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1. Introduction

Iron is the most abundant transition elemert in the solar system and on the
earth. One of its stable nuclei (**Fe) is the most stablenucleus of the periodic table
because it has the highest bonding energy per nucleon. Therefore, the formation of
iron was energetically quite favorable during the nucleogenesis explaining its
abundance in the universe. Iron isthe fourth most abundant element (after oxygen,
silicon and aluminum) in the crustal rocks of the earth (6.2 %). It isbelieved to bethe
main constituent of the core of the earth and is the mgjor component of ‘siderite
meteorites. About 0.5% of [unar soil isknown to be metallic iron, which gives an
estimate of ~ 10" tons of iron on the surface of the moon alone. In the oxidative
atmosphere of the earth iron mostly occursin the oxidation state of +3.

Iron has been known to humankind for at least six millennia. Thefirst man-
made objects were created from metallic iron recovered from meteorites. Iron
production by smelting began sometime in the third millennium BC in the Hittita
empirein AsiaMinor, but the secret of the technology wasguarded so carefully that
iron production only became widespread around 1200 BC. Thefollowing historical
period, Iron Age, was named after the element. Besides making tools and weapons,
the metal has been used as a construction material for along time. Theiron pillar
(weight: 6.5 tons, height: 6.7 meters) close to the famous Qutab Minar in the
courtyard of the Quwwat-ul-Islam mosque in Delhi, India, was transported to its
present place in the fourth century AD, although it may have been built athousand
years before. It has survived without any signs of rusting, which is more than
remarkable especially in the humid lacal climate. This phenomenon is still not
completely understood. The immense cultural impaa of the metal is also shown by
thefact that it isone of thefew chemical elementsfor which words of different origin
exist in various (not closely related) languages implying that this element was
independently discovered and used by different ancient nations.* Today the annual
world production of ironis close to 1 tons.

* A few examples: ferrum (Latin), Eisen (German), xeneso ‘zhelezo’ (Russian), oidnpog ‘sidiros
(Greek), rauta (Finnish), vas (Hungarian), jarn (Icelandic), burdina (Basque), demir (Turkish), chuma
(Swahili), khilla(Quechuan), besh (Navajo), rino (Maori), .= ‘ hadiid’ (Arabic), 4% ‘tetsu’ (Japanese), &
‘tie’ (Chinese), =tar=r: ‘ayasaH’ or &g ‘loha’ (Sanskrit).

1



2 Gabor Lente: Reactions ofthe iron(lll) hydroxo dimer with inorganic ligands

Ironisclassified asessential in biological systems. It has been akey metal
in the evolution of life from primitive bacteria and algae to higher organisns. A
human being containsas much as 3-4 g of iron on averagein variousformsincluding
hemoglobin in blood cells, ferritin and transferrin for iron storage and transport, the
efficiency of whichisspectacularly demonstrated by thevery longbiological half life
of the element (8 years, much longer than the corresponding value of 9 months for
bone-forming calcium). The major function of ironin these proteins is often some
kind of electron transfer or the activation of small molecules, especialy dioxygen,
which is due to its advantageous redox chemistry. Iron(lll) is often found in
biological systems in oxo- or hydroxo-bridged di- or oligonuclear structures.
Numerousenzymeswith dinucleariron(l11) centershave been described with various
functionsin living arganisms (Teble 1)."* One of the most important such enzymes
is methane monooxygenase, the function of which isto insert anoxygen atominto a
C-H bond of an alkane at ambient temperatures. Thisfunction attrads considerable
industrial attention aswell. Structural motifs found in these enzymes can be used to
design protein-free dinuclear iron(lll) catalysts that are effective in various
processes.*® Understanding the way these enzymes and catalysts work requires
fundamental information on the dinuclear iron(111) core.

The complexes of iron(ll) and iron(lll) have played maar roles in
understanding the mechanisms of substitution and redox processes.*** The first
studies were usually motivated by basic interest in fundamental agueous processes.
Today the biological relevanceis probably the main driving forceof researchin this
field. Iron(l11) isknownto feature amarked preference for O-donor as opposed to N-
donor ligands. Due to its high-spin d® configuration, the crystal field stabilization
energy does not favor any particular stereochemistry, and iron(I11) complexeswith
coordination numbers from 3 to 8 are known.®

Almost all cationswith acharge +3 or higher giveriseto polynuclear species
in agueous solution over a characteristic pH range. This hydrolytic polymerization
is characteristic of agueousiron(l1l) solutionsaswell. It iswell edablished that the
mononuclear hydrolytic species are important in the kinetics and mechanism of the
substitution and redox reactions of iron(l11), and are often much more reactive than
the aqua ion itself. It seems to be quite reasonable that polynuclear hydrolytic
complexes may also have similar roles, but this field received much less attention
compared to the investigation of mononuclear forms. Reliable information on
agueousdinuclear iron(111) forms and their reactivity patterns could bebeneficial for
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Table 1. Diiron oxygen proteins.

enzyme source

function

class| ribonucleotide bacteria, bacteriophages,

reductase some eukaryotic cells

methane methanotrophic bacteria

monooxygenase

purple acid mammals

phosphatases

soluble stearoyl-acyl  higher plants, e.g.

carrier protein A° cucumber, spinach,

desaturase avocado

ferritin® mammals, plants,
bacteria

hemerythrin, marine invertebrates

myohemerythrin

rubrerythrin, anaerobic bacteria

nigerythrin

nitric oxide reductase bacteria

reduction of
ribonucleotides to
deoxyribonucleotides

conversion of methane to
methanol

phosphatase activity,
details unclear

catalyst of thefirst stepin
lipid desaturation

iron storage

oxygen transfer

possible catalyst of
reactions involving
peroxides and oxygen,
details unclear

reduction of NO to N,O

a contains multinuclear iron centers as well

the ongoing studies on the biological role of iron(ll1) in addition to holding
considerableinterest for the mechanistic research of inorganic reactions. Studiesin
thisfield may shed light on the formation of dinuclear iron(111) cores and contribute
to the understanding of the basic kinetic features of di- and multi nuclear iron(l11)

complexes.
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2. Research Objectives

The major goa of the present study was to characterize the kinetics and
equilibrium of direct ligand substitution reactions of the aqueous iron(l11) hydroxo
dimer, Fe,(u-OH),(H,0)*,* with simple inorganic ligands and draw structural and
mechanistic conclusions from the results.

In order to achieve this goal, a main objective wasto identify the inorganic
ligandsthat react withthe hydroxo dimer directly and to study theidentified reactions
in detail. Exact description of the equilibria in agueous iron(lll) solution is
prerequisite to these investigations. Some of the literature results are contradictory
on the equilibrium and kinetics of the hydrolytic processes and a detailed study was
designed to resolve these contradictions.

A further objective wasto explore the possible roleof theiron(l11) hydroxo
dimer in redox reactions between iron(111) and inorganic species. A detailed study of
the redox reaction was planned in the iron(l11) - sulfur(IV) system because of its
outstanding significance.

* Iron(I11) complexesare assumed to beoctahedral in thiswork and coordinated weter moleculeswill not
be shown in the formulas for clarity throughout the rest of the text unless they have particular
significance.
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3. Literature Overview

The hydrolysis of iron(ll1) has been studied for a long time by various
methods and researchers. The results have been reviewed several times>*°

The structure and composition of mononuclear for ms has been characterized
withalarge variety of techniques. The equilibrium between mononuclear formswas
studied by pH-patentiometry** and spectrophotometry,®*3* and the structure of the
aquacomplex FgH,0),*" wascharacterized by singecrystal X-ray diffraction (XRD)
inanitrate salt®> and alums**** Extended X -ray absorption fine structure(EXAFS)*
neutron diffraction,* neutron scattering,®” and solution X-ray scattering® studieson
the mononuclear iron(l11) formshave all been reported. Theoretical investigations
have al so been carried out to describe the interaction betweeniron(l11) centersand the
surrounding oxygen atoms in simple complexes.®*“? |sotope effects?® pressure and
ionic strength effects™ on the mononuclear equilibrium were studied as well as the
photodissociation of the hydrolytic species,**“® and cohydrolysis of Fe(H,O),** with
divalent metal ions.*’

General studies on the hydrolytic oligomerization and/or precipitation of
iron(l11) showed that very slow and practically irreversible processes may begin even
at relatively low pH (~ 3).**°* Some of these processes last very long excluding the
possibility of reliable equilibrium studies. This phenomenon isgenerally referred to
as ageing. Indeed, the ageing of one auch iron(111) solution was monitored over a
period of 15 years>?

Investigations on the dinuclear hydrolytic species have not been free of
ambiguity. Thestoichiometry Fe,(OH),* hasbeen established beyondany reasonalle
doubt based on pH-potentiometric?>* and UV-vis spectrophotometric?”* studies
independently.* However, the structure of this spedes could be either dihydroxo-
bridged, (H,O),Fe(n-OH),Fe(H,0),*, or monooxo-bridged, (H,O),Fe(u-
0O)Fe(H,0).**. Thedifferencebetween thesetwo structuresisonly awater molecule,
thus they are indistinguishable by composition. The magnetic properties of the
dinuclear species were aso the subject of intense scientific discussion. Claims for
diamagnetic?® and paramagnetic® behavior were both made. This debate seems to
have reached a conclusion with agreement on aparamagnetic Fe,(OH),** with some

* The formula Fe(OH),*" is adapted for the dnuclear hydrolytic species in this work despite the
contr adicti ons abo ut the structure. Theformulais meant to indicate the composi tion only.

7



8 Gabor Lente: Reactions ofthe iron(lll) hydroxo dimer with inorganic ligands

spin-spin interaction beween the meal centers. The question of dihydroxo- or
monooxo-bridging structure still lacks decisive evidence athough the dihydroxo
formulation has been strongly favored by most solution chemists, one of the most
convincing argumentsbeing the existence of thewell characterized, inert, dihydroxo-
bridged chromium(l11) analog Cr,(OH),**.>*%®

Oligomericspecies, suchasFe,(OH),>* # or Fe,,(OH),,* *° werea soreported
in the literature. Some of these oligomeric species, especialy the tetrahydroxo
trinuclear complex, may be present in equilibrium a very high total iron(lll)
concentrations, but the detection of higher oligomers could also be a computational
artefact arising from data sets not in true equilibrium. It is notable that such higher
oligomers are always postulated based on pH-potentiometry, but no UV-vis
spectrophotometric evidence has been reported for them thusfar. A reason for this
could well be the different sensitivity of the two methods, but it shoud be kept in
mind that the pH-potentiometric studies usually invol ve titration of an iron(l1l)
solutionwith baseand | ocal inhomogenities, particularly under lessacidic conditions,
may initiate irreversible processes during this procedure. This problem was
sometimes circumvented by the use of NaHCO, solution as atitrant, whichseemsto
bemoresuitablefor pH-potentiometrictitration of iron(l11) solutions.”? However, this
technique adds the problem of possible incomplete removal of the carbon dioxide
formed. Inany case, the applicability of pH-potentiometry islimi ted becauseiron(l11)
solutions cannot usually be brought above 2.7- 3.0 without initiating irreversible
Processes.

The solution structure of Fe,(OH),* was characterized with EXAFS in the
late 70s and the structure shownin Scheme 1 was proposed.®® The distance between
thetwoiron(l11) centerswascal culated to be 291 pm, with an Fe- O- Feangleof 101°.
However, the authors faled to realize that only afew percent of the total iron
concentration wasintheform Fe,(OH),* intheir solutions. Thediscrepanciesinthis
work were pointed out,** and the criticismled to are-evaluation and ful retraction of
the EXAFS study.®” However, the fact that EXAFS should be quite sensitive to the

Scheme 1. Proposed structurefor theiron(11)
hydroxo dimer (hydrogens are excluded for
@) , clarity)
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shortest Fe- Fedistancein sol ution because of thehigh product of theatomic numbers
seems to have been ignored in this dispute. 1n addition, the EXAFS structural data
arein excellent agreement with XRD studies on Fe,(u-OH), cores in the dihydroxo-
bridged diiron(l111) complexes Fe,(u-OH),(Dipic),,* Fe,(u-OH),(Chel),,** and Fe,(u-
OH),(Sdl),2H,0-2py,* and on the analogous trivalent meta cores Cr,(p-
OH),(H,0),**,%* and Al,(u-OH),(H,0),*" * (formulasfor ligandsaregivenin Scheme
2). A second re-evaluation of the original EX AFS study,® or preferably a complete
re-investigation is thus needed.

A combined Moéssbauer and IR spectroscopy study led to postulating a
diamagnetic, monooxo-bridged structure for Fe,(OH),**.*® However, this study was

OH HO SO,
~ ‘e
| | HO
> ~
O N o) @) N O SO,H
OH HO OH HO

H

1 Dipic 2 Chel 3 Tiron
0
O Iy e
H H N
H
OH HO
4 Sal 5
o) OH
0 o)
HO o)
g H,N H,N HO
| OH OH
N\
HO o SH SH Ho
6 7 8 9

Scheme 2. Chemical gructures of organic ligands referred to in the text.

1 Dipic = 2,6-pyridinedicarboxylic acid, 2 Chel = 4-hydroxy-2,6-
pyridinedicarboxylic acid, 3 Tiron = 1,2-dihydroxy-3,5-benzenedisulfonic
acid 4 Sal = N,N' -ethylenebis(salicylamine), § acetohydroxamic acid,

6 squaric acid = 3,4-dihydroxy-3-cyclobutene-1,2-dione, 7 cysteine,

8 penicillamine, 9 2,3-dihydroxybenzac acid
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seriously flawed. The authors used direct addition of base totheiron(l11) solutions
and did most of their experiments in basic solution, a practice that should dearly be
avoided because of the tendency of iron(l1l) to form colloidal hydroxide phases
irreversibly. The formation of the dinuclear speciesis assumed to be guaranteed by
setting a suitable Fe/OH ratio without considering the equilibrium features. In
addition, the Mossbauer spectra were recorded in frozen solutions, and few
considerations were offered on the significance of the results for the solution
structure. Finally, little effort was made to identify what parts of the signd came
from mononuclear and multinuclear formsof iron(ll1). Further M dssbauer studiesled
to diverse conclusions® " One study proposed an equlibrium between the
dihydroxo- and monoox o-bridged forms with the former being somewhat dominant
in solution.*”® Another published work interpreted the M éssbauer data assuming the
dihydroxo-bridged structure only.”

A later combined EXAFS and Mdssbauer study on a neutralized Nafion
membranewasinterpreted interms of amonooxo-bridged structurewithan Fe- O-Fe
angle of 155° and a Fe-Fe distance of 342 pm.”* Although the mononuclear and
dinuclear forms were clearly distinguished in thiswork, the experimental procedure
was similar to the onein thementioned combined M éssbauer-1R study®® and could be
asignificant source of error. Itisagain questionable whether the data are conclusi ve
for solution structure. The bridging Fe- O distance in the dinuclear species was
calculated to be 30 pm shorter than the non-bridging Fe- O distances in the same
species, whichisasuspiciously unusua finding. Infact, dataobtained by M 6ssbauer
spectroscopy resulted in more confusion than insight probably because the method
itself is unsuitable for answering these structural questions.

Magnetic measurements suggeged that thereis some spin-spin interaction
between the high spiniron(l1l) centersin the dinuclear species. An early gudy found
Fe,(OH),* diamagnetic.”® However, a more careful reinvestigation of the system
reached the opposite conclusion: Fe,(OH),* isparamagneti cwith amagnetic moment
roughly equivalent to 2 unpaired electronsper iron cente.>® Thisisalsoinlinewith
magnetic studies on model compounds featuring the dihydroxo-bridged core with
organicligands.®*"*" Consider ations based onthemagneti c propertiesal solent some
support to the dihydroxo-bridged formulation for Fe,(OH),*". Thevalue o p ~3.7
BM (Bohr Magneton) is much larger than the val ues measured for monooxo-bridged
diiron(I11) complexes, but similar to those of dihydroxo-bridged complexes. In
addition, IR spectroscopic investigations confirmed the absence of a characterigtic
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v(Fe- O-Fe) band,* which is arguably the strongest piece of evidence against the
monooxo-bridged structureknown to date.

It is now understood that the contradictions concerning the properties of
Fe,(OH),* largely arise from the fact thatit is never a dominant speciesin solution.
It amounts to no morethan 10-15% of the total iron concentration, and it is always
accompanied by large amounts of mononuclear forms, the properties of which are
often quite similar to the dinuclear species. Thus,any measured physical property of
an iron(l1l) solution has contributions from mono- and dnuclear forms. The
contribution of the dinuclear form is na aways easy to identify, and is often sl
compared to that of the mononuclear forms because of the unfavorable concentration
ratio. Another problem is imposed by the lability of iron(ll1) complexes. Any
procedure which is necessary to carry out structural studies, including freezng or
crystallization, could result in an immediate changein speciation or formation of new
species. It should also be added that experimental limitations, such asthesignificance
of using special chloride-free solutionsand avoid ng the direct addition of baseto test
solutions, were not recognized in many of the earlier studies.

In summary, the availabe structural information is more in line with the
dihydroxo-bridged structure, aconclusion dso reached inareview on dinuclear oxo-
bridged iron(l11) complexes.™ In our studies the properties of Fe,(OH),** have been
interpreted assuming the di hydroxo-bridged structure exclusively.

A vast amount of kinetic information on the mononuclear formsof iron(l11)
is available from the literature. The kinetics of substitution reactions between
mononuclear forms of iron(I11) and alarge number of inorganic and organic ligands
were studied.”* Temperature and pressure dependent investigations were also
reported.”®* Water exchange on the metal center was studied with 'O NMR even
under high pressures.®*** Theelectricfield jump relaxation kinetic techniqueyielded
some information on the deprotonation kinetics of mononuclear forms.*

Very limited information is availableon the reactions of the hydroxo dimer.
Its dissociation into mononuclear forms was studied by several groups,*®** and a
mechanism comprising two pathways was proposed.*® The shortcomings of this
mechanismwill be discussed in detail later (section 5.1.2., page 25).

