KeleP nivers wog rebuilt in inert materials., The stainless steel
observation tube, 2 om long and fitted with quartz windows, was, however,
retained due to the difficulty of producing ome sufficiently robust ond
efficiently thermogtatted from PITE, The short time thot the miwed
solution vemaing in the observation tube during the reaction is scarcely
long enough for pignificant comtamination to oocowr,

The delivery block (M in Figures 4 and 5) was replaced by one of
jdentical design wede from glasp-filled PIFE, The new valve block
(X in Figures 4 and 5, shown in detadl in Pigure 6) consists of & glags-
£illed PIFE core surrounded by a stainless steecl box section. The bolts
retaining the valves are screwed into the stainloss steel, but all
golution patlwoys and valve seats are mochined in the PIFE core. The

memdﬁt&mumwu&. dinphregn valves
being used, This %ype of valve hac the following sdvantages over the
plmger valve @
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SECTION C-C SECTION A-A

.

SCALE: - '

STAINLESS STEEL

\] GLASS FILLED PTFE.

w= O-5mm PTFE. SHEET SECTION B-B

DIAPHRAGM VALVE BLOCK

EIGURE . 6
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{a) There is no initinl resistance to £low.

(b) The solution displacement volume is very low.

(¢) The poseibility of solution leakege into tho body of the

valve is reduced,
"Bounce™ of the diaphregns on stopping the flow doos not appear to bo
a problem if sufficiently thick (ga. 0.5 mm) PIFE shoot is used. The
stainless steel bodics of the walves are rogularly lubricated with
silicone grease to promote smooth operation and inhibit corrosion hy
proventing the ingress of thermostatting water. The valve diaphregns
need o be replaced ouly very rarely. Driving syringes are of the 2 nl
Drerett "Record" type with PITE tips replacing the original metal fittings
(Figure T)e Olase pistons are used, consisting of the ssumeoff eud
section from an Dverett 2 nl alle-glass gyringe into whioch a stainless
stool shaft is "potted” with silicone rubber (Pigure 7).

To minimise vibretion the flow wnit is moumted on a heovy uteel
plate fitted with four levelling screws. To the side of this plate
an optical bench is fimly attached on which are mounted the light source
end momochromator, The signal from tho photormltiplier is taken to the
osoilloscope vie an emitter-follower oirouit (Figure 9), constructed by
the authors I om indebted to Dr.J.P.Candlin and the HMoeotronics
Dopertment, Petrochemical and Polymer lLaboratory, 1.C.I. Ltde, Buncomn
for this design, The anode current of the photormiltiplier is momitored
m%mx,umm»namhmma
R/C filter, The circuit also generetes an adjusteble "backing-off™
voltage which is applied to the socond input of the osoilloscope
differential amplifier,

Peripherel oquipment used with the stopped-flow wait is listed below @

Qmoillopeope  Tekibronix storege 'scope, type 564, with 2463

differentinl amplificr ond 2B67 timebase.

Photomitiplior LI, type 95298 (quarbs end window), ALl

dynodes are utilised, comnected by 100K resistors.
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DRIVING SYRINGE ¢ METHOD OF LOCATION
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OSCILLOSCOPE TRIGGER CIRCUIT
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Enitter—follower circuit used with stopped-flow instrument.

N"!IN"OON>

Input from anode of photomultiplier,

Signal output to oscillomcope.
"Backing-off" voltage output to oseilloscope.
Switched bank of capacitors, 0.1 - 1004P,
Ton-turn helipot.

0 « 25 uA moter,

1 = 4, type 20z 11,

343V gener diode.
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intensity greting (180 - 700 na, Catalogue Ho. 33-86-07) and

ad justable slite.
Light Sources UsVe = Bousch and Lonb 45V deuterium lanp.
Vigible - Omram 200V quartz-iodine lamp.

UeVe lamp « 0,61 constent current
stabiliced, built by the author to the design of Gremson Ilectronics
l4d, Visible lomp - 84 congtont current ctabilised, built by
the cuthor from a module supplied Ly Crenson Llectronics Lid..
Ogeillogoope Trigger Extemal, Ly means of a nioroswitch fitted
to the stopping-block (U in Pigures 4 and 5)s A simple circuit
Wa»mmm“mmmw
is shown in Figure 8.

Ogoillopoope Comers Telford type A, using Polaroid 46-L twenc-
parency £ilm.

Syxinge Drive Ametrong hydreulic, master wit decoupled to reduce
vibration.

Thermostat Irtemal bath. A pump circulates thermostatiing water
around the flow unite. Temperature renge 273 -~ 323 Ko  Stability
40,1 X, Flushing of the light path with dried sir is euployed for
tenperatures below the dow point,

(v)  Pexforwence ond Operation
mmmmwmm«mwmu

mm»wammmmm. The
mechenicol and hydreulic porformance appears to be unchanged from that
of the originel design®™, Pirst-order vetee of up to 150 s™* have bean
succesefully meagured, A typicel set of oscilloscope traces and the
corresponding yete plots are illustrated in Figure 10, which shows the
exoellent veproducibility sttainsble. The mochine was chedked for 1 : 1
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EIOURE 10

Upper - photograph of oscilloscope screen

showing four oconsecutive kinetic runs,.

Sensitivity 0.1V/division. timebase 20 me/division.
Lower - computer plotter output

showing the rate plots of the above runs.

Computer progrem RO26/01 (Appendix 2).

