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ABSTRACT

A study has been made of the kinetioes of formation of the
monoasidoferrie ion in aguecus solution at iomie strength 05N over
a wide range of temperstures and hydrogen ion oonceatrations. Where
pegesssry for the complete treatmeat of the kinetic data, the thermo-
dynamics of the complex ion formati.n and ligand hydrolysis have heen
measured or shesked, Coamputer programs were written for the complets
temperaturs and consentration dependence analysis of the considerable
rew kinetic data required for an accurate anslysis of such a
systen,

The formation is found to take place via a mumber of parsllel
reaction paths and the rete comstants and aotiv:tion parameters for
these paths have been determined, The relative values of those para-
seters, and their relation to reactions im other ferrie/ligend systess
is disousmed,

An analogous set of measurements have been made using
dsuterium oxide as solvent.

A stopped flow apparatus has been designed, bullt and tested,
based on experience gained with other apparatus used in the study of
the moderately fast reaction kinetics involved in this work, and full
details of the apparatus are givem,
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INTRODUCTIOR

The field of substitution reactions of metal cocmplexes
is large and one which is reviewed regularly (65E, 655, 66L, 67B, 665,678n,
68L, 6M), This work has been primarily esoncerned with the analysis
of substitution by ligands of a solvent moleocule in the labile
solvation shell of a metal ion, The purpose of this Introduction
is therefore merely to set thias work in the very general eontext
of transition metal substitution reactions, the rather more narrow
£101d of fast metal substitution reactions, and the sudstitution
kinetios of the aquated ferrie ion in partisular,

In a dsoussion of the mechanisme of such reastions the
obvious mechanistie distinotion concerns the relative degree of
importance of the loss of the leaving group and attachment of the
entering group in the attaimment of that configuration of reastant
molegules of highest potential energy, the transition atate, whioch
provides the major ensrgetio barrier to be overscms in eomversion of
reastants to produots., Is an intermediate formed during this
process or is the mechanism a concerted one? Detection of an inter—
mediate of inoreased or dsoreased coordimation 4s probably the best
test of mechanism, but such intermediates may be very short lived
and ere seldcm observed. Fxamination of the effects of a systematle
varistion of entering and leaving groups in a relsted group of
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reactions, on the reaction rate iz the usual basis of the deocision
on mechanisn,

It might almost be expected thet square planar complexss
are best suited to reaction by associative pathwayss ths metal
i»s exposed above and below the ligand plane for attask by an
ineoming group, and for low spin ds systems a vecant Py orbital
of relatively low energy is available whish can help ascommodate
eleotrons of the inooming ligand, There is econsideradle evidenoes
that for Pt (II), the most widely studied of such systems,
aotivation is indeed asaceiative, The rete law is dssoribed hy
a two term funotion:

Rate = k1(!A5X) + kz(n%x)(r) 14

where M is the oentrel metal, X is the leaving group, Y is the
entering group and A is a nonreastive ligand, The constant k‘l
is oomstant for reactions with varicus Y in the same solvent and
corresponds to the slow replacement of X Ly solvent, followed by

’Y; k2 eorresponds to the
direct replacement of X Wy Y, Changing the system to solvents amd
ligands of varicus coerdinating strengths markedly effects the values
and relative importance of ths two paths in a way that would bde

a faster comnversion of this produet to MA

expected for an asscoiative mechanism, Rates can be reduced
oansiderubly by blocking the attack position above and below the
ligand plane by large monreaeting ligands, especially if placed
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¢is to the leaving group, Values of the sntropy of setivation

are large and megative, suggesting conaideradble ordering of the
reastants in the transition state. The entering group reactivity
boars a gonsiderable resemblance to the *trans' labiliting effect
order, and this has been rationalised in terms of a trigonal bipyramid-
al intermediate, since, in that intermediate, the trans and enmtering
groups coeupy identical positions with respeet to the leaving group,
Several stable five coordinate Pt (II) ocmplexes are known, sc

that the evidense seems atrongly in favour of an assoclative

meshanism,

0f the mon labile ootahsdmal complexes, those of Co (III),
sspecially the pentammines, and Cr (III) have received most
attention, and experimenta. observations seem to indiozte that a
dissociative meehaniem operstes for their substitutiocn, No direet
intershange of ligands is cobserved except when either tho emtering
or lesving group is the solvent,

The strength of the leaving group-to-metal dond, ealeulated
from heats of formation or visible spestra acems to correlate
qualitatively with the rate of reastion, suggesting that less of
this group is the major faotor in the mechanisa. Large inert
1ligand groups can affect the solvent strusture and satabilisation Wy
solvation of the leaving group, to slow 1loss of this group; for
larger inert groups, promotion of the rate is observed and this is
oonsidersd due to the relief of steric strain in the complex,

If the leaving group ia only weakly held, and the reaction is not
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strongly endothermic, a linenr free energy plot of AR N
should have a slope of 1,0 for a diasociative nechanimm; this has
been observed, The stereochemistry of substitution should give
information on the mode and direction of ligand insertion; retention
of configuration and aetivity has been observed and suggests dis~
soelation via a tetragonal pyramidal structure, In nonaqueocus sol-
venis the ligand coneentr:tion dependence is susgeative of ion pair
formetion which 1s more prevalent in solvents of low dielestric
constant; at high eomcemtrations of anion, all of the metal complex
may be present as ocuter sphere agzregates and reaction may be
observed at similar rates for a variety of aaioms. By catalysing
leaving group loss with Hg (II) or HNO, a resotive five ccordinate
intermediate may be produced, the charasteristics of which can he
exanined by kinetic sompetition between sclvent molecules and anions
for the resctive site, If the metal complex is anionic, preventing
don palr formetiom at Mgh amion ligand concentrations, ligand
eoncentration behavicur which can also be explained in terms of a
resctive five soordimate intermediate is observed,

Insertion of OH into the scordimation sphere of the eomplex
is regarded as a special cese; rates are much greeter than for any
other ligands and the proposed mechaniasm is via the econjugate base
of the metal camplex,

The essential alements of the substitution kinetios of thense
ecuplexss therefore are embodied in the resction scheme:
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(A) ML_X &Y~ M L.XY (8)
f = [ -
(c) ¥ Lg = Mg Y (p)

“he relative contributions of the paths ABD and ACD will,

of ccurse, vary from system to system, but in general:

x
koa Koo + c¥cn 1.2
or T &p (1)

where k is the observed forward rete constant, X,, 1s the

equilibrium constant of formation for the icn pair B, km i3 the rate
sonstant for the reasction involvinmg the eonversion of eonfiguration B
to eonfiguration D, eta.

Using fast reaction teshmiques, espeeially those of
tenperature~jump, eleotrio field-jusp, ultrascmic absorptiom, and
nuclesr magnatic rescnance, it has bdeen possible to systematiecally
study a wids range of other metal ion/ligand intersotioms in solutioms
the systems gemerally studied correspond to the sibstitution of &
solvent molesule in the primary coordination shell of the metal ion
by & ligand, or the dissociation of that monoccmplex, The data is
elmost entirely restrioted to interseticns in water, slthough data
is slowly asecumulating for other solvents,

In a study of the ultresonie abscrption of solutions of

alkz14 metal 1ons with a number of strong multidentate ligands, a
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relexation considsred to sorrespond to the transformetion of an

ion peir and 2 rossibly tetradentate amuuted oomplex was observed
(638), Rates were around 108 um"1 and found to be alowest for it
(5:107see'1) and fastest for cs' (5:!08100"). The rates of
camplex formation are enly jJust slower than that for diffusion of
the reactants together to form the ion pair and some slight
variations attrituted to the sterio properties of the 1ligands in
soluticn were noted, The rates of somplex dissosiation, however,
showed a muech greter variation with ligand than 344 the assoclation;
the rate of inner sphere substitution was found to be sonsiderably
less affected by iemie strength than the ion pair formation,

For the alkaline earth ioms, the substitution rstes for
ca*?, sr*2 and Ba*? are similar to those for the alkali metals (63E)
and again show slightly faster rates for the larger ions, A
gorrelation for the +4 and +2 ioms of log k va. 1/(10;10 radius)
confirms the electrostatic mature of the intereotions (63E1).
cubstitution retes for Mg’ > are, however, around 10° see” ', some 100
tines slower than would bs axpected from the tremd suggested from
the larger alksline earths, and it has been suggested that there aay,
for a given charge group, be some eritisal value of rudius beyond
which the simple slectrostatic pieture mo longer holds (), It is
intoresting that the ecordination muber in water of Ba' - has
been determined by M7 methods as 5,7 and Ca"2 as b3 (663.); 1t 1s
possible that the maller sise of Ng'~ allows it to fit into the

tetrahedral water structure with a coordination number of &, stabil-
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ising its hydration shell, BOSO#
of six prosssses with relaxation times of 10'9 to 1 second; three

shows a ooaplex relaxatlion spectrum

of these were attributed tc hydrolysis steps and three to atepwise
formation of the ion pair and complex {5%0), lieaotioms of ge*? ave
slower agaln than those of ig'2, due to its very high charge density
(688,

Ultrasonie absorption ooefficients of a mumher of 2:2
sleotrolytes, insluding alkaline earth and first row transition element
sulphates were messured by Eigen (572) over a wide range of freguencies,
The spectrs showed two distinet absorption maxima, both of which
oould be attributed to speoific ionic intereastions; 1t was suggested
that after the aquated icms hed approached olose sncugh by a diffusion
prosess, theso speecific intermstions, with longer relaxaticn times,
beeans important, The meshanism proposed for complax formation 1s the

now well known:

+2 -2 +2 -2
!.q * Laq é—_ u - G\H . O\H . L 1 .3
-~ W . 0 - L 1ok
H
—_—
M te
—_ (‘“‘).q 5

Reaotion 1,5 is diffusion eontrolled and the magnitude of the equil-
ibrium eonstant is elsetrostatically determined, itesotion 1.4 is the
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loea of water from the hydration sheath of the anion; the rate of
this proocess wus shown to be independent of the eaticn, but varied
with the anion used and had values around 10°sec ', Reaction 1.5

is the loas of soordinated water from the metal ocation solvation shell,
and varied betwesn 10" and 107sec™! for the systems studied, The
rate of water exchange from between hyirated transition metal ions and
the bulk solvent determined using O'' MMR line broadening by Conniek
and eoworkers (59Cn, 61C, 625) is in reascnable agreement with the
rates of reaotion 1,5 above,

A large number of systems espeeially invelving the divalent
first row trausition elemsnts have now heen studied, using various
fast reastion teehniques; a ocnsidersble amount of data was compiled
and presented by Kigen and Yilkins (65%), and the general mechanism,
of elestroststio preassoeiation followed by a rate determining step
involving less of ocordinated water from the metel fon hydration shell,
and corresponiing, in fast, to path ABD in the reaction scheme
proposed for monlabile octahedral substitution reccticns, will be
reforred to as the Eigea=iilkins mechaniss,

#heress, in the monlabile systems, the ionioc preasscoiation
has, in many cases, been messured (68Be), in lubile systems, in mos®
cases, it camnot Be or has not been; the eleetrostatio model of Fuoss
(58¢) is that which has been gensrally used to estimate its magnitude,
Despite objeetions which might be raisel about the model on the grounds
that it assumes ths solvent medium to be a continuum; that its use
reqdres the rather arbitrary choiee of an interionic separation, taken
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by most workers as 58 (628, 66M, 67A); and that, in genersl, mo
acoount ia taken of any dieleotric saturation of the interionioe
water which, around a highly charged icn, may be sonsiderable (59L),
the results produced generally provide good support for the sechaniss
of Eigen and 7ilkins, It has been noted by some workers in labile
and nonlabile aystems (61D, 6751)that, after allowing for the pre-
asscolation, the substitution rate may differ from the independsntly
determined water exehange rate by & fastor whieh 1s roughly ccnstant
for similar aystems; 4t has been suggested (675%) that, in the ion
pair, the ligand ocouples only one of a mmmber of outer sphere sites
and that, when a dissoolative loss of coordinated solvent ooours, the
chance of the ligand deing in the ideal pesition for replacement is
something less than ome,

Taken as a group, rates of substitution of the divalent
first row transition metal ioms correlate qualitatively with the
crystal field stabilisation expected for the varicus 4 orbital gonfigura-
tions (65H) and are insensitive to the ineoming group, The notable
features are the relative slowness of reaction of Ni(II) and V(II)

(& and &) rationalised by stabilisation due to the orystel field,

and the very repid rate for Cu(Il) (49). presumably labilised due to
the distortion of the Cu{Il) cotahedra to produce two weakly held axial
water molecules whioh exohange rapidly with the equatorial ligands
(63Eg)e Ni(I1) has Ween by far the most extensively studied aystes,
and interest is extending to the effect of changing solvent on the
solvent exchange rate (668) and of the influence of coordinated groups
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on the rate of loss of subsequent solvent moleoules (6M)3 the
chelation rate is gencrally held to be determined by the rate of
loss of the firat solvent moleoule,

Of the triply charged ions, for Socandium, Yttrium and the
lanthanides the rates of solvent exchange and ligand attachment are
similar, dut much faster than expected on a simple sleotrostatie
argument of ionie radius and eharge, and aystematio studies through
the series show a break in the eomplex formation rate at erblum or
gedolinium (656, 682); this is paralleled by a break in scme physical
properties in sclution, and is attributed to a change in eoordination
rumbsr of the ions through the seriss,

Aluminium, Gallium and Indium sulphate formation rates
have been measured (681) and these show & parallel path via the mono-
hydroxy complex of the metal. Ths rate of gcomplex formation after
allowance for the ion pair formation is, for A1(III), very close to
that for the water exchange rate (668F); for Ga(III), however, the
eomplex rate is some thousand times slower than the exchange rate
and, ooupling this with the faet that the emtropy of aotivation for the
water exchange 1s ~22 su (A1(III) 28 e,u. (668F)), it has been suggested
that Ga(III) and In(II1) ecmplex formations proesed via an asscoiative
pathway.

The rates of formation of the monothieqyanato complex of
Vanadium (III) has been measured (67Ba, 65Kr) and the oonelusion of
both sets of workers, based on oomparison with the Co(III), Cx(III),
R(IIX) and Fe(III) thicoyanates, the opportunity for ligand involvement
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through the unfilled d orbitals of V(III), and eonfirmed by a negative
entropy of astivation (-2k e.u.), was that an assceiative mechanism
was involved,

It has been suggested (618, 632) that for small, highly
charged and relatively easily hydrolysable ions such as Be(II), AN(IIT)
and Fe{II1), where, bessuse of the high charge density at the cation,
the rate of water exchange was expeoted to de relatively slow, a
separate mechanism involving basio ligands might ccae into fores.

After the sation and ligand had formed an iom pair, a process of
tinternal hydrolysis' was proposed, where 2 proton was transferred to
the 1igand from a coordinated water of the catiom; the presencs of

the hydroxy group would them labilise the remaining water molecules

to provide a faster route for entry of the ligand, which, onee co-
ordinated, would trensfer ths proton back to the hydroxy group. The
mechanism bears a strong resemblanse to the *conjugate dase' mechanism
proposed for Cobalt(III) patamine base hydrolyses (67B), and the
labilisation of the remaiming water presumably takes place by a similar
process to that induced by the amido group. Certainly, the rutes of
reaction of FeOH'Z with ligands is orders of megnitude faster than

the reastion with Fo::. whereas the retes of water exshange in the mono
and dichloro ecomplexes of Fe{III) imorease by a fastor of only about
two for esoh ohloride added (6hB), A conjugete base mechanism has
been proposed for the reaotion of 1A(II) with polyamine ligands (66r),

The similarity in both rates and aotivation energies for
reastion of Be*Z with My, ¥7, and 50,72 suggest that such s mechanim
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does not cperate in these systems (6813“), and, as has been noted
above, a simple dissoociative mechenism is thought to apply for
511(111)/30;2 (68u),

The data for Fe(IIT) reections on which this mechanism
was originally proposed are givem in TARLE 1.1:

RATE CONSUANTS FOR Pe'” COMPLEX FORMATICN (1/w/s)

Ligand ?0*3 rcoa"z Reference

» 20 3x1o* 61
a® 9 1t 59ce
sen” 127 ot 588
so,"z 32100 3x0° 62%e
r 4x10° = 6P

It can be seen that a gualitative correletion between ligand base
strength and sudstitution rate, as would be expected for s eonjugate
base mechaniam, certainly exists,

In 1963 Seewald and Sutin (635) measured the rate of the
formation of the momoasido oemplex at 257 and poimted cut that, of
the possidle resstion paths for formation of the eomplex hy a basis
ligand;
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v’ + 17 i ra? 4 onp 1.6
reo*2 + 1° =2o—> rat? + o8 1.7
re  +ML === pel'? + B + HP 1.8
vaOH + ML —=S—= ra'’ + 1P 149

the two givea by equution 1.6 and 1,9 were kinetisally indiatinguiah-
able, and althcugh a dependence of rate constant cn ligand is
obaerved if the acid indepenient pathway is eonsidered tc be path 1
es above, if for dasie ligonds it is asaumed to be path &, this

despendsnce is reduced, as shown in TABLY 1.,2:

TABLE 1.2

RATE CONSTANTS FOR Fe' 2 COMPLEX FORMATICN (}/u/s)

Ligand ZResaction via Fo*j Reaction vie FeCH Referenee
1" 9k 1.4x10* 59Co
Br- 20 2.7 61N
SON "~ 127 1.0x10* 588
s07 - 3 x10° £
SOYMSG,  (6.Ax10) (1.A4x10°) 2o
AT (5.0x10%) (3.4x1C°) 6op
e 1Mok - 6P
Ny (1.6x10°) (6.8x10°) 633
HN, &0 - 638

The pairs showa in parentheses were caloulated assuming path 1 or

path &,
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T the dats for sulphate, fluoride and sxide is conaidered to be
via path &, all of the rate constants for Pe'~ reastions are in the
range & to 127 1/a/s end Fecti'? 1n the renge 3x10° to 3x10° 1/w/a.
These were oompared to the reported values of water exshange at ro"j
of 280 1/n/s and 7e0i*2 of around 3x10* 1/w/s, and claimed to add
support to the view proposed for cther metal ioms, that the rate of
complex formaticn was primarily controlled by the rate of loss of a
coordinated water molecule. The range of values cowsred by the data
for various ligands is, however, still around 100 for 1!'0*5 and FOOB"Z,
and testing the data against the lifetims of a ocoordinated solvent
nolesule as proposed in the Tigen-7ilkins mechanism gives values of the
preasscoiation constant for, say, ohlorids, ef 0,004 and 0,03 for
interaction with Fe'> and reon'?,

The suggestion was mede by Jeewald and Sutin that, at lower
acidities, resetion betwsen PeOk'> and Ny~ may contridute to the
observed rate, but that the scatter of their data made the magnitude
of this somtribution difficult to assess.