Direct reactions of the hydroxo dime were postulaed with four arganic
ligands (Table 2).2%¢1® The formulasof the ligands are givenin Scheme 2 (page 9).
In these reactions Fe,L type complexes are formed and their formation constants
could be estimated. Iron(l11) oxidizes squaric acid, penicillamine, and cysteine, thus
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Table 2. Complexation between the hydroxo dimer and organic ligands. 7= 25.0
°C; p=1.0M (NaClO,).

ligand reaction log K ref
squaric acid ~ Fe,(OH),* + L? = Fe,(OH),L* 5.18 106
tiron Fe,(OH),* + H,L = Fe,(OH),LH,* 3.80 107
cysteine Fe,(OH),* + H,L = Fe,(OH),L* +2H* -1.15 108

penicillamine Fe,(OH),* + H,L = Fe,(OH),L* +2H* -0.42 108

the dinuclear complexes are formed asintermediates with these ligands. It could be
shown that the dominant final product in thetiron systemwasamononucleariron(l11)
complex and the corresponding Fe,L complex barely exists whenthe equilibriumis
reached.’®” Several possibilitieswere considered for the structure of Fe,L complexes,
but none of them could find any support other than chemical irtuition. A fortunate
aspect of thisresearch wasthefact that Fe,L complexeswith those four li gands have
strong characteristic absorption bandsin thevisibl e wavelength range, and they could
be studied without interference from other colored species.!®'% It was also
concluded that [Fe*]? terms established earlier in the rate equations of iron(l1)
reactionsisdueto thereactivity of the hydroxodimer.’” Earlier, it was proposed that
the hydroxo dimer reacts with acetohydroxamic acid'®® and 2,3-dhydroxybenzoic
acid,**® but mononuclear complexes were postulated as the direct products of these
reactions. The second-order rate constants for the reactions of Fe,(OH),** with
various protonated forms of the ligandsare in the range of 10° - 10° M *s ' at 25 °C.

While the present work was in progress, two articles were published where
the authors postu ated direct reactions with the hydroxo dimer.*****> However, their
results are questionable in that fast pre-equilibrium or steady state approaches are
used for the hydroxodimer. These assumptions are notjustified by independent data
on the formation and dissociation kinetics of Fe,(OH),**.*>*%® The authorsseem to
be unaware of this error, they even believed to find support from a study*® that
actually directly contradicts their interpretation.

The presence or absence of the hydroxodimer as aproduct was occasionally
used as evidencein favor of or against a particdar mechaniam where iron(I11) is
produced in redox reactions. For example, agueous oxidation of iron(ll) by ozoneis
thought to involve an iron(1V) (ferryl) intermediate, FeO?*, which reacts with Fe**
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very rapidly to give Fe,(OH),**.** A similar mechanismwasproposed for theiron(l1)
- hypochlorous acid reaction where Fe,(OH),” was formed as an immediate
product.*® The absence of the formation of Fe,(OH),** led to the conclusion that the
oxidations of iron(l) by H,O, and CIO, involve one-€electron steps!*>**

A verylargenumber of oxo-or hydroxo-bridged d - and multinucleariron(l11)
complexes are known in the solid stae with various spectral and magnetic
properties.”**>%  Although some of these species may be related to the hydroxo
dimer in some ways, the existence of these multinuclear structures istypically the
consequence of using multidentate, chelating, and bridging ligands. It is also not
quite clear how relevant the solid state structures are for aqueous species. The
presence of such multinuclear compexesis not proved in the solution phase.

Itis notablethat perchloraeion isalsothought tobe coordinated toiron(111)
centersin certain cases based oninternuclear distances measured in the solidstate by
XRD."™  Similar interactions are occasionaly proposed in solution at high
concentrations of the perchlorate medium (e.g. 3.0 M NaClQ,) either directly™*? or
indirectly to explain the unusual sensitivity of the equilibrium constants to ionic
strength.® This interaction is sometimes termed outer sphere complexation.*
However, the proposal is based on uncorvincingly small UV-vis spectrosoopic
changes. Itisalso doubtful if outer sphere complexation isameaningfu concept in
thiscase, astheH,O/CIO, ratiois~16in 3.0 M NaClO,, and at |east one perchlorate
ion should be present in the outer coordination sphere of the metal ion on a purely
statistical basis even if the electrostatic forces are ignored between the oppositely
chargediron(l11) and perchlorateions. In addition, noneof these studiesreported that
appropriate precautions weremade in order to avaid specific effects of chloride ion
which could very well be present as a contaminant. Chloride ion isa common
impurity in perchlorate salts, including iron(l11) and sodium perchlorate. It is aso
known to be afairly good complexing agent toward iron(I11) and the complex FeCl*
hasacharacteristic UV-visabsorptionband.?* Evenif theinteractionwithperchlorate
isreal, it has never been reported in 1.0 M NaClO,, the medium used inthis study.
A recent review oninorganic perchlorato complexes reported very few examples of
purely inorganic iron(l11) perchlorato complexes*®
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4. Experimental Methods

4.1. Chemicals

Chemicalsused in this study were of analytical reagent grade and purchased
from various commercial supgiers. Low chloride iron(lll) perchorate (Aldrich,
color: very pae violet) was used without further purification. The iron(lll)
concentration of the stock solutions was determined by the iodometric method, the
free acid concentration was determined by acid-base titration following ion
exchange.”*** No ageingeffectswere dbservedintheiron(l11) stock solutionsduring
theentire study, i.e. theresuts werethe same ugng freshly prepared and afew weeks
old samples. Samples were always prepared from the stock solutions with dilution
and/or acidification. Addition of base to iron(l11) solutions to adjust the pH was
completely avoided.

High purity concentrated HClIO, was purchasedfrom CarloErbaand Reardl .
Diluteperchloric acid solutionswere standardized by acid-basetitration. High purity
NaClO, (Fluka) was recrystallized from water before use or prepared form Na,CO,
and HCIQ, according to a literature method.**> All solutions were prepared with
doubly deionized and ultrafiltered water obtained from MILLI-Q RG (Millipore)
water purification system. Experimentswere carried out at 10.0+ 0.1 and25.0+ 0.1
°C, theionic strength was set to 1.0 M with NaClO,.

Other chemicalsusedinthiswork included Na,B,0O,-10H,0, NaHCO,, NaN,,
NaNO,, NaNO,, NaH,PO,-H,0, H,PO,, Na,HPO,-5H,0, Na,HPO,-2H,0, As,0O,,
Na,HAsO,- 7H,0,NaSCN, Na,S,0,-5H,0, Na,S,0,, Na,SO,, Na,SO,-10H,0, K ,S,O,,
H,Se0,, H,SeO,, NaClO,, NaClO,, NaCl, NaBrO,, NaBr, NalO,-H,0, NalO,, CrO,,
Na,Mo00,-2H,0, Na,WO,-2H,0, NaCH,COO, 4,5-dihydroxy-1,3-benzenedisulfonic
acid disodium salt (tiron), and citric acid. Stock solutions of arsenic(lll) were
prepared by dissolving a weighed quantity of primary standard As,O, in NaOH and
neutralizingthissolutionwithHCIO,.*** All other ligandsweresolublein purewater.
The stock sol ution prepared from K ,S,0, was converted to a solution of H,S,0, by
cation exchange. Stock solutions prepared from Na,HPO,-2H,0O, Na,HAsO,-7H,0,
H,PO,, Na,SO,, and H,SeO, were standardized by acid-base titration before useto
confirmthat direct measurements based on wei ghing were suitablefor preparing stock
solutions with known concentrations.

15
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4.2. Equilibrium Studies

Equilibrium studies involved the use of UV-vis spectroscopic and pH-
potentiometric methods. UV -visspedrawererecorded onaHP-8543 diodearray and
a Unicam Helios-a scanning spectrophotometer. Quartz cells with optical path
lengths of 1 cm, 2 mm and 1 mm were used. A GK2401C combination electrode
(filled with NaCl as an inner electrdyte) was usd for pH-potentiometric
measurements with aPHM85 pH-meter (Radiometer). Buffers used for calibration
were in agreement with [UPAC recommendations.**” The pH-meter readingswere
convertedinto [H'] in the pH range 2- 12 using the method published by Irving.**® In
some cases, it was necessary to extend pH-potentiometric measurements to the pH
range 1- 2 with special point-by-point calibrating functions.**°

4.3. Kinetic Studies

The HP- 8543 diode array spectrophotometer was used in the kinetic mode
for some experimentswith manual mixing inadivided quartz cell (optical pathlength
2 x 0.435 cm). An Applied Photophysics RX2000 Rapid Kinetics Spectrometer
Accessory with a pneumatic drive unit, operating based on the principles of the
stopped flow method, was al so used connected to the HP spectrophotometer to obtain
spectral dataasafunction of time. The minimum time needed torecord asinge full
spectrum with the HP spectrophotometer was 0.1 s.

It should be added that the shape of the kinetic traceswere dependent on the
pH of the reactant iron solutions used in the experiments (prior to mixing) aswell as
the pH of the final reaction mixtures. This observation will be interpreted later
(section 5.1.2., page 25 and section 5.2., page 30). The pH of the orignal iron
solutions (pH.,) and the pH of the final mixtures (pH) will both be given in figure
captions to indicate the experimental conditions unambiguously.
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4.3.1. Stopped Flow Method

Theoverwhelmingmaj ority of kinetic measurementswereperformed with an
Applied Photophysics SX-18 MV Stopped Flow Reaction Analyser using 10and 2
mm optical path lengths. A photomultiplier tube with atimeresolutionof ~5pswas
used as a detector for most of the measurements. A PD.1 Photodiode Array
Accessory (PDA) was also used in a few experiments. The intensity of the light
source in the spectral region of interest made it hecessary to use integrating time of
10 ms for the PDA. The baseline calibration was usualy repeated every 5-6 hours
of continuous operation for both detectors. The stopped flow instrument wasused in
both conventiond (two-component) and sequential mode. The general flow scheme
of the instrument is shown in Figure 1.

= SW

Figure 1. Flow scheme of the stopped
flow instrument. A, B, C, F: syringes,
AB, CF: rams; AL: ageing loop; M,,
M,: mixers, OC. optical cell; S: stop
syringe; SW microswitch; |,: incident
light beam; I: exiting light beam.
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In a conventional stopped flow experiment, syringes C and F are filled with
the reagents. Ram CF pushes the plungers of the syringes pneumatically, thusforces
the reagents through mixer M., fillsthe cell (OC) and the stop syringe (S). When the
plunger of the stop syringe reachesthemicroswitch (SW), the resultingtrigger signal
starts the detection.

The sequential stopped flow technique is suitable for studying the reactions
of unstable species. In this mode, syringes A and B arefilled with solutions that
generatethe unstable speciesof interest, syringe Cisfilled withthe other reagent, and
syringe F isfilled with a flush liquid, usually the medium of the reaction. At first,
ram AB pushes the plungers and fills the agang loop (AL) through mixer M, witha
1:1 mixtureof solutions A and B. Ram AB hasafixed moving distance, thusthe flow
is stopped before the stop syringe (S)isfilled up totally. After apre-sa interval, in
aconventional stopped flow phase ram CF mixes the content of the ageing |oop with
reagent C through mixer M, thus starts the reaction between the in situ prepared
reactant and C, fillsup the stop syringe (S) and startsthe detection. Asseen, solution
Fisonly used to push thecontent of theageing loop from mixer M, to mixer M,. The
systemiscalibrated so that theflow stops before theflush sol utionreaches mixer M.,
It should be added that sequertial stopped flow experimentsare very time consuming,
especially at low temperature. When it was possible, conventional stopped flow
measurementswere performed with reagentsfreshly prepared prior to the kinetic run.

The stopped flow instrument was calibrated and its performance was
regularly tested. Theworking characteristics were determined experimentally. The
dead time (¢z,) is arguably the most important parameter of the stopped flow
instrument. This is defined as the time during which the reaction proceeds
undetected, or in a moretechnical definition, as thetime required for the reaction
mixtureto reach the optical cell (OC) from mixer M,. The dead time thus imposes
apractical limit on therate of reactions measurall e by the stopped flow instrument.
Processescompletewithinthedead timewill bereferred to asinstantaneous reactions
in the following sections.* During the time interval of the work reported in this
thesis, the dead time was determinedfour times using aliterature method.**° Itsvalue
was between 1.09 and 0.89 ms with a standard error of + 0.02 ms in each
determination.

* Theterm ' instantaneous’ isused in this context to indicate that no kinetic information can be obtained
by the stopped flow method. The kineticsof reactions cdled instantaneous herecould be measurabl e by
other methods with better time reslution.
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Figure 2. Typica stopped flow absorbance traces in the dichloro-indophenol
(DCIP) - ascorbic acid system used for cdibration. Dotted lines represent
exponential fits to the evaluable parts of the curves (> 3ms). [DCIP] =0.5mM;
[asc] =20.0mM and 10.0 mM; pH = 1.70; T=25.0°C; u» = 0.2 M (NaCl); optical
path length 1 cm.

Thetime shift (z,) isanother important parameter. Thisisdueto thefact that
the detection does not start exactly at the time of mixing in a stopped flow
experiment. When an estimation of the actual initial absorbance is needed, the
measured kinetic curve should be extrapolated back to the time point defined by the
time shift. A method to determine the time shift was developed earlier.** Itsvalue
was between 0.69 and 0.85 ms (dandard error: + 0.04 ms) in four separate
calibrationsin agreement with the valueof ~ 1 ms given by the ingtruction manual .**?
It should be noted that in principlez, is dependent on the speed at which the plungers
move and consequently on the pressure of thepneumatic drive system. Because the
instrument always operates at constant drive pressure, ¢, is also considered to be
constant in this work.

The effect of dead time and time shift on the kinetic curves are shown in
Figure2. Thisfigure displays kinetic aurves detected in the dichloro-indophenol -
ascorbic acid system used for calibration.*® Stopped flow curves always have aflat,
horizontal region at the beginning (first ~ 1.5 msin Figure 2). Thisis because the
flow isnot stopped in that region, and consequently the measured absorbancerefleds
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the principles of continuous flow measurements. There is a poorly defined region
unsuitable for data treatment between ~ 2 and 3 ms, mog probably due to the
mechanical shock caused by stopping the flow of reagents.

The occurrence of a reaction within the dead time can conveniently be
tested.*** Thistestinvolvesacomparisonof theinitial absorbanceval ue (extrapolated
if needed) with the sum of the independently known initial absorbance contributions
of the reagents. A difference between the two vdues that is larger than
experimentally acceptable confirms the existence of at lead one instantaneous
reaction. Such an observation will be referred to as initial absorbance jump
throughout this dissertation.

Several improvements on the calibration and performance of stopped flow
instrumentscan be found in the literature, most of them seeking the extension of the
stopped flow method to measure higher rate constants.*****® Carefully selected
conditions allow the direct determinaion of second-order rate constants as large as
10 M s *insome cases.*** Theeffect of mixing inhomogenitiesisbeing studied and
inhomogenity within the cell can also be taken into account.**® The use of these
improved methods is only important at high reaction rates (pseudo first-order rate
constant over 500 s*'). The applicahility of the correction methods and their
interpretation led to thorough discussions between the researchers working in this
field. Inthisstudy, it was possibleto avoid the probl em of high reacti on ratesthrough
lowering the temperature, and nore of the correction methods needed to be used.

Stopped flow experiments also have an upper time limit, although this is
rarely mentioned intheliterature. The flow schemein Figure 1 (page 17) shows that
the cell isopen to the reagent and stop syringes during the measurement. Thus, linear
diffusionmay corrupt thekinetic curvesonlonger timescales. Experimental methods
to test this possible source of eror have been developed and it was shown that the
stopped flow instrument used in this study is suitable for recording kinetic curves
reliably up to 200 s Kinetic traces recorded by the stopped flow method over
longer time scaleswill only be shownasillustrationsin this dissertation, such curves
were not used for the quantitative evaluation of the kinetic models.
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4.4. Data Analysis

The software package PSEQUAD was used to evaluate equilibrium data."*°
The software package SX-18 MV provided with the stopped flow instrument was
used for simple evaluation of kinetic curves. The software package SCIENTIST was
used for general linear and nonlinear | east squares fitting.**

Acceptable evaluation of kinetic data was nat always possible using the
traditional kinetic methods based on psaudo first-order rate constants. In these cases,
direct fitting to an appropriate kinetic model was used. The kinetic modd was
represented by simultaneous ordinary differential equations, which were integrated
using methodssuitablefor handli ng stiff systemswith thedifferential eguation solvers
of the software packagesSCIENTIST** and ZiTa.*** Free parameterswere estimated
by minimizing the differencebetween the cal cul ated and measured absorbance - time
traces using the nonlinear least squaresfitting algorithmsin the softwares mentioned.
Parameters known from independent sources were fixed, i.e. their values were not
allowed to float throughout the minimizing procedure. Forced values were used for
certain parameters. This means that thevalues of these parameters were not known
independently, but they could be cal culated fromfree and fixed parametersusing an
explicit expression, such as the relaionship between forward and reverse rae
constants and the corresponding equilibrium constant.

Table 3. Summary of data used for kinetic analysis at 10.0 °C.

system  [Fe(l11)] (mM) [L] (mM) pH number of kinetic
traces ®°

P(l) 26- 10 01-15 05-19 33

=UD) 26- 10 01-15 03-19 20

P(V) 3-35 0.02- 20 0.7-19 23°¢

As(V) 20-60 0.04- 10 0.7-23 40

S(1V) 50- 35 03-15 11-19 48¢

S(Iv)e 33-70 0.3-20 09-16 21

Se(lv) 26- 10 01-15 03-21 32

a at least 400 individud points on a each kinetic trace; b: each traceis the average of at least 5
replicate runs; c¢: 340 and 370 nm simultaneoudly; d: 340 and 430 nm simultaneoudy; e 25.0° C
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Estimated values for fitted parameters are quoted with one o as a standard
error throughout thiswork. Calculated values of forced parametersare given without
standard errors. Error bars on graphs are only shown if they are very significantly
different for various pointsinside the same graph. Thedatasets summarizedinTable
3 were used for detailed kiretic analysisin theiron(lll) - ligand systems.