The reaction portrayed is ¢

cr(nzo)suf' + W0, + U ey Ox(1,0) > + W0 + W,

[Complex] ga 5 % 10™M [57 = 04501
[@m0,] = 04,018 /o177 = 0,021
I=1.0 (wm‘) Temperature = 298,1 K

A= 272 mo Honochromator exit slit « 04 mn
Photomultiplier voltage = 568V PFilter time congtant « 1 me.
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wixing and found to be satisfactory., Outgassed solutions were not
required in the kinetic determinations reported in this dissertatioan,
probably because all SF runs were carried out at, or below, ambient
temperature. lio evidence of cavitation was observed, The two reagent
solutions were prepared with equal ionic strength whenever possible.
Since it was found possible alwaye to use transparent solutions giviag
a large change in transmittance on reaction, noise on oscilloscope
traces was never a problem, and reaction rates could be ealeculated with
precision (+ 17)s A low range of photomultiplier anode current wes
employed to ensuve linearity (0 = 10 wA = 0 « 100/ transmittance).
lonochromator exit slite of 044 «~ 1,0 mm and photomultiplier voltages
in the range 500 « 700 V were found to be convenient, When using the
R/C filter to reduce noise on treces, care was talken that the time-
constant applied did not exceed 57 of the half-life of the reaction
being measured, to ensure that no distortion of the traces ooeunodu.
To avoid the risk of obitaining erromeous rates due to machine trouble
or following o side reaction, optical dempity ohanges were calculated
for every run, The changes were compared with those expected from
the known extinction coefficients of reactants and products, and any
runo for which the changes did not tally were rejected, The amplifier
sensitivity and timebase of the osecilloscope were calibrated using the
intemal standard,
(e)  Calculation of Results

Two to four runs under the same renction conditions were recorded
on the oscilloscope screen, with a small vertical displacement between
each one (Figure 10), The sereen was photographed end the resulting
transparency projected by means of a photographic emlarger. The
reaction curves were traced onto graph paper and reduced to sets of
(=) oo-ovunttu by menual measurements. The gete of co-ordinates
together with factors to convert x to time, end y to trensmitiance



values were analysed by computer using program R025/01 (Appendix 2),
The computer program carries out the following operations @

(a) Conversion of transmittamce to absorbance values,

(b) Linear least-squares detemmination of the best straight line
fit toaplototln(nt-nw) versus ¢ (mntmnm
are the absorbances caleulated for times ¢ and infinity,
respoctively). Tor a first-order reacticn
ln(n‘-nm) = =kt + ¢

(¢) Print-out of the rate counstant, k, with its associated error,

(d) Presentation of the rate plot derived above Ly means of o
digital plotter aocessory (eee Figure 10 for an example of
thic output),

The rate plot of every run was exanired since it was found Ly experience
that quite marked curvature could be exhibited with little effect on the
magnitude of the caloulated error. The resulis of any runs showing
curved rate plote were rejected,

2.2, Spectrs
(2)

o ond Visible Regioms (200 - 700 num).
Stoppered "Speotrosil” square section lom pathlength, or cylindrical
2, 5, and 1l0cm pathlength cells were used as appropriate, A Cary 14
recording spectrophotometer was employed for all spectra, which were
determined in aqueous solution at room temperature againet a woter blank,
unless specified othorwise. The sample and reference compartments of
the Cary 14 could be thermostatted in the range 273 - 323 K. At

temperatures below the dew point the optical pathwaye of the instrument
vere purgod with pure, dry nitrogen,

(¥) LB Region (4000 = 250 on™h)

A Perkin-Elmer 457 recording infra-red spectrophotometer was used.
Spectra were recorded with samples in the form of XBr disos, except on
& fow occasions when Mujol mulls between Csl plates were employed.,
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Photometric kinetic determinations were performed using ome of four

techniques, depending on the half-life (t_,g of the reaction studied @

1. %3 <1 minute, The stopped~flow method at fixed wavelength
u;suad,uummm.

2. 1<t < 30 ninutes. The Cary 14 spectrophotoneter wes
utilised. The reaction was initiated by the addition %o o
prothermostatted solution in a cell situated inside the
instrument of, either a mmell solid sample Ly means of a glase
peddle, or another solution from a myringe. A thermostatied
Jencons "Repette" syringe was employed to add the reagent
solution, and usually & volume of 1.6 ml was injected into an
equal volume in a 1 om pathlength cells The syringe was
Pitted with a specially-cede PITE needle, which passed through
the 1id of the sample compartment of the spectrophotometer,
right dowm into the ocell, but keoping well clear of the light
beam. Using this device, asccurate 1 ¢ 1 mixing could not be
relied on, 5o solutions were analysed after the reactions were
complete (e.g. for /ii*/). However, both reagent solutions
were prepered having the same ionic strength (i.e. 1.0), o
errors in this paremeter were climinated.

Reaction rates in this time renmge were usually obtained
at fived wavelength, Ileasurements were mode continuously
using the length of the chart paper as the time scales When
the reaction appeared to be nearly over (> 907 complete), the
cell was withdresm from the light beam, and the absorbance then
checked only occasionally until there was no further change,
when the final reading was recorded.

e 30«:1%_.:200% The Cary 14 spoctrophotometer was
agein employed, However, solutions were now prepered remote

29
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from the instrument, added to a cell and allowed to thermostat
inside the sample compartment for gcg. 15 minutes before
commencing observations. Speotra were scanned at measured time
intervals, the somple being wemoved from the light beam in the
intervening periods in oxder to reduce photolysis, which is
lmoun? to coour to a slight extent with Cr(ITI) complexes, %o
a minism, Reactions were followed until there wos no further
change, or until spectre failed to intersect the original
isogbestic points,