1t was decided, therefore, that this work should involve the
setting up of equipment and teekmiques suitable to ascurately measure
the kineties of sush rescticms, and that a re-exsminstion of the ferrie/
aside aystem, where mo astivetion parameters had been determined, and
where the possibility of measuring the rate parameters of a set of
reaction pathways, closely related in size and shape of reactants, but
differing in ligand basicity had been suggested, might enable a more
specific statement on the mechanisn of such systems, to be made,
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77hile this work was in progress and preparation, a
mmber of publications oconoerning amation in aquated ferric aystems
have appeared (66M, 674, 67C, 68C, 694), two of whieh, those of
fceasina, Cavesino and d'Allesandro (674) and Carlyle and Xspenson (67C)
have been oonasrmed directly with meesurmments on the ferric/sside
aystem, and these will be diseussed where appropriate, later in this
work, The sppsarance of thess results has not been ascompanied by any
essentisl alteration to the arguments proposed by Seewald and Sutin,
and zade no differense to the methods used, results obtained, or
conelusions drewn in this work, exeept that, where eonfliot was
suggested, confimaticn of ths experimental values obtained was attempted,
whare prasticable,
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JQUILIBRIA

Beosuse data yes not avallsble, or bessuse of eonflicting
results in the literature for data whish was avallsble, it was
desided to indepeniently deteswine a mmber of thermodymamio
quantities whish wers required for the kinetie analysis of the
ferric-aside system,

MATERIALS,
Reagents used in beth the kinstio and thersolymsaic

measurenents were prepared from similar starting saterials and
standardised in the same way, All selutions wers asde Wp in
deulneralised water which had been distilled from alkaline persan~
ganate, followsd by distillation from soidified diohromate solution,

(1) Perric pershlerate was prepared by mmtd,{.uﬁen of
cenmereial (Fluka orystallised) reagent, cnse from 1M
perchloric acid, end onee frem congentrated perehlerie asid)
the predust was washed thoroughly with cousentrated
perehlorio aoid after each recrystallisstiom., A selution
of this solid in water, on spproximste stanmiardisation by
metheds desorided Ddelow, was generslly found to be more
sonoentrated in ferrie ion than acid; & ealeulated smount
of ccnesntrated perchloxric asid was added to ebtaln a steek
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solution of about 1M ra(cloh),/m HC10,, An eliquot of
this was diluted to o working stock solution of about
0.1¥ Fo/0,1M anid,

The ferric ion ocnoentrsticn was detsrmined By reduction
by etannous chloride emd titration against permanganate
(standardised with ersenious oxide) as deseribed by Vogel (61V),
Standardisetion of the seld consenbration was performed by
titration of the ferrio/seid solution with standsrd sodium
hydrexide to a pH of 9, using & pH meter or phenclphthalein
indicator as descrided by Milburn (55M); titretionn using
phemolphthalein were carrded out with hot solutions to aid
coagulation of the ferric hydroxide formed, Subtraction of
the sodium hydroxdde used to precipitate ferrie hydroxide
allowed the 'snalytie' acld eomoentration, free from any con-
tribution due to hydrolysis of ferric ion pmmtpto be
ealoulated,

Using these techniques, allowins for reprodusibility of
anslyaes, pessible insoeurscies in standard selutions and
tolerances on velumetrie glassware used, comcentrations of
ferric solutions should be subjest to sm error of ¢ 0.%,
Concentration of aoid in ferrioc solutiocns should be sceurate
to & 5,08,

(11) Sedium aside sclutions were prepsred from somercial
(B.D.H. laboratory resgent) material in two ways,

(a) Hydresole soid evolved from the sddition of selid sodium
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aside to 2N sulphuric aold, nmaintained at 50 - 80%,
was bubbled through standardised sodium hydroxide
soluticn for 2 = 5 hoursy the purified sedium aside
solution obtained was gently boiled for about an hour
to remove any excess hydrascio scid, The soncentrstion
of azide in & semple run was found to be about 7% higher
than expeated from the initial sodium hydroxide con~
contration, Aride consentrations were deternined by
titration againat stenderd silver nitrete solutiom,
using potassium chremate or s potenticmetric sethod to
determine the emd point,

Solutions of 0,1} sodium azide were used as stoek,
an? their coneentrations ware subject to an error of
+ 0%,

(b) Pure sodium aslde was also prepared as descrided by Tllis
snd Hall (68E), by precipitation from & satureted
solution of laboratory reagent aside with aleohol,

(141) Pershloric seid solutions were prepered frem comsenirated
4.k, reagent (G, Frederick Smith and Co, 708, 3.6, = 1.,66),
apd standardised sgainst sodium tetredorste to methyl red
ond point, Concentraticos were subjeet to an erver of
2 0,%,

(i¥) Sedium perehlorate soluticns were preparsd frow twe ecmmercial
produets (B,D,H, low in ¢hleride leboretory resgent, and
Fluka), and standardised gravimetrieally by drying aliquots
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to constent weight at 410 = 120%, Solutics concentretions
were subjest to an errer of + 0,1,

Setium bremide solutions were prepared s O,1M steck from
BoD.H, ‘nalar reagent without further purification, and
standardised by potenticmetric titration against standard
silver nitrate solution, Coneentrations of bromide were
considered agourste to within ¢ 0,3,

Deuterium oxide was obtained froa the iustrelian Imstitute
of Wuclear Seience and Inglneering with s nominal isetope
purity of 99,5 deuterium, Solutions of reagents were
prepared for early expariments by concentrating aliquets of
squeous reagent by eveperstion and making up to volume
with 99,9 b0 Mass spectroasopic enalysis of solveat
distilled from solutions prepared in this way indiceted o
resultant DM ratio of 94/6. TFor later measursments, cow
oontrateld aliquots wers diluted with this N deutersted
material, rescncentrated and then msde to velume with 995
selvent to obtain a hMgher deuterium vontent,
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The asscoiation of ferric ions with azide ions and hydre~
soio esid has been investigated by a mumber of workers under s
variety of eonditiona,

Using the method of oontinucus verietions, with ((ferrie) +
(easide)) constent at 0,004k snd O,16i with & wide range of ionie
streagths, \alluce and Dukes (61:/) concluded that the reastion
proposed esrlier by idoes (4'it) on the basia of specific conductivity
messuresents of ferris/hydrascic soid mixtures, could be verified
speotrophotonetriocally as

+2 +

Fo’z' + HN, = lll'oN3 ¢+ H 2e1

3
ElShemy and Sherif (59i), however, while outaining
results for ccntinuous wvariation experiments whioh verified the
existence of a 1:1 oomplex at ((ferric)+(aside)) less than 0,01M,
found that further incrsases prodused a shift away from a 131
system, until at ((ferric)+(aside)) of O.8K, the results suggested
s predouinant product of somposition Fe(N,),, These workers alse
conductsd o series of investigations of fexrric/asids interscticns
using specific oonduetivity, solution viscosity, snd petonticmetrio
titretions as prodes to the chemistry (61E), and suggest svidenos
for the fomation of complex lons of mole ratioc 131 through to 116,
Conditions for these experiments werc ((ferric)+(astde)) less thsn
0.15M and with pH changing considersbly over a series, Vo quan-
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titative estimate of the relstive adundance of the varicus species
oould be made,

Buna, Dainten smd Duckworth (61B) imvestigated ferrie/
sside intarscticns st ((ferrie)+(aside)) arcund 0,02, But with
hydreseic aeid in exsess by s fastor of 10 -~ 503 they comsidered
that under their somditiems, the formstiom of eomplexes higher
than 411 eculd be meglested, These werkers also examined ferric/
aside association in dsuterius oxide as solvent under similar
sonsentreticn cenditioms,

In 1967, Carlyle snd Espsnsea (67C), bessuse of dis-~
srepancies in a kinetio study of ferric/aside intersetions,
re-examined the equilidriun behavicur of the sssesciation, They
performed twe series of experiments, one somparsble with the
oonditions of Bunn, Dainton and Dugkworth, with hydrescio seid in
exoess, sné another im which ferrie iem eomsentretion wes in exeess,
They cbtained & valus of the apparent equilidrium constemt for the
first series which was sbout 20% higher tham their owm value fer
the Mgh iron series, and suggested,therefore, that the fermatica
of the dlasido eomplex was playing e significant part in thelr
result at high aside sompentrations,

Ve had been seasuring the kimeties of formation of the
ferric aside soxplex under eonditions of ((ferrie)+(aside)) of
0,015, with ferrie coneemtraticn in exsess by a faster of 2, dut
ware anxious that there should be me interfersnse to the system
by the formation of higher asido complemes, Ye tharsfore
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instituted a series of spectrephotometric measurenents of our own
to determine the asricusness of the effect of higher complexes
under our kinstie conditions,

Consider & resetion 'molel’ of the form

= TR, 2 ot

Fe*’ ¢ HN ARy

3

vith formation equilibrium eonstant K, so that at squilideriuz
K = x,(Bex)/(a~x)(b=x) 2,5

whare b is the initlal comsentration of the reactant in exseas,
and to a first appreximation ean be considered scustant; s is
the initial ecacentretion of the ether reastant, x is the soncentra~
tion of produst, m;". Conditions of the experiment can be
ehosen so that the hpiregemm ion comesmtretion, H, 1s essentially
eonstant,

Kow from Beers Law,

x = D/E 2.0

where D is the cptical dsnaity, amd E 4is the extimotion cocefficiemt
refarred to & particular path length eell,
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Soc that

K = D/BN/(a-D/R),¥ 2,5

Tids caz de expanded and rearranged to give a variant
of tho well knewn Bemesi-Hildebrand relatiom, which has besn used
in many guises fer the speetrophotomstric determination of
oquilidrius conatants and sxtinetion cosfficients fer & large
mumber of systems, imeluding other ferris/ligand imtersotions (55L,
612, 6%, €5¢, 6TC, 68K)s

a/p = H/BK.D + 1/E 2,6

4 plot of a/D va H/b should be limear with intereept 1/F amd
slope 1/K.X,

For & somplete analysis of the aystem, s mmber of
othor equilibria which tske place must be considered,

FQ‘slq = roc*? 4 8* 2.7

?.'I‘a""aq = (rm);" + m* 2,8
- L ]

Hﬂs - ﬂs + B 2,9

Although exparimental ecnditions may be chosen to mimimise hydrolysis
via theze paths, the expressions deriveld adeve refer to the 'fres’
conseatretions of resstants ferric iom, hydrasole acid and hydiregem
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ion, end allowance should be made for them,

3 D £3

Two series of sxperiments were carried out, one with
fexrrio iom in exoess by a fagter of SO = 150, the other with
hylressic acid in excess by a similar smount, The total ocon-
centrations of ((ferrie)+{aside)) were lew (0,02 - 0,08¢), the
hydrogen iom ooncentration wus maintained at sbeut O,1¥, and the
total ionic strength of selutions at 0,508 with sodium perchlorate,
Measurements were made at 460myu om & Shimadsu Hedel JR50 speotre-
photcmeter fitted with a oell housing through which water, thermo-
stated to 25,0 # 0,05°C, could be eireulsted, The 1 om silics
cells were ealibrated for path length with potassiue ohromate,
using the data of Haupt (52H), snd were fitted with tightly ssaling
teflon ntoppers, Optical densities measmared in unateppered ecells
wore fourd to Arift by areund ¥¢ duriag the 10 minute peried
required for thermostating end messurement, prssumsbly due te
evaporctive less of hydresocio eoid, which has a boiling point of
57%.

Reaults of the equilibrium unmt, ’r”rd data
determined frea them, are given in TABLE 2.1 ,;:rmrm-' 2,1 and 2,23
qtleddmltyudimmthemdth@umhmm
same solution, which, in general, agreed te & 0,001, To eerreat
the measured optical Aensities for any beskground sbsorpticn due
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¥ERRIC/AZIDE AsS0CI AT TG OB
(Conosntratime in moles per litre)
EXCEes PIRRIC LERIES
Semple (i«*o";.r) {AB.) @) Gels /Dy (1) /o
Noe : correoted (x 107)

Fi Ol 040196  4e62 x 10™% 0,101 0,207 2423 5028
02  0.029% 0,902 0,288 1.60 3.56
03 0,049 Del22 1409 2.17
Ok  0.0666 04531 0,869 157
OB  0.0199  heO x 10°% 0,101 0,213 2416 5419
10 0,0298  Ll61 x W0°F 0,293 1457 3e49
11 040497 Oub31 1.07 2.43
12 040696 0509 0e906 1468
19 00407 00370 1425 2,58
20 00395 0.322 1e43 312
21 04,0263 0,268 1a72 3496
22 0,0233 Os24ly 1489 Lekd
23 04,0213 04225 2405 he86
2, 0.0183 0,195 2,36 564
36 0,065  he60 x 107 0uk98 0,924 1.7
37 040405 036 1,26 2459
38 04,0297 0.288 1460 3451
39 0,0183 0.193 2438 5«65
42 00213  heb x 0% 0,900 0,221 2409 "
L3  0.0262 04259 1e78 3491
bh 040334 04316 1446 3,08
4 040487 0226 1408 2409

(omtds)
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LaDLi 2a1 (€T INGED)

]

We/ZAZrne AZDCLOTCHL S0 20 o JURIC CTREIGTI Qe
XCTos AZIDE EERISS

Gemple (Fo’3,, (.ur) (H"T) Gelie b (uy/v ‘

N0 & corrested (x 10°) |
£, 09 Re37 x 0O OIS  0eME 04206  2e57  9e39
06 040278 0.128 06292 1467 360
07 0.0483 0146 Oeli2ly 1e15 2016
13 0.0185 0.113 0e219 2423 Sei3
1, 00278 06128 0e308 1458 3463
15 QeOhE1 D147 0.433 1a11 2419
25 00734 0Oo174 04601 0s813% 1437
26 00566 0,157 0e511 0s952 1477
27 040397 06140 04391 1025 2453
206 0,058 0,126 04279 1.75 3.89
29 Ds0228 06125 0254 1.92 Lol
30 - 06208  0.121 0e2% 2,08 482
31 0,018 0.119 0.211 ‘2631 5eb2
32 040278 0,128 04295 1466 Je64
33 Uel327 06133 0342 1eb3 3407
46 hed5 x 107 0,0734 0u175 04611  0.79h 1436
u? 040278 0.128 04300 1062 Jo&0

L8 0e020¢ De121 00238 2404 Lebit
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to Fe*Jaq and Pecti*?, the extimetion coefficiemts of these
species st 460mu were deternined using the data of ¥ilburn (57M)
to ealoulste escnoentreticns, Resulta of these sxperiments are
given in TABLE 2,2,

DETIRUINATICON COF X

ssmple No, (Fe’”p) (reci*?) (u*) o0,

FQ3h  0,0981 0,00160 0,1062 0,063
FG35 0,0179 0,00199 0,0229 0.9325
FQAO 0,0179 0,00199 0,0229 0,0230
PO 0,0981 0,00160 0,1062 0,0440

The valuss obisined from these messursments are
nh-o.amn“m-u.s. subjeot o an exror of $107 snd o
respectively; these values can be compared with those of Rabino=
witoh end Steckmayer (42R), 0.05 snd 11 st 460w,

The results in TABLE 2,1 were snalysed using eomputer
progrem EQUIL, given in full in APPENDIX 1,1, Essestislly, the
pmmmxmxmmimmtmmt.m
manunA.uutm-Mtumrutumumm
sasll contribution of predust formed, them recalsulates £ and K
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as before; 4nsorporsted is sudbroutime CCNCS2 wiich corrssts the
reastant and product concentrations for any hydrelysis under
the coaditions defined by the data,

The results returmed by EQUIL, together with those of

other worksrs, are compiled in TABLE 2,3,

(bs

ta refer to 25"0; those date marked * have Weer corrested hzs'

using the authari: own enthalpy data),

Refersnce Conditions X E&Go Ionis
Streagth
This work High Fe 0,84 & 0,05 32704140 0,5
High Hll, 0,88 £ 0,08 31204230 0.%
High iﬂ', (13,14 out) 0,83 & 0,05 32408200 0,5
£11 points 0,86 + 0,05 32004140 0,5
High Pe O, T4 3230 1.0
High mlj Co7h 380 1.0
613 High HN, C.89 £ 0,0k 33802200  O,5°
High m', 0,76 & 0,08 33804200 1.0°
57° Hich Fe 0.51&0..015 %160 1.0
High Hl, 0.596£0,01% 3570¢ 60 1.0
(41 ] High HNy 0.75 3680 0,%

High HN 0,62 3680 1.0*

2
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Values of K quoted in this work inelule standard exvers in the
extinetion ceeffisiont used in thelr salsulation, Although
differensss betwemn the high ferrie and high aside series oan
be agscunted for within the experimental errer, this differenss
is mads entirely negligible if two peints of the high aside
series, which are eonsideredly affesting ths result, are dis-
regarded,

Agresment with Bumn, Daintem and Dugkwerth's rosult
soems woll within experimental error, #allege and Dukes Qquote
o experimental error, but the slope of the Bemesi-Hildekrand
function 1/, which can im general be much more sccurately
measured then the extrepolated imtereept, gives a valus of
2,66 x 10, eoupered with our valus ef 2,67 x 10~ saleuleted
from all points,

Differences between Carlyle and ispemsen's high ad low
anide results are well cutside thelr queted experimental errer,
The pessidility that the sffest of the sesond somplex is mwh
more impertant at higher ionic strengths thmm in sur regice of
kinetio intersat, 0,5, was examined dy making several messure~
ments st 1,00, Theas are given in TABLE 2,4 and the results
ineluded in TABLE 2,5, DBecsuse of the small mumber of msesure~
senis, no standard errors have desa imsluied; sasuming that they
are scuparable to our data at fiemio styvength 0,5, there seems te
b8 no messureble effest dus to bigher complexss, Agreement with
Bwan, Dainten and Duckwerth, asd Wallace and Dukes, again appears
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Sample Ne, (Pe'”,)  (as)  (n%,)  o.D, b (HN
sorrected

7Q9 0.0199  4.60x10™ 0,101 0,178  2.%8x10™° 5,21

716 0,069  4.61x10™* 0,112  O.4bh  1.0Ax10™> 1,68

P17 ASTXIO™ 0,018 0,119 0,185  2,63x0™ 542
718 LOTXIO™™  0.0L61 0147 0,390  1.25x10™° 2,19

to be better than with Caxlyle and Lspensem,
The sxpression used by Carlyle and Espemson to treat
their data

L/a « E = (D/a), B/KD, 2,10

a rearrengeaont of the relation uscid to treat our data, has the
sdvantage thut K end £ ean be deternined independiently from the
plot; 4t has the disadvantage that the messured cuantity, T/a,
is imoluded ia the ordinmate and ebscissa, and say ewvers in D
are thus inecluded in uoth, .e have trested our experimental
data using progrem LCUIL), a modification of EQWIL, to evaluate
the expression defined by UATION 2,10, and obtoined the results
dn TABLE 2,%; they are sssentlially unchanged,
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TARLE 205
QUTPUT FROM PROGRAM EQUTL3; DAty AT TONTC STRINGTH OoGM

Conditiens K B
High Fe 0,84 ¢ 0,03 3270 £ 100
A1l peints 0,882 + 0,03 3140 & 90

In oxrder to sheck that the experissntal method was
sapsdble of detesting higher complex formetion, the ferric/
Sremide assceistion was examined, Lister and Rivington (55L)
had suggested that higher complex formatien 4id coour, and it
was intended to perform a kinetic investigation an this system
insluding astivation parameters which, as yet, bave mot been
nesswred, Using the same momemelature as for the aside aystem
adove, optical denaity meamurements for the ayatem

Pe'’ ¢ B~ = Tebr'l 2,11

should bdo desoribed by

a/b = 1/F + 1/%Ed, 2,12

Two series of messurements, one st high and sne at low

hronide eoncentration, were made in Lonm sillioa eells on the
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Shimadsu QR50 at 40%myu, the reported pesk of the ocomplex
adsorption (55L)3 hydrogen ion ccneemtration was O,1M and the
total icalo strength maimtained at 0,5, lecause the abscrption
dus to Fe'Paq and Peti™® ot this wavelength is quite significant
ocapared with that due to complex formed, mssswremsnts were made
with respect to a refarence solutiom, identical to tho reastion
nixture except for ths addition of bromide, Lesults are given
in TABLE 2,6 and shown in FIGURE 2,3,

Because of the mmall cptical demsity changes produced
by complex fermation, due to a ecnesntratica 'oeiling' impoaed
by the icaic strength limit, 0,5H, the extrapolstion to obtain
the intercept, 1/E, is extremsly imscourats, and any distinstion
betwoenn the measured equilibrium oomstsat &t high and low bromide
iwpossidle, The alepe of the fumotion, however, san be measured
quite asouretely, and it 4s cbvious that the apparent equilibrium
constant, extinoticn coeffieient or both, have changed in moving
from low to high bromide consentreticns; formation of higher
complexes must ocour, Resulta are tebulated in TABL: 2,7 end a
comparisen with the ferrie/aside aystem is included,

In erder to ebtain more cocurate valuss for %, and
therefore K, for the high ferriec aeries, another set of experiments
was performed at lemic stremgth 3,9, se that higher ferrio
conoentrations could be employed; hyirogen lon concentration
was raised to 0,5, znd measurements made in tfom cells at 405my,

Assuming that tho intemsity of the transition we were



TABLE 2.6
MIDE ASSOCIAT % (H') = ONIC ST,
P’i d (]
sezple No, (Pe’)) (B7) 0. ke 1N
6Q2 0,00993 0,00504 0,952 0,380 100,7
3 0,0149 0,078 0.2%9 67,2
I 0,0199 0,410 0,183 50,3
5 0,0298 0,151 0,134 35.6
6 0.0%97 0,207 0,097 25,2
7 0.,0596 0.317 0,06 16,8
8 0,00496 0©,0126 0,076 0,26 79,3
9 0,0189 0,116 0,171 52,9
10 0,02%2 0,147 0.,13% 3.7
14 0.,0378 0,221 0,050 26,4
12 0,0504h 0,297 0,067 19,8
13 0,0757 O4h0 0,045 13,2
TLBLE
¥ OMIDE ASSOC oN
Comditions KR X E
High Fe 260 £ 2 1000 & 2000 0,26 % 0,5

HighBr 307 +4 30+ 200 0,99 + 0,7

oof. ferric/anide amsociation

High PFe 275 ¢ 3

High HN

3 21525

TH

33
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observing would be unaffected by this change in eavircmment, the
valus of E ebtained was used to evaluate K at ionic stremgth O,5M,
There 1a evidence to suggest thet, although the chargs transfer
bands to the solvent are markedly affected by suviromment, the
d-~4 trensitions amd charge transfer trensitions within metal
complexes are not (5514, 585), The data fer this series of
neasurenents are givem in TABLFE 2,8 snd the results in TABLE 2.9,

Sample e, (Fe'p) (Bey) O0s &b i/

GQih 0.496 0,00%0h 0,722 0,00699 2,01
15 0. 28 0,505 00,0100 4,03
16 0,165 0,573 0,0135 6,07
17 0,12 0,301 0,0168 8,08
18 0,099 0,251 0,0200 10,07

IABRE 2.9

RERRIC/BRONIDE /SSOCTATION

Conditions KE E K Yenie strength

Very high Fe ‘15:‘ 280_1;95 2,21 3907 3.5
High Fe assuming 2680 0,9 0.5
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Thia valus of K 1is slightly more sscourate than our
sorlier estimates and i3 in reascnsdle measurement with Lister
and Rivington's wvalue of 0,61 at lonio stremgth 1,2, It s
mot posaible to meke anmy relisble eatimate of the wvalue of the
equilibriva constant for the formation of the seeond brome complex
fyom our data,

There seems little doubt that the method should be
capable of deteoting higher eomplex formation im the ferrie/
aside system, should it csour; we have deen unsble to deteot
sny, In the treatment of kinetio dsta, becsuse we have also
sxsained the fermation of the farric aside ccmplex in deuterium
oxide solvent, we have used the equilibrium data of Bunmn,
Dainton apd Duckwerth, whieh, although measured under conditions
of exoess ligand, seems to be substanticted by ocur own messwre-
ments under oonditioms of exoess metal ien,
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HYDRAZOTC ACTD DISSOCT/TION CONSTANT,
For snslysis of the kinstic data, it was necessary te

check that the values ef pXa determined by Duckwerth (60D) for
hydrasoiec asid and deuterchydrasoie asid, eould be axtrepolated
to an ionlc strength of 0O,9M,