Singular value decomposition for matrix rank analysis (MRA)**%° was
carried out by the software Matlab.'®* As matrix rank analysis results are of
secondary importancein thiswork, and were only used to obtain supporting evidence,
residual methods were not used.'* Statistical tests on the significance of singular
values were not used for the same reason.

Thisstudy makesextensiveuseof initial rates, whichwereawaysdetermined
asinitial rates of absorbance change based on stopped flow traces. The effect of dead
time was taken into consideration, appropriate polynomial or exponential
extrapolating functions were used.’®* Although absorbance is a dimensionless
physical quantity, the unit abbreviated as AU (absorbance unit) will be employedin
afew cases in this work to emphasi ze the use of absorbance values for calculating
certain quantities, most importantly initial rates.



5. Results and Discussion
5.1. Hydrolysis of Iron(1II)
5.1.1. Equilibria
Inagreement withliteratureresults*#?" our UV -vismeasurementsindicated

that the following equilibria need to be taken into account in dilute, acidic solutions
of iron(l11) under the conditions pH = 0.3-2.5, [Fe(ll1)] < 0.1 M:

Fe** = FeOH? + H* K - [FECEI: 23++]][H+] "
=
+ +72
Fe* = Fe(OH)," + 2H’ Ky = [FE(D;?E%H ] ®)
1+ +74
2Fe” = Fe,(OH),* + 2H" k, = e (?FHEE]l[H ] @)

The equilibrium constants determined in the present study are summarized
in Table 4. Some literature data are also given for comparison. We could not
determinek, directly in our spectrophotometric studies, similarlyto other studies.?**
Thisisbecause Fe(OH)," isnot presentin appreciable concentrationsat pH < 2.5 and
thus gives a negligible contribution to the UV-vis spectra. However, it was also
confirmed by our studies that the dihydroxo complex may have a significant

Table 4. Equilibrium constants for the hydrolysis of iron(lll). p =1.0 M (NaClQ,).

K, K, K, T (°C) Method ref
-3.03+£005 -6.7° -298+0.02 10.0 UV-vis a
-272+004 -6.29° -2.86+0.03 25.0 UV-vis a

-2.73 -6.29 -3.20 25.0 pH 22
-2.80 - -2.72 25.0 UV-vis 27
-3.05¢ -6.33¢ -2.92¢ 25.0 pH 21

a: thiswork; b: estimated based on the value measured at 25.0 °C and the standard enthal py of reaction;
c determined by Khoe et a. (ref. 22); d: p =3.0M (NaClQ,); UV-vis: UV-vis spectrophotometry; pH:
pH-potentiometry

23
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contribution to the overall kingtics in the reactions of iron(l11). In these cases, we
used the K, valuedetermined by Khoe and coworkers® with pH-potentiometry at 25.0
°C. A value calculated from the equilibrium constant at 25.0 °C and the estimated
standard enthal py of reaction wasused at 10.0 ° C.***'** We could find no evidence
for further hydrolytic speciesunder our conditions. Matrix rank analysis(section5.6.,
page 41) proved that the number of absorbing speciesis 3intheiron(l11) hydrolytic
experiments in agreement with the interpretation presented above.
For the purposes of the kinetic studies the overall mononuclear iron
concentration [Fe,,,] isintroduced here:
[Fel = [Fe"] + [FeOH*] + [Fe(OH),'] 4
The calculated UV-vis spectra of Fe**, Fe(OH)**, and Fe,(OH),*" are shown
inFigure3.* Itisseenthat Fe,(OH),* isthe dominant absorbing species inthe near
UV region. Calculations show that it is typicaly responsible for 60-90% of the
overal absorbance around 340 nm. This gives rise to an interesting point: the
variation in the absorbance at around 340 nm corresponds primarily to the

Fed*

4000 -

Fe,(OH),**

e (M tem™)

2000 1

250 300 350 400
A (nm)

Figure 3. Calculated UV-vis spectra of iron(I11) agqua- and hydroxo complexes.
7=10.0°C;p=1.0M (NaClO,).

* Contrary to common beliefs, Fe(H,0)*" has only avery pale violet color. The familia yellow color
of iron(l1l) solutions is dways due to the presence of hydrolyzed forms or the chloro compl ex,
FeCl(H,0):*". It should also be noted that iron(l11), because of its d® electronic configuration, has no
spin-allowed d-d transitions and all the absorption bands in this study are charge transfer bands.
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Table 5. Molar absorbances o 1
for hydrolyticiron(l11) species. Fe,(OH),™ 340nm 2760+ 180 M“cm

T =100 °C; p = 1.0 M F&(OH)," 370nm 630+ 40M ‘cm*

(NaClO,) Fe,(OH),* 430nm 45+5M ‘cm™
FeOH** 340 nm 700+ 50 M *em™
FeOH** 370 nm 160+ 10 M *cm™
FeOH** 430 nm 0

concentration change of the hydroxo dimer in aqueousiron(l11) solutionsproviding
an ideal way for monitoring the reactions of Fe,(OH),** (cf. page 11). Molar
absorbances for Fe,(OH),* and FeOH*" at specific wavelengths used in the kinetic
evaluation are listed in Table 5.

5.1.2. Kinetics

Reactions 1 and 2 are very fast; these proton transfer reactions are likely to
bediffusion controlled or nearly so. Literature results show that reaction 1 istoo fast
to be measured with electric field jump relaxation, whereas the same method yielded
6.1 x 10' s*and 8.0 x 10° M 's * for the forward and reverse rate constantsfor the
reaction FeOH** = Fe(OH)," + H* at 25 °C andlow ionic strength.*® Reactions 1 and
2 can thus be treated as fast equilibria for the purposes of the present study.

The dissociation and formation of Fe,(OH),* can conveniently be studied by
the stopped flow method. Wheniron(ll1) solutionsarediluted or acidified, first-order
Kinetic traces are observed in a wide range of metal ion concentrations. For the
interpretation of these observations, two opposite efects need to be considered.
When an iron(l11) sample is diluted in these experimerts, the total concentration of
iron(I11) dropsto half of itsoriginal value and simultaneously the pH increases by 0.3.
The concentration change favors the dissociation of Fe,(OH),** while the pH change
alone would lead to the formation of more hydroxo dimer. The net effect is usually
asmall increasein the concentrationof the hydroxo dimer. Whentheiron(l11) sample
is mixed with acid, bath the concentration and pH jumps lead to the dissociation of
the hydroxo dimer.
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Thefirst-order kinetic curves wereinterpreted by Sommer and Margerumin
adetailed kinetic study as follows:'®
Fe,(OH),™ = 2Fe,,
vy = ky[F&,(OH),"] + k_,[Fe,]? )
Inthisequation, &, and & _,, arepH-dependent rate constants. With standard relaxation
treatment of the kinetic data (i.e. a concentration jump experiment) it can be shown
that this process will lead to pseudo first-order kinetic behavior under all real
conditions and the pseudo first-order rate constant, %, is expressed as:
koo = ki + 4k [Fer ] (6)
Strictly speaking, [Fe,,.] should refer to equilibrium concentration in this formula
However, this concentration changesonly very slightly and thevariationin [Fe,, ] is
practically negligible throughout the process, becauseonly asmall portion of iron(l11)
is present as the hydroxo dimer. Based on the pH-dependence of &,,,, Sommer and
Margerum proposed a mechanism with 2 pathways to interpret the observations.'®
The first pathway is a direct dissociation of the dimer into two monohydroxo
monomers:
Fe,(OH),* = 2FeOH*
V; = k[F&,(OH)," ] - k_,[FeOR*"]? (7
The second pathway is proton-assistedt
Fe,(OH),* + H" = FeOH*" + Fe**

Ve = ko[ F&,(OH)," [[H'] - k o[FeOH*"][Fe™] )
The following formula can be given for £,,, based on equations 7-8:
. 4[Fe_ 1K, .
kg = kg + K[H'] + ———— (kK + kg[H"]) 9

(K, +[H])
Sommer and Margerum determined the rate constants &, &, & 5, k_g, and proposed a
mechanismfor the reaction (Scheme 3, page 29, uppe two rows).**® They also noted
some discrepancy between the equilibrium and kinetic data, i.e. the fitted values of
k_, and k_g were about 5 times higher than the onescal culated from the fitted forward
rate constants, &, and k,, and the independently determined equilibrium constants, K,
and K.

Equation 9 predicts tha the rate condants should increase linearly with
increasing [Fe,,] a constant pH, and the intercepts (k,) should decrease with
increasing pH. Figure 4 shows our results in a somewhat extended pH range. The
interceptsclearly increasewithincreasing pH at pH > 1.8 indicating that an additional
step should betakenintoaccount. Thisstepisinversely proportional to the hydrogen
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Figure 4. Experimental rate constants as a function of mononuclear iron(l11)
concentration. 7=25.0 °C; p = 1.0 M (NaClQ,).

ion concentration and formulated as a fag proton loss from Fe,(OH),** followed by
the dissociation of the dinuclear species in the rate determining step:
Fe,(OH)," = H" + Fe,(OH),™
Fe,(OH),* = FeOH* + Fe(OH),"
Vi = 11[Fez(OH)24+ ]/[H+] - k—ll[FeOH2+][Fe(OH)2+] (11)
With the addition of this new pathway the pseudo first-order rate condant %, can be
expressed as.

kyy
koge = Kk + kg[H™] + +
4[Fe_ 1K, ki1 K,
kK + k JH'] + ——=

(K + [H*]+ K/[H*]) [H"]
Rate constants determined in this work are shown in Table 6. The contributions of
thek , and k4 termswere found to be marginal, andthese constants were replaced by
k,K,I(K,)?* and k,K,/K, based on microscopic reversibility. Thefit of the data based
onthenew and old modelsiscomparedin Figure 5. The consistency of themodel can
betested by calculating K,/(K,K,) from the independently determined kinetic dataas
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Table 6. Rate constants determined for the decomposition and formation of the
iron(l11) hydroxo dimer. p = 1.0 M (NaClO,).

25.0°C 10.0°C 25.0°C*

k,  035+002s* 0.059 + 0.004 s* 04s?

k, 35+01M's? 1.08 £+ 0.02 M s 31Ms?

k, (36+02)x10°Ms® (58+0.7)x10*Ms* -

k, 13x10PMist® 71M s tP 6.7x10?MIs?
k., 25Miste 12Miste 6.6 M ’s?

k, (67+18x10°Ms! 33x10°Mis!? -

a: values determined by Somme and Margerum & p = 3.0 M (NaClQ,) (ref. 100); b: calculated as
kK I(K,)? c: caculated as kK, /K,; d: calculated as ky, K:/(K,K,)

*

3_
< 21 new model
L b .
& * ¢

i .
1 .
old model —
0 . .
1 2
pH

Figure 5. k, asafunction of pH. Solid line: best fit to equation 12; dotted line:
best fit to equation 9. 7= 25.0 °C; p = 1.0 M (NadO,).
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Scheme 3. Proposed mechanism for the decomposition and formetion of the
iron(111) hydroxo dimer.

k ,,lk,;. Theagreement isexcellent, asthe expressioniscalculated to be 1.4 x 10° M?
from the equilibrium data and 1.8 x 10° M? from the forward and reverse rate
constants. 1n accordance with these results, we propose the mechanism shown in
Scheme 3for thehydrolyticreactionsof iron(I11). Thisisastraightforward extension
of the scheme postulated by Sommer and Margerum.*® Formally, various rate
determining steps can be consistent with the experimentally confirmed rate law.
However, it is very likely that wheneve one of the two hydroxide ion bridges is
broken in thedimer, the two iron(111) moieties dissociate very quickly. Protonation
and hydrolysis can break the symmetry of the dimeric structure and accelerate the
dissociationof Fe,(OH),*". Theseconsiderationsimply that the rate determining steps
aea~b,c-d,ande~f.

The new pathway implies the formation of Fe,(OH),** at low, presumably
steady state concentration levels. The possible kinetic role of the putative
Fe,(OH),* complex was also proposed for the interpretation of pH-dependent datain
complex formation reactions with tiron.**’
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5.2. Test to Confirm the Ligand Substitution Reactions of the Hydroxo Dimer

Preliminary experiments showed that some of the inorganic ligands might
react directly with the hydroxo dimer. We developed a simple and quick test to
distinguish between ligand substitution reactions of the hydroxo dimer and
mononuclear iron(l11) species.

The test is based on a comparison of the initial rates measured in two
complemertary kinetic runs, which are designed to give the same final composition
for thereactionmixture. In Type 1 experiments amoderately acidiciron(l11) solution
([Fe(ln] = 13.7 mM, [H*] = 18.6 mM) is mixed with a more acidic solution of the
ligand ([L] = 1.0 mM, [H] = 49.9 mM). In Type 2 experiments the difference
between the acidities of the solutions is considerably smaller ([Fe(l11)] = 13.7 mM,
[H]=28.7mM;and[L] =1.0mM, [H"] =39.8 mM). It can be shownthat theinitial
concentration of Fe,(OH),** is higher in the first experiment, but all other
concentrationsincluding thepH are practically the same. The conditionswerechosen
so that theinitial concentration of Fe,(OH),* in Type 1 experiments ([Fe,(OH),* 1,
= 0,20 mM) is exactly twice of that in Type 2 experiments ([Fe,(OH),*],, = 0.10
mM).

Kinetic traces for Type 1 and 2 experiments with two ligands (iodate and
arsenateions*) and without any ligands are shown in Figure 6. Type 1 experiments
have higher initid absorbances because the initial concentraion of the strongly
absorbing Fe,(OH),* is higher. Type 1 and Type 2 curves have the same fina
absorbance readings in agreement with the fact that the same final solutions ae
obtained and the equilibria between the mononuclear and dinuclear formsof iron(l11)
arereached at theend. Asshownin FHgure5, thereisalsoasow absorbance change
in the absence of ligands (hydrolytic expaiment), i.e. when the initial iron(lll)
solution is acidified and diluted. Thisisdue to the dissociation of some Fe,(OH),*
into mononuclear forms (cf. section 5.1.2, page 25).

In the most general case, when both the mononuclear and dinuclear formsof
iron(I11) react with the ligand, theinitial rate of absorbance change can be expressed
as.

* The terns sulfite ion, sulfate ion, arsenate ion, etc. are used in a general sanse throughout the text to
refer to dl protonated forms together. The difference between the individual protonated fornms will be
made only when it is necessary for the clarity of the presentation.
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Figure 6. Representativekinetictracesfor Type 1 and 2 experiments. Type1l (al,
b1, hl): an iron soluwion containing [Fe(l11)] = 13.7 mM and [H] = 18.6 mM
mixed with aligand solution containing [L] =1.0 mM, [H'] =49.9 mM. Type2
(a2, b2, h2): aniron solution contaning [Fe(ll1)] =13.7 mM and[H*] =28.7 mM
mixed with a ligand solution containing [L] = 1.0 mM and [H"] = 39.8 mM.
Ligand: al, a2: 10,7; b1, b2: H,ASO,"; hl, h2: hydrolytic experiment without
ligand. 7=10.0 °C; p = 1.0 M (NaClQ,); optical path length 1 cm.

v, = 2L 0) = Ayl [Fe JFILI + Aspkp[Fe, (O3 LIS +
dt (13)
+ hey (ky[Fe, (OH) ;+]u — kg [Feg,]5)
wherek,, k5, k, and k_, are pH-dependent rate constants; Ae,,, Ae, and Ae,, are the
differences betweenthe molar absorptionsof productsand reactants; «, 8, vy, andd are
orders of reactionswith respect to the specific component. Note that the ligand may
exist in various protonated forms which are assumed to be in fast equilibria. The
initial rate v, can be corrected withthe contribution of the hydrolytic pathknown from
independent experiments:

v '= v — Ay (kg [Fe, (O3], — & plFe 120 =
= Agpky [Fe 1E[LIE + Aep ky [Fe, (OHIEF]I[LIE
Theratio (») of thecorrected initial ratesfrom Type 1 and2 experimentsis expressed
asfollows:

(14)
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vl Az ke [Feo, IRILYG + ﬁEDkD[FEE(GH}g"]EI[L]‘S

. Jul

" e BewulFem TILT, + Apky [Fe, (OH) 1L, L1 (15)
The value of » can be used asa sensitive parameter to confirm the reactions of the
hydroxo dimer. There are two limiting cases. When the second term is nedigible
both in the numerator and denominator, » will be 1.0 because [Fe,,] and [L] are
practicaly the samein Type 1 and Type 2 experiments. When the reaction is much
faster withthe hydroxo dimer, thefirst term will be negligible and theratio will be 2'.
When the two terms are comparable, a value between 1.0 and 2' is expected. It
followsthat any » valuesignificantly different from 1.0indicatesthat adirect reaction
occurs between Fe,(OH),** and the ligand.

The test was used with a number of inorganic ligands. Initial rates were
determined in stopped flow experiments; the correspondingvalues of » arelisted in
Table 7. The 340 nm absorption maximum of Fe,(OH),*" was found to be an ideal
wavelength for this study. In some cases, the initial rates could not be determined
very accurately at this wavelength, and other wavelengths were also used. Ligands
which are not stable in acidic solution (carbonate, nitrite, thiosulfate, dithionite,
sulfite, and chlorite ions) were tested using the sequential stopped flow technique.
In these experiments, the acidic sol utionof theligand was generated inside the ageing
loop of the stopped flow instrument and used 0.2 s after generation.

Tiron (1,2-dihydroxy-3,5-benzenedisulfonicacid) wasreported earlier toreact
directly with Fe,(OH),**.**" Thisconclusion is confirmed by the test presented here.
In addition, 9 inorganic ligands (hypophosphite, phosphite, phosphate, arsenite,
arsenate, dithionite, sufite, selenite,and periodateions) and citric acid arealso shown
to react with the hydroxo dimer.