4 1%>200m. Reactions were followed at fiwed wavelength
using a Gilford "2000" Multiple Sample Absorbance Recorder
fitted to a Zeiss !4 QII monochromator. The sample compartment
of the instrument can be thermostatted in the range 293 - 323 X,
The sample changer holds four lom pathlength cells, and was
programmed to record the absorbanoce of each every 15 minutes,
Since the instrument operates in single beam mode and observ-
ations were carried out for long periods (up o three days), o
blank cell was always inoluded during kinetic runs so that the
effect of drift could be allowed for, In the interim periods
between readings it was arranged that the blank cell occupied
the position in the light beams Hemce the reacting samples
were exposed to light only for a fow seconds every 15 minutes,

The above teclmiques were not adhered to rigidly in the time renges
quoted, Indeed, some deliberate overlap was introduced to ensure that
reaction rates were not affected by different modes of meapurement. In
no cage were disorepancies observed grester than the limits of exper-
inental error,

All kinetic experiments in this work were carried out at a constant

ionic strength of 1,0 using added sodium perchlorate, except where other-
vise indicateds Pseudo first-order conditions were employed, [Iirgt-
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order rate oconstants from conventional photometric measurenments were
caloulated using computer program R001/02 (Appendix 2), which performed
an unweighted linear least-squares best £it to a plot of values of
].n(l)t - Dm) versus time. In circumstances where it was impossible
to obtain a valid absorbance reading at infinite time (e.g. because of
a subsequent reaction), a value was estimeted using the method of
Swinbomngs. Computer program R001/08 (Appendix 2) was used for this

Computer program R002/06 (Appendix 2) was used for the calculations.
The Arrhenius factors, I, (activation energy) and A (frequemcy factor)
from the relation k-am(-x./m)mmmsm
least-squares best fit line to a plot of weighted walues of In k versus
/7. Values of AH' and AST from the transition-state theory
equation, k = KT/heexp(A8t/R)exp(~AH'/RT), wore dorived for 298.1 K
by means of the relations @
AR =B «&F
ASY = R(In A - 1a(cr/R) - 1)
These equations epply for both wni~ and bimolecular reactions in solution>C,

2.5 Ireatment for Eeror
All ervors quoted in this worlk are of one standard deviation. Data

(vhere appropriate) was weighted by the reciprocal of the equare of its
agsociated error, The formulae used in calculations and computer
programs aie 0 be found in Beers’ momograph’l.

2464
(a)

mz. m3, and NaCl standard solutions were prepared by weight

from dried A.R, materials.



Reerystalliced G.P.R, material was useds A solution of approx-
inately the required concentration was prepered, then etandardised
argentimetrically by a volumetric method employing an absorption
indicetor o

()

Standard sodium perchlorate solution was prepared by carefully
neutralising o solution of A.R. sodium carbonate with A.R. perchloric
ooid (607)s Sauples were analysed hy evaporating sliquots at go.
390 ¥ and weighing the solid liaCl0, residue,

(4)  Pexchlomic Acid
Diluted A.R. perchloric acid (607) was standardised by titretion

with 1M NaOH "Voluoon™ reagent.

2.7. Apelyses
(a)

Solid samples were agsayed by a commercial amalytical service,
(v)  Chromiws

mmmwwuuwm(%-mo
et 372 nm), after alkaline oxidation with hydrogen perexide, A Pye-
Unicam SP500 spectrophotometer was used for determining absorbance
readingse

(e)  Sulphate Ton
80 4" was analysed gravimetrioally as mo4.
()  Hitrite Jon

Two methods were used 1
(1) n iodometric tecknique was employed in the earlier parts of
thie work, The method was that of Rao end Pandalai®®, as wodified
ty ree gt g1,

(11) A photometric method was later found to be move soourete and
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convenient, This involved the diagotisetion of sulphanilamide
and coupling with Ni-(1-naphthyl)ethylenedismine”, Two solutions
were prepared :

A. 1l.0g sulphanilamide in 100 ml 207 HC1.

3. 20mg 1= { Y=naphthyl) ethylenediamine hydrochloride in

100 ml water (stored in s darkened flaslk),
To & fow ml of nitrite sample (containing os. 1071 mol) were edded
2 ml of solution A, 1 ml conce HC1l, and 2 ml of solution B, and the
volune of the whole made up accurately o 10 ml, The colour was
allowed to develop for 20 - 40 mimubes in the dark, and the
absorbance of the solution determined in 2 1 om pathlength cell at
540 nu, veing an SP 500 spectrophotometer, The nitrite concent-
rotion in the 10 ml test sample was ascertained from a calibration

graph (Figure 11),

(e)  Chioride Xon in Solution
Chloride ion concentrations weve detemmined potemtiometrically

using a solid-state chloride ion selective clectrode (Orion type 96~17).
The electrode containe ite owun reference and was coupled to a Radiometer
model 4 pii meter, used om its millivolt range. A plot of potential
versus log/C17/ was found to be linear in the concentration renge

2 X 20”2 to 10™ki, with the slope of the line solely defined by the
tenperature of the measured solution, However, the position of the
line with respect to the potemtial axis alters with the concentration
and nature of the other species in solution (Figure 12). Thus the
electrode was always calibrated using solutions with the same beckground
composition and temperature as the waknown.
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TIGURE 20

Calibration graph for the estimation
of nitrite ion by the photometric method.
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THE OX P

A PENT. : 5
AND CONPETTIION EXPERIVENTS DESTGNED
T D A C
3.1 Istroduotion

Competition methods for detecting intermediates of reduced co-
ordination number in the rections of octahedral complexes have been
extensively applied in recent years, chiefly to penta-ammine complexes
of cobalt(III). The gemeration of an intermediate has been sought in
both spontaneous and induced dissociations of ligands, As outlined in
Chapter 1, for detection a five co-ordinate intermediate must exist long
enough to be discriminating in its subsequent reaction. Thus, if two
species, Y and 7, are present when an intermediate is generated with
which they are able to react, the following competition ensues @