¥e determined the pKa of hydrasoic scid at several
ionie strengths by performing pH titretions of perchloric acid
(oa, 0,1M) solution againmat sodium aside selution (ea, 0,01M)
in s vessel thermostatted at 25°C, using e Radiometer Model & pi
meter, It ean be shown thet for a titration of H' and K"y, in the
buffer region around the half titration peint, the pH titretion
ourve can be quite sscurstely deserided by
By = (= Tip)
pil = pka ¢ leog 2,13
(Hy = Hy)

marm.rltoth.tomuuhocnmuon,ﬂrbth
total acild coneentratiom, if nome were used in re.ction with aside,
ssd Hy o the experiamtal free hydrogen ion comcentratica,

Results of a typieal titration curve are given in
TABLE 2,10 and shown in FPIGURE 2,63 standard exrors in the inmter-
oopt were generally aroumd 0,01, Results of experimentis performed
are shown compared with Duckworth's data, recaloulated at 25°C
using the enthalpy data of Gray (566), im FICURE 2,5, /greesent
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TARLE 2,10
DATA FOR TYPICAL pif TTTRATION
Titration 10 1 0,1003M HC10, va 25,00 ml 0,0101M NaN,
fordc strength = 0,5, temperature = 25,0%,
- (B, = Hy)
Vel, seid pH  log ==y
(Hp < Hy)
0.39 5,15 0.7%3
0,62 4,93 0491
0.30 kf?a 0.3”
0,99 4,63 0,195
1,28 AhS - 0,004
1ot 438 - 0,0M
1.60 he255 - 0,22
1.“ 'N115 - 0.375
2,00 393 - 0,554
2.2 ’.m - OOT‘T

i3 quite goed, and the extrepolated value was used in the trest-
mnent of the kinstle dats,

Beosuse the resulta of Duskwerth for the dependense
of pXa on the square root of iomie stremgth for deuterchyirescic
soid were & mugh better straight line them for hydresoic asid,
Bno extre messurencnts were made for this system,

The pXa of hydrasolc asid was also measured at 7.8%
using & single buffer mixture; the value cbtained was 4,63,
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Conalderable difficulty wes emsountered in soms
messuremsnts becsuse of impurities of up to 1% sarbomate 1in the
B,D,H, sedium pesrehlorste used to maimtain the ionic strength,
mnnulhnmudnhmuudk‘m sedium perchlerate whish
gove mo measursble buffer effest due to cardbonate impurities,

HEAT OF WEUTRALISATION OF AZIDE TON IN H,0 AMD D,0.
The heat of neutralisation of the aside iom in water, i,e,
the eathalpy change for the resetion '

H*.q * n"’q = !Iri’q, 2,1k

M'.mthmmmdMqu.M
the correspomiing quantity for resctiom in dsuterium exide as
solvent, AH, was detersined,

Conaideradle time was spent in the design and construeticn
of & small velune ealorimster in whieh to make the measurements;
1t s ahowm in PIGURE 2,6, The tempersture rise when excess
thermostatted reustant 5 wes run frea the side vessel intoc sn
aliquot of thermestatted resstant A in the ealorimster, and
thoroughly mixed, was semsed by a thermistor bridge/smplifier
and resorded om a fast response pen resorder, The equilibrium
sixture was thea brought bsek %o bath temperaturs, and sa scourstely
_knewn amount of eleotrical emsrgy used to heat the selution dy s
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oouparable smount,

The results obtained from a seriss of determinations
gave AH_ = 3,65 ¢ 0.9 koala/mole compared with the value
cbtained by Gray (566), of 3,60 + 0,05 kesla/mole st 25%,

It became poasidle, however, to oontimue measurements
en ¢ Beckuan 1908 miorvoalorimeter, and subssquent results were
odtained om this imstrumemt, The heat durst prodused by
resctioa of a small accurately known volume (ususlly 50 - 200ul)
of resotant A with 15al of resctant B is compared with the hest
produced by simultaneously dlluting s similar volume of A into
15ml of selvent in & aontrol cell; heating effects of dlution
and mechenical stirring sre cancelled, Both cells ere mounted
in copper/conatsntan thermopiles snt the whole system encased
in a large heat siak,

The instrument was calibreted by cemparing the integrated
hest flow through the thermopils with that for a standerd reastioa
of well docxmented smthalpy shenige, Using the neutralisstion of
196,441 of 0,00967M HC1 by 1%al of about 0,01M sodium hydroxide,
the ssasitivity of the inatrument was found t6 be 0,558 + 0,004
#11li0als/integretor division,

A series of measurements were mals of the recction of
101,35l of 0,0766M sodium aside with 15a) of O,1¥ perchloric
scid, and the results are given in TADLE 2,11, The mean value
of AN is 3.61 3 0,06 koels/mole at 13%,

This value, coubined with GCray's value of 3.60 + 0,05 koals/



TLBLE 2.11

HEAZ OF FORMATION OF JIN.ag FEOM JCUATED JONS

Sample No. Heat sink Integrater Al keals/mole
temperature reading

9 17.6 9.9 3,63
1" 18,9 795 5.61
12 18,9 76,5 5.57

mole ot 25%C, and the observation that AR cslsulated from
our values ef pKa at 25°C end 7,8°C 1s 3,78 keals/mole, lesds
us to suggest that the enthalpy change for the dissoociation of
hydresoie aoid prodebly changss very litile over ths temperature
renge (10 = 40%C) tn whieh eur kimstio measurements were male,
At worst eatimate A N, may have fallen to 3.4 koals/mele at
w‘c. in which case caloulations, if the walue of the dissoolation
constent Based en the valus or AN, st 25°, would e ia error
by only around 27, This appears to be a different type of
bebiavicur te that exhibited by meny weak aelds, wher: the fonise-
tien constent may resoh & maximm, often at tempe -sturez olosze to
rosn temperature (59R),

A mioregaleorinmetric determination of the heat ef
neutralisstion of aride iom in D0 a3 sclvent was oarried out and
the results sre given in TAPLF 2,12, The mezn walue i3 4,07 ¢+

0.27 keals/aole, Although our velue of A, - BH, 15 subjent to
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sonsidersdls possible srrew, 0,46 keala/mole oompares quite
resscnsdly with 0,38 koals/mele for the second dlsseeiation
of phespherie neid, calsulsted from the data of Gray, Bates
and Robinsen (640),

101,561 0,0503 NeNy 1a Dy0 ¢ 15al 0. 1M DO10A

Semple Ne, Heat slnk Integrator AN koala/mole
texperature resiing

1) 18,9 €5.1 MS7
1% 18,6 - 35,2 3.82
15 18,6 6348 hobl
1€ - 1847 537 3eT2

7 18,6 58,0 3.95
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The rete of formation of moncasileiren(ITI) ien was
followed Ly msssuring the consentrefion ef the complex as a
function of time, under comditions of total iron(III) oa, 0,01,
total aside ea, 0,005 and hydregen ion ca, 0,007 e 0,42, ot
temperaturss between 10° amd 40°C, However, becsuse the resatents
end produsts are involved in a mumber of equilibria which may
affect their soncentretion, and therefore may be expested to
nodify the kinsties of complex formation, the effeet of these
equilidria will now be oomsidered im deriving a idnetio moded
sgainst whieh ths experiseantal results may be tested,

In acidic asquecus solutioma of ferrie iren contaiming
low consentrations of aside, the poseible equilibria to be
oonsidered have bheen shown in Chapter II o be

Pe's ¢ Ny nu;Z + 0 3,
Ky
vo'” == reoi®® ¢ 1* 3,2
Ey
F.”-‘—F(r.oﬂ);" + 2 3,3
D

ky

i, ====u" + 1
3 3
Y

Jekt



The values and sourcea of the equilibrium conatants, Keq, KH'
KD and KA-’ desoribing these equilidris, used in the treatnent
of the kinetic data are given in TARLE 3.1,

Keq 0,89 2,52 613
E, 1.67x107 1030  S5M
K, 1A9x107 128 sm
K, 5.8 x 107 613
K, 3.6 5

Consider the hyirelysis of Fe' aq deseribed by
EQUATION 3,2, I& has bdeea shown $hat for o resstiem of the form

¢ 2%1*3. 3.5

the relaxation time of the aystem to & small ohange in the
oondition of ehemicel equilibdrium is dessribed by

V. S lg,q»gr(‘ioi) 3.6
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where T is the relaxation tine, and 7 snd B are the equilidriwm
scnsmmtrations of ccuponents A amd B,

Lus snd Shulmen (65L) have estimated frem proton magnetie
resonsnes shifts measured oa ferrie solutions, mnu-z.euo‘
sec™!, 80 that Xy = 1.5 % 10°/n/s at 25°C.  The ccmemtretion of
resotants ia our russ performed at lowest seld ere given in

TABLE 3,2,

ZARLE 2.2

ON CF R% = F
(moles litve™)

(7)) = 726107 (0,) = 482107 (H') = 7,3x107
(rece®?) = 191070 (1) = 2.3m0°
(Pog08,") = aubxto™

If the scmoemtraticon of any ¢f ths components invelved in this
oquilidrium were disturbed by reaction to form I‘;E, the
equilibriwm would respond with a relexation time of 6 x 10'8 seeonds,
The o' /ret*? equilibriue deseribed by EQUATION 3,2 will
therefere agply throughout the kimeties of formation of the
oomplex, for wiich the ahortest half time for the scmiitiens
studied was aroumd 5 x 10 seocads,

Simdlarly, the hydrolysis of hydrescie seid een be

cousidered modile} by analogy to similar directly msasured
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protolytie resotions (64X), k_, might be expested to be
5x 10101/1/1. giving k, & value of 2,5 x 10‘0-0"1. The relax-
ation time of this hydrolysis under our coanditions would de
about 3 x 10'9 sesonds,
Vendt (62%) has measwred the rate of the dimerisation
|
2 7eo'? —wale  (vooH)3 3.7
Xy

ond cbtained k = 450 1a/s, kip = 1 se0™', The oaloulated

relaxation tizms 43 O.4 to 1 sesond for the range of somditions
stulied in our work, A similar range of relaxation times is
suggested by the messurements of Sutin (658). The dimerisation
will be considered immedbile for the period of messurement of
Fo}’ fornation, Assuslng the dimer to be izert to direct
resotion with ligand, the result of this equilibrium will be to
reduse the effestive consentration of Fe*> availoble for resstion,

So peasible reaction paths for the fermation eof

!‘r ares
re*> + 0y =g uv;’ 3.8
PotH ¢ Wy == r-n;a . & 349

Fo'*> + 1N, —— !’d!;z + 3,10
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*2 *2
oo™ o mN, z;“—-ak Py’ ¢ Hy 3,14

wdy.

The rate of fermation of the eomplex 1on will be desorided By

4(FeR,) ; - s ,
— = Xy (Te)(My)eky (Fem)(Ny)ey (Pe)(HNy)ok, (Paci)(Ny)

= (PolNy)aic_o(Palty) (0 )k _y(FeRy)(H)=k_, (Fey) 5.2
where ieuie ahanges have been smitted for elarity,

However, as equilibrium sonditions ferr hydrolysss
5.2 amd 5.4 will apply threnghout

(FocH) = Ky(Pe)/(H) 3,13
(mmy) = (M), 396
slso (OH) = K /(H), whars K_ 15 the Sl °“~‘§;}c«rw NV

water,
So that 3,12 oan be written a8

522 - oo 322
- ("’3) [3.1 * ‘kﬁ + k_’(n) *k _;] 3.1%

= km(ro)(n,) - kém(l‘dl3) 3.16
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for o given free acid comsentration, zssuming (H) to remein
essentially constant over the periocd of messurement, snd
where (Pe), (R’) and (ruﬁ,) vefer te the 'free' concentratioms
of resctants el produst at time %,

Subjest to these assumpticns, the system should be
deserided by a recctien 'model’,

re'’ o+ 0 ;:f:m;’ 3417

Now at any time throughout the kineties

oy, = tetal consentration of ferris avallsble for
reaction
= total sonsentration of ferriec iron presest
« that ferrie asaceiated as dimer

= (Foaq) + (Fecti*2) o (r«;’) 3,18
. (Foﬁ,)u + K/(H)) + (nn;’) 3,19
(reag) = Poy = (Fay = 21 + M) 3,20

whore x 48 the ooneentration of the pmt, FG-N; 2',

Similarly,

(l;) = l” bl (A& - ‘)/(‘ * R/‘L) 3.2t

where “‘1‘ is total concentration of sside presemnt.



!
So that on the basis of the model defined by EQUATION 3.}Z/;

i kr(r-! - x)(Aq! - x)

- k‘_x 3.22
(1 + KyH)(1 + H/K,)
- x x(rk - :)(Ag - :n)!:l..zcI . -
(R + xn)(u * xA)

Unﬁuour«nuumﬂ)mx‘.uthn‘t

(Pag = x)(Ang = x) KX,

£ e -x 3.2

Now in fest caleulatiens ineluding sll pessible equilidria,
show that (H) at low waluesdoes change slightly dwing

resotion; the best stolchicmetric model for the system is
*2

P> 4+ HN. = Pe

3 +0* 3,25

So that (H) = (K)mu-l' x

A% the lowest scid stulled, 7.2 x 107>, this approximation is
in error by ¥5, although () changes by 203 st the next lowest
seld, 1,18 x 1072, which changes by 125 during resetios, the
sasumptien 15 correst to within i5{, This can be included in



BQUATIOR 3,24 to give

(Fe,, = x)(Az, = x)K,K
ﬂ - k' 1(}! : 1‘ ) A -
0 Kn + X

and rewrittsn, replasing the constants for slardty, as

# - L.
- + +* * -1

- K o+ x

Tharefere

e+ X h-k'“
- (a8 40 e o)xe (de1)

So that, sgain replasing the coastanta for clarity,

J .- *X: TR -§: kb

A = add = Fopdiy KK
Bao~(adebd eo)

= = (PagK, ¢ AngELK, + Ny ¢ Ky)

49.

3.26

3.27

3.28

3.29

530

33

3.32
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c:‘-i-&&-i 3:33

prosi, ¢+ X 33

The integrals derived above are of o standard form and can be
integreted exastly to give

Ez-uc 2x + B + Bz-w
1— ' xz xn t]t m
¢+ 3¢ la(aeBxec )]. K, . 3.3%

Evalustion of this {stegrel for corvesponding values of (Teiy-)
ot varicus timss t, should be limsar, with slepe k,, sorvesponiing
with the observed reverse rate constent &efimed in EQUATION 3,16,

Pregrem RATEYY, imecrpereting subreutines CONC3, DTATRY
and LSTSQU, was written to evaluate the integral im EQUATION 5,2%
for the eonditicas of csomsentration of resctants, tempereture,
instrunemt settings and thermedynamio date chosen for a given mum,
ol to determine the ‘chaerved' ferward rete constant; it is
given in full in APPENDIX 1,2,
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Kinetic experiuents were performed on a stepped flow
spparatus with spestrophotometric detection, the spesificatiens
of which are given in APPENDIX 2, The principles sad development
of the atepped flow and other flow and relaxatica techniques in
the study of fast resctions have been surveyed in the litersture
(638, 64C) and have been widely applied in the stuldy of shemieal
kinetios in solution (64H, €5S),

In the stopped flew aethod, known raties of the twe
reactant selutions are imjested at high veleoity into a small,
effioiont nixing chsaber from which the mixed selution flows down
an obaervation tube; the flow of reactants is suddemly stopped
and the kineties of ressticn followed inm that element of selutiom
which stops at an obaervation peint plesesd as elose as practicadle
to the peint of mixing, The prerequisite of the observation
equipment 13 its ablility to respond without 4iatortica to the ohanges
in oconcentration bedug felleowsd,

A sshematio diagrem of the spparatus used im this study
is glven in FIGURE 491,

The kineties of formation of the memsasidoiren(III) ion,
initieted vhen equal volumes of acidified ferric solutiom
(ea, 0,02, lonic stremgth 0,5!) and sedium aside solution
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(ea, 0,01M, ienie strength 0,5i) were xized, were messured by
follewing the change in trenszisaton through the selution of
light at 450mi, The resstion was studied st H' acneentretions
frem 0,007% to O,42M and at temperatures detween 10° and 40%,

The experimemtal precedure for kinetic zessuressnt
oan be summarised:
(1)  Ereparsties.

Resctant selutions of the desired concentraticns were
prepared by dilution of standardised steck, With the glass-
wore used, and giving eonsiderstion to the wcertainty in
cessmtration of the ateck solutien, possible errors in
resstant soneentrations are for ferris, & 0,7%, hydrogen
ton ¢ % te ¢+ 0,5, and aside # 0,5, Dessuse of the
volatility of hydrasoie ssid, me selutions of acidified
aside wers prepared,

(44) Degessing.
Resstant solutions were degassed by melting 500l of

frosen solution wnder vacuum in 100ml alosed vessels,
The preesedure was nessssary to prevent cevitation, whieh
weuld otherwise stsur when aclutioms flawed at high velooity
through the apparetus, From vaper pressure and gas
soludllity data (59C); the ecmoentretion ef dissolved
gases is expeoted to fall by more than 987, while the



solution consentrstion should be affected by less than
0,001 after one freese/melting cyole umder these conditions,

(111) Thegmestattinx.

The spparstus was thermostatted dy oirsulating water,
gontrollod to ¢+ 0,08°C, through the hellew thermal psnels,
Thermistor measurements of the resstant soluticas indicated
that temperature equilibrium was reagshed after 20 mimutes)
solution: were plased in the apparatus 20 - 30 minutes
before any kinetis messurements were made,

(iv) Indegtion/Resgtion.

Equal volumss of esoh reactant (0.45ml), emcugh to
completely flush any rescted solution from the mixer and
obaervation cell, were injected in 60 = 100 milliseconds,
Just befors the flow was stepped, the cacillessope treee
was triggered} the apperatus was set so that fast observe~
tion of reasting solutions was made i « 6 milliseconds after
mxing, end resction follewed contimuocusly for 4 = 6 half
lives, Typloal treges are shown in FICURES A4,.2 mnd 4.3,

After a fow seconds a reading sorresponding with the
transaission of the solution after all resstions in the
system had attained equilibrium was taken; the phote-
aultiplicr signal was balansed to electrieel serc and the
basking off voltege noted for later celoulations, 411



FICURES 442 and &eJe  TYTICAL REZCTION TRACES

FIGURE 4.2, FON F20,1

(re*>)  0.01005 mole/1itre
(Aside)  0.00450 mole/litre

(x") 0.,0615 mole/litre
Temperuture 30,0%
Trace speed 10 millzeo/om

CRO sensitivity 1.0 vold/om
Total optiecal denaity change 0,20

FIGURE L4o3e WUNS F58.1, F58,2 and F58.3

(Fe’7)  0.01009 mole/litre
(Aside)  0,00464 male/iitre
(5*) 0,0108 mole/1itre
Temperature 10.1%

Trace speed 50 millsea/on
CRO sensitivity 1.0 volt/em
Total optieal dsnsity change O.8%
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ssasurenssts of treanswission were taken with respeet to
this 'iafinite tinme' sample,

The stered trece and dase line were photegraphed for
later messurement,

(v1) Zreas Nessurenemt.

Using a photogrephic enlarger, the trase was megnified
to arocund four times soreen asise and the magnificatien
noted) the image was projected omto greph paper and re-
dremm, A {ypieal displsoement oculd be messured with an
sosureoy of 1%,

I¢ will be later shown (APPENDIX 2) that the effective
"dead tine' Detween mixing and observationr is predabdly
2 « 3 milligeconds; 41t was assumed in the trestment of the
datas that at first shbservation the somssatratioa of produst
was sere, For faster treces, this 1a edviously not true)
s msasurshle reastion has taken plase defore ohservation,
and mixing may not be 100¢ acapleted fer 1 - 2 milliseconds
after stopping. It was attempted to eoxrect this by extre~
pelation of the smooth tramasiasion vs time curve to sere
tine; survature in the rate integral vs time at tinms
less than a few milliseconds was elimimated through this
presslure, and the sxtrepolation procelure is therefere
sssuned to be a reasemadle ome,

Fer osch trese, ususlly twenty values of trese displase-
meat at equal time intervals after stopping the flow were
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measured, covering & period representing 70 - 53 of
reasticn, and thess, togother with the setting of the
basking of potential at equilibrium, were recorded on
punshed oards,

In gemeral, six runs were performed fer any one glven
set of coneentration gonditions and temperature, and treated as
deasribed in steps (iv) to (vi) edeve, Those sonditions whigh
applied to the whole ast, teotal initial ferrio and sside comemntre-
tions, the tetal initial hydregen ion comoentration, net allowing
for hydrelysis of ferric or formation of hydraselo asid, the
temperature, osoilloscope settings of imput amplifier and time bdase,
and the enlargaent faotor in adrawing the treces were recordsd on
punched cards,

mactam'prm:ﬂudngammﬁ and
associated subroutines, s gsomplete listing of whieh is given in
AFPENDIX 1,2, and the operation of which is desorided below,
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ZREATMENT OF RE ULTS = PROGRAN RATE1Z.