Periodateion seemsto be exceptional becausethetest predicts second-order
dependence with respect to Fe,(OH),*" as indicated by the r value around 4. Ther
value obtained for arseniteion (2.96) is practically the same astheratio of theinitial
rates measured in hydrolytic experiments (fird four rowsin Table 7). Thiswill be
discussed later in this dissertation (section 5.7.7., page69). Therest of the ligands
seem to react with the hydroxo dimer in reections that arefirst-order with respect to
Fe,(OH),™.

It should be noted that hypophosphite, arsenite, dithionite, thiosulfate, sulfite,
and chloriteions areinvolved in redox processeswith iron(l11), but the contributions
of these reactionsto theinitial rates are negigible unde the conditions applied here
(section 5.4., page37).”>***'% |n several casesincludingacetate, chlorate, nitrate and
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Table 7. Summary of » valueswith variousligands. 7=10.0°C; . = 1.0 M (NaClQ);
optical path length 1 cm.

ligand [ (nm) v, (AUs ™) vi, (AU-s™) r
hydrolysis 340 -0.053 £ 0.001 -0.019 £ 0.001
370 -0.015+ 0.001 -0.005 + 0.001
430 -0.0008 £ 0.0001 -0.0003 x 0.0001
460 -0.0005 = 0.0002 0>v,>-0.0002
SCN- 340 0.053 £ 0.004 0.103 £ 0.003 0.87 £ 0.07
460 1.34+0.01 1.35+0.01 0.99+0.01
N, 340 0.146 + 0.006 0.191 + 0.003 0.95+0.03
460 0.602 + 0.003 0.616 + 0.003 0.98 £ 0.01
Cl- 340 0.3%£0.1 0401 0.8x+0.3
370 0.18 + 0.02 0.17+£0.01 11+01
Clo, 340 0.25+0.03 0.31+£0.03 0901
10, 340 2604 26+£0.2 1.0+£0.2
SO,* 340 3.88 £ 0.05 4.04 + 0.09 0.97 £ 0.02
HCrO, 340 0.75+£0.03 0.88+£0.04 0.89 £ 0.05
Mo(VI1)? 340 29.7+£0.2 322+05 0.92 £ 0.02
Witk 340 0.211 + 0.009 0.25+£0.01 0.98 £ 0.05
370 0.071 = 0.002 0.076 + 0.002 1.06 £ 0.04
HSO, 340 -11.8+0.3 -5.9+0.2  2.00+0.08
430 1.31+0.02 0.67 £ 0.04 20+0.1
HSO, 340 -16+2 -8+x1 20+£04
Se0,” 340 -29+1 -13.3+0.9 22+0.2
H,PO, 340 -62+6 -30+1 21+£0.2
H,PO, 340 -79+3 -40+ 3 20+£0.2
H,PO, 340 -45+ 2 -24+2 19+0.2
370 -125+0.5 -6.2+0.3 20+£0.1
H,AsO, 340 -28.1+0.5 -154+0.7 1.82+0.09
Citric Acid 340 -2.08 £ 0.07 -1.01+0.06 20+£0.1
Tiron® 340 -0.97+0.01 -0.44 +£0.01 2.18 + 0.06
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Table 7 (continued). Summary of » valueswith variousligands. 7= 10.0 °C; . = 1.0
M (NaClO,); optical path length 1 cm.

ligand I (nm) vi, (AUs?) v, (AU-st) r
10, @ 340 -56x0.1 -1.37£0.06 41+0.2
As(OH), 340 -0.257 £ 0.001 -0.088 + 0.001 2.96 + 0.06
Br- 340 -0.053 £ 0.001 -0.018 £ 0.001 -¢
ClO,” 340 -0.052 + 0.001 -0.019 £ 0.001 -
BrO, 340 -0.053 £ 0.001 -0.019 £ 0.001 - ¢
S,0,” 340 -0.057 £ 0.001 -0.022 + 0.002 -
S0 340 -0.064 + 0.001 -0.024 + 0.001 e
Se0,” 340 -0.059 + 0.001 -0.019 £ 0.001 -
NO, 340 -0.054 + 0.003 -0.019 £ 0.001 - ¢
NO, 340 -0.053 £ 0.001 -0.018 £ 0.001 - ¢
H,CO, 340 -0.050 + 0.002 -0.019 + 0.001 -
H.BO, 340 -0.064 £ 0.002 -0.023 £ 0.001 - ¢
CH,COOH 340 -0.058 £ 0.001 -0.020 £ 0.001 -¢

a Theligand exists as an equilibrium mixture of mono- and multinuclear species
b: Tiron = 4,5-dihydroxy-1,3-benzenedisul fonic acid (formula given on page in Scheme 2, page 9)
c: Initial rates are practically identical to the ones measured with hydrolysis only

nitriteions, initial ratesare practically identical to the onesmeasured inthe hydrolytic
experi ments. In these systems the hydrolytic reactions o iron(l1l) are considerably
faster than any complex formation reaction with either mononuclear or dinudear
forms of agueousiron(l11). We obtained noevidencefor such compl exation under the
conditions of the test experiments. However, complex formation reactions between
some of these ligands and mononuclear iron(l11) species were reported at higher pH
and/or higher ligand concentrations?>¢

Thereare two possible casesinwhich areaction of the hydroxo dimer would
beundetected by thetest. Thefirstiswhen aligand reactswithboth the mononuclear
and dinuclear forms of agueousiron(l11) but the reaction with the mononuclear form
isseveral orders of magnitudefaster. However, thisis an unlikely scenario because
appropriate wavelength selection may ensure that the reaction of the hydroxo dimer
has arelatively high weightin the initial absorbance change. Thus, at the 340 nm
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absorption maximum of the hydroxo dimer (where testswere performed with each
ligand) even a small change in itsconcentration is expected to be detectable. The
other possibility iswhen the hydroxo dimer reactsinaninstantaneous process. Inthis
case the reaction of the hydroxo dimer would not contribute to the measured initial
rate, and kinetic information for its reaction could not be dbtained at all. The
occurrence of an instantaneous reaction can be tested by comparing the initial
absorbance readings in the presenceand absence of aligand. This analysis showed
that an instantaneous reaction of the hydroxo dimer occurred only with sulfateion as
aligand.

Dithioniteion decomposesinacid and isalso oxidized by iron(l1l) relativdy
rapidly. Thesereactionsoverlap with the complex formation reactionsof the hydroxo
dimer and, because of the complexity of theoverall reaction, further investigations
were not planned in the iron(lll) - dithionite ion system. A detailed study was
planned with periodateion as aligand, but remained inconclusive. Thetest predcts
second-order dependence with respect to Fe,(OH),*, and this order of reaction was
also confirmed by the initial rate method. However, the kinetic curves showed
compositefeatures, and the reaction timewas much longer than for any other ligands.
Although the speciation in periodate ion solutions has been studied,'®”**° the details
are still unclear. In addition, unlike the other systems, the iron(ll1) - periodate ion
reaction could lead tothe formation of amultinuclear complex as afinal product.!™
The reactions of the remaining 8 ligands with the hydroxo dimer were studied in
detail, and the results will be presented in the fdlowing sections.

5.3. Protolytic Equilibria of Ligands

The relevant protonation constants of the ligands were determined by
standard pH-potentiometric or spectrophotometric methods. These were usually
routine measurements with well established techniques and are not discussed here.
Results are summaized in Table8. The values determined here are in reasonable
agreement with literaturedata.”>*"**"® Some of theligandstake part in additional non-
protolyticequilibriain aqueous sdution. Theseprocesses aredifferent fromcase to
caseand will be considered under the detail ed study of thereaction with the particular
ligand. All proton transfer reactionsof these ligands are considered to be close to
diffusion controlled and were treat ed as fast equi libria throughout this work.
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Table 8. Protonation constants of ligands. p = 1.0 M (NaClO,).

Reaction log K T (°C) Method  Ref.
H,PO, + H" = H,PO, 1.39£0.02 10.0 pH a
1.76¢ 25 pH 173
HPO,> + H" = H,PO, 6.31+0.01 10.0 pH a
7.25° 10 pH 176
HSO,” + H" =H,0-SO, 1.49 £ 0.02 10.0 UV-vis a
1.74+£0.01 25.0 UV-vis a
1.76° 25.0 pH 175
SO, + H* = HSO, 6.44 + 0.01 10.0 pH a
6.34 25 pH 177
H,AsO, + H" = H,AsO, 2.05+0.02 10.0 pH a
2.25° 18 pH 171
HAsO,” + H* = H,AsO,” 6.19 + 0.02 10.0 pH a
6.77° 18 pH 171
HSeO, + H" = H,SeO, 2.59 + 0.02 10.0 UV-vis a
2.27 25 pH 172
SeQ,” + H" = HSeO, 7.55 + 0.05 10.0 UV-vis a
7.78 25 pH 172
H,PO,” + H* = H,PO, 0.87 £ 0.03 10.0 cplx a
0.87° 25.0 pH 75
SO,> + H" = HSO, 1.06 £ 0.02 25.0 cplx a
1.10¢ 25 pH 173
H,PO, + H" = H,PO, 1.01+£0.01 10.0 cplx a
0.97° 25.0 pH 75
HPO, + H" =H,PO, 6.34 £ 0.07 10.0 UV-vis a
6.70° 20.0 pH 174
H,AsO, + H" = H,AsO, 9.23° 18 pH 171

a thiswork; b: extrapolated top = 0; c:p = 1L.OM (LINO,); d: p = 1.0 M (NaNO,);
pH: pH-potentiometry; UV -vis: UV-vis spectrophotometry; qlx: determined from the equilibrium
complexation study with mononuclear iron(l11) using UV -visspectrophotometry
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5.4. Possible Redox Reactions

One of the main objectives of this work was to study ligand substitution
reactions of theiron(l11) hydroxo dimer. Thus, any possible redox reaction between
the mildly oxidizing iron(lll) and the ligands were seen as unwanted sources of
interference with the exception of the iron(l11) - sulfite ion system. Sulfiteion is
known to reduceiron(l11) rapidly.*® The redox processis of great interest sinceit is
linked to acid rain formation. Thus, the relevance of our substitution studies with
respect to the redox reaction between sulfite ion and iron(l1l) will be dscussed in
detail in alater section.

Arsenite, hypophosphite, selenite, and phosphite ions were tested for the
occurrence of aredox reaction monitoring the buildup of iron(Il) at roomtemperature
with a spectrophotametric method using 2,2'-dipyridyl. None of the reactions with
the four ions gave measurable amounts of iron(ll) up to 45 minutes. As the
correspondingligand substitution reactionswerecompletewithin 1 minuteat 10.0 °C,
it was concluded that redox reactions do not interfere. On extended time scales
arsenite and hypophosphite ions produced some iron(l1). Iron(ll) concentrations
correspondingto 0.7% and 3.4% conversionswere detected after 16 and 41 hoursin
the iron(l1l) - arsenite ion system, respectively. In the iron(lll) - hypophosphite
system, iron(l1) concentrations corresponding to 0.15% and 1.3% conversion were
detected after 1.25and 17.5 hours, respectively. Noiron(I1) wasdetected(conversion
<0.1%) intheiron(l11) - phosphite and seleniteion systems after 45hours. Standard
electrode potentials’ suggest that the oxidation of selenite ion by iron(lll) is
thermodynamically unfavorable, whereas the oxidati on of phosphiteion by iron(111)
is thermodynamically allowed.

5.5. Formation of Mononuclear Iron(II1) Complexes

Asthemajor final product of the reactions studed hereisusually some kind
of mononuclea iron(lll) - ligand complex, it was necessary to characterize their
formation in independent equilibrium and kinetic studies. Resultsin most of these
systems were reported in the literature.”""881*187 Thus, our investigations were
routine redeterminations of relevant equilibrium and rate constants for the particular



38 Gabor Lente: Reactions ofthe iron(lll) hydroxo dimer with inorganic ligands

conditions applied here. These experiments were carried out at low total iron(l11)
concentrations where the reactions of the hydroxo dimer were negligible.

5.5.1. Equilibrium

A largenumber of equilibriumstudiesoniron(l11) complexeswiththeligands
studied here areavailablein theliterature.”"*"*1% | n some cases, the formation of
multinuclear complexes was also reported on the basis on pH-potentiometric
measurementsat highiron(l11) concentrations.*®*#” Inthe present study, equilibrium
constants of the relevant mononuclear complexes were redetermined using UV-vis
spectrophotometry. Stability datawere also obtained fromthe kineticruns using the
overall absorbance changes of agiven process. Results are summarized in Table 9.
Molar absorbances for the mononuclear complexes at specific wavelengths used in
the kinetic studies of the reactionsinvolving the hydroxo dimer were al so determined

Table 9. Equilibrium constants for mononuclear complexes of iron(l11). p =1.0 M
(NaClQ,)

Reaction log K T Method Ref
Fe* + SO, = FeSO," 206+001 250 UV-vis a
2.31° 250 UV-vis 88
Fe** + H,PO, = FeH,PO,* 2.81+£0.01 100 UV-vis a
3.04¢ 250 kin 75
Fe’* + H,PO, = FeH,PO,* 269+004 100 UV-vis a
5.0 24 pot. 179
Fe* + H,PO, = FeH,PO,* 3.11+£0.02 100 UV-vis a
3.49¢ 25 UV-vis 77
Fe** + H,AsO, = FeH,AsO,” 2.64 +0.02 100 UV-vis a
Fe** + HSeO, = FeHSeO,” 3.15+£0.01 100 UV-vis a
3.25 20 UV-vis 180
Fe** + HSO, = FeSO," + H* 0.13+£0.05 250 UV-vis a
0.58 250 UV-vis 182

a thiswork; b:p =25M (NaClQ,); UV-vis: UV-vis pectrophotometry; pot.: potentiometry; kin:
based on kinetic reults
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and the corresponding values will be given in the detailed discussions of the
individual systems.

5.5.2. Kinetics

The reactions of the mononuclear iron(lll) species with phosphate,”
hypophosphite,”™ and sulfate® ionswer e studied previoudly. In most casesour resuts
were consistent with earlier data. The following scheme was used to evaluate the
kinetic experiments:

Fe* + HL - FeL.* + H*

Vig = 16[Fe3+][HL] B k—le[FeL2+][L+] (16)
Fe(OH)* + HL - FeL*

Vy; = ki, [FEOH*][HL] - k. ,;[FeL*'] (17)
Fe* +L - Fel?

Vig = 18[Feg+][|-i] - k—ls[FeL2+] (18)
Fe(OH)? + L~ - Fel?*

Vo = kio[FEOH¥][L] - k. [FeL*]/[H] (19)

whereL = H,PO, , H,PO,", H,PO,", H,AsO, , SO,*", or HSeO, . Reactions17 and
18 are kinetically indistinguishable because of proton ambiguity, and only the
appropriate combination of rate constants (;,K,K, + k,5) could be determined.**
Based on this scheme the following formula can be derived for £, at high ligand
excessover Fe,,.:

kobs = M[L]T + k—M (20)
where
k6K [H P (kK K+ ki)[H™ 1+ koK 21)
&+ [H" YK, [H ]+ 1)
kom = koyH ]+ (ko pt k9t k yof/[H"] (22)

where[L], isthetotal ligand concentration ([L], =[L] + [HL]). This approach was
used with sulfate, hypophosphite and selenite ions. Reverse rate congants were
forced to give the equilibrium constants determined independently.

Phosphite, phosphate and arsenate ions gave biphasic kinetic curves under
these conditions. In the case of the phosphateion reaction the fast and slow phases
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Table 10. Rate constantsfor the formation of mononuclear iron(I11) complexes. T'=
10.0°C; p = 1.0 M (NaClO,).

complex ki kKK, + kg kio A (nm)
FeSO,*? - (24+£0.3) x 10° (6.6+0.5)x10" 310
FeH,PO,* 59+13 13+2 (1.7£0.1)x10° 280
FeH,PO,” - P 3317 (1.9+0.1) x10* 275
FeH,PO,” 24+10 20t4 (4.7+0.1) x10* 275
FeH,AsO,>** 20+0.7 65+10 (25+£0.1) x10° 275
FeHSeO,”  -° (1.71+0.03) x 10>  (1.1+0.1) x 10* 300

a 25.0 °C; b: too small to be determined

were interpreted as the formation of the mono- and bis-phosphato complexes,
respectively.”” Our datawere consistent with these conclusions, and the validity of
the model was extended to the arsenate and phosphite ion systems. In the phosphate
ion system, the two phases wereseparated and the experimental rate constantsfor the
first phase (k,,.) were fitted to the formula given in equation 20. This was not
possible with the other two ions. The molar absorbances of the mononuclear
complexes with these ligands were calculated in the equilibrium studes, and rate
constants were determined from theinitial rate. It can be shown that the initial rate
is given by the following expression:
v, = ky[Fe_l[L]; =

kKo [H P+ (kK K+ k) [H" 1+ ki oK, (23)
: : [Fe L]
(K, + [H DK, [H"]+ 1)
The results are summarized in Table 10. The features of the iron(l11) - sulfite ion

reaction significantly deviate fromthe general patterns observedinthese systemsand
will be discussed in detail separately (section 5.6.4., page 59).
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5.6. Matrix Rank Analysis

MRA was used to determine the number of absorbing species from time
dependent spectral datausing singular value decomposition.**>*® |n this procedure,
all measured spectrain a sygem are arranged in a matrix format, and the singular
values of this matrix are calculated. In an ideal system the number of absorbing
speciesis given by thenumber of non-zero singular values. In practice, the singular
values decrease sharply until the differences become relatively small between the
subsequent values. The dlightly different small singular values are attributed to
experimental error, and the number of absorbing speciesis given by the number of
singular values in the sharply deaeasing region.