HLS + X % > HLBY
k

il + 7 " > HlgZ
A discrimination, or fractionation, faotor can be defined as
P = [iLeY//2]/ /i3] /Y viere [NlgY/ and [Nigz/ ave the final
concentrations obtained, and /X/ and /Y¥/ are both in large excess over
ﬁ"’5]' In kinetic experiments, as desoribed in Chapter 1, P = k’/k'.
A constant disorimination, or fractionmation, factor should be obtained
for a wide range of leaving groups and methods of gemeration, for the
existence of a common intermediate to be indicated in a particular get
of reactions, In this chapter, "disorimination" will be used when Y
is an entering anion and 7 is solvent, while "fractionation" will mean

competition between two isotopically or chemically different solvents.
X will represent a leaving group and L a non-reacting ligand,
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Posey and Teube’® compared the 1,"%0/1,"% proportion in bulk
solvent with that obtained in the products of the induced aquation
reactions of co(xm3)5x2" (X" = €17, Br", I") reacting with Ag*, Hg>*,
and T13*, Using Hg®* o comstant frectionation factor favouring 52160
incorporation was found for all three complexes, and the authors postulated
that an intermediate was indeed formed in this case. Results using Ag'
and T1>*were more variable, and it was proposed that a concerted
process occurred with the electrophile placing a water molecule from its
outer-sphere on the cobalt atom as it removed X~. Competition
experiments with 3042" aal H03° were also reported, the results of which
tended to support the existence of an intermediate, though the work with
sulphate was complicated by ion-pair formation, not only with the cobalt
complex, but also with the attacking metal ion.

Hoim and Taube )’ attempted the gemeration of ce,»(mu.?);‘+ by means of
the nitrous acid oxidation of the co-ordinated agzido group in
co(m3)5n32". The trensient species cc(m3)5u4o3* wes thought o be
the initial product which could rapidly lose nzo and Nz to give the
Co(m3)53+ intermediate. In the presence of added anions, some
co(m3)512* (vhere Y" « €17, Br", N0 ", HCS", eto.) wes forned, Distinot
discrimination in favour of entry of the anion and against that of
solvent water was observed. However, the degree of discrimination did
not cover a very wide range for different anions, so it was concluded
that the postulated intermediate must be very reactive. The results
of the study were not very exact, since only a simple spectrophotometric
technique was used to determine the relative aumounts of Co(MH,) H,0%*
and co(m3)5f"* formed, the products not actually being separated.
Experiments by Pearson sad Noore o0
nitratopenta-amminecobalt(III) ion in the presence of thiocyanate ion

definitely showed that this reaction did not proceed through a dise
crininating intermediate since > 987 co(na3)5nzo3" was produced followed

on the sponlancous aquation of the
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hy very slow thiocynnate anation. It peoms more likely, therefore,

thot the spontaneous aquations of pente-esminecobelt(III) complexes
proceed Ly =n interchange mechanism, as has been proposed for the
roverso anation motiouso.

Dolbear and Taube’®! extended the eardier 1L, %0/1, % fractionstion
work: of Posey and Taube’®, Unfortunatoly, the same fyectiomation factor
was found in the spontanecus aquation of co(lm3)5m3?* as in the induoed
aquations co(ma)sx’*/ngz‘ and co(m3)5u32"/mo . Since Pearson and
loore %® showed that the mechanism of the spontaneous reaction wos
diffevent to that suggested for the induced reactions, it wes concluded
that isotope fractionation data ave not relisble in detemining the
oxistonce of common inmtermediates, Other disturbing results preseunted
in the same paper demonstrated that the extent of incorporation of
nitrate ion into the supposed intermodiate was depondent on the method of
generation of the species, Also, in the presence of either chloride or
tronide ions, the proportions of co(xm3)5!2‘ formed during the spontancous
dissociation of the wcherged trimethylphosphato-ligand (a good leaving
group) from Co(illy) SOP(0CH, ) 4" wore less than thove reported carlior’’
during the reaction of co(ms)snf’ with nitrous seid, Sargeson
and co-workers 02 repeated soue of the earlier work by Haim and Taube’”,
with some additions, using o more pemsitive technique for product
evaluntion. The components of product solutions were separated Yy ion-
oxchange, and the comcentration of the species present then determined
gpectrophotometrically. Three methods of generating the presumed
intersediate were used, Oo(ma)snf’/mz. co(m3)5wom22’/mo2. and
Co(1lly) x**/Hg™ (here X~ = 617, "y T7).  Oxidation of the carbemato-
ligand wes repid and the five co-ondimate intermediate was thought %o be
formod Yy loss of N, and (O, from a trensient spocies. The intemediate
wes trappod using addod amions (esge €17, B"y BOy"y 7y 50,°)s  The
same disorimination factor for a particular anion was found for the two

generation methods involving nitrous acid. The results with ng+ were,



however, somewhat different and, in the presence of sulphate ion, were
found to be complicated by the fact that the rate law of the reaction
gshowed three terms, each with a different order with respect to sulphate
ion concentration, It was thought that, using Bgz"', the presence of
other anions might also promote a reaction with more than one mechanistic
pathway. The results using nitrous acid were, however, tentatively
stated to favour the existence of the intermediate co(mx3).).3’+ , though
this was considered to be very reactive. Reactions involving penta-

amminecobalt(III) complexes with a selectively deuterated ammonie ligandi®

irans to the leaving group shwed complete rotemtion of configuration,
suggesting that the proposed intermediate would retain a square-pyramidal
form, and not rearrange to give a trigonal bipyramid.