Lesving aside the input/eutput and howsekesping
spearsticns, the esaential fumetion of pregram RATE{3 in precessing
a set of data will now de desoribed,

Using the thermodynamic data ochosea and the conditions
of the run, the hydrolysis, dimerisation, acidity and oomplex
formation squilidbriva ecmatants corresponding with the resctiocns
below were saloulateds

re*? = ¥ oOH

+ N ot
2re*> - (rec)3® + A2
HNy . n; + 1t o3
ro*’ +HN, = l‘d’z + !l’ &ols

3 3

This data 1is used in the caleulstion of the hyirolysis corrections
of resstant consentrations ia subroutine CONCS, where three stages
during resstion are trested indspendentiy:

Firstly, the ferric soluticn is considered before
resotants are mixed; resotions 4,1 and 4.2 equilibrate and the
Rydrogen and ferric comsentratiocns are adjusted acecrdingly,

Sesondly, at the instant of mixing, all resstants are
d4luted by & fastor of two and reagtions 4.1 and 4,5 oome to
squilibrium, As dezerided in Chapter III, the diasrisatiom 4,2
esa be considered immobile ang, assuming no direst resptiom with
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1igand, its effect is to remove a certain concentration of ferriec
ion from the reaction scheme; any hydrogen ion increase due to
dimerisation before mixing is included in the conditions at mixing,

Finally, the concentrations of all species when reactions
L, 4.2, 4,5 and L4 have equilibrated, the condition corresponding
with the 'infinite time' reading, is calculated, The concentrations
of ferric ion free for reaction, azide, hydrogen ion and the
equilibrium concentration of complex product ere returned to the main
program,

Assuming the absorption of the solution at time = o to be
that of the solvent, the concentration of product at time = t was
caloulated from the opticael density st time = t, the opticel density
at equilibrium and the calculated equilibrium concentration of
product,

The integral defined in EQUATION 3,35 was evaluated for

these concentrations,

The purpose of subroutine DTATRY 1s to eliminate any
punching errors in the data which may otherwise be very heavily
welghted in a least squares fit to the function, The leaat aquares
slope of values of the integral vs time, passed by DTATRY, that is
the cbserved aguation rate constent, wes calculated, and the observed
forward rate constant determined from this,

The caloulations of product concentrations, integral and
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observed rate comstants were repeated for eash rua im the set, them
the mean forward rate comstant and probable errcr in the mean were
saleulated, This valus was used in the anmalysis of the pi{ end
tsmperature dependiense,

An oxanple of the cutput frem RATE13 is shown in FIGURES .k
amd 4,55 from the linesarity of the rate plot to quite high degrees of
eonwversion to produet, the treatzent appears to csourately dessride
the kineties,
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FKHY= 1,8cAF2n3. EKIIT= 1.494F~03y FXACE 2.440F=05. FOCON=S 03,3448E=01 4 YEQ;‘&.9“”F*“0/)# R R
TEKHY =1 RARF =Ry FRNTZ T jaCafl-n2y EXACS R, 446F=NbH, BL948F-N1, YEQ= S, QEAF+ON/)
FKHy= 1.9AAF=03. FKITz 1,494E=n3. EXAGS 2.44065=00, A 9GRE~nT1. YEN= S, 48EF+0N/)
EXKHY= 1 ,86RF=r3e F¥NT= ) 49abor3e ERKACE 3,4460F=05. Q,94RF=n) . YEG= B,3BhE+00/) =
FKHYz 1.868F=n3, FFnTz 1,494F--3¢ FXAC= 3,446F=15, K,948F-n1 YEN= 6.0RBF+00/)
FKHY= 1,BA8F-03. FKOT= 1.404af="3s E¥iCz 2,446F-0ba B.94HF~-n1 e YREA= 6.0ARMI+0N/) o R
EKHY= 1,.P08F=13, CRT= 1, 40682730 EKACS 3,440F=05. B,34HF=-N14 YEHO= H,9FEF+00/7)
TTEKHYZT 1ZRARF="24 LKIT= 1.406FE=732 EKACS 3.44hF=N5, ECCONT B,948E=07. YEA= 6,062K400/) S ) =i
KOS 1)= 5.009F4rS KNES{ 2= 4.9275+05 KORS( 3V= 4,R301+05 KOBS{ a)= 4,933E+405 KORS( 5)y= 64,9327 +n5 KOBS'( 6)Y= 5,105E+05
KOBS( 7)= 5.308F+08 KNS ( )= o, 134F+05 KOOUS( Q)= 5,139K+05 v
FAR BN~ © 54 "CANCAN=  1,N3ANF=02.CONCR= 4,640F=N3.CoMCEN= 3,530E-n?yTEP= 25,00 -
Eat RATE COLSTANT=  S.RaTF+05«P,F, QATF= Wb .
R T i L FIGURE L.L . OUTPUT FROM FROGRAM RATE13 FOR RUN 54 e rrare—p W

9 THACES , 19 POINTS PER TRACE,
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CHAPTER V

RESULTS AND DI3CUSSION

(a) Kineties of ferrioc azide formation in water,

The value of the cbserved rate oonstant for runs in water at
ionde stremgth 0,5 are given in TARLE 5.1. For a given temperature,
the dspendensce on aeld eoncemtration (e.g. FIGURE 5,1) seems to verify
that eontributions 4o arise from the paths proposed in the derivation
of kyus (ECUATIONS 3.12 to 3,17) from an acid indspendent term, s term
proportional to (H') and a term inversely proportional to (R'). Let
us define the paths as before as

+3 - —— +2
.
PecR*2 + N =2== pat?+ on” 5.2
. 3 ~E, 3
X
re'd 4 my, > ray? + B’ 5.3
k_,
reor*? + vy i‘_:i" rary? * B b
L

The results from the asid and temperature depemdenses of kom were
analysed using program HTDP13 and its asscclated subroutines, given in

full in APPRNDIX 41.3; the proosdurs for the analysis of thesc depend-
snces will now be desoribed:



TERFLE A 0y , '
IR .

2 :x‘\rﬂ' -'-.'-"-" E‘_n.";:_ 1

12

Yean valuss of cbsarved rate coastant in 1~!20

(Coneentrat ions in moles/litre)

(eontds)

fam ¥ ‘ﬁﬁ'ot Aot i pee  TORPe ean k n.  efe Kypo
1 0.01010 0400900 0.1079 25400 4939 x 0° 045
2 31030 Yekbh x ¥0° 046
3 39,10 14999 x 10° 142
5 21620 o347 x 10° 048
5 28,40  7.050 x 10° 0ok
6 35,30 1,436 x ©° 31
7 10,10  9.289 x 10° 1.9
8 15,0 1,891 x 10° 340
9 0,000  Oetizh 25600 54137 x 10 0s3
10 30600 BeIbi x 105 0.6
11 .30 1ebB x 0° 0.8
12 59040 2409k x 10° Yol
3 1010 Fobk8 x 10° 0e9
% 15.70 1.612 x 10° 1.7
15 21020 3e305x 10° 1a2
16 00611 10490 9194 x 10° 043
17 15,0 1,718 x 10° 0e3
1€ 2,20 30217 x 10° 245
19 25600 4860 x 10° 0e5
P 30,00 7928 x 10° Ouk
21 3.0 1e%B x 10° 15
22 3990 1,917 x 10° 140
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TAlki. a1 (contds)

I T ives  TOmPS Moan ki 1 Pede Kpg
37 0401030  0e004Ek o160 10490 1,003 x 10° 0e6
38 15,70 14817 x 10° Ouly
39 2120 3.306 x 100 Ouly
w0 5400 beSih X 10° 0e9
X 30,00 6.06 x 10° 1.0
L2 3530 1498 » 106 0e¢5
13 39,90 1,897 x 10° 2.2
1k 0,086 1010 94501 x 10* 042
15 15430 1e754 x 10° 0e3
16 21,20 3.256 x 10° 0e3
X 25,00  5.025 x 10° 0e9
45 30400 8,252 x 10° Ouls
49 B0 1.350 x 10° 0.6
50 39010 1,922 x 10° 0e?
51 0,0355 10490 94792 x 10° 043
52 15.% 1,816 x 105 0eb
53 29,20 34366 x 107 Ook
3& 25.00 5.057 x 105 0.6
55 30,00  8.277 x 10° Oeks
56 B30 1a362 x 10° 048
57 39,10 14977 x 0% Yol
50 0.0100  0.00EK 00099 10410 10416 x 107 049
59 15,30 2.59% x 10° 046
& 2.0 A1 x 107 045
61 25.00 6,839 x ¥’ 0.9
62 30,00 1,066 x %0° 1.7

{ eonta,)
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AR 501 (

Lum Fo’:',j,ot Aoy * oo TOmPe Newn k o . Fele Ko
63 001020 000463  0e0203 10410 14006 x 107 3
64 15,60 1,864 x 10° 0e3
€ 21,20 337 x 107 166
66 25400 4962 x 10° Oe5
67 30000 74924 x 0° Oeb
65 35030 14153 x 10° 0e9
69 39440 14736 x 10° 246
© CuATE 10410 1,093 x 10° 0s7
" 15.70 1919 x 10b Oeb
1< 2163 301 x 105 0e%
7 2400 54103 x W07 0e6
N 30,00  Be2it x 107 201
e 5030 10331 x 1©0° 049
76 3990 14933 x %08 o3
1 0,0129 10010 1186 x 10° 1.6
7t 1970 2,196 x toﬁ Oel
79 21020 30670 x 10° 140
@ B0 5.649 x 10° 147
81 30,00 64524 x 10° 0.6
& 35030 14526 x 10° 147
85 Gek2i2  10e%0 1139 x 107 20k
TR %, 70 Zs07h = ’0‘5 15
& 21420 3,693 x 0 204
86 B0 Sebd x 107 0e6
&7 0600 k52 x 10 248
86 35030 1,677 x %0° 0u7
89 59010 24561 x 10° 241

{omtds)



TaBisl 541 (oontde)

63,

Au ?o”? ot B o ;z’i_n T Kean k . Cotie Kop o
50 001322 10490 9u845 x 10* 048
9 15,70 1,861 x 10° 049
92 21420 3.005 x 107 049
93 25,00 5419 x 10° Se?
9% 0400  Be513 x 107 140
%5 e 1eh06 x 10° 0uk
9% 39,10 1e932 x 10° 340
136 0,00976  0.00464 D360 10480 1076 x W07 Oe5
137 19470 1493 x 10° 0e5
136 21620 34575 x 107 Gab
135 25000 ko527 x 107 1a2
¢ H0e00  PeE33 x 107 1.6
11 35¢30  %e367 x 107 0%
182 3996 10849 x %0° be9
3 0.00976  0.00M4 067207 10,90 Jehhs x 10° Oeb
14, 1370 17l x 107 Oe3
5 2o 30275 x 107 Qo2
14 2630 he?87 x 10’ 0w
17 30600 64196 x 10 Oe3
145 35030 1e426 x 10° Oe3
15 0,0095%5 0,009 00231 10,2 94969 x 10 Cez
150 15080 187 x 107 O3
151 2100 3ebby x 10° Yo
152 2540 5056 x 107 046
153 U0 Bekll x 107 0o
154 35630 1ei39 x 10° Tok

{oantde)



{eontd,)
i 5"‘5‘:‘“ “Rrat " ires  Tempe oad kg o oo Mg
15 Ge33t 10,30 1,085 3 107 0e7
156 15480 2,007 x ¥ Tot
157 20,20 3599 x WP 0e3
158 B0 50296 x 107 0e5
159 100  8e727 x 107 1.7
16 Be0 1351 x 10° 147
164 0.00MES G092 20400 5e622 x ¥0° 1o
162 0,005 25400 6eT7Q 3 107 R
163 0.00058  UoO0Bk 25400 50761 x %07 Ook
164 L0151 25400 54376 x 10° 0eb
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(1) Temperature correstiom.

It was not always possible to perform rums over the whole
temperature rangs at a given asid oconosatration and, to make full use
of the dats, it was considered desiradle tc be able to extrapolate the
data to these tempsratures, Inspsstion of the temperature dependence
of kOBS suggested that the cbaserved astivution energy was oonstant
over the temperature range of interest., Using the aetivation para-
meters for the various acid dependent paths, determined by analysis of
the data without using such an extrapolation, kOBS at various temperatures
was caleulated; it was found that plots of los(koss) against reeiprocal
sbsolute temperature were indsed linear, with a standard error of 0,05
over the complete aeid range., Values of the sotivation parsaeters
for the individial peths were varied without affecting the linearity
of the computsd funotion, The sxtrapolation was therefore econsidered
a valid one,

Because temperatures of the reastant sclutions were not
direstly asasured immediately prior to a kinetic rum, but were assumed
from the bath tenperature after a sufficiently long thermostatiing
period determined from the experiments deseribed earlier (Chapter IV),
the method was used to extrapolate the data and to correct data at
temperatures at which runs were performed, in an attempt to eliminate
small thermostatting ervora, Using this method, 17 points of the 109
sets of experiments performed were discarded from further ealeulati'n
becruse they were eonsidered to unduly weight the extrapolation; an
exanple is shown in FIGURE 5.2, where run F&8 was eliminated; imoluding
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768 inereased the standard error in the ordinate of the dependence by
S0%. Of the 17 points dissarded in this way, A1% were at 39°, 2%
at 352 and 15% at 30°, indicating that thermostatting at higher
tempsrstures wae not very effiecient or reliadle,

Using this data for the runs in water at ionlc strengt: 0,54,
kom was reoaleulated for eash acld ooncentration at temperatures
between 10° and 40° at 5° intervals, The data used by HTDP3
inoluded the total ferrie scnoentration, the total asids concentration
and the seid coneentration free from hydrolytie effects, Using sub-
routine CONCS the total free hydrogen ion conoentraticn was caleulated
for sach rum at the same temperature intervals,

Taking the points for & given tempereture, the values of k1
(or kk' both of which are 20id inJependent and therefore indistinguish-
able), ks and. k2 were determined,

In gensral, for asld above 0,05, the effest of k2 appears
from the data (e.g. PIGURE 5,1) to de having little effect; the least
squares alope anl intercept for points in this region were used as a
firat appreximation to ecaloulate k, and k1 VX
eontributions of these paths at lower acid ooncentrations, the effect

From the caleculated

due to path 2 was ccaputed and the least squeres slope of this eontridution

against reciprocal acid gonecentretion used to caleulate kz. This first

approximation % kz was used to correst kOBS over the whole acid renge
8o that a corrected value of k, and k1 /b could be calculated; using
this, a new value of kz was obtained, Five such iterations were
performed and k,, the path most sensitive to these approxinatioms,



67.

changed typloally by 147, &%, 2%, and 1% af'ter each iteration,
Ferforming this analysis at each temperature, the aotivation parameters
for eash path were galoulated, The results for calculation run
R13/H13/3 are given in TABLZ 5,2, The results for paths 1 and 4 are

TABLE 5.2

FERRIC/AZIDE PORMATION KINETIC IN WATER

CALCUL #PI K RUN R13/H13/3

Path Knop® setivation emergy otivation entropy
(litn/nﬁ./m.) (koals/mole) (@eu,)
1 W3 X100+ 2,5 18,35 + 0,001 28.78 + 0,003
2 1.0x10%+ 157 249 + 0,31 -22,8 + 1,0
3 9.6 + 2075 179 + 0.1 6.0 + 0.5
& 8.0 4 10’:‘ 2.% 11065 1 0,01 =1,62 _": 0.005

caleulated assuming the acid indspendent path is ecampletely path 1 or 4,
Errors quoted are the standard errors in the least squares slopes or
intercepts used toc saleulate ths quantity referred to. illowing for
errors in reastant concentrations, injeotion raties, trece measuremsnt,
eto,, the maximum expeeted error in - is around 343 oompared with
a typical standard error in the mean of a mumber of determinations of
4%, and the standard error in the valus of k4, whish generslly makes
up 80 = 9% of kopge oF 20, it seems reasonable to aasume that XoBs



is subjest to an uncertainty of 3,

The first point of interest is the appearance of reactionm
path 2 eorresponding to the reastion of FeOH' /Ny , first suggested
as a possidbility by Sutin (638)s While the presemt work was in
progress, however, Cavesinmo (67A) and Espenson (67C) both published
results on the kineties of ferrig/asids intersstions.

The results of Cavasimo et al. are confined to (H') from
0,01¥ to 0,09, and in this range, the observed rate conatant was
found to be independsnt of acid concemtration; based on the assumption
that the funotion is at minimum in this range, with the effects of k)
and k, compemsating to within his experimen'al error {8%), Cavasino
used the earlier value of & litre/mocle/sec for ky (632), measured at
donie atrength 1.,0M, and oaloulated that k2 under his eonditions
(lonie stremgth O.14) was in the range 3 x 10° to 4 x 10° litre/mole/see.
Using our value for k3, Cavasino's data suggest an upper limit of
9.6 x 10° 1itre/mole/see for kg, in ngreesent with our value of
(140 + 0,15) x 10° 11tre/mele/seo.

Carlyle and ispenson's results extended over a wide scid
sonoentration rznge, the lowest being at 0,005, with no eurvature at
low soid that would suggest & contribution from cur path 2, s hus
deen pointed cut in Chapter II, inveatigations prompted by Carlyle and
Espenson's equilibriim measurements of the second azddo complex did not
suggest any significant concentrations of th: diasido eomplex unier

our conditicns, but it can de shown that the ratio of scoond to first

eomplex will be given by:



(re(ty),) Koqz , (Hiy) .
(Pey) Keq  (H) )
Keq o (rang'2(E")/(re") (R y) 546
Koq2 - (re(w (" Y (re*?)(ey)? 507

CSo tbat>uw esffect on the chserved rate dus to simultanecus second
;onplox formation might well be expested to interfere in a way which
resenbled an inverse aoid eontribution,

Now runs F1 to P16C were ocarried out with total ferric amd
total azide concentrations constant at 0,00 and 0,005¢ respsetively;
runs were therefore performed at 25°C in which the totsl aside
eonseatretion wus redused te 0,001, and the results of runs F161 to
F16, are given in TABLE 5,3, Although the propertion of seeond
somplex should have fallen for the low aside runs to 200 of that in
the runs at higher aside, the ocaloulated values of the sontribution from
path 2 £it quite well the points from caleulatiun R13/H13/3 (where
they were not imeludsd); HIGUXE 5.3 shows this contribution as a
funotion of 1/(H), and it appears that sny effect of second complex is
prokbably not iuportant,



: G‘%s" N\Y*Q%S) .

X (og

o>

1

R - o o ™
Qs coneanmibe)

FIOAE S-3. CENTMBUTIONTo Keas BY Wad>— vs /U




TAMLY 5.2

FRARIC/AZIDE FORMATION RINSTICS

AzID DEPENDENCE AT L07 (H*) end 28%

“um () (x*y /(u") ( = KRKOBS)
k?ft ) Cﬂok./ ’He) (mole/l:tre) 'O”

PI61 5.62 x 10° 0,00485 0.0111 90 1,26 x 10°

P62 6.76 x 10° 0,00485 O,00A 136 242 x 10°

7163 5,78 x 10° 0,00098 0,0106 9% 143 x 10°

F16, 5.38 x 10° 0,00098 0,047 68 1,02 = 10°

(R7KOBZ 48 the caloulsted conmtridution of paths 3 «nd 1/3. %o
the cbserved rato amstant),

The possidility that the mathod used to determine k... im rAT®1S,

in partisular the extrapol:ztion to sorrest for any reastinn hatwesn
aixing snd first observation was responsidle f'or the apparent inverse
asid path (ka), was investigated, im program &.TEY0, from the eai-
sulated equilidrius comcemtraticn of ferrie asiie, mm the jath
length of the cbservation sell, the extimetion cveffisiemt of raii, "
a8 AG0 mu, and the light transmission at equilivrius (properticmal

%0 the "infinite time' balameing potential), the signal eorre:pending
to the ineddent light intemsity (Io) esuld beo enloulated, Knewing
the transmission at & particular time Surisg resstion, the optieal
density and therefore the sonsentretion of ﬂu{pn&um then
salsulated, The ealmulotion of the integrated rate expressica and
sudsequent oporations were idemtieal so those in KATEY),



n.

Recause the comoentraticn of produot st first observation
wes not sero in thess oases, the apparent 'dead time' between nixing
and first observation oculd de saleulated from the extreapolated X -
intercept of the integrated rats expression vs time plot., An exmmple
of the predieted zerv time displacenent is showm in FIGURE 5.k}
although the ealculated *dead time' is lonmger tham wculd be expected,
the extrapolation is not unreasonable, The results retumed from
RATE10 and RATE1S over the eomplete asld runge agree olosely amd
typloal examples at 257 are given in TABLE S5ube

TABLE Sely

COMPARISON OF TREATMENT OF DATA USTRG CONTUTER FROG!AM RATE1O AND RATE1S

s

Run (H") . from RATEAY1 froa RATE10/2
it s KoBs Kons

F68 021  Sek6 x 10° 1/a/s. 546 x 10° Va/s.

¥9 0.143 5,44 x 10° 5,13 x 10°

61 0,012 6.8 x 10° 6.87 x 10°

mo ensure that the results at low asid were not an artefact
produeed by the thermcdynamis data used, progrea RATE1O was rum with
the thermodynamie data froa the same sources as were used by Carlyle
and ispemscn. Feor the hydrolysis of Fe{III), the data of Milbumrm
(5M) was again used; Eapenson hed made assumptions identical to ours
ooneerning the immobility of the dimerisation of PeOH'? over the
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period of ferrio aside formaticn, Data of uintin (40¢) for the
dissoalaticn constant and lonic strength dependense of the ionization
of hydrasoie aoid was used, ispenson's vsiue of 0,512 for the mz;z
equilibrium formation sonstant was sorrected from an ionic stremgth
of 1,0 to 0.9, to give 0,600, using the depsndence of unn, Daintom
and Muekworth (61B), The thermodynamie data used at 25° are givem

and ecmpared to those otherwise used in this work im TABLE 5.5,

TABLE 5.5

EQUILIBRIM CONITANTS CALCULATED AT 25° AN I NIC STRENGIH O.5M

Keq KH IcIJ KA

Normally used
(®ege in ocaleuletion -3 -3 -5
R10/2) 0.09% 1,87 z 10 149 x 10 345 x 10

Used in caleulation -3 -3 -5
®10/6 0,600 1,87 x 10 149 x 10 3425 x 10

Beoause the valuesof K (KA (1,8, the formatiun constant of

FUN;2 from rc"’

and free 3:;) differ by & fastor of 1.4, and this

quantity enters direstly into the caloulation of the value of the forward
rate oconstant from the slope of the integrated rate expression, a
comp.rison of the aquated rate oonstants was oonsidered & more valld

teat of the effeot of the thermodynamic data on the analysis of the

rate dota; e sample of these results 1is given in TiBLY 5.6, and
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results for the aguation rate ovor the whole acid range are shown
directly compared with Carlyle and Zapenson's data in PIGUEE 5.5,

The results for aquation are very similar, and could probably be
explained by the loanle atrength difference betwsen the two sets of

data oxcept for asid concentrations below 0,05M; the point measured

by Espenson is a logical extension of the trend at higher acids, whereas
our results show a smooth deviation from that trend;

T:BLE § b

SFFECT OF THUZMODYNAMIC DePA ON ANALYSIS OF RATR DATA

R10/2 110/6

m +
tun (H7) kg L Eaouseron . Yoms . awusrion
(mole[Uike) L. wole!sec (ac) (L welet ) (soc)

e’
P86 0421 5.8 x 10° 2144 243 x 10° 21,3
F9 0,443 5.43 x 10° 19,8 2,33 x 10° 2044

F61 0,012 6,87 x 10° 26,5  3.30 x 10° 28,9

+

results of Cavasino and coworkers on the reactions of Fe 3 with

aq
sulphate and chlorasetic ecid (68C, 694) have dsmonsirated that, in
these aystems, reaction pathways with (H') dependenees (H+)-1,
(H+)”. (H’}1 have been cbserved end meamured, e are therefore of
the opinion that the contribution attributed to FGOH+2/H; reastion
a8 & possible reaction poth is a real phenomenon, and th:t the pera-

meters given in T/BL 5,2 provide an accurate representution of the
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formation kinetios of the Foﬂsz don in aquecus solution at icnie

strength 0.5,

(b) Kinetios of ferrie aside formation in dsuterium oxide.