Singular values calculated based on the ex periments in the studied systems
areshowninTable 11, Tabe 12, and Table 13. These experimentswere carried out

Table 11. Matrix rank anaysisinvari ousiron(lll) - ligand systems. 11 wavelengths
with an interval of 10 nm wereused in the 300-400 nm wavelength range. 7=10.0
°C; p =1.0M (NaClO,).

system iron(11D*  P(I) PN Se(lV)  As(V)
number of spectra 800 790 790 1978 637

35.4281 38.7877 43.8905 44.0319 35.1963
54540 3.3629 3.3636 24640 3.4179
0.6646 09780 14313 21991 1.0511
0.0178 0.1155 0.1238 0.3329 0.0932
0.0127 0.0263 0.0296 0.0352 0.0290
Underlined singular 0.0111 0.0157 0.0190 0.0298 0.0141
a‘ég'o L:;fr:gepszofgné 0.0094 0.0103 0.0119 0.0207 0.0107
' 0.0088 0.0085 0.0084 0.0162 0.0085

0.0085 0.0082 0.0080 0.0141 0.0074

0.0083 0.0073 0.0075 0.0132 0.0061

Singular vduesin
decreasing order.

Predicted number of
absorbing species

a no ligand added
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Table 12. Matrix rank analysisin theiron(l1l) - sulfite ion system. 310-440 nm;
14 wavelenghs; 7= 25.0 °C; 0 = 1.0 M (NadO,).

System iron(111)2 S(1V) S(IV)
Number of ectra 2400 3992 3192

84.4145 110.0179 80.8527
9.5254 11.5029 10.8020
0.6156 1.5135 1.3786
0.0978 1.0558 0.8178
0.0720 0.1828 0.1550
0.0484 0.0832 0.0614
0.0446 0.0611 0.0441

Singular vduesin
descending order

Underlined singular 0.0229 0.0415 0.0303
values represent 00222 00365  0.0230
absorbing species.

0.0165 0.0273 0.0223
0.0146 0.0220 0.0162
0.0141 0.0182 0.0146
0.0130 0.0179 0.0139

Predicted number of
absorbing species
a no ligand added; b: only spectrarecorded in the initial 50 ms were used

under conditions where the reactions of the hydroxo dimer cauld be studied. Data
were collected at [Fg111)] > [L]. Experiments were also carried out under Smilar
conditionswithno ligand added. The number of absorbing speciesfor these aqueous
iron(l11) solutions is determined to be 3. These absorbing species are Fe"*, FeOH**
and Fe,(OH),*" in agreement with the results fromearlier equilibrium studies based
on UV-vis spectroscopy. When the wavelength range is somewhat narrowed, and
only wavel engths above 330 nm are used, thenumber of absorbing spedesis2 (Table
13). Thisisalsoin agreement with the equilibrium study asthe absorptionof Fe** is
negligiblein this range (Figure 3, page 24).

In the presence o ligands the formation of mononuclear complexes was
confirmed previously (section 5.5., page 37). All of these mononuclear complexes
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Table 13. Matrix rank analysisin the iron(lll) - phosphate ion system. 7' =
10.0 °C; p = 1.0 M (NaClO,).

System iron(l11)? P(V)
Wavelength Range (nm) 332-431 332-431
Number of Wavelengths 100 47
Number of Spectra 147 666

12.2100 35.3643
Largest singular values 0.3018 3.0512

in descending order 00082  0.9017
Underlined singular 0.0048 0.1983
values represent 0.0043 0.1789
absorbing species. 0.0030 0.1391

Predicted number of
absorbing species

a no ligand added

(FeH,PO,?*, FeH,PO.,*, FeH,PO,*, FeH,AsO,*, FeSO,*, and FeHSeO,*") have
considerableabsorptionsin the wavelength range applied in the MRA studies. Inthe
hypophosphite, phosphite, phosphate, arsenate, and selenite ion systems evidence
shows that no further absorbing speciesis formed. The combination of these data
with the results of the test method (section 5.2., page 30) confirm that potential di-
and multinuclear complexes have negligible contribution to the absorbance in these
systems.

Theiron(l11) - sulfiteion system (Table 12) features5 absorbing species, i.e.
2 colored iron(l11) sulfito complexes. One of these complexes is the mononuclear
complex FeSO,*, the other will be shown to bethedinuclear complex Fe,(OH)(SO,)**
(section 5.7.4., page 55). Thedataalso provethat these sulfito compexesareformed
during the initial 50 ms of the reaction, and no new absorbing speciesare formed at
longer reaction times.
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5.7. Detailed Kinetic Studies on the Reactions of the Hydroxo Dimer

Detailed studies were based on the following strategy. Firg, theinitial rae
method was used in each system to confirm the rate equation for the fastest process,
whichwasusually areaction of the hydroxo dimer andfirst-orderwith respect toboth
the ligand and Fe,(OH),*". The first phase was studied separately from subsequent
phases wherever it was feasible. In these cases, the concentration dependence of the
amplitude of the absorbance change were used to subtract stoichiometricinformation
for thefirst phase. Onthebasis of the pH-dependence of the observed rate constants,
the kinetically significant pathways were identified and the corresponding rate
constants were calculaed. The overall reactions were evaluated and additional
parametersweredetermined by fitting theabsorbancetracesto the appropriate kinetic
model. Asit will be confirmed inthe next sections, most of the reactions could be
interpreted in terms of the following scheme:

Fe,(OH),* +L =FelL

Vp = kD[FeZ(OH)24+][L]T - kp[Fel] (24)
FelL =FeL + Fg,,

vs = kg[Fe,L] - k [FeL][Fe,,] (25)
Fe.,+ L =FeL

v = kul[Fen L]y - & u[FeL] (26)
Fe,(OH)," = 2Fe,,

vy = ky[F&(OH),"] - k [Fe,,]? (27)

All rate constants known from independent studies (usualy &y, ky, &\, k.
and & ,,) were fixed in these calculations. The vadues of £ , and kg were fitted,
whereas the expression k_g = kskpk_\ k. /(k_okyk,) was forced to fulfil microscopic
reversibility. It should be noted that equations 24- 27 represent ageneral scheme and
each reaction may occur in parallel paths. As expected, nore of the rate constants
weredependent ontheinitial iron(l11) (mono- or dinuclear) or ligand concentrations,
while some of them were pH-dependent. This pH-dependence was utilized to
distinguish the competing pathways involving different protonated forms of the
ligand. The pH-dependence also revealed stoichiometric information for the given
reaction. For example, when k , was found to be independent of pH, it was
concludedthat no proton rel ease occursin reaction 24, andtheformulaof Fe,L should
be the sum of the two reactants.
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Absorbing specieswereincluded in the cal cul ations with mol ar absorbances
determined prior to thefitting procedure. Molar absorbancesfor the hydroxoiron(l11)
species were determined during the equilibrium study (Table 5, page 25). Molar
absorbances for mononuclear iron(lll) - ligand complexes (FeL) were also
determined independently (section 5.5.1., page 39).

5.7.1. Phosphite Ion

Kinetic curves measured in the iron(ll1) - phosphite ion system are shown
in Figure 7. As shown, afast ésorbance decrease (phase I, ~ 0.1 s) is fdlowed by
amuch slower increase (phasell, ~50s). Theinitial absorbance was practically the
same in the presence and alssence of phogphite ion suggesting that no instantaneous
reaction occursbetween the reactants. The substantial absorbance decreasein phase
| can only be interpreted by the disappearance of Fe,(OH),**. The observations
confirmarelatively fast reaction between thehydroxo dimer and theligand. Because

a
0.2-
£ b
(e»]
S
® 0.1
< a
b
00 T II/I/ T T
0.00 0.01 0.02 50 100

t(s)
Figure 7. Measured and fitted kinetic curves in the iron(lll) - phosphite ion
system. Markers: measured points Solid lines: fitted curves. [Fe(lll)] = 2.59
mM; [P(I11)] = 1.50mM; pH = 1.58 («), 1.36 (b); pH:. = 2.00 (a, b); T=10.0 °C;
p =1.0M (NaClO,); optical path length 1 cm. Only about 10% of the measured
points are shown for clarity.
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Figure 8. |nitial rate method in the iron(I11) - phosphite ion system.
[Fe,(OH),*], = 0.40 mM and pH =1.70 (phosphite dependence); [P(I11)] = 0.50
mM and pH = 1.65 (irondependence); 7= 10.0 °C; p = 1.0 M (NaClQ,); v, unit:
AU-s'*; concentrationunit: M.
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Figure 9. Normalized absorbance change in phase | as a function of the
ligand/hydroxodimer concentrationratiointheiron(l11) - phosphi teion system.
pH =1.24; T=10.0 °C; p = 1.0 M (NaClO,); optica path length 1 cm.
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redox reactions between the reactants can be excluded (section 5.4., page 37) thisis
afurther piece of evidence for a complex formation reaction with Fe,(OH),*".

The reaction was shown to be first-order with respect to both phosphite ion
and Fe,(OH),* by theinitial rate method (Figure 8). Figure 8 also servestoindicate
the general quality of initial rate studies throughout this work. Graphs for this kind
of analysiswill only be shown in the fdlowing systems if they are considered to be
particularly important.

The stoichiometry of phase | could be confirmed measuring the absorbance
change in this step asafunction of reactant concentrations (Figure 9). Itisconcluded
that the produc is a 1:1 complex of Fe,(OH),** and phosphiteion and thiscomplex
has no absorption at 340 nm. The compositionand theratelav arein agreement with
reaction 24 of thegeneral model (page 44).

The pH-dependence of phase | could be studied under pseudo first-order
conditions. Phosphiteion was used in 15-times excess over the hydroxo dimer, and
thesecond-order rate constantsk,, were cal culated from the experimental pseudofirst-
order rate constants. The pH-dependence of %, is shown in Figure 10 and can be
interpreted with the following two pathways:

Fe,(OH)," + H;PO;, = Fe,(OH)(HPO,)™ + H"

Vos = kyg[ F&,(OH),*1[H;PO,] - k 5[ Fe,(OH)(HPO,)* 1[H'] (28)
3x10°5 1
‘_'m
Eé 2x10°
(]
X
1x10°
O T T T T
0.5 1.0 1.5 2.0
pH

Figure 10. pH-dependence of &, intheiron(lll) - phosphiteion system. 7=10.0
°C; p=1.0M (NaClO,).
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Fe,(OH),"™ + H,PO; = Fe,(OH)(HPO,)™

Voo = kpo[F&,(OH),""1[H,PO, ] - k [Fe,(OH)(HPO,)*'] (29)
The following formula can be derived for k,:
kot koK [H]
kD - 29 28Kp (30)
1+K [H"]

where K, is the protonation constant of dihydrogenphosphite ion (K, =
[H;PO,]/[H,PO, ]/[H]). Thevaluesofk,, and k,, were determined from thisequation
and were fixedin the final fittings. A similar derivation for k  gives:

ko =k o[ H] + k5 (31)
Infact, k , valuesweretoo small and couldnot be determined di rectly. Consequently,
k , was set to zero in the calculations and & ¢ was determined as an independent
parameter in addition to k5. The fitted value of k5 wasindependent of pH indicating
that the dissociation of the dinuclear phosphito complex to mononuclear complexes
occurs as shown in equation 32:

Fe,(OH)(HPO,)** = Fe(OH)," + FeH,PO,**

Vs, = kg [FE,(OH)(HPO:)*] - k 4,[Fe(OH), ][FeH,PO;*'] (32)
It also follows that k,, = k. F(OH),” formed in equation 32 is present at low
concentrationsand it is mostly transformedinto other mononuclear iron(l11) species.
Thisisreflectedin the pH-dependence of k_g which can be expressed as:
sz— 32

ko= 33
T OHPKMHIK )

Rate constantsdetermined with fitting are summarized in Table 14. The agreement
between the experimental and fitted kinetic tracesisillustrated in Figure 7.
Valuesfor k_,, and k_,, can be estimated based on microscopi ¢ reversibil ity.
It can be shownthat k ; = k ,g[H*] + £, < ks, @ any pH explaining why k& , values
could not be fitted directly. This observation implies that the dissociation of

Table 14.  Parameters .
determined in the iron(lll) - (33£0.3) x 10°M"'s*
phosphiteion system. 7=10.0 * (340£0.03) x 1°M s ™
°C; 1= 1.0M (NaclO,). - 0.18+0.04s"
ko, 81+ 15 M Is?
e{FeH,PO?} 235+ 14 M cm'®

a 340 nm

©
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Fe,(OH)(HPO,)*" into the hydroxo dimer and phosphite ion is much slower than the
dissociation into mononuclear iron(l11) complexes.

5.7.2. Hypophosphite Ion

Kinetic curves measured in the iron(lll) - hypophosphite ion system show
biphasic kinetics again (Figure 11). An absorbance decrease in theinitial 0.1 sis
followed by an absorbance increase on longer time scdes, although the different
phases of the reaction are not separated. The initial absorbance was practically the
same in the presence and absence of hypophosphite ion suggesting that no
instantaneous reaction occurs.

Theinitial rate method yielded thefollowingordersaof reaction: 0.97 £ 0.03
with respect to hypophosphite ion, and 1.00 + 0.01 with respect to Fe,(OH),*". The
stoichiometry of thefirst reaction could not be determined with the method used with
phosphiteion (page 45) because thefirst stepwas not separated from the subsequert
processes. It was assumed that the product isa 1:1 complex again which does not
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Figure 11. Measured andfitted kineticcurvesintheiron(l11) - hypophosphiteion
system. Markers: measured points Solid lines: fitted curves. [Fe(lll)] = 2.59
mM; [P(1)] = 1.5 mM; pH = 112 (a), 0.84 (b); pH:. = 2.00 (a, b);T=10.0°C; p
=1.0 M (NaClQ,); optical pathlength 1 cm. Only about 10% of the measured
points are shown for clarity.
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Figure 12. pH-dependenceof i, intheiron(lll) - hypophosphiteion system. 7
=10.0°C; p = 1.0 M (NaClO,).

absorb at 340 nm. These assumptionswere verified later by fitting the kinetic traces.
The rate law for this reaction is in agreement with reaction 24 (page44).

The pH-dependenceof thefirst reaction was studied by calcul ating k&, values
fromthe measured initial rates. The pH-dependence o k, is shown in Figure 12 and
can be interpreted with the following two pathways:

Fe,(OH),"™ + H;PO, = Fe,(OH)(H,PO,)*

Vs, = kyy[Fe,(OH),*][H,PO,] - k 3[Fe,(OH)(H,PO,)"] (34)
Fe,(OH),* + H,PO, + H" = Fe&,(OH)(H,PO,)*
Vas = kys[FE,(OH),"1[H,PO, ] - k_35[Fe,(OH)(H,PO,)*"]/[H’] (35)
The following formula can be obtained for &;:
k..+k K[H"*
kD - 35 34 p[ ] (36)
1+K[H"]

where K, is the protonation constant of dihydrogenhypophosphite ion (K, =
[H,PO,])/[H,PO, 1/[H*]). ks, and k,; were determined from this equation and were
fixed at these values in the final calculations.
The results from the cal culations showed that & , increased with increasing
pH (Figure 13). On the basis of equations 34 and 35, a derivationfor & yields:
ko =k stk of[H] (37)
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Figure 13. pH-dependence of k , and kg in the iron(lll) - hypophosphite ion
system. 7=10.0 °C; p = 1.0 M (NaClO,).

ks shows a pH-dependence similar to &, (Figure 13). This pH-dependence can be
explained by the following equations:
Fe,(OH)(H,PO,)* = FeOH** + Fe(H,PO,)**

Vag = kss[Fez(OH)(Hzpoz)4+] - k—ss[FeOH2+][Fe(H2P02)2+] (38)
Fe,(OH)(H,PO,)*" = Fe(OH)," + Fe&(H,PO,)*" + H*
Vag = kag[ F&(OH)(H,PO,)"1/[H'] - k 5[ Fe(OH), 1 [Fe(H,PO,)*'] (39)
Theformulafor kg isgiven as:
kS = k38 + k39/[H+] (40)

It should be noted that the reverse step of reaction 35 and reaction 39 are written in
simplified forms. The rate equation is interpreted as a fast deprotonation of the
dinuclear complex followed by dissociation in the rate determining step similarly to
reaction 11 of the hydrolytic cleavage. Rate constants determined with fitting are
shown in Table 15. Fitted and measured curves are compared in Figure 11.

It is notable that the values of the rate constants, and especially the high
values of k,, and k,, imply that the dinuclear complex Fe,(OH)(H,PO,)*" is present
only in the first few milliseconds of the reaction (Figure 14). The equilibrium
between mononuclear and dinuclear formsof iron(111) isreachedvery rapidly, inless
than 1 s. In agreement with these observations, the kinetic curves on longer time
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scales (> 1 s) could beinterpreted successfully by considering the reaction between
mononuclear forms of iron(ll1) and hypophasphite ion only.

Table 15. Parameters
determined in the iron(lll) -

ks (29+0.1) x 10° M 's*
hypophosphiteion system. 7= Kas
k

(3.49 £ 0.02) x 10°F M *s

10.0 °C; p = 1.0 M (NaClO,). - 44+06s’
k 5 2.9+0.1Ms!
kg 19+3s?
s 2.06 + 0.09 Ms*

¢{FeH,PO,>} 70+1Mlcm*®

a 340 nm

2x10™*

¢ (M)

4+
Fe,(OH)(H,PO,)

1x10™ FeOH?*
0 / T T ///"— T
0.00 0.04 0.08 10 20

t(s)

Figure 14. Calculated concentration profiles of iron(l11) complexes during a
typical kinetic run in the iron(lll) - hypophosphite ion system. [Fe(l11)] = 851
mM; [P(1)] = 0.50 mM; pH = 1.00; 7= 10.0 °C;p = 1.0 M (NaClO,).
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5.7.3. Selenite Ion

Selenite ion was reported to form pdymeric species, e.g. H(SeO,),*.
However, the concentrations used in this work were sufficiently low to avoid the
complications associated with the formation of the polymeric species!>'%

Kinetic traces here comprise a fast and a subsequent slow absorbance
decrease (Figure 15). Thesephaseswere not fully separated, especially at higher pH
and selenite ion concentration. The initial absorbance is practically the same in the
presenceand absenceof sel eniteion suggesting thatnoinstantaneousreaction occurs.