By a joint coneideration of the various studies desoribed above, it
would seem that the existence of the Co(NH,) > intermediate has not
been completely authenticated, and it is certainly very reactive if it
does appear. Rapid induced dissociations seem to favour the production
of the intermediate, whereas spontaneous aquations would appear to
proceed by means of a different mechaniem, In contrast to this somewhat
confused state of affairs, the evidence for the Co(CH) 52" intermediate
is much more clear~cut., In addition to the excellent kinetic work on
the existence of the intermediate, described in Chapter 1, Haim and co-

39

3

workers have undertaken some competition experiments?’, The acid-catalysed

aquation of 00(0!)51133' in the presence of thiocyanate produces some
co(cn)sscn-’" in addition to 00(03)50322-. The disorimination factor
in favour of the eniry of thiocyanate ion ie the same as that obtainable
from kinetic studies of the anstion reaction of Co(CN)gOH,

The first direct evidence for the involvement of a five co-ordinate
intermediate in the reaction of a chromium(III) complex was provided by
Ardon’®4,  In the spontancous aquation of or(H,0)T*" considersble
amounts of Or(H,0);Y°" were formed in the presence of either C1” or B,
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but very little acceleration of the rate of disappearance of the reactant
complex was observed, Retardation of the reaction rate by added iodide
ion was, however, found, Axrdon interpreted his results as confimming
the existence of the intermediate Cr(lizO) 53* with added anions and solvent
water competing in the formation of products, An altemative
explanation for Ardon's resulis was presented by loore 33_&61. The
aquation of Or(H,0)g1>* in K,'%0 produced a hexa-aquo product containing
two labelled water moleoules, instead of one as expected by Ardon's
mechanism. The irans activating ability of the iodo-ligand was invoked
and thought to promote exchange of the trans water molecule in the
complex prior to hydrolysis:

c:(nzo)sxz" + azmo ——— trans-or(H,0) 4(32‘80)12* + B

srane-0r(8,0) ,(1,"%)1%* + 1,1% —— grang-or(n,0) 4(112130)31+ .
Ardon's rescults can then be explained by the mechaniem:

cr(nzo)sxz" + ¥ = trane-0r(0),71* + H

Arane-0r(K,0) YT
However, since no direct evidence for the di-halo-intermediate was found,
Ardon's postulate is not completely discredited. Also, the intemmediate
or(,0)>" might possibly oocur in resctions other than spontanous
aquation,

. namtpprms. published after the present study was

completed, Ferraris snd King heve presgented ovidence for the formation
of & common intermediate, believed to be cr(nzo)sy. in water-methanol

+

¢ Bo—= Cr(320)5!2+ B2

solvent Ly means of the following reactions:
cr(nzo)5xz* s c:(gzo)szl“ + mx(o=b)+
c:(xzo)jxf* sHONO + B  + 2 — > cr(nzo)szy’ + Ny + U0 + B
c:(nzo)sx"'* +2 > c:;-(nz<>)5z3+ + 1 3(4)
vhere X~ = 017, B, I"; K™ = g%, B, n¥' 2 - " ..
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The same solvent fractionation factor, for a particular methanol-water
compogition, was found for all three methods of generating the supposed
intermediate, In remction 3(i), the methanol content of the product
increased with time, because of the labilising ability of the iodo-ligand
mentioned previously, but this difficulty was resclved by teking a
solvent fractionation factor extrapolated back to zero reaction time,

In this work the possible involvement of a D procese in the induced
dissociation of a penta~aquochromium(III) complex was investigated,
using added snions in an attempt to trap the intermediates Since
varions complicaticns can accompany metal-ion catalysed dissociations,
ag mentioned previously, it seemed wise to avoid this method, A
congideration of the relative merits of the acid catalysed dissociation
of a btasic ligand and the in gitu oxidation of a co-ordinated group
favoured the latter., The nitrous acid oxidation of a co-ordinated
agido-group was known to be rapid’” which would help to overcome problems
due to partial aquation of the expected products, cr(nzo)sra*. before
separation and analysis,

As an adjunct to the competition experiments, the kinetics of the
reaction 1t

ox(11,0) 8,2 + HOWO + H'— Or(H,0) > + W0 + W, __ 3(14)
were studied in perchlomte and mixed perchlorate~chloride media, to
compare the mechanienm with those reported for the asidopento~
amminecobalt(111) %7 and rhodium(111)1% aystons, Since this work was
carried out, a further kinetic study of reaction 3(ii) has been
reported'?7, the results of which will be discussed later.

3.2, Ixperimental
(a) Preparation of the Asidopenta~aquochromivm(IT

Solutions of c:-(azo)sn_f" in ga, 11 perchloric acid were prepered and
analysed by a published method>!, The visible and U.V, spectra of the
samples agreed exoellently with that veported>'s Some samples were
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stored by frecsing in dry ice, but later it was discovered that solutions
could be preserved at 273 K for several days before detectable aquation

bocame apparent.

(v) Kinetics

For the kinetic study of reaction 3(ii) the stopped-flow techmique
was employed with a monitoring wavelength of 272 mm, a peak maximum in
the spectrunm of Cr(H,0)gl,>" (B, = 3740). Tho other abeorbing species
present were M0, (B, co. 4) and the product cr(i,0)>" (%, ga. 5)s
A complex concentretion of approximetely 5 X 107N was found to be suitable.
Other resgent concentretions were in the renges, /H'/ @ 0.01 to 0.5i,
/ln,/ @ 0,001 to 0,041, and [C17] © gero, or 0,01 to 0.4%, Acidic
complex solutions were mixed with neutral nitrite solutions, so that
decomposition of I!Bo2 was not a problem.