Neasurenenta were made of the rate of formation of the Foﬂ';z

ocmplex ion D20 over o range of temperatures and asid concentrations
using the seme experimental tealmiques and methods of analysis of the
data as for runs in water, HLeagents were prepared as desoribed in
Chapter II (Katorials (vi)),

Thermodynanic data used in the analysis of the results is
given in TABLE 5.7.

TABLE 5.7

BUUILIBRIUM CONSTANT DATA AT ICNIC STRENGTH O.%M awp 25°%

X ﬁ?mdc)aofomo
Ktq 0. 7% 245 618
Ky 109 x 107 9.3 hF
X, 149 x 1070 12,8 5™
X, 1.19 x 10° 618
KA bet This work

Data used to correct for dimerisation of Pe0D*2 1s not
evailable and the value was assumed equal to that for FCOH+2 in



Kean values of obsexved rate constent in DO

(Conoentraticns in moles/litre)

e

5.

fum F‘ﬂ-’ret “Bnot D+Fm Tempe Hean ko o Fefe Kgpo
25 0401030 0.,00464  0e122 10,10 9.026 x 10 0.6
2 21420 24856 x 10° Oebs
25 15.70 1,674 x 10° 0.3
26 25400 4atil6 x 107 0.6
27 30,00 7333 x 10° 0e3
28 35020 1,261 x 10° 0.8
2 39,90 1,83 x 10° 146
30 040550 10,10 8,568 x 10 0e3
31 15,70 1,689 x 10° 3ol
32 21020 24827 x 10° 0.3
33 25400 4349 x 10° Oels
3 30,00 7.233 x 107 Ouls
» 5,30 14259 x 10° Ool
36 39090 1,796 x 10° 0.6
108  0.00976 01477 10,10 B.cbl x 0% 0.2
109 15,70 1,661 x 10° 0.1
110 29,20 24937 x 10° 0.5
11 25,00 4524 x 107 Ouls
112 3000 74567 x 10° Ouls
113 3530 1223 x 106 0e3
15 39010 1885 x 10° 301
115 00527 10,10 8,591 x 1ot 045
116 15070 14639 x 10° 1,0
117 19,30 24379 x 10° 0s2
118 25400  LohT5 x 10° 0.2

( contd.)
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TABLE 548 (cantds) |
o ?.’JTot Arot Df;;'em Tesps Mean kypg . Pl Kypg
119 29.90  7.341 x 107 0.2
120 B0 1221 x 10° 0.2
124 3980 1.806 x 10° 2,2
122 040157 0.0 8,932 x 10 01
123 15270 1,669 x 10° 0.2
124 21,20 3,033 x 10° Oels
125 25,00 ko663 x 10° 0.3
126 30000 74763 x 10° 0e5
127 35020 1,262 x 10° Ia5
128 38,90 14990 x 106 6;2
129 0.,00460  0,0819 10,10 8,856 x 10 046
130 15,70 1,680 x 10° Ouh
131 21,20 2,967 x 10° 0.2
132 2500  4.572 x 10° 0.2
133 2,00 Tob0 x 107 0e3
134 35.20 1,269 x 10° 0.3

135 39,10  1.887 x 106 0.6
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water. For this reason, only one measurement was mads at low (o*)
to investigate whether a path corresponding to the FﬂD+2/!53.
reastion eould be observed; it is ecasidered that this does coour,
and that the rate scmstant at 25° is about half of that meamired for
the reasticn in water, It was felt, however, that, as the value
mﬂbdﬁokzilmadonlyonmsompomt, the analysis of which
is approximate, it should be used only as & sesond order ocorrection
tern for the measuremants at higher aeid concentrations,

A sammary of the output from RATE1) for runs mnzo 1s
given in TABLE 5.8 and the observed rate oonstants at 25° shown in
PICURE 5,6, together with the funotion for the cbserved rats caloulated
on the basis of oonstants for the varicus agid dependent paths
returned from progran HTDP13, These rats oonstants and aotivation

paremeters are givea in TABLE 5.9.

TARLE 5.9

FENRIC/AZIDE PORMATICHN KIN-TICS IN DO

CALCULATION KUN R13/H13/6

Path k. .0 Aotivation energy Aotivation entrepy
(1itre/mole/sec) (koals/mole) (eove)
1 S x 10° 1701 + 0.0t 265 + oot
2 5 x10+ (16) (22)
3 2,0+ 220 * 5.03 1Tel * 01
4 5.9 x 105£ 12.5: o.ol 0.5 +tod
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(o) issignment of the acid independent rate ocmstant.

As has been pointed out in the introduetion to this work,
the frirst question to bs deeided defore any discussion of the meshanisms
of complex ion formation between Po"’ and basio ligands can tuke place,
is the assigmment of the relative eomtributions of puths 1 and 4 to
the cbserved aeid indspendent rate constant:

K
Fo"iq + B = pea*:q + HP 5.8
zmn*iq + HB —h*——*-_.s - ren’:l + HD 5.9

Paths J and 2 on the other hond have unique aeid dependences
and can therefore be assigned unpambhiguouslyt

X

rc*i‘ s HB soa*fq + 8+ B 5.0

rece'? 4+ BT r_——kz_‘ reon)B  + H 5.11
aq aq P °

presumably followed as suggested by Connick (583) and others later
(68C) by a fast proton attachment:

+2

+ + )
n(on)n“ + H—>Feb a4 5.12

Assigrment has usually been made on the assumption that the



system is accurately deseribed by the Eigen=iilkins meshanim, i,.e,
that the rete of complex formation is essentially imdspendent of

the mature of the inecmimg group,allowcng for an eleotrostatio pre-
association, sni those systems in which path 1 (B UITICN 5.8) was
predominant should have similar rates which are slose to the first
order water exchange rute for ﬁfe*iq. and those aystems in which path §
(2 UATION 5.9) predominated should have rates similar to the solvent
exchange rate for FOOH‘zo Any aystem whigh did not fit either of
those two oriteria should, on the basis of the relative concentraticns

of ‘?o"j 5 FcOH*z

» B and HB have an cbserved rate which was a reasonable
eombination of k1 and k‘. i8 has been noted in Chapter I, although
the apparent dependenee of the rote on the basieity of ligand 2 is
scnsiderably reduced, this approash has not been eumpletely successful
in aystematically deseribing ferric aystems,

Data for those ligands whioh are mot strongly basioc, end ean
therefore be assigned to path 1 or path 3 with some degree of confidence

are given in TABLE 5,10,
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TABLY 5,10

KINETIC /ND THEIMODYNAMIC DATA POR COMPLEX ICH vOuM./ TINH Y F0+i q AT 25°

Ligand kys 1/n/s 105(1:25) L 1og(x25) Reference

HNg 946 + o2 0,98  0.88 «0,06  This work
HNy 2.8 + .8 045 0.51 ~0.29 67¢
Ny 4O * 4 0,60  0.88 -0.06 633
CHGOH A8 8 0.68 0.k 1436 *69n
CICHLOH 22+ b O3 031 -0.51 *694
CALOH  Se7% 8 076  0.062 121 ®69a
HF 11 + o1 1,06 184 2.26 60p
Br e 0,53  0.37 =0l 69¢
B 20 +6 1.0 1.6 .2 P
c1” 0.97 ket 0461 59Co
NS0, " L0 1,60 8.6 0.95 640
SCN~ 132 + 50 2.2 269 a.43 64Ca
seN- 127+ 10 2,10 140 2.16 588
seN” 150 +50  2.18 W0 2,15 620
R0 "  1MA0 #1100 3.6 2.2 x 10k A 658
HC.0, " 860 + A0 2,93 1.4 2106 4Ol 664
ze(Cn)g’ TS0 + 250  3.h 117 2,07 673
re(cr);> 800 +80 290 3% 1,56 634

Be 20000 be 22 "_.'. 2000

Unscertainties in rate are those gquoted by the original asuthors or were
estimated from the original results where possible; equilibrium data 1s
that quoted for the original experimental econditions,
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The data for HSOL: and 1iC 2(‘?:; use the equilidrium data
for the simple replacement by the ligand of a water molecule in
the hydretion shell of the metal ion to form FO(HZO)!.SOJ and

Po(H,0)C,0,", withaut the possible hydrolysis to zae(nzo)sﬁso#*z

and
Fe(nzo)gczok*z, or 4in the case of the oxalate, the formation of the
first chelate ro(nzo)#c.‘,o;.

If the ligands of sharge =1 are first considered, so that
the questicn of differences in simple ionic preassociation easn be
temporarily put sside, it oan be seen (FIGURE 5.7) that the retes of
somplax formation are, in faet, significantly depsmdent on the nature
of the saterimg group, and log{rate eonstant) and log{equilibrium
oonstant) oan reasonshly be correlated in a Bronated Type relation-
ship with a slope of Ok + O.1. If, for those systems where more
than one detemination of the rate has deen made, only the nost
recent dats is considered, on the grounds that the quoted errors
imply that it is gemerally more aocursts, and presumcbly the workers
have givem due oomsideratiun to the earlier results, a eorrelation
with a slepe of OB + .1 (FIGURY 5.8) is obtained,

Such linear fres energy relati-snships have been shown teo
hold for large mmders of organie reaptions following similar
resotion mechanisms, and the slope has boen taken as a measure of
the degree of partieipatiom, by the group being varied in the serles,
in the formation of the trensition state (635L), Nore sonvinoing
argunents oan be based on eorrelaticns of the enthalpy and entropy
of aetivation with the corresponding parameters for the equilibrium,
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but often sufficient data is not available, as is the case
substitution resctions at ro"iq. or the sctivation dsta is subjest
to considerable experimental inaseuraaqy.

Correlaticn of log{k) and log(K) for the aquation of
co(m,)x*z, which has a slops of 1.0, has been oited by Langford
(65La) as evidence that the enviromment of the leaving group X elosely
resembles its enviromment in the produots as the free sclvated ion;
that is, that the mechaniss is strongly dissoeiative, Tor the aquation
of c:(nzp)sx*"’, Swaddle and Guanstalla (68S) have shown that the
funstion has a slope of 0,56, and conoclude that ths separation of group
X 4s omly partially complete in the transition state; in this syatem
gorrelation of the entropy of astivation amd partial molar entropy of
the aquated ion, with adlops of 0,53 (675w) also supports this view,

It 1s htenating that loz k vs log X for the agquntion of ?e(H20)5x+2
(for the date of TABLE 5.10) has a slope of 0.52, extremely close to
the valus for the c:(uzo)sx"z series,

It would seem, therciors, that to resognise that the rates
of Fo*iq substitution may be correluted in a way which does not assums
that they must have the same value may be a more stable basis on ‘whieh
to examine them., Certainly, to consider thot log (k) may be a
funotion of log (X) with a standard error of O, would seem better than
to assume it oonstant independent of log (K) with a standard error of
1e Even if the data for uczo; as ligand is ecnsidered unsuitable
becsuse it is a moderately strong base with pK, = 12.8 to 12,9 under
the kinetie conditicoms, the assumption that log (k) is independent of



as,

log (X) has a standard error of 0.6,

For ligands of charge other than =1, there is not suffieieat
data for a clear cut deeision to be made (FIGUKE 5,9). The data for
neutral ligands is heavily weighted by the position of HF, tut the
results certainly appear to show a mich less marked depenience on the
ligand; the assumption that the rates are indspendent of ligand has a
standard error of 0,2, while the least squares slope of the data
without this asmumption is 0.12: Oet,

The triply charged ferriayanide has been shown to be involved
in a oonsidereble icnie presascoistion with Fe””, K = 35 (675)3
sssuming thet the only difference in the behaviour of Pe(CN). > and
the =1 ligands is a difference in the preassceiaticm, and correoting
the data of Silber and ;winehart (673) aceordingly, brings the data
(open ocirele in FIGURE 5.9) reasomably irto line,

2uhiohoan

Data for complex formation by reastion with reOH"
e assigned unambiguously to pathway 2 (L UATION 5,11) is presented in
TABLE 5,11 and FIGURE 5,10, Soatter of data is considerable, but by
releasing the restriotion that the rates should be constant at a value
around the Waber exchange rate (1.8, 3.0 to 6.0 x 10* 1/w/s (62, 6W)),
and instead sesuming that they may be a function of log (K), the least
squares slope is O.w:_ Osle All of the data omsn be reasonably
accommodated, inoluding that determined in this work for n}'. which, on
the assumption that the rates are approximately constant, was well

cutside the range which occuld be accounted for by a simple ionie pre-
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associstion, Onoe again, if only the most recent data on duplicated
systems is considered (FIGURE 5,11), the slope is 0,50 + 0.07.

TABLE Se14

(4]
KINETIC AND THERMODYNAMIC DATA FOR COMPLEX ION FORMATION BY Fﬂﬂ+2 AT 25

Ligand ka 1/n/» 1og(k25) K5 104325) Reference

" 2.4+ 5 x10% 432 h2x10° 2,62 6
" 3x10° 38 25 x 102 240 69¢
c1” 1+ 1 x10% KOk 22310 35 59Co
SoN™ he2+ S x 10 A2 9.8x10% 4.9 GiCa
sew™ 1+ ax10" 4,00 7.3x10% 486 56
seN™ 24+ 2x10% K32 T4 x10% 487 62
Clao” 2.8+ x10° ads 69 x 10" 48 69A
L 10+ o x10% 6,00 1,25 10" 7010  This work
30, 24+ 4 x10° 538 20x100 5,30 6w
50, 23+ 62100 636 7.5 x 0% 4.87 680
roCR) . 3u6v e x 10t 45 2ax1db .30 6o

The thermodynamio data used in TABLE 5,11 is necessarily that
for the overall reacticn:

(azo)srm"" + L kﬁ (nzo),’ro(on)nz(azo),?m 5,13

Information 1s not available for the hydrolysis of Pe(H,0)0*%,



[

\og (NMTE consTiaiT)

(@R X Ny

SLOPE ©.50 t ©0.067

-

-

-
-

s 6 |
log (EuitiBRioM AN )
THWRE S, PEATIAS OF Feottt™ MesT ccers ik .




85.

oxnept an approximate value for the thicayanate eomplex
(6 x 10.5(55:1)). so that, for any rigorous comparison with the
reacticns of Foﬂ s the degree of hydrolysis of the eomplex must be

aq
assumed to be approximately oonstant for all ligands, The similarity
in free energy correlation alopes for the Fo":q and FOOH"; reastions

with similar ligands, however, lends some support to this zssumption,

On the bdasis of this empiricel correlation of the observed
data, making no assumptions carrying any meshanistic implicaticns,
thoss ferrie/ligand systems with more basie ligands whigh cannot be
unambiguously assigned to a recction pathway, will now be considered,

The data are presonted in TABLY 5,12 for all such aystems,
on the assumption that the chbaerved aoid-independent rete constant
dogs, in faos, correspond entirely to path 1, Included ure the thio-
oyanate and asid oxalate icns, on the grounds that the oxalic aeid
is not entirely dissociated in solution, and information is availuble
_ for the existence of HSCN in solution (65).



TABLE 5012

KINATIC AND THRERMODYNAMIC DATA ASSUMING REACTION P/TH 13

Fo + L—= Pal

Ligand k25 log(kzs) 125 105(!(25} Reference
3CN" 132 2412 269 2.43 6hCa
SCR™ 127 2410 140 2.16 588
SCN~ 150 2,18 14,0 2,16 62ie
He 0, " 1 x 101;' 3045 2.2 x10% A% 658
HC 0, 8.6 x 10° 2,95 1o x 10% A4 661

= Sobh X 100 3,73 1.5 x10° 5418 &P
sestate 34 x10° 5,53 1.6 x 10° 3,20 691
proplonate he2 x 10° 5.62 2.8 x 10’ 3eb5 694
chloracetate 4.9 x 10°  3.69 126 2,10 69A
formate 13 x 101‘ held 13 x 105 314 AN
Ny 1.6 %107 5,20 B4 x 10 3,92 635
N, 5.2x10° 5,72 3.2x 10 4,51 570
Hy 1 x 10° 5.15 7.3 x 10° 3.86 LY,
"y Lo £ 10° 5465 2. x 0% 4,38 This work
50, 10° 3,00 600 2.78 6270
sob:; 6o X 10° 381 205 2,3 é
0, be6 X 100 3466 25 2,31 480
cP," 1.2 x 107  5.08 6.9 x 10° 3.8 661

The equilibrium constant for the oxalate is that caloulated from
Moorhead and Sutin': data (66M), for the monodentate attachment to the
metal {on for valid comparisom to be made with the othar ligands.

The data are shown in FIGURE 5.12, together with that of FIGURE 5.8,
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and the suzgested dspendence extrapolated froa the dats of FIGURE 5.8.
1+ ean be scen that, while the data for fluorids falls reasonably
within the range of this extrapolation, date for the ehlorscetate
propicmate, formate, aeetate, aside, sulphate and oxalate do not.

The same data, recalsulated on the sssumption that the aedd
independent path san be entirely assoolated with path 4, is given in
TARLY 5.13 and pressnted in FIGURK 5.13 with the expected dependsnce
for -1 1igands in their reastion with PeoH' > taken from FIGURE 5,10,
and the sssumption that reastions of neutral 1ligands would e expeoted
%o show 1ittle or mo variation in rate by amalogy with the Fe/HL
systems in FIGURE 5.9,

The data for the aside, acetate, proplonate formate and
ohlorssetate fit & model with resctants FeOH/HL better than for a
modsl Fe/L; the data for the fluoride appears to fit both trends
squally well, and the acidoxalate and thiocaysnate fit the FeOH/HL
nodel slightly worse than the Fe/lL model.



[ ad
i

v}
]

leg (M cowsThET) .

A
i

log (SRULBII coN=TiHR)
i ek il s Lipasiinis minlsivnaemsiml szl IR
l { W 3 4 s ¢ <1

TEOLE S A AR TRk AsSusids Bkt As
hett> RDERSEHT PRI -




\08 G COANTTIONT )

5\;'*?E 0.0

b (ERUUBRLGM cAATARD) .
e M -

THUE S, AL RIMUBLE ATh destutit Tt 4 ks

Aot IREPTUREHT RNy




TABLE 5413

KINRETIC AND THERMODYNAMIC DATA ASSUMTHG REACTION PATH kbs

FeOH + HL=<"=FeL

Ligand Koy 1o¢(k25) Ko 10;(!25) Reference
HSCN 2.2x 105 634 & x10° .60 Gca
HSCN 3.0 2105 648 3.3 x105  6.52 583
HSCN 3.6 x105 6.5 3.3 x10° 652 620
HE P, bet x10% 466  7.2X10°  5.86 658
REP, b x10% A6k 5.6 X100 575 66u
HP 3.5 %100 3.5 9.7 x 10" 499 6P
sostate H 5.3x10° 372 25 1440 69A
propiomate H 5,0 x 10° 3. 3 1453 698
ahlormostate H 6.8 x 10°  3.83 1.7 x 10° 2.% 69A
formate H 2.5 x 100 340 2.5 x 102 2,40 66M
N, 6.8 x10°  3.83 3.6 x10° 2.5 638
my 74 X100 387 A5 x 107 2,68 67
Ny 64 x10°  3.79 3.4 x 102 249 6%
RN, 8.0 x 10°  3.90 ko7 x10° 2,67 This work
H80,” 6.2210° 3.79 3.7x10°  3.57 6270
Hs0, ~ Yob X 10° 5415 k6 X 10° 3466 6D
HSO, - 1.0 x 10° 5,00 4.6 x10°  3.66 630
HC O 2.0 x10* 4,30 1.2x10° 3.0 661

0f the doubly charged ligands, the deviant oxalate data
is considerably inmproved by assuming that the kinetie pathway 1s

FeOR/MC £, but the sulphate data seems to fit both interpretations



equally badly.
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In TABLE 5.1%, k1 and ku have been estimated from

the lines of dest fit for the appropriate ligand sharge types in

resstion with Fo*iq and Feor' 2  from FIGURES 5.12 and 5.13 end their

ag

relative oontributions to ths observed rate constant

k

have been ealeulated:

obs

ke o+ (KKK

S5eik

TARLE 5.1k

Ligand k, xn/kA K. % due to k, Reference
3CN ~ 139 6.1 x 1070 139 100 é4Ca
SON = 107 K.2 x 1070 107 100 583
SCN ™ 107 4.2 x 1070 107 100 6200
P, 870 3.4 x 10': 1030 & 658
HC 0.~ 1230 1,9 x10°°  13% 92 66
320 1.5 1411 x 10° 2 60P
ohloracetate 100 0,72 3,88 x 10° 2.6 691
formate 1M 5.2 2,75 x 10* 0.6 6au
Ny 8 2 1.27 x 10° 0.6 638
wy 1130 T4 37k x 10° Ouk 674
ny 708 2 1,27 x 107 0.6 670
Ny 1290 51 2,69 x 10° 0.5  This werk
aoetate 339 6 3,36 x 10° 0o 694
proplemate M7 82 bo3i x 107 0.1 69

5,25 x 10° 1/n/s for all ligands,




The caleulations sonfirm what has heen ohserved in
goneral from FIGURES 5,12 and 5,13; all ligands are assignadle
fairly conclusively te either path 1 or path )4, except the fluorids,
for which the observed aeid independent rate involves significant
proportions of each,

To sumsarise, the dasis of the assignments 1s that there
are two possible sontributions to the aeid independent rate, referred
to as paths 1 and 4, ond that for meutral ligands the rates ere
approximately independent of ligand; for ligands of charge -1,
however, the rate constants for these paths may be correlated with
their equilibrius constants in a way which suggests that the nature
of the imsoming group may play an appreciable rols iu the rate of
ocomplex ion formation, It would seem, therefore, that to interpret
the reastions of the ferric ion in terms of a olassical Rigen=-
#ilkins meshandsm (65E), as 1s perhaps best doeumented for the reactions
of ui*iq, may well be an oversimplificetion., Exsminaticn of the
data compiled by Rorabasher (66R) for reactions of N:l"'i‘
twslve neutral ligands, log k = 3.4 + 0,1, and for five ligands of

gives for

ocharge -1, log k= 3,8 + 0,23 for the sescnd order exchange of water

2

from ll1+“. log k = 3.4e The data extends over s range of equilibrium

ocmstants of 10' ' (&4SE),

() TPerric/asids intersotions.