Theinitial rate method gave theordersof reacion as 1.05 +0.02 with respect
to selenite ion, and 1.06 + 0.08 with respect to Fe,(OH),* at 340 nm. The
stoichiometry of thefirst reaction couldnot be determined independently because the
first step was not separated from the subsequent processes under al conditions. It
was assumed that the product isa 1:1 complex of Fe,(OH),*" and seleniteion and the
complex has no absorption at 370 nm. This assumption was verified later by the
calculations. Therate law isin agreement with reaction 24 (page44).
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Figure 15. Measured and fitted kinetic curves in the iron(l1l) - selenite ion
system. Markers: measured points Solid lines: fitted curves. [Fe(lll)] = 8.05
mM; [Se(IV)] = 0.50 mM; pH = 0.67 (a), 1.60 (b); pHe. = 2.20 (a, b); T=10.0 °C;
p =1.0M (NaClO,); optical path length 1 cm. Only about 10% of the measured
points are shown for clarity.
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Figure 16. pH-dependence of i intheiron(lll) - seleniteion system. 7= 10.0
°C; 1 =1.0M (NaClO,).
The pH-dependence of thefirst reaction wasstudied by calculating i, values
fromtheinitial ratesat 370 nm. ThepH-dependence of &, isshownin Figure 16 and

can be interpreted with the following two pathways:
Fe,(OH),* + H,SeO, = Fe,(OH)(Se0,)*" + H*

Viy = kyy[F&,(OH),*1[H,Se0;] - & ,,[Fe,(OH)(SeO,)*1[H'] (41)
Fe,(OH)," + HSeO, = Fe,(OH)(SeO,)™
Vao = kio[F&(OH),"1[HSeO; ] - k ,,[Fe,(OH)(SeO,)™] (42)
ko can be expressed as:
K = Rt kK H ] (43)
1+ Kp[H "]

where K, is the protonation constant of hydrogenselenite ion (K, =
[H,Se0,]/[HSeO; 1/[H]). The values of k,, and k,, were determined from this
equation and were included with fixed values in the calculations. It was found that
thevalue of k_, increased slightly with the decreasing pH. Thisisin agreement with
the microscopic reversihility of reactions41 and 42. k , can be given as:
ko=ky[HT+k, (44)
The value of kg, similarly to k 5, increases linearly with [H*]. This can be
interpreted with a direct and a proton-assisted pathway for the dissociation of
Fe,(OH)(Se0,)* into mononuclear complexes:
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Table 16. Parameters

determined in the iron(lll) - K (27£0.1) x10°M~'s™
selenite jon system. 7=100 fx (46+02)x10°M's*
°C; = 1.0 M (NaClO,). k 4 14+7M's?

k 4 26+1st

kys 0.64+0.04s*

Ky 6.8+0.4M st

e{FeHSe0,"} 527 +20 M cm*®

a 370 nm

Fe,(OH)(Se0,)** = Fe(OH)," + FeHSeO,”

Vas = kas[ F&,(OH)(Se0,)™] - k 5[ Fe(OH),1[FeHSeO,”] (45)
Fe,(OH),X* + H* = Fe(OH)** + FeHSeO,**
Vas = k[ FE&,(OH)(Se0,)*][H] -  ,o[Fe(OH)*"][FeHSeO,*] (46)
Thus, ks isgiven as.
ks = kys + kyo[H'] (47)

The values of estimated rate constants are summarized in Table 16. Fitted and
measured curves are comparedin Figure 15.

5.7.4. Sulfite ion

Aqueous sulfur(lV) has unique solution chemistry. Thereisno evidencefor
the existence of sulfurous acid, H,SO,, acidic sulfur(V) solutions contain hydrated
sulfur dioxide (SO,-nH,0).° In this work the commonly used simplified formula,
H,0-S0O,, is adapted to emphasize that sulfur dioxide is a dibasic acid whose first
dissociation processis:

H,0-SO, = HSO, + H* (48)

Hydrogenaulfite ion has two isomers containing O-bonded (SO,H™) or S
bonded (HSO,") hydrogens.® This is the intermediate structural case between the
isoelectronic species HPO,?> (P bonded hydrogen only) and HCIO, (O bonded
hydrogen only). The equilibrium constant for the reaction HSO,” = SO,H™ was
determined by Y“ONMR tobe 6.3 at 10 C°and p. = 1.0 M (NaCl).*®*® However,the S
and O-bonded isomers of hydrogensulfite ion interconvert very rapidly, and
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hydrogensufite ion can be regarded as a single species (denated traditionally as
HSO,") for most prectical kinetic considerations.'® The existence of these isomers
with hydrogensulfite ion also impliesthat the various protonated forms of sulfiteion
can be both O-donor and S-donor ligandsin complexes, and may also exhibit linkage
isomeri sm.**°

Hydrogenaulfiteion can also dmerizetogive S,O,* ion."**'** The value of
the corresponding equilibrium constant ([S,0:* ]/[HSO,]? = 0.088 M ' in 1.0 M
NaClOQ, at 25.0 ° C) is relatively low, and the dimeric form can be neglected at
[S(IV)] <0.1M. Thedimerizationisrelatively fast, although not instantaneousin the
sense used in this study.**

H,O-S0, exchanges water molecul eswith the bulk solvent very rapidly, 1%
and reaction 48 is expected to be diffusion controlled Consequently, the oxygen
exchange between sulfite ion and bulk water is also very rapid. Thisis exceptional
among the ligands studied in this work because the O-exchange of all other ligands
is much slower.

Thesignificanceof theiron(ll1) - sulfiteionreactionisoutstanding andit has
been studied extensively since the early 1930s.°**® The autoxidation of sulfiteion
isefficiently catalyzed byiron(l11) and thisreadion isbelieved to be one of the major
pathways leading to acid rain formation. The core of the catalytic cycle is the
relatively fast redox reaction between sulfite ion and iron(lll) which generates
intermediatesthat react with dioxygenrapidly. Keepingthe environmental impact of
this process in mind, the redox reaction between iron(l1l) and sulfur(1V) was also
studied in this work at metal ion excess. To our knowledge, such experimental
conditions have not been used in previous studies.

Kinetic curvesrecorded at two wavel engths (340 and 430 nm) intheiron(111)
- sulfiteion systemareshownin Hgurel7. Atlargeiron(lll) excessover sulfiteion,
the same absorbance traceswere recorded in the presence and absence of oxygen. It
is notable that the initial absorbances at 430 nm are significantly different in the
presence and absence of sulfite ion, indicating that an instantaneous reaction (phase
I) between the reactants. The next, well separated phase is complete within 200 ms
(phase 1), whereas subsequent reactions do not reach equilibrium even after 15
minutesat 10.0 °C. At 340 nm alarge absorbance decay was observed during phase
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Figure 17. Typical kinetic tracesin theiron(lll) - sulfite ion system at 340 and

430 nm. [Fe(lI1)] =20 mM; pH = 1.68; pH., = 1.68; [S(IV)] =0.50 MM (a) , O (b);
7'=10.0°C;p=1.0M (NaClO,).
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Figure 18. Job plot for phasel intheiron(l1) - sulfiteion system at 430 nm. pH

=21.40; [Fe(IlN] | + [S(IV)] =25.0mM; T=10.0°C;p =1.0M (NaClO,); optical
path length 1 cm.

I1, similarly to other systens studied inthiswork. However, an absorbance increase
can be seen at 430 nm at the same time. It will be shown that a dinuclear complex,
Fe,(OH)SO,*, isthe product of phase Il and has asignificant absorbance at 430 nm.

Phase | was studied on the basis of the initial absorbance jump. The Job
method'*® (Figure 18) showed that this spectral effect is due tothe formation of al:1
complex between mononuclear forms of iron(l11) and sufite ion. The graph is
asymmetric because of additional complex(es) withmorethan onesulfiteligand, most
likely the bis-sulfito complex, formed at sulfite ion excess. Anaysis at 25.0 °C
showed that the equilibrium at iron(ll1) excess is represented by the following
equation:

7 [FeSO, ][H ]
Fe** + HSO, = FeSO," + H* Ky= ————— (49)
[Fe?* ][HSO; ]

The value of K,, was determined at 25.0 °C and can be found in Table 9 (page 398).
At 10.0 °C only asmall conversion into FeSO," could be achieved and instead of K,
the product of the stability constant and the mola absorbance of the complex was
determined; e{ FeSO,"}K,, =281+ 8 M *cm ™.
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Theextremely largerateof reaction49isunparalleled among the substitution
reactions of iron(I11) (Tabl e 10, page 40). Thereaction is much faster thanpredicted
by the Eigen-Wilkins mechanism on the basis of the water exchange rate between
mononuclear iron(ll1) forms and the bulk solvent. This extreme reactivity may
indicate a mechanisms in which the complexation occurs via oxygen exchange on
sulfiteion and not by substitution of awater molecule. According to this scenario,
the oxygen of a coordinated water molecule replaces an oxygen in sulfiteion and the
O- H bondsa so rearrange between the compl ex and the bu k solvent at thesametime.
This interpretation is consistent with the very rapid oxygen exchange reported for
sulfiteion.**** Such amechanismwas proposedearlier for other complex formation
reactions between metal ionsand sulfiteion.****** Finally, these conclusionsare also
supported by our observations in the chromium(lil) - sulfite ion system. It was
shown that the complex CrSO,*, contraryto earlier literature reports,” isalso formed
instantaneously withtheinert Cr(H,0),*".**® Inthat case, the cleavage of the Cr- OH,
bondisvery slow and fast ‘ conventional’ ligand substitution reactions can clearly be
excluded.

The initial rate method provided information on phase 1l and vyielded the
ordersof reaction as0.97 + 0.05 (1.03 £ 0.02 ) with respect tosulfiteion, and 0.92 £
0.02 (0.95 + 0.03) with respect to Fe,(OH),* at 430 nm (340 nm). The stoichiometry
of phase |l was determi ned from the concentration dependenceof the amplitudeof the
absorbance change at 430 nm. The formation of a 1:1 complex was confirmed
between Fe,(OH),** and sulfite ion:
_ [Fes(OH)(803)™]

[Fe;(OH) 3 J[HE 03]
Thefitted valueof K, isshownin Table 17. The composition of Fe,(OH)(SO,)*" and
the rate law for this step are in agreement with reaction 24 (page 44). It is worth
noting that the chromium(111) analog of this dinuclear complex, Cr,(OH)(SO,)*, was
reported in the literature.?*%%*

In the pH-dependent studies, k, values were calculated by fitting the
absorbance traces measured at 430 nm to the numerically integrated differential
equation defined by the reversible reaction 24 (page 44). k , was forced to give the
independently determinedval ue of K,. The pH-dependence of &, isshown in Figure
19 and can be interpreted with the following two pathways:

Fe,(OH),* + HSO, = Fe,(OH)(S0,)*

Ve, = ksy[F&,(OH),"1[HSO, ] - k_,[Fe,(OH)(SO,)*"] (51)

K

(50)
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Figure 19. pH-dependence of k, in theiron(lll) - sulfiteion system. 7'=10.0
°C; p =1.0M (NaClO,).

Fe,(OH),™ + SO;* + H' = Fe,(OH)(SO,)*

Vsa = ksz[Fez(OH)zh][SOaZi] - k_s;[Fe,(OH)(SO,)*"]/[H] (52)
A derivationfor &, gives:
Ky = ksi + ks (K [H™]) (53)
1+K,H"]

where K, is the protonaion constant of hydrogensulfite ion (K, = [H,0-SO,]/
[HSO; ]/[H]), K, isthe protonation constant of SO,* (K, = [HSO, 1/[SO,* 1/[H"])
(Table 8, page 36).
The redox reaction wastaken into account during thefinal fitting. Reactions
54 and 55 were added to the modd given in equations 24- 27 (page 44) because they
were shown to be the essential redox stepsin theiron(lll) - sulfiteion system under
different conditions.®®
FeSO," = F&* + SO,
Ves = key[FESO;'] (54
Fe** + SO, + H,O=Fe* + SO, + 2H" fast (55)
This model interpreted the kinetic curves reasonably well. Attempts were made to
include some kind of redox decomposition of Fe,(OH)(SO,)** in the model, but such
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Table 17. Parametersdetermined in theiron(lll) - sulfiteion system. p = 1.0 M
(NaClO,).

Parameter 100°C 250°C

ks, (45+03)x10°M s (35+03)x10°M s
ks, (21+02)x10°M st ~4x10°M*'st

ke, 0.052+0.012s* 0.23+0.04s*

kg 1.0£0.3s* 36+08s*

log K, 3.37+0.16 3.73+0.11

e {Fe,(OH)(SO,)*} 499+ 65 M-‘cm* @ 549 + 60 M-‘cmt @

a 430 nm

reaction steps were found to be marginal. The calculaions showed that £, was
independent of pH implying that thedissociation of Fe,(OH)(SO,)** occursdirectly:
Fe,(OH)(S0,)*" = FeOH?** + FeSO,*

Ves = kss[ F&(OH)(S05)*] - k5[ FEOH*][FeSO;’] (56)
A global fitting was also carried out based on the data measured at 10.0 °C. Severa
kinetic curves werefitted simultaneously to the model comprising reactions 49, 51,
52, 54, 55, and 56. Rate constants determined are shown in Table 17. It should be
noted that the redox process was not complete within 15 minutesat 10.0 °C, but the
stopped flow Kinetic curveswere only used in the calculations up to 1 minute. Thus,
the measurements were repeated at 25.0 °C in order to inspect whether additional
reactions needed to be taken into account at longer reaction times. The relevant
parametersfor theinitial phase of thereactionwerere-determined for thistemperature
asdiscussed before. Inthefinal evaluation, kineticcurveswerefitted individually to
the same model that was used a 10.0 °C. It was concluded that the model was
suitable for the interpretation of the whole process. Parameters determined at 25.0
°C areaso shown in Table 17. Fitted and measured kindic traces are compared in
Figure 20.

Reaction 54 and the value obtained for &, deserve some closer attention.
Thisreaction is the key step in the redox process between iron(l11) and sufite ion.
Although the corresponding rateconstant wasestimated ealier on the bad s of model
calculations,'® the present study yielded the most straightforward results ever
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Figure 20. Measured and fitted curves in the iron(l11) - sulfite ion system.
Markers: measured pants. Solid lines: fitted curves. [Fe(ll1)] = 75.0 mM,
[S(IV)] = 1.00 mM, pH = 1.44, pH,, = 1.14 (a); [Fe(111)] = 50.0 mM, [S(1V)]
= 1.00 mM, pH = 1.51, pH., = 1.21 (b);[Fe(ll)] = 34.8 mM, [S(1V)] = 2.00
mM, pH = 0.95; pH.,=0.64 (¢); T=25.0°C;p = 1.0M (NaClQ,). Only about
8% of the measured points are shown for clarity.

obtained on that process. The clarification of this point coud be very helpful for
further investigations on the iron(lll) catalyzed autoxidation of sulfite ion.

Inthe view of the quite rapid redox reaction between iron(lll) and sulfiteion,
it is quite interesting that a aystal structure of an iron(l11) hexasulfito conplex,
(NH,),[Fe(SO.),], can be found in the literature®® In principle, a large excess of
sulfiteionmightinhibittheredox reactionwithiron(l1l) provided that complexeswith
severa sulfite ligands are inert to redox decomposition. However, kinetic data
contradict thisinterpretation strongly.*® Given the fact that the distinction between
iron(11) and iron(I11) isachieved through the presence or ésence of asingleN atom
in this XRD study (hydrogens are invigble) and no further analytical data were
reported, it is possible that the prepared salt is actually acomplex of iron(I1) and the
XRD data need re-evaluation.
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5.7.5. Phosphate and Arsenate Ions

These two ligands gave very similar results and are discussed together.
Kinetic curvesrecorded intheiron(lll) - arsenateion system at two wavelengths are
showninFigure21. Theinitial absorbanceispractically the samein the presence and
absence of arsenate ion suggesting tha no instantaneous reaction occurs. A fast
absorbancedecrease (phasel) isfollowed by aslow increase (phasell) onlonger time
scalesat 340 nm. Signifi cant absorbance change doesnot occur in Phasel at 275 nm,
where FeH,AsO,* has a strong characteristic absorption band. Consequently, this
mononuclear complex does not form in considerable amountsin theinitial part of the
reaction and the observations at 340 nm are consistent with the formation of a new
complex.. Fully analogous curves were measured in the iron(l1l) - phosphate ion
system.

On the basis of the initial rate method (Figure 22) the reaction was found to
be first-order with respect to Fe,(OH),* as well as the ligand in both systems. The
stoichiometry of phase | was confirmed by measuring the amplitude of absorbance
change asafunction of reactant concentrations (Figure 23). It was concluded that the
product is a 2:1 complex of Fe,(OH),* and the ligand and this complex has no
absorption at 340 nm. As the stoichiometry was unexpected, the Job method™® was
also used to confirm the results (Figure 24). The maximum at 2:1 [Fe,(OH),*] : [L]
ratio on the Job curve is in agreement with the previous conclusion about the
stoichiometry.

The stoichiometry and the rate equation can be interpreted by adding the
following reaction to the model gven in equations 24-27:

Fe,L
FeL + Fe,(OH),* = Fe,L K = [FeqL] (58)

[Fe,(OH), " ][Fe,L]
Reaction 58 is a fast equilibrium as proved by later calculations.