(e)

Prelininary experiments were carried out using added chloride or
bromide iones as scavengers under similar conditions of temperature,
acidity, and added anion concemtration as those used by Arden %4, 1o
direct spectrophotometric evidence for the production of c:(nzo)sxz*
wes fomd, spectra of product solutions agreeing with that of Cr(K,0).™",
within experimental error. Since quito large concentretions of excess
mi0, (up to 0,05M) were present in the product solutions of preliminary
M,m;mmm«mmtmmucr(nzo)s X
vag investigated, Catalysis of the aquation reaction was, indeed,
observed and later experiments were carried out at low temperatures, with
little excess HO,, to minimise this offect. The experimental conditions
uged subsequently were such that, during the time between formation and
soparetion, the aquation of the cr(nzo)sxz* product ws negligible,

The wnexpected effect of mitrous acid in accolerating the rates of
equation of chromiwa(II1) complexes will be examined further in Chapter 4.
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It was necessary to employ high scavenger concentrations to produce
sufficiently large amounts of cr(nzo)sra" (vhore Y~ = €17, Br~, SCI,
HSO[) for accurate analysis. Anions wore added as their sodium salts,
except for IS0 4". for whioch sulphuric acid wos employed. The acidity
in the bisulphate experiment was made deliberately high so that <4/ was
in the form of 50,%" (caloulated using lmown oquilibriua constants™).
All experiments were carried out at ca. 273 K, and added anion concentration
kopt in exoess by the addition of sodium nitrite solution dropwise to a
gtirred acidic mixture of asido-complex and scavenger. In every case but
one the reacted solution was pale blue; however, in the thiocyanate
ion experiwent o reddish-browm colouration slowly developed, apperently
due %o the oxidation of SCH™ o (SCN), '» Since ga. 507 excess HND,
wag employed, this pide reaction chould not have interfered with the
competition experiment because, under the conditions used, reaction 3(ii)
wag complete in the time taken for the addition of the reagent.
Approximately one minute after nitrite addition the solution was diluted
with sufficient ice~cold water to render the ionic strength lees than
0.1, and the products immediately seperated using cation-exchange.

A pre-washed (0,02 HC10,) colum (20 X lom) of Dowex 50WX8
(50-100 mesh, H' fom) resin was employed, maintained at ga, 273 K by
ice-water circulating through a surrounding jockets Solutions were
loaded at a slow drop rate (ga. 1 per second), then excess nitrous acid
mmmmmmmo.osumxo“g.mu
volumes), Chromium species of chavge less than +3 were eluted with 1
H10, (gas 300 ml), Dilute solutions of the chloro- and bromopento~
aquochromiun(III) complexes were idemtificd by their visible spectra,
uging 10 om pathlength cells in the Cary 14 spectrophotometer, whioch
wag fitted with a 0 - 0.C absorbance glidewire. The eluted solutions
were too dilute to be directly assayed speotrophotometrically with
sufficient accuracy, so they were oxidised to chromate ion and analysed



eo described in Chapter 2, A furkher check on the chlore-complex was
poseible hy estimating the oxidised solution for chloride ion comtent,
uging the chloride ion selective electrode, Chloride : chromiun ratios
of (X.00 & 0,05) 1+ 1 were observeds The Cr(K,0),>" forned wes analysed
bty removing the resin from the colum, extracting several times with

mummnzoz,mmmmmmm'cwf’umm

in Chapter 2, The total recovery of all chromium species was cloge %o
1007 in every experiment.

3e3e

The stoicheiometry of the reaction was assuned to be the same as
that found for the azidopenta~amminecobalt(III) ion’, and is represented
by oquetion 3(i1). The only Cr(III) products were confimed ly cotion
oxchange experivents to bo Cr(H,0),>* and (in the presence of added C1°)
a 14ttle Cx(H,0),01*",  Average values (from 2 ~ 4 experinents) of tho
Mﬂmmruhomms,koh.moonootdtnhbhh
In the absence of chloride ion, values of L, //i0,//i’/ ave constant
and the rate law is ¢

~4/Cx(,0) 1,27 /at w 1) /i] [im0,] [ox(,0) H,27 ____ 3(484)

The excellent first order behaviour with respect to /H'/ and
/m0,] can be seen in Pigures 13 and 14, At 2981 K, ky = (2449 & 0.11)
x 204%™, This rate law ie confimed Ly the work of Thompoon
and Kaufvann'%7, whose k, value of 2,40 X 103%™} 15 in exoollent
agreement with that reported here. Their study was carried out at
much lower nitrous aeid concentretions using e convemtional techmique, snd
the renges of /if’/ and /M0, covered were somewhat less than in tho
present work, The rate law is the same as has been found for the
reaction of Co(lly).i,>" 7 and 1s similar to thet reported for
m(m3)533‘*1°‘. The valuss of k, are very similar in all three cases,
which is to be expected since the reactions inmvolve attack on & Go-
ordinated ligand which is bound $o metal ions of the same oxidation state