The date presented in the previwus section for ferrie/
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1igand intersotions suggest that for ferriq/aside the asid indepenient

path can be assigned almost completely to path h, so that the eon-

triduting reactions cbaserved in this study will be considered to be:
Fm*2 + HNS &— Fd;z 5015

k

*+J + m) ﬁ rdt;z + o 5.16

Fe

rec*? Ny 232_:3: n(on)u;_ﬂ;rw;‘" 5,17

The discussion of the substitution reasetions of labile
metal ions at present centres on 2 sumparison with the rate of exeohange
of selvemt in the first coordination shell of the ion and the suggestioa
that it is this rate which deterzines the rate of sauplex formatiom.

A mmbor of determinations of the rete of water exshange in
the coordination shell of r'+iq have been made using 017 miolear
nagnetiec relaxation technicuss and the results of thess atudies are
given in TARLF 5,15, Ths wvalues represent a steady refinement of
technique and analysis; the values of Genser (425) are those whioh
have been generslly used in a discussion of mechanism of n’iq
sudatitution., 7The more resent values of Judiins (677) were obiained
froz a much more oomprehensive study of acid and temperature depemd-
ences; it was moted that at room tempersture or below, other effeets,
originating in the outer coordinaticn sphere sites of the ferrie lom,

beocame comparable with exchange from the first eoordination sphere,
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TABLE 5.15

RATES OF EXCHANGE OF WATER IN Fo’i o SOLTTION

1

X sec H  Reference
PolH )5 2.4 x 10* 610
2,6 x 10’ 80, 6%
625 12.8 673
150 18.4 67J
ra(azo)5on*2 2,0 x 10° 6%
6.6 X 105 (Y 1

The faster rate obtained hy Censer from measurements at 21°, was
attributed by Judkins to the cuter sphere exshange not bdeing allowed
for, and the two values gquoted by Judkins are the result cf a
different model being used in the correotion of data for the ocuter
sphere rolaxation, A similer effect wes observed by Conniek amd

Poulson (59Cn) for cr’i » although relaxation eo.12 be acscounted for

entirely by exshange fr:l the first coordination sphere for the
doubly sharged iens studied,

If the data determined in this work are analysed in the terms
of an EKigen~"1lkins mechanism, using the sclvent exehange dats of

references 6 and 677, the results are as shown in TABLT 5.16.
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TABLE 5416

keaction path k 1/n/sec k.zm'1 X ; Ref'srence
Fe/HN 9.6 150 0,06 This work/6%
? 3 8.0 x 10° 6.6 x 10° 0,01
PeOH/M5 1.0 x 10° 6.6 x 10° 1.5
Pe/HN, 9.6 2.6 x 10° 0,004 This work/62
FeOR/iN, 8.0 x 10° 2.0 x 10° 0.02%
PeOH/iy 1.0 x 10° 2.0 x 10° 5.0

*Preassociastion constant of Figen=7ilkins meghanism,

Values for the preassociation eonstant K° for the reactione of Enl’.
and therefore for other neutrel ligands, are much lower than would
be expected from culoulated values of ion/dipole interacticms which
give 0.2 to 0.4 litres/mole using the nodel of ‘uoss (58F); thay are
also lowsr than that determined by s similar tresiment of the
experizental date for resstions of Ni'2 with neutral ligands (66R)
(0.2 litresa/mels), which might be expected to have values ocmparable
with those of the FOOB/BNB aysten,
are of the order of that caleulated using the Fuoas nolel (2 litres/
mole) assuming a separation of 58 in the ion pair,
Judicing, however, seems to give best support to the mechaniam,

The values of K, for FOO!VN’
Using tho data of

especially when the comparisen ir extended to the activation parameters.
The aotivetion energy for Fo/;m’ (17.9 koalsa/mole) is very similar to
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that for the water exshange (18.4 kezls/mole) and the value for

r-ou/n, (2.5 koala/mole), which is abnormally low when compared

with other FeOH/ligand resctions (e.g. FeOH/HP = 10 keals/mole,
Pe0l/Cl = 13 keala/mole), appears to be matehed dy & low valus for

ths water exehange at FeOH (4 koals/mole), The activation ensrgy

for FcOH/HN, (11.6 keala/mole) is, however, aignifieantly higher than
the water exshange value and difficult to ratiocnalise in terms of the
very weak ion/dipole preasscoiaticn. The values for the suggested pre-
assocoietion for Fo/ﬁns and l‘d.'.»’!i!/m3 are, in fast, mush lower than would
be obtained from a random distribution of umsharged reaction

partners in solution (0,15 litres/mole (S6R)),

It appears, therefore, that our observetions eannot be com-
pletely axplained in terms of this simple model,.

As was menticned above, it has been revorted (§77) that at
roon tenperature or below, Fo’i 2 appears to have an chservable outer
hydration shell, held strongly enough that these intsractions may
provide an altermative mechanism for 0‘7 relaxation, /At higher temp-
eratures presumably as thermal ~ritation in the bBulk solvent bdecomes
more viclent, it is disrupted and becomes a less important mechanism
for relaxation, A eomparigon of the data of referenses 62 and £
4s stiown in FIGURE S.4. It would appear that, in the range of
95-100°, the role of the seeornd sphere is negiigivle and the data
negleoting its presence and varicusly allowing for ita effect are
squivalent to well within their experimental errors (+ 0.2 log units).
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Because of thelr very similor asetivation ensrgies the eomparison of
the inner sphere exchunge rate and the Fev/!m3 resetion rate iz hardly
effected by the higher temperutures, and the Ko ealoulated from the
mean water exohange rate (5.9 x 1ot ucd) is 0,07 1itre/mole,

A similar treatment may be carried out on the data for I"OOH*?

reagtions, and this iz given in TABLE 5,17,

TABRLE 5,17

O
( 25°) x(100°) %/Xq pahange

FO/Hzo (6) 2,6 x 10° 5.4 x 10*s00”"
(673) 625 he8 x 10*se0™"
(673) 1% 7.6 x 10%se0~"

FlOH/hzO (6W) 6.6«x 10° 2.6 x 10°

re/f, 9.6  hui+ 22100 L/w/s 0,07
Fﬂﬂ/}ms 8.0 10} #oO: I 105 l/vl 0.15%
FeOH /Ml 1.0x10° 2.3+ 6 x10%1/a/s 0.9

It can be seen that the preassociation constant, assuming
a straightforward Figen~7ilkins mechaniss fer FGOH/NS, is again
reasonable, but that the P‘oOB/HN, value i3 now of a similar order
to that for Foﬁms. Of the other data available for reaotion with
Fecti'2, that for the chlorids and thicoyanate, beosuss of mach less
asourats sotivation emergy values, cannot be extrapolated with the
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certainty of the data for aside, but within these errers they agree
with our resuits for aside, The values in TABLS 5,18 indicate that,
although the data for our reaction 2 appear seriously in confliet
with that for other univalemt ligands st 25°, agresment is such
improved at 100°, The values ef the preasscoiation comstamt K,
determined as before from the ratio of the observed rate and water
exchange rate, for the chloride and the thiogyanate, are also mush

wBore reasonsble at 1oo°.

TABLE 5.18

Ligend kH’/xu‘m x( 57 "u,ﬂ‘ncm K (100°) Reference

c1 91 0,02 3 0.3 59Co
SCN™ 2% 0,06 2 0.5 64Ca
SCH” 100 0,02 8 Ot 588
30,2 hoh 0s3 0.2 he3 68¢

The data for the sulphate changes from being slower than the asids

at 25° to being faster at 100° (FICU: 5.15), as might be expested
for more highly charged ligand, The plot of 103(Kg) at 100°,

for HNy, Ny~ and 50,72 resotions with Fe0R"2, as & funsticn of charge
produet shown in PIGURE 5,16 gives e good linsar eorrelatiom, suggest~
ing that an slectrostatic m~del for the preassoeiation applies at this

tenperature whoress at 25° no such correlation can be cobtained, If
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it 15 assumed that the sise of the ligands is constant, that the

bulk dleleetrio eomstant (55 at 100°C in water) applies, and that

the model of Puoss can be used to deseribe the assoclation, the

slope of FIGURE 5,16 (0,36), ecorresponiing to s value of (ionie
ssparaticn) x (&ielectric constant) of S.4 x 10'6¢n, gives a sspare-
tion in the suggested complex of 9,8%; the separation celoulated from
the redius of Fe'? (0.7), diameter of HpP (3.6) and half the length
of MYy (1.4) 48 5,78,

These results would temd to suggest that at 100° when any
effeots due to sesondary solvation at Fo*zq would appear to be
negligzible, and certainly where the free energy for the removal of a
solvent moleculs from any poimnt in the bulk solveat is zero, the
effeots whigh give sueh a wide range of rutes for reactlon of ?OOH"z
with HN; end Ny~ and between I, and other monovalent sations are
also muech reduced and the system ean reasonably bde desoribed by a
sinple Eigen~iillkins mechanimm,

Of the data for resstion ef univalent cations with Fe'p
only that of Connick and ecoworksrs for the ehloride (%59Co) and thio~
oyanste (58B) have asctivaticn parsmeters whieh oan be used for extre-
polation over this temperature range with an accurasy of better than
an order of magnitude; the data is given in TARLE 5,19 and agreement
between the ligands is improved by a fastor of four at 100%,



TABLE 5.19
ligand ky0 A ut X, 00°

01" 9k 17+2 3.0x10
. 127 13+ 1 10,0 x 10°

All of the dnta available for other ligand systems do not
support a oomparisom at 100°, however, For some, aotivation Qdats
is not available or acourate emcugh for a meanimgful extrapolation to
be consldered, There is a sericus diserepamey botween the extrapola-
tion of the data for HF and our data for Hi, (60P); while the agresment
in retes at 25° 45 gool, the activation emergy is such that the rates
differ by a faotor of 20 st 100%. Por FeOR/MF, although,as has been
suggeated above, there may be aome simultenscus sontributions to
reastion via Eo*’/!';", the agreement at 25° is as good as the agreement
at 100°, but the disorepancy is cutside the experimental error,

The data for Foow3 determined by Cavasino (67.) agrees
within experimental error with cur value at 100°3 aotivation para-
meters for the data of Carlyle and Lspenson (6%) sannot be determined
froa their squation kinotics, as no information on the temperature
dspendence of their seperetely determined eguilibrium constant is
available,

The rete of solvemt exchange, if predominantly deteramined
by tho strength of the metal~oxygen interaction in the aquated ioam,
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would be expected to be much the same in deuterium oxide as in water,
Ultrasonic measurements by Smithson and Litowits (565) of manganous
sulphate in Hzo and D20 showed no shift in the frequenocy of absorption
attributed to the metal solvent exchange rate on changing solvents,
From its higher viscosity, temperature of maximum density and heat
capacity, Dzo would appear to be a more structured solvent; ocaloula-
tions by Nemethy and Scheraga (64N), using the 'flickering cluster'
model of Frank and “en, oould reproduce the experimental data for those
properties if hydrogen-bonding in nzo wé.s assumed to he stronger than
that in nzo by 0.2, koalc/noio. Beoause of this greater structure,

it has been suggested that 1320 solvates cations leas strongly than Hzo,
but solvates anions more strongly (50Bi)e The molar volume measure-
ments of Wirts (37W) suggest that, althcugh the degree of structural

order in DL 1is greater than H O at lower tempesratures, the rate of

2

breakdown with inoreasing temperature is greater for D0 until at

2
higher temperatures both forms appear to have similar degrees of order.
The results of ferric azide kinetics determined in this work

are given in TABLE 5,20,
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TABLE 5,20

KINETICS OF FERRIC/AZIDE INTHRACTION IN H2P AND DQQ_

- At As? X400
Fe/tN,/H 0 9.6 179 6.0 4ot x 10°
.0 2.0 22.3  17.7 3.8 x 10°

2
FeOH/HN 5/, 8.0 X 10°  11.6 =16 Ls0 x 10°

D0 5.9 x 10° 125 0.5 Lol x 107

It can be seen that the significant isotope effects observed
for both reaetion paths at 25° have virtually disappeared at 100°,
when, it is assumed, both solvents have similar degrees of solvatirg power,
It is not thought that the data for FQ/HN3 is accurate enough for any
more than this qualitative observation, The data for FeOH/HNB,
however, makes up about 957 of the observed rate constant and has been
measured quite accurately; the solvent isotope effeot at 25°,
kh/kn = 1,35 + 0,05, The difference in activation energy could be
entirely accounted for if, assuming the value of Nemethy and Scheraga
above, only four hydrogen bonds are broken in the attaimment of the
transition state; assuming that the major contribution to the activa-
tion entropy difference is only in the !thawing' of solvating water
molecules, the observed difference would correspond to the 'desolvation'

of eight solvent molecules,



Based mainly on the guantities measured in this work, a
case has been presented which is substantiated by data available
in other ferric systems, that differences in the rates of reaotion
for varicus ligands at 25°, and disorepancies between the cbserved
data and the general meshanisam which seems to apply in other labile
zetal ion subdstitution reaotions, 6an at least be partly acecunted for
by comparing the data under comditions, where differences in segondary
solvation charaeteristies of the reastants can be assumed nogligible.
The major limitation has been that sufficient other accurate aetiva~
tien data 18 nmot available, nor are the phenomena of ion solvation so
well understood that a eritiesl comparison of a large number of ligand
aystems ¢an be nade,

There seems little doubt that at least for oharged ligands

at 25°, the charaoter of the emtering group plays a significant part

in the rate of oomplex formation for reaction both at F:iq and
FOOH"iq. The high rate constant and negative entropy of aotivation
for the reastion path Foon""’/s; (=23 e.u.) would indiocate an ordered
transition state not incomsistent with an asscelative mechanism,
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Computor pregrems wge written in FORTRAN IV ¢o opsrade
on the University of Adelaids CIC 6A00 senputer using the Seepe
£ sompilow.

Complote main progrun and swdweutine listings are givea)
uhere tre madn progress uae dimiler sbrestines, referemes is
sade %o the earlisr listing, .

The pregrane listed in this Appendix ares :

() Exesram ESIL insleding subrestines CONCE 2 amd LSTS®, fer |
the amalysis of sanpentrstion and optisal dmsity date
for the dternination of the exbinetion seeffisients and
uuﬂho@ﬁlﬁ&hwmmm’”m
den. Sudreuting CUICE 2 appliss censestreticn sorvestions
for the varieus hydrelysed spesiss pressnt wmisy the
experinsatel smiitins and wbdreuting LSTSE ealsulates the
linsar least squares £1% te t date.

(40) Eregram RAZE 13 with sbesutines CONCS, DYAYRY and LSTSQU
1s the final vereiam of a series of pregrams used % enalyse
e smseniretion, eptisel tranmissien and ingtrunent
oaiitisns weed in kinstis runas, to dstermine the sssmad
order (reversdls) kinstis rete censtants for the fermation
o tho 7aty*! sanplex ten.




(444) Zreszam JEZER 13 with sbrestines TENDEP, CONCS snd LPSQU
s the final versien of & series of prqgrans amalysing
the sseesd iy Cermation rate smmstant dute fres RATX 13,
20 & fvstisn of hydrqgen ien sasendiretion and Sempersdwre.
It ealsulates the astivaiion peremeters of the varisus asid
dopeadmt and asid independent paths leading o the
formtim of Se 7ey** oemplex ten,
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ADPINDTY 1.1

PROGRAM EQUIL{IMPUT«OUTPUT!
DIMEMSINN HFMDFP(H)‘FET(AU),A7T(AO).ACIUO(AO)'D(hO)‘X(AO)-Y(AO)

99 RFAD 2« (HFEADFR(J¥sJ=158) M
2 FORMAT(8A1G/13)
IF(HFADFR(1).FQa1CH )STOP
PRIMT 3+ (1l ARFRIJ) s J=18)
3 FORMATUIHL//Z1XRALU/24Y%FETHIXTAZTHIXKACIDO¥ 1OX¥N oD *)

PO 6 J=1 M

READ 4 TDENTFETIJ) WAZTEI),ACINOTY) $DIJ)
4 FORMATIALOW3FIN,44Fh o)
6 PRIMT SeIlDLMTHFET{J) eAZTIJIZACIDOCI) s DEJ)
5 FORMAT(L1OXALY3F12.3412YF12.73)

M

FOCON=0,0

no 11 1=1.7

PRINT 1441
14 FORMAT(/* TRIAL MUMAFR=%T2/ 24X XFEFHOX *HNAXQX *ACTDF # 7TX*FEN3 ¥ X ¥0D¥
C1BY QN CORRHXBYXA/NEAXXH/R®) N

DN 106 J=1.N

CALL CON(SZ(F%T(J);MZT(J’|ACIOO(J)-FOCquFLFvHNBqFEN3-ACIDF)

DCORR=D(J)—0.244%FFF-13.20%FFF¥0,00187/ACIDFE

CIF(FEF«GT.HN3) GO TO 7 L _— M N——
X(J)I=ACTDF /HINT b
YIJI=(FEF+FEN3) /DCORR
GO TN 8

7 X(J)=ACIDRF/FFF 3
Y{J)=(HN3+FEN3) /DCORR

8 _COMTIMNUE R m—

10 PRINT 9 FEF aHN3 W ACIDF s FEN3 D (J) s DCORR Y (J) e X 1 J)
9 FORMAT(ZOXREl?.?)

PRINT 11

11 FORMAT(//% A/D VS ACID/B*)
CALL LSTSQUIXsYaNsSLOPF-S1s1)
EXT=1.C/SI
FQCON=S1/SLOPE
PRINT 12+.EXT,EQCON

12 FOPMATILX*¥EXTINCTION CQEFF =%£10, 1.10X*EOU!LINR1UW COMET —*FTG 1!1

13 CONTINUE
GO TO 99

END
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SUBROUT I ME rnNrS?IFr1.n?1.abluo.rn<nm.F[F.nH1.rfh1.Ar1nFl

c PATA FOLLOWING 1S FOR 25 DFGREES ONLY

DATA FQKH-[QU].EOKA/1-87F—”3,1.hOE-03-3-455-05/

FOP=FFY % HN3=AZT ¢ ACIDF=ACTIDO=A2T
30 ACTEM=ACIDF

c

RA=1 «N+EQKH /ZACTDI+FOCNAMKIMR/ACIDE

FFF:(SORT(PH*HH+R.”*FQPI*FFT/(ﬂC]DF*A(}DF))TQH)*AFIDF*AfIUF

1/(4e0ENTL)

FEQH=FEF *F QKH/ACTIDF

FENI=FEF#f EF*FONDT /(ACTIDF*ACINF)

FEN3=FEF ¥L QCON¥HM3/ANCTDF

HN?=(AZT-FCN3)/(1.J+P0Vﬂ/ACIDF)

ACIDF=ACIDOAFFON+2 03t ELT-HM3
c

PYFF:AHSl(A(TFH—AFIDF)*]PO-Q/ACIOF)

IF(DIFFLTe0a01132530

32 CONTIMUE - L

¢

RETURN

END

SURRGUTINE LSTSQUIX Y, NeSLOPF«INTCPTWPTEST)
 DIMENSTONM X(40)eY(aD) .
REAL INTCOT
INTEGER PTIST
IF{NeLT 22138540
38 PRINT 39

39 FORMAT(40H MeLTe? FYXFCUTION TERMINATED 'IN LSTSOU)

.. &TOP
40 COMTIMUE

SX=SXX=8Y=8vYy=CyxX=0
DO 41 J=14M
SX=5X+X(J)
SXX=SXX+X () %X (J)
Sy=Ssv+viJ)y L L
SYVESYY+Y (UI¥Y(J)
41 SYX=SYX+Y(J)#X(J)

SXX=SXX=SY*SX/N

SYY=SYY=SY*SV/N

SYX=SYX-SYREX/M :

__SLOPE=SYX/SXX

INTCPT=(SY-SLOPE*SX /N

IFINGEQ.2) 4344
43 SERY=SERS=SERINT=0,0 ¢

GO TO 45 T S B U
44 SERY=SORTL(SYY-SLOPE*SLOPE*SXX )/ (N=2G))

SERS=SERY/SQRTISXX)

SERIMT=SERY®SQART {1su/M+(SX/NI*FLSX/NI/SXX)
45 COMTIMUE

IF(PTESTEQsNIRETURN

PRINT 42SLOPLE,SERS (INTCPT,SERINTSERY

£y

472 FORMAT(1X21HLSTSOU GIVES — SLOPE E12.5412H G FeSLOPE EL10.2412H I

IQTERCEPT F1lebs16H SeFoIMTERCEPT E10.2415H
RPF TURN
END

S.E«ORDINATE E10.2)
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PROGRAM RATEL3(INPUT ¢ 'TOUT s PUMCH )

C REQUCTICON OF STOPPED FLNW NDATY TN CASERVED RATE CNONSTAMTS USING
C INTEGRATED RATF FXPRESSIAMN FCR REACTICNS OF THF FNRM  A+R=C+D,
C INFLUENCE OF FORWARD AND RFVFRSE REACTINNS TAKEN INTO ACCOUNT.
C INITITAL CONCENTRATINN OF PRCDUCT C 1S ASSUMED TO RFE 75RO,
C
C
DINMEMSTION T(40)eY(4u) s TIVEL40) ,FUNC{4U) «CONCN(40) sOD(60)
DIMENSTON RASS(40),UR140)
C
C FUNCTION DLFINITION AMND DATA FOR EQUILISRIUM CONSTANTS
C DATA FOLLOWING IS FOR h2n RUNS AT MII=0e50 Y
DATA DELHEQ«NFLSEN/ 2520.G4BRe?3/
DATA DELVIHY ¢DELSHY/ 100 eN422,06/
DATA DELHUT WGELSDI/12800va043040/
DATA DELHACWDELSAC/ 26CCe0s=84347/
CALCK(UDELH G DELSYTEMP ) = XP((DFLS=DELH/{2732+TEMP )1 /1.5865):
C

PRINT 2000
2000 FORMAT(1H1)

N NN

READ REACTANT COMCFNTRATIONS AND CONDITIONS FOR RUN
99 RFAD 804 IRNO,CONCAO sCONCE s CONCC , CONCDOTEMP « SCALE s SENSSPRED s M
1IPNO ~
80 FoRNAT(1x.13,nE10.1.F6.?.3F6.3.21;) o
IF(IRNO.EQ.0) STAP

CALCULATE EQUILIBRTIUN COMSTANTS AND HYDROLVSIS CORRECTIONS

EQCOM=CALCK(LELI'EO,DEI SEQ«TEMP)

EKHY=CALCK{DRELHHY sDLCLSIiY TEMP) )

EKDI=CALCK(RELHDI LNELSET «TIMP) -

EKAC=CALCKI{DELHACDELSACTEMP) .