The pH-dependence of phase | was studied by calculating &, valuesfrom the
measuredinitial ratesat 340 nmintheiron(l1l) - arsenateion system. Intheiron(l11)
- phosphate ion system, &, values were calculated by fitting theabsorbance traces at
340and 370 nmtothenumerically integrateddifferential equation defined by reaction
24 (the reverse reaction could be neglected inthe initial 200 ms). The resuts of pH-
dependent studies are shown in Figure 25 and can be interpreted with the following
pathways:
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Figure 21. Typical kiretic curvesintheiron(lll) - arsenateion system. [Fe(111)]
=4.50mM: [Fe,(OH),*1,=0.050 mM; [As(V)] = 0(a), 0.025 mM (b), 0.050 mM
(), 0.25mM (d), 1.0 mM (e); pH = 1.60; pH., = 1.60; T=10.0°C;p =1.0 M
(NaClQ,); optical pathlength 1 cm (340 nm), 2 mm (275 nm).
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Figure 22. Initial rate method in the iron(I11) - phosphate ion and arsenate
ion systems. [Fe,(OH),**],=0.23mM (m) or [P(V)], = 0.75mM (e) and pH
=1.68for phosphateion; [Fe,(OH),"],=0.41 mM (a) or [AS(V)] =0. 50 mM
(o) and pH =1.70for arserateion; 7=10.0 °C; p = 1.0 M (NaClQ,); optical
path length 1 cm; v, unit: AU-s *; concentration unit: M..
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Figure 23. Normalized absorbance change in phasel as a function of the
ligand/hydroxo dimer concentration ratio in theiron(l11) - arsenate ion and
phosphateion systems. pH = 1.60 (phogphateion), 1.70 (asenateion); T'=
10.0 °C; p = 1.0 M (NaClQO,); opti cal path length 1 cm.
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Figure 24. Job plot in theiron(l11) - phosphate ion and arsenateion systems at

340and 370 nm. [Fe,(OH),**] + [P(V)] = 0.384 mM; pH = 1.60 (phosphate ion);

[Fe,(OH),*] + [As(V)] = 0.40 mM; pH = 1.70 (asenate ion); 7= 10.0 °C; m=

1.0 M (NaClQ,); optical path length 1 cm.
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Figure 25. pH-dependenceof &, intheiron(lll) - phosphateion and arsenateion
systems. 7'=10.0 °C; p = 1.0 M (NaClO,).
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Fe,(OH),* + H,XO, = Fe,(OH)(HXO,)* + H*

Vso = kso[F&(OH),"1[H;XO,] - k 5o[Fe,(OH)(HXO,)*][H'] (59)
Fe,(OH),* + H,XO, = Fe,OH(HXO,)*
Veo = kso[F&(OH),"1[HXO, ] - k o[ Fe&,(OH)(HXO,)*] (60)
where X=Por As. A derivation for k, gives:
kgt koK [H™]
kD: 60 59Kp (61)
1+ K [H"]

where K|, is the protonation constant of dihydrogenphosphate or dihydrogenarsenate
ions (K, = [H;XO,]/[H,XO, ]/[H']). ks Was too small to be determined in the
phosphate ion system.

The evaluation o the full kinetic traces showed that 4 could not be
determinedwith any acoeptabl e precisonanditssignificancewasmargnal. Attermpts
to obtain rate constants for reaction 58 were also unsuccessful. This reaction step
could only beinterpreted as afast equilibrium. Very good fitswere obtained with &
fixed at zero. Itisconcluded that reaction 25 is unimportant and it was left out from
thefina model. Thus, only & , and K, werefitted asfree parameters. Both of these
parameterswere independent of pH. It follows that the composition of Fe,L should
be Fe,(XO,)(OH),”. Intheiron(lll) - phosphate ion system simultaneous fitting to
all kinetic curvesrecorded at 340 and 370 nm were alsocarried out. It was concluded
that no further reactions are needed to interpret the kinetic traces. Rate constants
determined withfitting thekinetic traces are shown in Table 18. Fitted and measured
curves for arsenate ion are comparedin Figure 26.
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Table 18. Parameters determined in the iron(l11) - phosphate ion and arsenate ion
systems. T=10.0°C;p = 1.0 M (NaClO,).

Parameter P(V) As(V)

ksg -8 B8x2)x10°M st

keo (144+002) x 1O M's* (25+01)x10°M's*

k s -2 26+3M st

k e 0.18+0.03s™ 108+ 16s*

K (7£2)x10°M* (6+2)x10*M st

e{FeH,X0O,*} 160+30M*cm'® 460 £50 M'cm*®
~0Q°¢

a too small to be deermined; b: 340 nm; c: 370 nm
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Figure 26. Measured and fitted kinetic curves in the iron(l1l) - arsenate ion
system. Markers: measured points. Solid lines: fitted curves. [Fe(ll1)] =78.9mM
(), 44.9mM (b); [AS(V)] =0. &4 mM (a, b); pH = 1.00 (a), 0.75 (b); pH. = 1.00
(@), 0.75 (b); T=10.0 °C; p = 1.0 M (NaClO,); optical pathlength 1 cm. Only
about ~ 10% of the measured points are shown for clarity.
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5.7.6. Arsenite Ion

Arsenite ion is present as H,AsO, under acidic conditions. It has been
pointed out that the structure is perhapsbetter expressed by the formula As(OH),.>%
Thefirst formulais adapted in thiswork to indicate the overall composition only.

Iron (111) solutions have the same UV -visspectrain the presence and absence
of arsenite ion, i.e. possible complexation of iron(l11) by arsenite ion cannot be
detected by spectrophotometry. Nevertheless, arseniteion catalyzesthe dissociation
of the hydroxo dimer.

Figure 27 shows experiments where an iron(ll 1) solution was mixed with an
acidsolutionwithdifferent arseniteion concentrations. Thereactionisfirst-order and
it becomes faster with increasing arsenite ion concentration. The Kinetic traces are
identical regardless whether arseniteion isinitially added to the iron(l1l) (b) or the
acid solution (¢). Thisis afurther piece of evidence that stalle complexes, which
would certainly influence the dissociation rate of Fe,(OH),*" in case b, do not form
between the reactants. This conclusion is also supported by the observation that dl

A (340 nm)

t (s)

Figure 27. Kinetic traces demonstratingthe catalyticeffect of arseniteion onthe
hydrolysisof iron(l11). [Fe(I11)] =3.78mM; [As(l11)] =0 («), 0.50 MM pre-mixed
with iron(l11) solution (b), 0.50 mM pre-mixed with acid (c), 1.0 mM (d); pH =
1.96; pH.,=1.98; 7=25.0°C;p. = 1.0M (NaClO,); optical pathlength 1 cm. See
text for a detailed explanation of the difference between experiment b and c.
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curves have the same initial and final absorbance values regardless of the actual
concentration of arseniteion.

As shown in Figure 28, the pseudo first-order rate constant, i,
function of the concentration of arseniteion.

Kons = Kiar + kea AS(I11)] (62)

k4ps Wasfound to beindependent of total iron(111) concentration below pH 1.7.
The values of k_, are plotted as a function of pH in Figure 29. The curve reaches
some kind of limiting valueat high acidities, hasaminimum at about pH 1.8 and rises
again at lower acidities. k., isslightly dependent on thetotal iron(I11) concentration
above pH 1.7. The shape of thecurvein Figure 29 indicatesthat at | east two caalytic
pathways are operative However, the observed pH-dependence cannot be assigned
to any known protolytic equilibrium which involves the reactants. The lowest pK of
arsenious acid (H;AsO,) was reported to be 9.23'"* and our spectrophotometric
measurementsal so confirmed thelack of any pH-dependent processwitharseniteion
inthe pH 0-2.0 region. The main hydrolytic readion of iron(ll1) isthe formation of
FeOH?* in this pH range. However the observed effect cannot be assigned to the
variation in [FeEOH*] as a function of pH because a markedy different pH profile
would be expected. It micht be argued that the difference between the lowest and
highest k., values is only about 50%, and some of the change might be due to
variation in the medium because at high acidities significantly smaller amounts of
NaClQ, are used to s& theionic strength. Inorder totest this possibility, we carried
out two series of experimentsin somewhat different media: thefirst with always 1.00
M NaClO, added, i.e. p > 1.0 M at high acidities, and the second with smaller
amountsof NaCl O, to set theionic strength exactlyto 1.0 M. The correspondingrate
constants agreed within 5% confirming that medium effects do not contribute to the
noted pH dependence of k.

The catalytic effect of arsenite ion impliesa direct interaction between the
hydroxo dimer and the ligand. It is assumed that a dinuclear complex, FeAS", is
formed, which i s similar to the ones descri bed with the other ligands in this study.

Fe,(OH),* + H,AsO, = Fe,As"

Ve = kes[ F&(OH),*][H,ASO;] - k o [FE,AS'] (63)
While Fe,As" is not formed in detectable concentrations, it may open a catalytic
pathway for the hydrol ytic reaction viafast di ssociation into mononucl ear iron(l11)
species. The pH-dependence of k_, strongly suggests that the dinuclear arsenito
complex undergoes direct and proton-assisted dissociations.

isalinear
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Figure 28. k, asafunction o the concentration of arseniteion. [Fe(lll)] =
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Figure 29. k_ asafunction o pH intheiron(lll) - arseniteion system. Inset:
asafunctionof [H*]. 7=25.0°C;u =1.0M (NaCQ,). Linesrepresent the best

fit to equation 67.
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Fe,As" = FEOH?" + FeAs""

Vos = ke [FEAS"] - k o [FEOH*][FeAS"] (64)
FeAs" + H' = Fe** + FeAs"
Ves = Kes[ FE,AS][H'] - k 5[ FE][FeAs"] (65)

The scheme is completed by the dissociation of the mononuclear arsenito complex
FeAs", which isalways present at very low concentraion levels. In order tobe able
to coordinate to the metal ion, H,AsO, needs to release at least one proton and the
corresponding reaction can be written as:

[FeasT[H™*]

Fe* + H,AsO, = FeAs" + H* Koo = 66
3 3 5141 [FE.'3+][H3£':";SD3] ( )

Assuming that Fe,As" isin steady state, standard derivation onthe basis of reactions
63- 66 yields thefollowing fomulafor &_,:

kskealkss* kg3 [H "]
(k_g3* ksy)kgs+ [H™]

cat

(67)
4[Femn]((k—63k—64/ kss)K K es+ (k_g3k_gs/kss)K s H ' ])
(K, + [H ]+ K [H* D((k_g3* k) kgs+ [H™])

Considering microscopic reversibility, k gk 5K, Kq and k gk Kqs Can be
replaced by kg kK, and kg kK, respectively. Thisleaves only three independent
parameters, kq,, kosksalkes aNd (k o5 + kgy)lkgs. A fitting was also attempted with five
independent parameters, but gave unsatisfactory results because of irresolvable cross
correlation between the parameters. The parameters estimated with non-linear least
squares fitting are listed in Table 19.

A closer look at the scheme described in reactions 63-66 and the values of
the parameters reveals why k_, reaches a limiting value at high acidity. At lower
aciditiesreaction 64 israte determining in thecatalytic pathway. At higher acidities

Table 19. Parameters

+ -lel
determined in the iron(lll) - e (343£003) 10:'\" S
arsenite ion system. 7 = 25.0 KeskedlKes (25£0.1) x10°s
°C; p = 1.0 M (NaClo,). (k g3 + kg)lkes  0.149 £ 0.008 M

Kok oo oalks 1.8x10Pst2
Kok ok oolkes AT S™P

a calculated as (kgskoalkes)Ko/K,; b: calculated as kg K,
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reaction 65 increases the dissociation rate of Fe,As", and reaction 63 eventually
becomes rate determining.

5.7.7. Sulfate Ion

Typical kinetic curvesrecordedintheiron(l1l) - sulfateion systemareshown
inFigure 30. Itisclearly seenthat theinitial absorbance measured in the presence of
sulfateion is significantly lower than in the corresponding experiment without the
ligand. This initial absorbance jump is consigent with an instantaneous reaction
(phase ), which was immeasurably fast even at 5.0 °C regardless of the initial
concentrations. A detailed analysisproved that the absorbancejump isdueto adirect
reaction between Fe,(OH),** and sulfateion. Thisisin agreement with the fact that
the reaction of mononuclear iron(l111) with sulfate was shown to be much slower in
independent experiments (section 5.5.2., page 39). The amplitude of the absorbance
jump increases with increasing sulfate ion concentration and the pH-dependence of
AA correlates well with the shift in the HSO, /SO,> protolytic equilibrium (Fgure
31). All results could be interpreted by assuming the formation of a dinuclear
complex which has negligible absorption at 340 nm.
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Figure 30. Kinetictracesintheiron(l11) - sulfateion system. [Fe(ll1)] = 3.0 mM;
[SO,*]; =0 (a), 0.50 mM (b), 1.50 mM (c); pH = 1.12; pH., = 2.00; T=25.0 °C;
p =1.0 M (NaClQ,); optica path length 1 cm.
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Figure 31. Initia absorbance jump as afundion of sulfateion concentraion in
theiron(ll) - sulfate ion system ([Fe(l11)] = 3.00 mM). Inset: Absorbance jump
asafunction of pH ([Fe(lll)] =5.00 mM; [SO,>]1=0.30 mM). T=25.0°C; p =
1.0 M (NaClQ,); optical path length 1 cm. Lines: best fit to equation 68.

[Feg(OHiEso 4}3+_] (68)
[Fea(OH)z J[HB0,]

The value of K, is given in Table 20. It should be nated that this is one of the
limiting cases when our test method is not able to indicate the formation of a
dinuclear complex becausethereactionisinstantaneousand doesnot contributeto the
measured initial rate.

Fromthefact that thereactionisinstantaneous, alower limit, kg, > 10'M 's'?,
can be estimated for the second-order formation rate constant, but it should be kept
in mind that either HSO, or SO,* can be kinetically reactive in thisstep. The high
ks value is tentatively assigned to the pathway with sulfate ion because the
deprotonated form of aligand usually reacts faster in substitution reactions (further
discussion in section 5.8., page 76).

Asseenfrom FHgure 30, thereare two additional distinct phases (phase Il and
[11) inthe process. Analysisof phase Il showed that this step could be interpreted as
the formation of the mononuclear iron(111) sulfato complex FeSO,".

Fe,(OH),” + HSO, = Fg,(OH)(SO,)* K¢z =
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Fe + SO = FeSO,’ K, = [1:50: ]2_ (69)
[Fe™ ][50% ]
The value of K, isfound in Table 9 (page 38). The kinetics of this phase was in
excellent agreement with data obtained independently for the mononuclear
complexation (section 5.5.2., page 39).

Phase 11l could be interpreted as equilibration between mononuclear and
dinuclear formsof iron(l11). Thisstep always gave an excellentfit to an exponential
function, but the pseudo first-order rate constants obtained were systematically and
significantly larger than expected on the basis of equation 12 (page 27). This
observation strongly suggests that sulfateion catalyzesthe hydrolysisiron(l1l). The
catalytic effect could be interpreted by the dissociation of the dinuclear complex,
which seemsto be a commonly important step in most of the reactions studied here.

Fe,(OH)SO,* = FeOH** + FeSO,*

Vo = kyo[ F&(OH)(SO,)*'] - k o[ FeOH*][FeSO,] (70)
Proton-assi sted dissociation of Fe,(OH)(SO,)*, if itoccursat all, does not contribute
to the measured rate and &, can be expressed as follows

Kops = kea + 4k [Fey] (72)
wherek,and k , are
o o R KJH D ¢ oK K [S(VDIH ] -
’ 1+ K,[H "]+ KK, [S(VD][H ]

k S(VD][H™”
ko= ko _7(IK69K1[( +)][ ] _ 73)
(1+ K [H" (K, + [H"]+ K/[H"])

where K, is the protonation constant of sulfate ion (K, = [HSO, ]/[SO,* 1/[H']),
[S(V1)] istheconcentrationof uncomplexed sulfateion (=[HSO, ] +[SO,* ]), which
was calculated using the known equilibrium constants for each point. k., was

Table 20. Parameters determinad in

-1
theiron(l11) - sulfate ion system. T = Koo (6.0+£0.1) ><71102 M
25.0°C; p = 1.0M (NaClo,). kzo 460+ 0.06s
k,70 200M st @

e{FeSO,’} 1811+8M‘cm™®

a calculated as k;oK3K K,/ (K1Keo)
b: 340 nm
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Figure 32. k,asafunction o sulfateion concentration in theiron(l11) - sulfate
ion system. Dashed linesrepresent the best fit to equations 71- 73. [Fe(l11)] =5.00
mM for pH = 1.30; [Fe(ll1)] = 300 mM for pH=1.60; 7T=25.0 °C; . = 1.0 M
(NaClO,).

replaced by kKK .K,/(K,Kq,) because of microscopic reversibility. The estimated
parametersare listed in Table 20 and the best fit of the experimental &, values to
equations 71- 73 isillustrated in Figure 32.

5.8. Mechanistic and Structural Considerations

The results presented here prove the formation o transient di- and
tetranuclear complexes between the iron(I11) hydroxo dimer and simple inorganic
ligands. With the exception of the arsenite ion system, the absorbance decay at the
characteristicband of Fe,(OH),* could be used to obtain quantitativeinformationon
the equilibrium and kinetic features of these reactions. In thesulfite ion system, a
relatively weak absorption band of the transient dinuclear complex could aso be
identified.

Table 21 summarizes the rate constants determined for the direct complex
formation reactions of the hydroxo dimer with different protonated forms of various
ligands. Significant differences are not found between the corresponding rate
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Table 21. Rate constants for the reactions Fe,(OH),™ + H,L - Fe,L
7=10.0°C;p =1.0M (NaClO,).

k(M1s?)