I= 1,0 (¥e010,)s [6x(néo)5n32f] g 5 X 107,

[ WP P [ kg e 107k /fi' /o] il
0.50 0,10 - 1,20 2,40
0.50 0420 - 2.39 2.39
0,50 0.40 - 4.85 2.43
0450 1,00 - 12,0 2.40
0450 2,00 - 2349 2.39
0450 4.00 - 5043 2,51
0420 1.00 - 4.85 2.43
0.10 1,00 - 2,62 2,62
0405 1,00 - 1.33 2,66
0.02 1.00 - 04511 2455
0.01 1,00 - 0.262 2.62
0450 1,00 0.49 132 2644
0650 1.00 0.20  80.8 16,2
050 1.00 0,10  50.3 10,1
0650 1,00 0.05 32,6 6e52
0.50 1,00 0,02 205 4010
0.50 1,00 0,01  16.4 3.28
0,01 1.00 0010 1,02 10,2
0450 0.10 0410 4.54 9,08
(a) Free scid concentration allowing for the amount consumed in

forming mzo

(b) The kmown'™ px_ of HD, was used to estimate /im,/.
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FIGURE 13

Kinetios of resction 3(ii)
at 298,1 X and I = 1,0 (wm4).
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FIGURE 14

Xinetios of reaction 3(ii)
at 298,1 K and I = 1,0 (uw104).
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ZIGURE 15
Kinetice of reaction 3(ii)

in the presence of chloride ion

at 2%01 HKond I = 1,0 (H&C104)0
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in coaplexes of the same overell charge. Ilo evidenoce was found for o
reaction pethway involving N,y 28 with m(rm3)51:32* 106, powever,
much higher acid concentretions were used in the present study, so that
there is no reason why such & petluwmny should not appear at lower
acidities.

‘caction 3(ii) is considerably fastor in the presence of chloride
jon, tut seems to approoch & limiting rete as /C17/ inorenses, as has
been observed for this reaction by Thompson ond Keufwann' !, and elso
for the corresponding reaction of °°(Im3)5“32+ 99. The same type of
rate lav wos deduced as that xvexmx-tod99 for co(1m3) 5!132*3

a/Cx(a0) T /8 = kg [or(,0) 5,57

where ko = (i + &,/017)/(1 + ky/01T7)) /U flm0,] ___3(1v)

Rearrengement of 3(iv) gives:

(e //H7 /00,7 = 1) ™ = o/ (i) + ((ltymtegley) /017) 7
A plot of the left side of this equation ogainst /177" is linear,
ap showm in Figure 15, and weighted lincar leasi-squares annlysis of the
results using computer progran 2002/01 (Appendix 2) gives k, = (8.3 1 0.5)
x 20% 1367} and ity = 1.3 £ 0,3 ¥, Analysis of the results of the
reaction of Co(lil,y) 51:32" with I, end 01~ (fable II of ref, 99) gives
very similer values for k, (1.5 X 10° 1™s™) and ity (0.49 i),

The following mechanisn ic consistent with equations 3(iii) and (iv),
and with previous work99 t

g + B i > * pid
2~ B0, 'y ¥e
I{.‘
szm2++01-‘ i HOCl-i-BzO,mpid
k
1
c:(nzo)snf* + Hyl0," e or(H,0) i 403’* + 0,0
4
Ce(iL,0) N, 2% + ¥oo1 » s op(I.0) 1,00 + 01"
Ho005My S (Hy0) 5l

5



'\‘;r(ﬁz-?) 51: 403* % products
4 oechonisn involving I0' rether then H.0," would be kinetically
indistinguichablo, W0, is, howover, preferred sinoe Stodnan'®®
hos chown that, in the oxidotion of My Ly nitrous scid, a nechenis
involving I,W0," is predominent in exoess perchloric acids  Stednan
aloe demonstrated that the species U 4D is an intermediate in the
oxidation of hydresoic acid by nitrous acide Application of the

gteody-gtate approximation to Cr(ﬂzo)sn 403+ gives @

50

4 /or{1,0) 1,27 /88 = kgliegk’ + koK [67 / [0) ) AT 10,7 [ (1,0 3,77

kg + 1;:0['1{?0] + k_sﬁil']

In the absence of chloride iom, the cquation reduces to 3(iii) with
Iy = kglpk'/(_g/0,0] + kgp  Comparison with 3(iv) shows that
kiy = degk'K' /(eI + )[Ry} ol ey = X g/ (e y/H;0] + Keg)s

A \J e . D A
) s . W% x -1 X N 3 * ¥izic |
31 LEDOTLGONTGE ~ (SHULES CMIC L

Ae outlined in the introduction to this chepter, if it is assumed
that the formatimm of Cr(iL,0) 512" is via o five co-ordinate intermediate,
o disorinination factor in favour of the entry of the ndded anden wd

P = fortn,0) ¥ 1,07/ [ox(8,0) 7 (Y]

In this study, for /i,0/ the formal concemtration of water, 55.51, will
bo used, This definition for F asgumes that the ratio [uzgi/[x"] in
the vicinity of the intermodiste is the came se in the bulk solution,
an ossuption which is not nocessarily correct®>, On this scale, o
value of ¥ = 1 indicates no disorimination Wy the intermedistes The
conditions of the competition experiments and the velues of F obtained
ave listod in Table 2. A comparison with the results of Ardon'"%

(P = 13.4 for C1~, and 12,6 for Dr") chows that eithor the altermative
Mﬂcﬂ&l of Ardon's results is correct or the same intermediate is
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not involved in recction 3(ii) and the spontancous aquation of the
iddopenta~oquochroniuwn(III) ion. Thompson end Kaufmannll! attempted
competition experiments of o siwilar nature to those reported here, but
uging much lower added onion concentrations. They were wmable to
acouratoly determine the amounts of cr(nzo)srz* formed, but their
estimted results ave much more in line with those of this study thon
with Andon's’%%, It pooms likely thet, if c-r(u20)53* is on intormodiate
in the aquation of penta~agquochromiun(III) complexes, it does not have
the ability to discrininate between nucloophiles whioch Ardon's resulte
first secmed to suggest. Additional evidence for this hos resulted
fron studies of the aquation of c»(nao)sscnz" (the S~bondod complex ion)
in 0.8 C1”, very little c:(uao)smg* boing found in the products ’’,
The low values for I' found in the present study for the thiocyanate

and bisulphate ions, as well as the value of I' = 0,55 reported for
pothanol%, are also in line with this views, The F velues of HCS™
audmo4‘mammmtexywiooas large os those of C1~ and Br , but
the veriation and disorimination ogainst solvent water, are much smaller
than normally experienced in cases where five co-ordinate intermediotes
are well ethblished“'w'w.