CONCA=CONCAD

PRIMT 81.IRMO

81 FNRMAT(1IH1//7//7% QUTPUT FOR RN #14,/7/% CALCULATION DETAIL FOR DUSH
1 NUMPER 1 %/) .
CALL CONCS(CCNCASCONCE sCONCDO«CONCD ,CONCCEQEKHY 2+ EKDISEKAC+EQCON)

C CALCULATE CONSTANT PARAMETERS FOR INTEGRATED RATE EXPRESSION |
P=CONCD+EKHY

A=CONCA*CONCRB*FQCON R

Bz~ (CONCA*L.QCOMN+COMCRZFQCCN+P)

C=EQCON-1.0 . .y e ot

SORTF=SQORT(P#B-4 N#AXC)

PP=({P-R/(2.0*C))/SORTF

E=B-SQRTF $ H=B+5QRTF
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DO 160 1P=141PNO

C READ BACKING OFF AND CHAMGES TN TRAMSMISSINN PFR PUSH
READ Y5«RES«{Y(J)sJ=1,sm)
95 FARMAT(F4.041974.2)

C CALCHLATE ENUTLIRRTYY TR/ NGHISS [
YEQ=RES*10423/( (11107 n+P &1y SFN3¥SCALE]D
PRINT OZcLKHYvFKUIqLi\\-FP(OWQYF'
92 FORMAT(® FKUY=¥E1C.3%, EKDI=#01U.3%. EKAC=FELD.3%, EGCONS¥ELU.3%,
IYEQ=#E10.3%/)

i U 4 W |

CALC. REACTION TIMF AMD ARSOLUTE TRA!SYISSINN VALUES FOR DATA POINTS

DN 10-J=1.WN

TUJI=TIME LY =SCALT¥SPEID®TI=T)
10 Y(J)=Y(J)+YER

CCALCHLATE CONCNW AND INTEGRATED RATE FUNCTION

alctalol

YA=ALOGIOLY (1) /YF0)

nno11 J:l «M

CCONCNI(J)=CONCCFO*AIOGIOIY (1) /Y (J)h/Ye

FUNC () =PPSALOG (HE (2o ORCECONCN (I +F 1)/ (F#(2 «0¥CXCONCN (J)+1H) )
14045/C* ALOG((A+”‘CONCN(JI+C*(O“CN(J)*CﬁhQH(J))/A]

< PRINT VALUES OF CONC AND INTEG RATE FUMCTLOM FOR PUSH 1 .
IF(IP.EQ.1)9451]
94 PRINT 96¢JsTIMF(J)»Y(J) «CONCNIJ) FUNCLS)
0f FORMAT(IX*PCOINT NO. ¥T12.6X*TIMF= *E]15e3¢5X¥Y(J)= #E10345X*CONCN=
1#E10.345X*FUNC= #E10.3)
11 CONTINUE

CALCULATE LFAST SOUARES SLOPE OF INTEGe RATE FUNCTION VS TIME
CALL DTATRY(TIME s FUNC M)

1PRINT =0

IE(IPEQ.1)IPRINT=1

CALL LSTSQUITIME s FUNCsNsRATED ¢ INTCOTIPRINT) — L

[N

C T SET UP ARRAY RASS(J) WITH SUCCESSIVE VALUES OF KORBS
RASS(IP)=RATED*EOCON/FKAC

160 CONTIMUE . = e ey W MNP S wra o -

L. _PRINT .2CO+{JsRASS(JY+J=1.1IPND). I ;-

200 FORVAT(///(&(GH KORS(12+2H1=F10. 1)))
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c

201

20?2

2013

204
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CALCULATE MEAN RATFE CORSTANMT AND PoF . I8 MEAN RATE FOR RUN

SR=SDD=040

DO 201 J=141PNO

SR=SR+RASS{J)

AVR=SR/TPMO

DO 202 J=141PNO

PREJI=AVR-RASS( J)

SPD=5DL+LR IS EDI ()

PPFAVR=E6T oA GHSORT (SHD/ (LIPNO=1)RTPHO) I /AVR

PUNCH AMD PRIMNT SUMVARY OF OQUTRUT

- PUNCH 203-lRNO;CONCAOv(CMCHsCONCDOuTEMP-LVR'PPFAVR

FCRNAT(Ib‘3E]“.3.F6.2,F10.1.Fh.1)

PRINT 20“-IRNO,(”N(&Q;(ONCHq(ONCDOuTlMP:AVP.OPF
FORMAT(//* FOR PUR #Ja¥ CONCANS HE LN Iy ONMCH=
1F1Qe3% (TEMP= *F 6.2/ 14Y#0WF AN RATE COMSTANT= *F1Ce3%,0.E¢ RATE=S ¥
1F&4«1)

G Tn 09
FAD

APPENMDITY 1,2

a e ale)

ag

1

SUBRNAITINE DTATRVIXsV,n)

TESTS AMD RFJECTS POINTS CUTSIDE FPERTMENTAL FRROR

STRATGHT t INF RELATIONMSHIP ONLY

DIMEMSTON XLLO) Y (40) SDEVN(40) sMFSAGE(LS)
REAL MDEVN _ - =

¥=1

Gn TN 1

N=1=1

K=K+1

1=2

SS=SNEVN=0

C.

10

11

30

31

32

.33

e

100

DO 10 J=24M

SS=5S+Y () /X (J)

SMEAN=SS/ (N-1) S
PO 11 J=2eM o .
PEYN(JI=ABSIY L)) =SMEANXY (J))
SDEVN=SDEVM+DEVN(I)

MDEVN=SDEVN/ (N-1)

IF(K.FQ.51100+30

HELO« 3%« CONCNO= 3

REJECTION OF DATA POINTS WITH DEVN GREATER THAN 4*MEAN DEVN

DO 33 J=2..M

CIF (DEVN(J) «GToa*MREYN] 31,32
COMTIMUFE

GO TO 33

X(1)1=x(J}

Yir1i=v(J}

I=1+1 T
CONTINUE _

IF ({1-1)4LTaN)I99,100
CAMTIMNUE

RE TURN

EMD
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12
13

18H ACIDFL1=FR 1043 R NTPIAL=[R)

20

S g 212
23

32
33

Tlag
40

NTRIAL=G

DIX 12

SURROUTINE CONCS(COUNCA,CONCRyCONCDO s CONCL s CONCCEG:  “HWEQDT
1F QKA EQCOM)

FET1=2.0%CONCA 5  ACIDF1I=ACINQ1=2.0%(CONCDO+CONCH !

NTRIAL=C

ACTEM=ACTIF ]

NTRTIAL=MTRIAL+]

AM=1.0+FQKH/ACTDBF

FEF1=(SORTIAA#AA+RUFFODIRFFTL/(ACINFI®ACIDFL) )-AA)*ACIDFI#*ACIDF ]
1/t6.C*EQDT)

FENNI=FEF1#*EAVH/ACTHE

FFDIL=FEFL*¥FFF1*0NNT/ (ACTUFLXACIDFL) j
ACIDF1=ACIDDL+FEQH 142, I ¥FFDI
DIFF=ARSI(ACINFLI=/ACT=rMI*1CT,0/ACIDF )

IF(NTRIALEQ.20) GG TG 39

[FIDIFFebLTala01 312417

PRINT 13 +FET1FEFLr+OH1IFFDI1TsACIDF1 «NTRIAL

FORMAT (6H FETL=E1%43+6t FIFI=E104347t FEOM1=010Ca3,7 FEDI1=E10.3,
FET3=(FEF1+FEONLI /2.0 §  ACIDO3=(ACTNF1- FEMTY /240

AZT3=COMCR T  ACINFA=ACIDN3-AZTA

NTRTIAL=D =i
ACTEM=ACIDF3

NTRIAL=NTRIAL+) LN
_HNM3=AZT3/ (1 0+FQYAZACIDFR) | S
FEAHA=FETA/(1.0+FnKH/ ACIPEA) ¥EQKH/ACTDF 3
ACIDF3=ACIDBO3-HN3+F L OH A BN
DIFF=ARS{(ACTIM=ATTIDE2)#10GNeN/ACTIDFA)
IFINTRIAL.FQe20) GO TG 29
IF(DIFFelLTe0s011272,427

PRINT 23 +FET3sFEOH2ZAZTAHN3ACIDF3, NTmIAL . RE—
FORMAT(6H FET3=E10.3+7H FLOHA=E103 46H A7T3 E10<3451 HN3=E1043,
18H ACIDF3=E1Ce348Y MTRIAL=T3)

CONCA=FETA § COMCE=AZT3 % CONCD=ACIDF3

FETH4=FET1/2.0 $ ACIDC4=ACINOI/2.0 § HNe=HNI & AZT4=A7T73
ACIDF&4=ACIUF3 :

ACTEM=ACIDF &

NTRIAL=NTRIAL+1
RB=1+0+FQKH/ACIDF4+EQCON®¥HNL4/ACINF 4
FEFA-(SORT(HU*QP+P'L*FOET*FFT&/(A’IDFA*ACIDFQ))—qﬂ)*ACIDFQ*ACIDFA
1/(4.0%EQDT)

__FEOHA4=FEF4*EQKH/ACTNF4

FEDI4= FFFA*FFFA*VOVI/(ﬁfTDFh*ACIDFA)
FENG=FEF4*EQCON#HNL/ACTOF &
HNa=(AZTH-FENA) /(1. C+FOKA/ZACICF G )
ACIDFG=ACIDO4+FEQM4+2 O*FEDTIL4~HNSG
DIFF=ABS{ (ACTEM=ACIDF4)%100.0/ACIDF&)
IF(MTRIALEQa40) GO YO 30 . . e —— F
[F{DIFFalTa0a01)32,430 ’

PRINT 33 4FF T4 sFEFL4FFOHGFENTIAsACTDF G4 sHNG s FEN4 o NTRTAL

FORMAT{G6H FET4=E10e3+6H FEF4=E10e347H FEOH4=E1N37H FEDI4=E1047,
18H ACIDF4=F 1064 a5 HN4=E1Oe3s6H FEN4=E1lUa3.8H NTRIAL=13)
CONCCFQ=FI N4

RETURN  _._ . _ T e s i

PRINT 40

FORMAT (44 NTRIAL LIMIT EXCEEDED,EXECUTIOM TFRMINATED)
STOP

END
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PROGRAM HTDPL13( INPUTOUTPUT)

111.

REDUCTION OF ACID DEOENDEPCE OF OBSERVED RATE COMNSTAMT FOR

FERRIC/AZIDE INTERACTIONS
ASSUME DASSTLLE CONTRINUTING

(FF+2)+(N3=) =(FEN342)4(H2N) Kl

(FIQH+2)14 (M3=) = (FEN3I+2)1+(0OH-) K2
(FE+2)+(HN3) =(FENR+2)+(11+) K3
=S(FIN3+21+(H20) K4

AFLOH+2)+ (HM3)

¥ADATA MUST GFE IN ORDER OF

DIMENSTOM
1RKOBS( 20}

IRMO(2C) sFETNL2C

PATHS AS

DECREASING

ACID

)W AZTO(2C) WACIDN(201 ACID(20) «TEMP(20),

DINMENSTON Rnfl((hx,20)9A(RFC(MU;?U)nRRkQHb(?U)sQPPKO(?u)'RECﬁ((?O)

1sRCAC2120)«RETI (201 ,RK2(20)14R¥3 (201 RKA(2
} o ECGKE(6D) EQKAL40)
EACTELIOEFACTIID) 3 SACT 1IN SLSACT(10)
1NN PKO”QW(DP).RFFP(P(?J);QPRVOD(RJ’.Q(Af?D(ZO)-HfﬁN(ZO)

TERKB{Z20)N W ERKA(2U) yRLCTOM(27)
DIMEMNSION
DIMEMS

DIMENSTON EQDI(40),EQCON(A4Y)

SN

DATA SF=27+10
DATA
DATA
DATA
DATA
DATA

PLAMCK +DBOLTZVK /6462
FOLLOWING IS FOR
DELHEGQOFLSEQ/ 252008423/
DELINMCBELSH/ 1U030C042296/
DELHDI W NFLSDT/12800,04730.0/
DELHAWDFLSA/ 3600408230/

CALCK (HaSsTI=FXP{S—H/(273e2+T) 1/ 1 086

PRINT 500
EN0 FORMAT(IHIL)
M=0

CALCULATE COUILISRIUM
DO 6 1=1Ce40,5

O) JERKT(20)ERK2(20)

280E=16/
H20 RUMS AT MII=Ue50

CONSTANTS AT REQUIRED TEMPERATURES

FOCON(T1=CALCK (DELHEQ,PELSFOLFLOAT(T)),

i EGKHUI)=CALCK(DELPH«DFL SHWFLOATII) )

FODI(I)=CALCKIDELHDI «DELSDISFLOATI(I))
. EQKACTY=CALCKIDELHASDILSASFLOATI(L))
6 CONTINUE

99 READ 1M
1 FORMAT
IF{NeEQ.0110N,2

READ DATA FOR GIVEN

[0 S5

ACID CONCENTRATICN

2 READ 3-(IRNO(J)vFETO(J)nAZTO(J)'ACIDO(J)oTEMP(J)oRKOBS(J).PE;

1J=1M)
S A FORMATIAL43E10439F6a23F10e3,F4a1)

ASSUME R*LM(KORS)
PRINT 4+ACIDO(1)
4 FORMAT(1IX22HR¥LNKORS VS 1/T FOR

VS 1/TEMP IS5 LINEAR

H=F7.0

WRECALCULATE KCRS AT REQUIRED TEMPS

)
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R -~ . 11,',‘ .
PRINT 44« ({IRNO(CJIY »J=1,4N) *
a6 FORMAT(26!l RUMS SFMT TO TEMDFD ARE G{1IXAL1H )Y
CALL TEMDEP(RKOHS:TEHP.MvUKlH.UELS-SEH-SFS.S) !
M=t +]
NO 5 I=10.40,5
. RKR[C(1cM)=(hOLTZK*(?73-2*FLOAT(I))/DLAHCK)*CALCK(DELﬂ-UELS‘FLoﬁT(
1)) '

C CALCULATE HVYDROLYSIS AMD TP CORRECTIONS TO ACTD COMCENTRATINE
5 CALL CONCS(FETO(I).A7TO(1).“(lhﬂ(l).ACR)C(I.M)-DUﬂHVuEQKH([)'
1FODI (T WBEOKACTY JEOCOMETY)
- G0 TO 99 -

100 CONTINUE
DN 115 JRUN=1,13

C DEFINE ACTID LIMITS WHFRE PATH 2 1S TN BF COMSINERFD STGHIFICANT
GO TO(52+53454) JR1N
52 D1v12=DIV21=".250 % GO TO 59
53 DIVIZ2=0406G % DIv21=r.10 % GO TO 89
54 DIV1IZ2=DIV21=0.052 % GO TO &9
59 COMNTINUE

NO 57 J=1.2C
B PE2LDN=RECACPIINSRERKGHP EII=PCACIP LI =uel

PO 40 NO=1e5
L=0
__IF(NO«FQem14R,549 : ; P i e
48 PRINT 12 ¢JRUNSMNO J
12 FORMAT (1M1 //% JURUM= ®x[7* TRIAL MIMRER= *[2//)
49 TF{JRUNGCENe3aANDeMOeGT+1150551
50 DIV1I?=0.0
DIV21=1.0C
51 COMTIMUE . — X . z PO E—

DO 20 1=10.40,5
K=KL=KP=0 _

SET UP OME_DIMENSIOMAL ARRAYS OF ACID(J) AND OBSERVED RATE COMSTANT
CORRECT KOBS FOR PATH 2 IF DATA OF PREVIOUS TRIALS 1S AVATLABLE
.. D14 J=1.V
ACIDIJ)I=ACRECIT D) .
RRKORS{J)=RKRFCITsJI-RK2(1/5=1)%EAKH(T)/ACTID{I)

.
,
|
1
!
|
{
AN
!
!
|

€. .. SEPARATE DATA INTO REGIONS WHERE PATH 2 15/1S NOT CONSIDERED STGNIFICANT
IFLACTIDGI)Y WGTDIVI?IEC61
. . 60 K=K+1 )
61 IFIACTIDIJ) «GTaDIV21)62,67
62 KP=KDP+1
63 COMTINUE
. 14 CONTINUE
c -
C CALCe. LEAST SQUARES SLOPE OF KOBSs CORRECTED FOR PATH 2« VS ACTD COoMCe.
CALL lSTSQU(ACIU;RPKOHS.K'RQ,RT-RES,RtT.O)
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c CORRECT KORS FOR COMTPIRUTIONS OF FATIL 176 ANMD DAT
e EFFECT OF PATH 2

KP=KP+1

DO 1% J=KP M

KL=KL+1

RRRKO (KL ) =RERFC(T5J)=RSHACID (I -RT
15 RECAC(KLI=1.0/6CIDCJY

KL=KL +1

RRRKC(KL.)=C.C

PECAC({KIL)=0eN

¢

C CAlLCoe LEASTSQUARES SLOPE OF CONTRIR, NF PATH 2 VS
CALL LSTSOUIRECACSRRRK O KL IPRESRT OPEQ.PPtT.O)

C !

C CALCULATE RATE CONSTANTS AND LRRORS IN RATI CONSTA
L=L+1
TEMP(LY=]
RECTEM(tL)=1.0/(272.211)
RK1(L)=RT

RK2 (1 }=RRS/EOKH(T)

RK3(1 ) =RSHIEOVALT)

RK& (L) =RTHEQCA( ) /FQKH (1)

ERK1(L)=ERK4(L)SRETH10C0a0/RT
CFRKZ2(IL)=RRFS¥1NC,0/PRE

ERK3(L)=RES¥101.N/PS ;
c B
4 PRINT DATA AMD CONTRIRUTIONS OF VARIQUS PATHS FOR
C AT 25.0 DEGRELS.

IF{NOEQa5eAND,T.EQ.25)16420

16 PRINT 1741

1241 741)

NO 18 J=1.KI

RRRKOP (P - 1+J)-PRqu(J)
18 RECACDUIKP-1+))=RECAC(II)

PRINT 19v(RFPFC(I,J)-A(lD(J),PPKORQ(J)-RRRK”P(J)qR
19 FORMAT(8X5{5XE103))
20 COMTINUE
40 COMTINUE

PRIMT RATE CONSTAMTS AMD [RPNRS FOR EACH SET OF o
BY DIV12 AND DIV21
PRINT 27

27 FORMAT(//1CX4HTEMP13X3HRK14X8HP/C SeEe 8X3HRK24X8HP
18HP/C SeEeBXINRKGLXBHP/C SeEs)

PRINT 28+ (TEMP(J)sRK1(J),ERK1(J) +RKZ (J}+ERK2(J) «RK

1(J)sERKG LI s U=10L)

28 FORMATI6XE1Ca3s4(E1T7e3sF 61

[aBala]

s CALCULATE ACTIVATION PARAMETFRS FOR EACH PATH

PRINT 26

26 FORMATI(1HL)
PRINMNT 31

41 FORMATU(/1X21HTEMP DEDFrDENCE oF K1) .

s CALL TEMDEP(RK1. TFHP.\,EA(Ttl),%ACT(l).L&ACT(l).Es

PRINT 32

22 FORMAT(/1X21HTEMP NEPENDFNCE OF K2)
CALL TEMDEO(PK 2, TEMD | JEACT(?2)sSACT (2) ERACTI214ES

17 FORMAT(/10H FOP TEMD= 11.nw=nvarr1wxnuac1n1OX6n RRKNAS 11X 5HRRRKOLLX

13,

H 3 TN DETERMINE

1/(ACID CONC 4 )

NTS

FIFTH TRIAL AMND

ECACP{J}sJ=1M)

MOITIONS DEFTNED
4

/C SeE «8X3HRK34X

3(J)ERK3(J) . RKA

ACT (1Y 1)

ACT(2141)
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PRINT 33
33 FORMAT(/LX2THTEMP DEPENDENCE OF K3)
CALL TEMDED (RK3TEMP ot »EACTIA1a5ACT (3)EEACT(3)4ESACT(3) 1)
PRIMNT 34
i FORMAT(/1X211HTEMP DOPENDEMCE OF K&)
CALL TEMDEP{EKASTIMP o sSACTI4) 2 5ACTIG) 2 EEACTIAYWESACT G W 1Y

FOR CONDITIONS WHERE ALL POINTS ARE COMSIDURED CALCULATE AND PRINT VALUES
OF KONBS AT VARIOUS ACIL (ONCS FROM VALUES OF KLaK24K3. AND Ké&.
[F(JRUNJMEST) GO TO 116 .
110 PRINT 111 ] o
111 FORMATUIMI o261t CALCULATED VALUFS OF KCBS//)
8O 114 1210447416
PRINT 112.1
112 FORMAT(//13H TEMPERATURF=12/29X4HACID1&XSHKCALC)
HCONL11=C.007071
DA 114 J=1e14 o
RKCAL C=RKI(T/5=1)+RK2(1/5=11#LGKH (1) /HCON(II+RE3LT/5=1) ¥HCONTIT 7
1FQKALT)
PRIMT 113 HCON(J) sRKCALC
113 FORMAT(BY «F1643402C02)
114 BOEONEI+1I=HCONE ) %] o462

115 CONTINLVE
STOP
EMD

SUBROUTINE TEMDEP (RK+TsM+DELHDELS s SEHSESWPTEST)

NIMEMSTON RK(40) sT(40) sRECTEM(40)sA(40)

INTEGER PTEFSTHTEST

NATA PLAMCK sBOLTZK aR/6e625E=270143804E-16014 98E5/

TEST=0 S . : S R

NN 10 J=1WN

RECTEM(J1=1aN/(273e2+T1J))

ALJI=R¥ALOG (PK{ J)¥PLAMCK*RFCTEMIJ)/BOLTZK)
 PRINT 9eTUJIWRKIJISA(J) «RECTEN(Y) -
9 FORMAT(IOXXTFMP= #[10e3% KOBS= *E10.3% ReLM{KOASI= *E1043

1% 1/(ABS. TEMP)= #£1Qe3) L S . . SN

10 COMTINUE 3

IF(PTEST.EQ«NITEST=1

CALL LSTSQUIFECTEMsAWNSsDFLHDELS+SEHSESSTEST)

DELH==DFLH . — I e = BT et e e T e =

IF (PTEST.FQeN)RETURN
SACTE=SEH/1000.0 : . = S i
ACTE=DELH/1000.0
PRINT 20+,ACTE»SACTFSNFL S548FS
20 FORMAT (044t SUBROUTINE TFMDFP GIVES ACT]VATION ENERGY FBe2sF9e34
110H KILOCAL o+ BX21HENTROPY OF ACTIVATIOMeFQe2+Fe3¢7H Eels)
RETURN
END .

|
=
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ARPENDIX 1473

s
SUBROUTIME LSTSQUIX ¥ sN+SLOPF « INTCPTaSERSSERINT«PTEST)
rrXXAXGEE APPENDIX 1.1 ’

ATOENDIX 1a73
SURROUT T (ONCS(CONCA.(ONCR.CON(DO,CONCD(CONCCEO|EOKH.EODI(

1EQKALEQCON) .
¥ *KSEE APOENDIX 1.2 ) : u A ot o e e e B £ T

4
= —— . ——w v > S - - = WEL= =
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APPENDIX 2
APPARATUS
1. Stopped flow appuratus,

(1) Desoriptiom,
Initial kinetic experiments were performed on a stopped

flow apparatus built from plans provided by Professer J. M. Sturtevant,
and which has been desoribed adequately elsewhere (643), The 4drive
was modified by addition of s pneumatis actuator te ths syringe piston
trolley; this was found to increase the reprodusibility of kinetie
results by a fastor of about 5 over measurements for injeotion dy hand,
The astuator was operated with coapressed mitrogen at A0 - 60 p.s.i.
applisd via a quiek relesse valve whish gsould be fully opened in

ea, 0,01 seoonds. At each push O.A%5l of each resotant was injected
in 60 « 100 milliseccnds, depending on ths drive pressure; injection
timss, and therefore flow rates and 'dead time' batween mixing and
first cbservation were found to de reprodueible to 1-27 for a given
driving pressure, This sgystem appears to be as effestive as the
hydreulis and motor drives used by other workers (6454, 630).

On the basis of the experience gsined with this apparatus
(hereafter referred to as ¥k.I1), another stopped flow apparatus
(¥k.IXI1) was designed and built, with the hope of overgoming some of
the disadvantages of the Xk.II apparatus, and having scme feontures
which the other machine had not, The Mk,III appzratus is showm and
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design drawings of the major parts are given in FIGURRS 42,1 to A2,27,

The main design points of the apparatus, and differences
betwesn it and the ik,IT apparatus will be discussed,

The apparatus is designed on a fully harisontal format,
in contrast to thse vertical cell and overflow of the Mk,II, Thisz is
to minimise the marked diffusion of resctants of different density
through the vertical cell from the mixing chamber directly below, a
fow seconds after the flow has stopped, This has been pointed out
by Sturtevant (64S) and observed in this work,

The apparatus is essentislly modular in oconstruction,
oompared with the 'unified' form of the Mk,II, to allow for the
probeble redeaign of individual asoticons for application to a
particular chemical problem, Yany designs, for instance, have been
published for mixing chsmbers, operation at very high flow velocities
(688) or very low resistance to fluid flow; these could be
incorporated into the apperatus without sffecting the operation of
the other components,

In relation to the problem of diffusion of reactants
menticned above, & number of designs for 2 small, one way valve,
which would open under the pressure of fluld flow and ¢close when the
flow stopped, were bullt in anticipation of plaoing one between the
nixer and the observation cell and another directly after the cell to
prevent back diffusion of rescted sclution, This would allow slower
reactions at present disturbed by the sffects of diffusion to be
studied, For faster reactions, whers the extra dead time introduced




FIGURE A2,1s STOPPED FLOW ASSEMBLY
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FIGURE A2.2.

ACPARATUS ASSSMBLED, THERMAL PANELS R&!O’VED.
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FIGUER A2.3, STOPPED FLOY APPARATUS AND OBSEVVATION SYSTEM

A, Lamp housing

B. Light collestion/moncehramator input lenses
Ce Momochromator

D. Monoochromator exit lens aystem

Es Stopped flow apparatus

Fo rhotemultiplier housing
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is o disedventage and diffusion a minor problem, the valves could
be removed,

The design and inelusion of different path length optiocal
cells, including the possibility of measuring abscrption by the
solution along the observation tube (64Gi), of ocondustance (65T)
or pH cells (58S) to messure the reaction paremeter of interest can
be undertaken without disturbing the deaign of the rest of the
apparatus,

Yherever posaible, sealing between the varicus secticns
is made between flat Teflon surfaces la;ped on & surface plate,

The separate modules are drawn together by lomg bolts running the
length of the assembly, The threeway teps to the reserve syringes
use a flat face seal rather than the conventional conical taps and
ssats used in the ik,II apparatus; after some use the conical taps
weres found to settle into the seats misalligning the tap pussages,

In only two places, between the perspex mixer and the gquarts cbserva-
tion cell and between the cell and the perspex exit assembly were
Teflon gaskets or neoprens O-rings used to affect the seal,

Using linear V-guides and besrings, the trelley linking the
syringe plungers was restrained froam as much motion, other than
parallel to the ayringes, as poasible, to aveid the poasibility of
injeotion of unequal volumes of reactanta, Vith the driving
syringes used (bore 9mm), exoess movement of ome piston by 15/1000"
is sufficient to inject fresh solution from the mixer to the observa-
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tion point; with the trolley systeam of the Mk,II apparatus, this
dogree of twist is certainly poassible, although reproducibility of
rate constants using the apparetus suggests that 1t is unlikely,

In the ¥k,II apparatus the thermal panels provided
mechanical support for the flow assembly, as well as oirculating
thermostatted water, In the Mk, III, the flow assembly wes sttached
separetely to the base of the apparatus, DBecause of the block
design of the complete flow assembly, thermal panels could be of a
simpler sonstruction and design, while still having a high thermostat-
ting efficiency for all parts of the apparatus, to make adaption to
changes in the design or type of observation equipment more straight
forward, should it be necessary,

(11) Performange.
(e) Injestics.

Driving ayringes were 2aml all glass Van interchangeable
types, choszen because of their necesssrily similar bores, The
reproducibility of injeotion ratiocs was measured by weighing the
smount of water simultaneously delivered by a pair of syringes, and
by measuring the coptical density of solutions when & dye and water
were mixed in the appsratus, Thease messurements suggested that
injeotion volumes were equal and sonstant to within 17, both for
injection between the saue and different trolley positions, For each
rmm, 0,45ml of each resctant were injected,

Velooity profiles during injection were measured on the
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¥k,II apparatus using & vane, attached {o a syringe accepting spent
solution from the cbservation cell, which partially interrupted a
light bean falling on a photocelly; the signal from the photocell was
proportional to the vene position, i,8, the volume of expended

solution, and the electrically differentiated aignal proportlional to
the vane velocity, The flow acceleration and veloaity using the
pnoucatic drive were reproducible to 1 = 27, constant velocity being
reached after about 30 milliseccnds in a 60 millisecond push,

The differentisted aignal suggested a decelleration, when the trolley
hit the stopping peg, from maximum velocity to sero in 1,5 milliseoonds,
The system used by Sturtevant lnd included in the ik, IITI model for
stopping the flow, by bringing the syringe trolley sgainst a solid
atep seems as effective as the stopping syringe used by Gibson and
others (64G1, 630, 583), which subject the seals within the apparatus
to oonsiderable pressure,

Corresponding measurements on the ik, III apparatus, but
using the signal from s potenticmeter, the spindle of which was
attached via a lever to the ayringe trolley, as & measure of the
trolley position gave very similar veloocity profiles,

Under these conditions, veloeity of fluld past the observa-
tion point just prior to stepping wes 2.5 to 4 metres/seocond,

For oontinuous flow studies it ia desirsble that ths flow of liquid
at the observation point should be turbulent, to ensure that the
distribution of fluid velocity past the observation point is the
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closest approximation possible to mass flow (53D), In stopped flow
studies the systematio exrrors produced by deviations from mass flow,
1.e¢, the errors in computing the average age of the sample at
different distances down the observation tube from the volume flow
rate, compared tc the 'i{rue' averags ags, which will depand on ths
velooity profiles, do not arise (SkC), Turbulemt flow, however,
also ensures more efficient mixing of resctants, For weter in the
standard cbservation cell used (2wm x 2mm), the critical velooity
for turbulent flow is expected to be well below 1 metre/second,

(») Mixng.

Sturtevant (62R) has suggested that reactions with
half times of o few milliseconds could be studled with his spparatus,
%e have tested the efflciency of mixing in the ¥k, IT spparatus by
measuring the optical density of injected dye/wster mixtures, and by
neasuring the ocondustance of perchloric acid mixtures using the
conduotance oell and detection system described in reference 65T;
traces showed no curvature after the flow had astepped, suggesting
complete nmixing by the time of first obserwation,

The mixing chamber of the Mk, IIT spparatua is based on a
design by Gibson (64G1), with a preliminary two jet mixer Before the
main eight jJet mixer; it was subjected to the more stringent teats
of mixing solutione of different viacosity, The efficiency of
mixing solutions containing 5i NeCl with water (relative viscosity 1.9)
er 1d NaCl with water (relative viscosity 1,1) was estimated from the
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serious schlieren effects produced by concentration gradients in
such solutions, resulting in a reduced photomultiplier signal,
The mixing of 5M NaCl/water produced an spparent 'optical denaity'
change of 0,02 during injection, which dsocayed to zeroc within 12
millizeccnds after the flow had stepped; for 1M NaC /ﬁzo a2 change
of 0,001 during the flow wes observed; this can be compared with
0,02 for 5 NaCl/Hzo and 0,008 for 0,84 Hacwac quoted by
Sturtevant (64S),

The efficiency of mixing was found to depend signifiocantly
on the flow rate (FIGURE A2,28); optimum conditions were obdtailned
for an injection time of 60 milliseconds, This oould explain the
marked increase in reproducibility of kinetic results with the intro-
duction of the pneumatic drive,

To obtain a guantitetive measurs of mixing efficiency,
poteasium permenganate solutions contelning 1M Nall and water were
mixed, and 0,100 NaQll solution containing 1ii NaCl and phenolphthalein
indioator were mixed with 0,101M perchlorie eoid, Ior both of these
aystems 99,5  mixing hod been achleved within 1 - 2 milliseconds af'ter
the flow had stopped, For the mixer and observation cell used, the
time between the first entry of asclutions to the mixer and observa-
ticn was about 7 milliseconds, s about 6%, of this is spent in the
mixer, the chamber of the Mk,II, although slightly less efficient,
1s smaller in volume, and the time between first eniry and observe-
tion 1s reduced to 4 milliseconds; Dbecause mixing 1s certainly not
complete much before chservation, the effective dead time in kinetie



(s)

(»)

(4)

All treces horisontal seale 1 millisea/om

Injection time 42 milliseconds
Plow velosity in cbservation tube S.h metres/ses.

Injeotion time 55 milliseconds
Flow velooity in cbssrvation tube 4.1 metres/sec.

Injection time 60 millisesonds
Flow velosity in observation tube 3.7 metres/see,

Injeotion time 70 milliseoonds
Flew velosity in observation tube 3,2 metres/sec,

FICURE A2,28, SODIUM CHLORYDE/WATRR MIXING TESTS
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experiments performed on the Mk,II epparatus is probably less than
this,

Although simultanecus recording of the flow rate was not
pexrformed on our ¥k, II apparatus, it has been pointed cut how this
ocould be used to sxtrapolate to infinite flow rete (64S) and se

correct for resotion taking plece before first observetionm,

The layout of the optical syatem is drswn in FIGURE A2,29,
To minimise the transmission of vibration induced shock from the
flow spparatus to any of the optical components when the flow was
stopped, the aluminiun charnmel on which the lamp, lens aystem and
moncchromator were mounted, that supporting the photomultiplier housing,
and that on which the flow apparatus was mounted, were bolted npu-atély
to a heavy slate slad,

The photomultiplier, which was found to be the clement moast
senaitive to vidbration in the system, wes supported in a two stage
antivibration mount within its housing, The face of the observation
cell was masked to ensure that all light resching the photomultiplier
had pessed through the sclution; masking was such that any alight
moveaent of the cell dus to shook in the flow apparatus was within the
aresa of the approximately uniformly intenae beam, which was significantly
larger than the area of the wmasked 'window’,

Using the method described earlier to measure the decellers-
tion of the trolley, it was found that, by sheething the atopping peg
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in O0,5m:m thick p,.v.c. sleeving, the atopping time was increased by
only + millisesond, but the induced shook was considerably reduced
end & slight bounce in the trolley due to flexing of the peg waas
entirely eliminated,

Under these conditioms, noise on the photomultiplier algnel
due to shoek induced vibraticn was redused to + 0,0003 in optical
density, with s frequency of 250 6,p.s., decaying to background light/
photemultiplier noise (& 0,0001) in about 70 milliseconds; these
results refer to the detection system with & response time of 1 milli-
second,

The individusl components of the optical and deteotion system
will now be describeds

(1) Lieht source.

Tungsten filament lamps (Philips 13116C/04, 12V, 100k, self
fooussing type) end quarts/hslogen filement type lamps (Philips 7023,
12V, 100%) wers used; the quarts/halogen lamps, because of more
efficient light output, especially in the U,V. (23 ° ineresse at
46O my, 1007 at 350 mu) were preferred, The lamp filament image was
fooussed by & silica lens system (£ = 2,0) on the inlet slits of the
monoohromator; for most efficient location of the image, the lamp
housing wes fitted with vertical and horizontal positioning screws
and the lamp location sdjusted for maximum photomultiplier asignal,

Lemp power was supplied fror a constant voltage power supply,
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the eircuit for which iz given in FIGURE A2,30; the output wvoltage
had a stability of better than 17 for a 10" surge in mains voltage,
and ripple on the ocutput was less than 0,2°, The 24 volt negative
supply line was from a trensformer/full wave diode reotifier bridge/
choke aystem opereated from the maina supply,

(1) Monpghronstor,

The monochromator (Hilger end Watts, £11 greting type, D292)
wes modified by addition of a number of baffles to reduce strey light
being passed through the instrument; testing with a 4358 £ band pass
filter, it wes estimated that total background light paszed by the
monochromator was 0,27 of that at the chosen wavelength,

(114) Chaervation gells.

These were 1om squure seotion silica with a central
rectangular section cbservation tube (2mm x 2mm, 2mm x 1mn); the
optioal paths were measured with spacers and with standardised absorb-
snce sclutions as 0,196 + 0,001mn and 0,95 + 0,00 mm,

The face of the cell wes masked to ensure thet all light
reaching the photomultiplier passed through the reactant solution;
in general, light detected by the photomultiplier, other than that
which passed through the solution, was less than 0,027,

In the ¥k,II epparatus used for kinetic measurements, the
cell was vertical and the monitoring beam, where it passed through the
observation tube, was a focussed image of the horizontal monochromator
exit slits; with the lenses used the image was half real size,
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Typically, this produced s beam through the observetion tube 2mm wide
end 1mm high, so that the average age differential of the sample
aeross the observation beam wes less than 0,2 milliseconds for a first
sample L milliseconds old, Under these conditicns the ‘slit length’
error discussed by Roughton (63R) is exceedingly amall.

4 more subtle effect ie that on the observed kinetics dus
to the reactant concentration profile alomg the monitoring light beam,
as analysed by Boag (68B) for the analogous problem in flash photolysis
and pulse radiolysis, For first order reactions no effect is
predicted, but for second order reactions, assuming the reactant
profile to be proportional to the velocity profile prior to stopping
(meximum/mesn velocity = 1,25 for turbulent flow (37D)), the predioted
effect is less than ¥, The effeot on the epparent rate constant is
more sensitive to concentration veristion across the monitoring light

beam, but for our conditions, this is agaln below ',

(1v) ‘hotomultiplier.

The oirouit determining the dynode voltages for the photo-
multiplier (:,4.I, 6256S) is shown in FIGURL A2,31; the E.H,T,
supplies used wers an Isotope Development type 932/D or & Nuolear
Tnterprises type NE 5307, To maintain the recommended voltages of
160 wolts for the cathode to first dynode, and at least 30 volts for
the succeeding interdynode voltages, the minimum :,1,T. 18 550 volts,
HNow the meximum anode current is limited by the necessity to have
signals of less than 5 volts (generclly ca L volts) if it is desired
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to cperste the csoilloscope 2A63 input amplifier in its differential
mode at zensitivities higher than 0,5 volts/om; under these
conditions, the dynode chain current to ancde cuwrrent ratio is around
100, Lush (65Lu) has shown that the output signal should be linesr
to within 1 for this situation; linearity of output was verified
experimentally by attenuating the inecident light with standard neutral
density filters (Gilford Laboratories/Kodak Ltd,),

To reduce high frequenoy photoaultiplier noise a capasitance
filter 1s included in the circuit; 1ts velue was changed, depending
on the rate of change of the signal being followed, and, in general,
was such that the response time of the photomultiplier was around 1Q°
of the half life of the chemlcal change, 'ith nmo such filter in the
circuit, photomultiplier signal noise was 5 millivoltas on a L volts
signal, falling to 0,2 millivelts with an 11 milliseoond filter; noise
inorozsed markedly with inoreasing :,H,T, The response time of the
system was cheoked using a rapidly rotating sector; results egreed
with those predicted from the circuitry,

(v) Bagklig-off sourge.

The reference voltage scurce used to balance the photo-
cultiplier signal so that small changes in the larger photomultiplier
signal could be more conveniently measured 1s shown in FIGURE A2,32,
The reference Zemer diode output was calibrated as 19,23 volts and
checked several times throughout the work,
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(v) Qagidlopeope.

The instrument used was a Tektromix 56l Storage Caoillosoope,
with type 2A63 differential amplifier and 2867 time base; the
storage and single sweep properties of the 564 msde it ideal for the
atudy of trenaient phencmena,

The photomultiplisr was conneoted to onme alde of the
differential saplifier and the backing-off voltage to the other, The
input stage of the 2463 (1 megoha, 4L7pf) was used as the anode load for
the photomultiplier; the instrument has & respense time of 50 mioro-
seconds and a typlcal differentisl rejection ratio of 1000 to 1 at
20 6,p.8.} the calibrated variable sensitivity is accurats to
within ¥,

The 2BE7 could be operated at speeds betwesn 5 seconds/om
and 1 miorosecond/cm with an ascurasy of 3. The osoilloscope trace
was triggered by a d.0, signal produced when & microswitch on the
d&xriving syringe trolley was automatically operated scmetime during its
travel,

Oscilloscope traces were photogrzphed, using a Tektromix
C12 oscilloscope camers and A" x 5" negative film (Kodak TriX),
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