I% is possible that an Zd mechanion could equally well explain the
results of this study, with tho added enion ¥~ entering the immer-sphere
as 1T, end 1,0 dissooiato fron Ox(10) N 403". after the prior fommtion
of on ion~pair. Values of iom-pair formation constants are obviously
wmobtainable for the trensient species Cr(n20)525403" mt should be
ginilar to those of c:-(nzo)s}’ « lHowever, ion-peir constante are not
even available for Or(H,0),>* wnder the conditions used in this stuly
and it would bo somewhat naive to try to estimete values theoretically'l,
because of the high ionic sirengths obtaining in the experinents,
Boceuse of the high added anion concentrations employed, it would geen

possible that o emall proportion of Cr(ll0).I1,0>

5114- could be in the form



of an ion-pair, and, for example, outer-sphere association of less than
137 in 1.59% thiocyanate ion could explain the resulte obtained in torms
of an interchange mechanism. Postmus and Kingno report an ion=pair
formation constant for Or(iL,0) > .HCS™ of ga, 1 8t I = 1.2, which could
represent an ion-pair population ag high as 607 under the conditions

uged in this study. The disorimination factors observed for the various
anions could thus be dependent on their outer-sphere association
constants, which for singly charged anions with complex ions such as
3)50323* 29 are thought to be very similar. This would explain

the narrow range of diserimination factors observed, Another possibility

Co(H

for an interchange mechanism is a concerted process with the electrophile
NOY placing Y on the central metal ion as it attacks the co-ordinated
azido group and displaces 1120 and NQ. A difficulty with this
interpretation is the fact that, at the high added anion concentrations
omployed in these experiments, almost 1007 of the reaction goes via
the pathway involving HOY rather than nznoa‘“. on this basis, much
higher discrimination factors should be expected for added anions than
those which are actually observed.

Perhaps the best evidence for the involvement of an intermediate
is the fact that the pame discrimination factor was found for two quite
different added chloride ion concentrations (see Table 2). Significant
ion-pair formation should result in a deoreame in F with increased
anion concentration, an effect which has been described previously’”,
while a value of F insensitive to added anion concentration is more in
line with the existence of an intermediate, However, if a gemuine five
co-ordinate species is involved in the reaction studied here, sinoce it has
been shown to possess little facility to discriminate between anions in
solution, it would seem to be a little surprising that no evidemce for
the incorporation of perchlorate ion to form the known ocomplex'll,
0r(H,0) €10 4"’*, was observeds Even though the aquation of this complex



would be more rapid than the acidopenta~agquochromium(III) complexes
formed with the other anions studied, no sign of its production was
detected in the experiment in which it was sought, even though a high
perchlorate ion concentration (2.8l1), was employed.

If it is assumed that the aquation of penta~equochromium(III)
complexes proceed by means of a D mechanism, a value of I can be
eotimated by the method of Heim and Taube ’s In the absence of ion~
peiring, the overall equilibrium constant, K, for the formation of
the complex is given by K, = k k x/kwka, where rate constants are defined

in 3(v) and 3(vi) @

Cr(n20)63* = e Cr(1120)53" + 0,0 3(v)

or(y0)g " + X~ < > or(H,0) X2 —3(vi)

Ww NW l.’: DN

The quotient k!/kw gives o measure of the discrimination of the
intermediate for the anion and against solvent water. Thus

F o=k /K, =Kk /H,0//k . The formal concentration of water (55.51) is
included in the quotient since published values of Kf do not involve

112 -5 =1

this quantity. Using a value of ke = 3X 10 "8 7, whioh is the

total exchange rate of all six water molecules in Cr(ﬁao) 63+ o and
valuos of K, and k_ ° listed in Table 3, the approximate values of T
derived at 298.1 X and I = 1,0 are 0,56 for €17, 0,16 for Br , and

31 for HCS™,
TADLE 3
e Kp () k, (oY)
o1~ 04110 2,76 x 1077
By~ 2,24 X 107> * 3,89 X 107
SCH™ 182 912 X 10~)

* Value at I = 2,0



The calculated I’ factors indicate the wider range of discrimination
that might be expecied for the five co-ordinate intemcdiate, compared
tc the resulis obtained in this study. It is apparent that either the
mechanismeg of the espontaneous and induced agquations of acidopenta-
aquochromiun(III) complexes are different or that a difforenmt
internediate to Cx(H,0);>" is involved in this work,

3¢5¢  Conmclugiouns
It has been shown that the digerimination factors obtained for the

2+ are different to

jons €1~ and Br~ in the induced aquation of cz-(ﬂao)5
those reported during the spontaneous aquation of Cr(nao) 51‘?+ 104,
Sinoe the spontaneous aquation has boen shown Ty both licore®d and Kingl®®
to be complicated by the labilising ability of the iodo ligand, it might
be instructive to repeat Ardon's work uging the method of King O2, ly
determini