Ligand (H.L) H.L H, L H, L%
H,PO, 20x10°  35x10° :
H,PO, 33x100  34x10° -
H,PO, <1x10°  14x10° .
H.ASO, 3.4 x10° @ : .
H,ASO, 8 x 10° 25 x 10° -

H,0-SO, <5x10°  45x 10° 2.1 % 10°
H,SO, . o >1.0x 10
H,Se0, 27x10° 46 x 10° -

a 25.0 °C; b:no data, any value< 10° does not contradict the results

constantsof the neutral as well as the uninegative forms o the ligandsimplying that
specific interactions are not operativein these reactions. Accordingly, the results
suggest that these reactions are controlled by the properties of the metal center(s) and
they proceed via adissociative interchange (1) mechanism. Thus, k = kK, applies,
wherek istherate constant of the complex formation reaction, k., isthe rate constant
of the water exchange between thehydroxo dimer and thebulk water, and K, isthe
ion pair stability constant between the reactants. The 10 to 30 times difference
between the rate constants of the two forms of the same ligand is consistent with this
interpretation. The noted difference can conveniently be explained in terms of the
charge products of the reactants as the Fuoss equatiort®” predicts the following
stability constantsfor ion pair formation with atetrapositiveion (10.0°Candp = 1.0
M): K, = 0.32 M* (neutral ligand), K, = 2.8 M™* (uninegative ligand). The
confirmation of these considerations would require a well-defined k., value for the
hydroxodimer. However, thedeterminationof thiswater exchange rateconstant does
not seem to be feasibl e because of experimental limitations. Apparently the same
interpretation does not apply for the dinegative SO,> ion. In this case, the Fuoss
equation predicts K;, = 24 M*, which would be consistent with a difference of
approximatdy one order of magnitude between the rate constants of the HSO,” and
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SO,” forms. Thereason for the very high second-order rate constant of the SO,* ion
pathway isunclear, and may possibly be relatedto the unique chemistry of agqueous
sulfiteion.

The formation of Fe,(OH)(SO,)** wasinstantaneous, and only a lower limit
couldbedetermined for the correspondingrate constant. HSO, and SO,* areaways
present in comparable concentrations and it is very likely that the SO, path is
predominant in the formation of this complex as deprotonation of aligand typically
enhancesitsreactivity. It should beaddedthat dinegativeformsof other ligands, such
as HPO,* or SeO,*", might be similarly readive. However, theseforms are dways
present at extremely low concentration levels under the conditions applied, and the
contributions of their reactions to the overall rateis negligible.

Thorough structural characterization of the identified di- and tetranuclear
intermediates seems to be beyond experimental limitations because the lifetime of
these species does not exceed a few seconds in solution. For the same reason,
preparation of solid salts of these complexes islooks rather unfeasible. The results
obtained here allow only general conclusions for the structures of the di- and
tetranuclear complexes. In this respect, it is noteworthy that only oxoanions
(HXQO,") form such complexes and dired reactions were not observed between
Fe,(OH),** and ligands which are otherwise fairly good complexing agents for
mononuclear iron(l11) forms. While the bent O- X-O moiety of an oxoanion may
coordinateto two metal centers simultaneously, similar coordination modes can be
excluded with ligands such as N,", SCN", Cl". The geometry, most probably the
appropriate O-X-0 angle, appears to be a key factor because the formation of
analogous complexes could not be found with some ligands that also contain the
O-X-0 motif, e.g acetate ion and its derivdives. In accordance with these
considerations, the core structures shown in Scheme 4 are proposed for
Fe,(PO,)(OH),”" and Fe,(OH)(SO,)*". It seems likely that al other di- and
tetranuclear intermediates have similar gructures.

H
Fe~__ /O\
o) F
N O pH < 7°
HO\ o O—Fe O<° Scheme 4. Proposed core
Fe g structuresfor Fe,(PO,)(OH),™

and Fe,(OH)(SO,)*".
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On the basis of an XRD study, a structure very similar to those shown in
Scheme 4 was reported for the core Fe,(u,-OHO)(u-OH),” recently.?® Other
examples supporting our assumptions can be found in the literature where all four
oxygen atoms of aphosphate ion are coordinated to different iron(lll) centers?*®*°
However, these structural and ogies should not be overval ued because the solid state
structures determined for iron(111) complexes are so versatile that XRD support for
almost any structural motif canbe found in the literature.

The odd feature of Fe,(XO,)(OH),” complexes is their relatively high
stability despite the large overall positive charge. It seemstobe very plausible that
the +7 chargeislocalized mainly on the four iron atoms. Repulsive forces between
the positively charged metal centers should destabilize thetetranuclear complex. The
existence of these species may indicate that the coordinated water molecules
somehow offset the effects of repulsion. It should be added that the aver age charge
of an iron atom is somewhat smal ler in the teranuclear and most of the dinuclear
complexes than in Fe,(OH),**. The smaller average charge may be a stabilizing
factor, too. Itisnotablethat thiseffect isabsent inthe case of Fe,(OH)(H,PO,)*" and
Fe,(OH)(H,AsO,)**, which only have very short lifetimes.

Another interesting point in this study is that the rate constants k£ , and kg
have very similar pH-dependences whithin each system Both of these rate constants
refer to amonomolecular decompasition of Fe,L.. The products are Fe,(OH),*" and
L inthe k_, path (equation 24, page 44), FeL and Fe,,, in the kg path (equation 25,
page 44). The results suggest that the same intermediates are involved in these
processes. These intermediates may be similar to species b, d, and fin Scheme 3
(page 29) in that they contain only onehydroxo bridge, in addition to aligand that is
coordinatedto asinglemetal center. Thisintermediatemay decomposeeither through
the dissociation of the ligand giving the hydroxo dimer and a free ligand, or the
cleavage of the hydroxo bridge reaulting in the formation of two mononuclear
complexes.
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6. Summary

Thisdissertation summarizesdetailed stud eson thedirect ligand substitution
reactions of the iron(l11) hydroxo dimer, Fe,(u-OH),(H,0),*", with hypophosphite,
phosphite, phosphate, arsenite, arsenate, sulfite, sulfate, and seleniteions carried out
mainly by the stopped flow method.

Hydrolytic equilibria of agueous iron(lll) were studied with UV-vis
spectrophotometry and stability constantsfor FeOH?* and Fe,(OH),** weredetermined
for theconditionsappliedinthisstudy. Thekineticsof theformationand dissociation
of the hydroxo dimer was investigated and a previously proposed mechanism was
improved to interpret kinetic data at higher pH.

Dinuclear and mononuclear forms of aqueousiron(l11) cannot be separated,
and the spectral effectsusually providelittle support to decide whichform reactswith
aparticular ligand. A method was devel opedto confirm the direct ligand substitution
reactions of Fe,(OH),* based on a comparison of initial rates measured in two
complementary kinetic experiments. Protonation constants of the studied ligands
were determined. The equilibrium and kinetics of the formation of mononuclear
iron(l11) complexes in these systems were characterized.

The detailed studies established that di- or, in the case of phosphate and
arsenate ions, tetranuclear intermediates form in these reactions, and the find
products are mononuclear iron(l1l) complexes. Quantitative information on the
multinuclear intermediates could be obtained by monitoring the absorbance change
at the characteristic band of thehydroxo dimer. Theintermediates Fe,(PO,)(OH),"™,
Fe,(AsO,)(OH),"”, Fe,(OH)(SO;)*, Fe,(OH)(Se0,)*, Fe,(OH)(HPO,)™,
Fe,(OH)(SO,)™, Fe(OH)(H,PO,)*, Fe,(OH)(H,ASO,)*, Fe,(OH)(HPO,)*,
Fe,(OH)(HASO,)** wereidentified in the studied systems. The rateconstants of the
dominant reaction pathswere determined in each reaction Thevalidity of themodels
weretested by calculations. Neutral forms of ligands were usually found to react an
order of magnitude slower with Fe,(OH),*" than the uninegative forms, and the rate
constantsare very similar for different ligands. Thiswas interpreted in theterms of
a dissociative interchange mechanism and the differences inthe rate constants were
explained by considering the differences in the stabilities of the ion pairs formed
between the reactants.
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Arsenite ion does not form any detectable complexes with iron(l11), but
markedly catayzes the dissociation of Fe,(OH),** into mononuclear species. A
kinetic model was proposed for this reaction which postulaes the formaion of a
dinuclear arsenito complex at low concentration levels.

In the sulfiteion system, the redox reaction between iron(l11) and sulfur(1V)
was also studied. It was shown that the presence or absence of oxygen does not
influence the kinetic traces at high iron(l1l) excess. The redox decomposition of the
mononuclear complex FeSO,” wasfound tobethekey step and itsrate constant could
be determined more reliably than in previous studies.

Although direct structural information could not beobtained for the di- and
tetranuclear intermediates, the reactivity patterns suggest that they contain abridging
ligand unit in addition to one hydroxo bridge. Matrix rank analysis of time+resolved
spectral data were used to show that the di- and tetranuclear intermediates, with the
exception of Fe,(OH)(S0O,)*, do not have significant absorption inthe wavelength
range 300-450 nm.



7. Osszefoglalas

Ezen doktori értekezés témaja a vas(l11) hidroxodimer, Fe,(u-OH),(H,0),*,
ligandumszubsztiticios reakcidinak kinetikaja és mechanizmusa hipofoszfit-, foszfit-,
foszfét-,arzenit-, arzenat-, szulfit-,szulfat-, és szelenitionnal. AKkinetikai vizsgalatok
nagy részét stopped flow (megallitott &ramlasos) modszerrel végeztiik fotometrias
detektalassal a 270-450 nm-es hulldamhossztartomanyban.

Megvizsgaltuk a vas(I11) hidrolizisének egyensulyat és kinetikajat. Megal-
lapitottuk, hogy a vizes oldatban reprodukélhatéan tanulmanyozhat6 koncentracio-
tartomanyban a Fe**, FeOH** és a Fe,(OH),* komplexek vannak jelen szamottevo
koncentracidban. Meghatéaroztuk a hidroxokomplexek stabilitasi allandéit és az egyes
vas(l11)komplexek UV-lathat6 spektrumat az altalunk hasznalt kériilmények mellett.
A hidroxodimer bomléasanak és keletkezésének kinetikajat is tanulméanyoztuk. Az
eredmények alapjan javasoltuk a kordbban kidolgozott, kétlépéses mechanizmus
kiegészitését egy harmadik lépéssel, ami elsdsorban viszonylag nagyobb pH (> 1,8)
esetén jelentos.

A vas(l1l)ion vizes oldataban talalhaté egy- és kétmagvu formak egymastol
elvéalaszthatatlanok, igy gyakran nehéz annak eldontése, hogy melyik forma
reakciéjadhoz rendelhetd a fotometridsan detektalt abszorbanciavaltozas egy-egy
konkrét esetben. Ezért teszteljarast dolgoztunk ki a hidroxodimer ligandum-
szubsztitlcios reakcidinak azonositasara. A mddszer két, egymast kiegészitd
kinetikai kisérletben mért kezdeti abszorbanciavaltozas-sebesség dsszehasonlitdsan
alapul. A két kisérletben ugyanolyan végdsszetétel( reakcidelegyetallitunk eld gy,
hogy a hidroxodimer kiindulasi koncentraciéja jelentésen kiilonbozik. A két kezdeti
sebesség hanyadosa igyjelzészamként hasznalhatd, amelynek 1.0-t6l eltéro értéke azt
mutatja, hogy a ligandumszubsztiticiés reakcidban az Fe,(OH),** kdzvetlen
reaktansként vesz részt. Mintegy 30 szervetlen ligandum esetében vizsgaltuk meg,
hogy kozvetlenil reagélnak-e a hidroxodimerrel. Az igy azonositott reakciok
kinetikajat részletesen tanulméanyoztuk. Az esetek tobbségében megbizhatd
vizsgalatokat csak 10.0 °C-on tudtunk végezni a stopped flow mbdszerrel, mert
szobahdmérséklet kozelében a folyamatok tal gyorsak voltak.

Meghataroztuk a Kkivalasztott ligandumok protonéalodasi allandéit és
megvizsgaltuk, hogy a ligandumok és a vas(lll)ion kozott végbemegy-e
redoxireakcio. A szulfition esetében a vas(l11)ion redukcioja viszonylag gyors volt.
Kiemelked6 fontossaga miatt ebben az esetben a redoxifolyamatok kinetikai leirasat
is célul thztik ki. A tobbi rendszer kozil az arzenition és a hipofoszfition esetén
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tapasztaltuk avas(l11)ion redukalodasat vas(l1)ionnd, de ezen folyamatok igen lasstiak
voltak, igy nem zavartak a ligandumszubsztitiiciés vizsgalatokat.

A vizsgalt ligandumok vas(l11)ionokkal egymagvi komplexeket képeznek,
amelyekrél kimutattuk, hogy nagy vas(ll)felesleg mellett is jelentds mértékben
keletkeznek. Irodalmi el6zményekre tamaszkodo spektrofotometriés eljarasokkal,
kilon Kisérletsorozatban tanulmanyoztuk ezen komplexek keletkezésének
egyensulyat és kinetikajat valamennyi ligandummal. A vizsgalatokat kellden kicsi
teljes vas(l11)koncentracié hasznalataval végeztilk, igy ahidroxodimer koncentréacidja
és reakcidi elhanyagolhatéak voltak. Az igy nyert molaris abszorbanciakat,
egyensulyi és sebességi allandokat felhasznaltuk a hidroxodimer reakcidinak
értelmezése soran.

Az értekezés f0 részét a vas(lll)felesleg mellet végzett részletes kinetikali
vizsgalatok alkotjak. A mérési eredmények kiértékeléséhez tobb reakciorendszer
tapasztalatai alapjan a kovetkezo altalanos modellt allitottuk fel:

Fe,(OH),*” + L = Fe,L
Vo = kp[Fe,(OH),"1[L]; - & o[Fe,L]
Fe,L = FeL + Fe,,
vs = ks[Fe,L] - k_g[FeL][Fe,.]
Fe,, + L =FeL
vw = kulFena][L]y - & w[FeL]
Fe,(OH),*" = 2Fe,,,
v = ky[Fe,(OH),"] - & [Fe,.J°
Az egyenletekben Fe,L kétmagva vas(l1l)komplexet, mig FeL egymagvu vas(l11)-
komplexet jeldl. Ezen komplexek sztéchiometriai 0sszetételét minden esetben
meghataroztuk. Az arzenat- és foszfationok esetében négymagvi koztitermékek
keletkezését tapasztaltuk, és ennek értelmezésére a modellt a kovetkezd reakcioval
egészitettik Ki:
Fe,L + Fe,(OH),* = Fe,L
Ezt a reakciot csak gyors eldegyensulyként lehetett kezelni a szamitasok soran. igy
az oda- és visszairdnyu reakciok sebességi allanddjara nem kaptunk kinetikai
informaciot, viszont a egyensulyi allandét mind arzenéd-, mind foszfationnal
meghataroztuk.

A modellben szerepl6 dsszes sebességi allando fligg apH-tol. A v,,-re ésv,-
ra vonatkozo egyenletekben szerepld sebességi allandokat fuggetlen modszerrel
hatdroztuk meg. k.-t altaldban a gorbék kezdeti szakaszabol a teljes modell
alkalmazésa nélkil is ki tudtuk szamitani. A pszeudo-elsérend( gérbékre alapozott,
hagyomanyos kinetikai kiértékelési mddszer csak a szulfation és az arzenition
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esetében volt alkalmazhatd. Ezekben az esetekben a kinetikai paramétereket a
pszeudo-elsorend( sebességi allandora (k,,,) levezetett 6sszefliggések alapjan k.
kisérleti értékeinek illesztésével hataroztuk meg. Mas rendszerekben a k , ks €S k
sebességi allanddkat az abszorbancia-id6 gorbéknek a modell &ltal meghatarozott
differencialegyenlet-rendszerre torténd kozvetlen illesztésével szamitottuk a ZiTa
vagy a SCIENTIST szamitdgépes programok segitségével. Az egyes sebességi
allandék pH-fliggése alapjan azonositottuk a ligandumok kiilénb6zd protonalt
formaival kapcsolatos reakcidutakat. Varakozasainknak megfeleléen a ligandumok
deprotonalddésa minden esetben novelte a reakcidképességet.

A kvantitativ eredmények tulnyomé részét az Fe,(OH),* jellemzd
abszorpcids savjan végzett mérések alapjan nyertik. A kovetkezo koztitermékeket
azonositottuk: Fe,(PO,)(OH),™, Fe,(AsO,)(OH),, Fe,(OH)(SO,)**, Fe,(OH)(SeO,)*,
Fe,(OH)(HPO,)*, Fe,(OH)(SO,)*, Fe,(OH)(H,PO,)*", Fe,(OH)(H,AsO,)*,
Fe,(OH)(HPO,)*", Fe,(OH)(HAsSO,)**. Az utols6 harom részecske kdzvetlenil nem
detektalhatd, jelenlétilkre a kinetikai sajatsdgokbdl lehetett kovetkeztetni. A
szulfitionnal képz6dd kétmagvu koztitermék, amelynek dsszetétele Fe,(OH)(SO,)*,
kivételesnek bizonyult olyan szempontbdl, hogy ennek sajat abszorpcids savjat tudtuk
azonositani 430 nm kordl, igy az Fe,(OH),** abszorpcids savjan végzettvizsgalatokat
nagyon hasznos adatokkal tudtuk kiegésziteni. Az idd fliggvényében felvett UV-
lathat6 spektrunok alapjan matrixranganalizissel igazoltuk, hogy az Fe,(OH)(SO,)*
kivételével az egyes rendszerekben képzddé két- és négymagvu koztitermékeknek
nincsen jelentds elnyelése a 300 nm feletti hullamhossztartomanyban.

A szulfition ésvas(I11)ion kozbtti redoxireakciot is részletesen tanulmanyoz-
tuk nagy vas(l1felesleg mellett. Azt tapasztaltuk, hogy ilyen korilmenyek kozott
akinetikai gorbék lefutasaraaz oxigén jelenléte vagy annak kizarasa nincsenhatassal.
A redoxireakci6 kulcslépése az egymagvu szulfitokomplex redoxibomlésa:

FeSO," = Fe** + SO,
Ez a reakcid a sebességmeghatarozé 1épés a teljes redoxifolyamatban. Az altalunk
hasznalt médszerrel a korabbi becsléseknél sokkal megbizhatébban meg tudtuk
hatarozni a folyamat sebességi allandéjat. Kisérleti eredményeink szerint az
Fe,(OH)(SO,)* komplex kozvetlenil nem vesz részt redoxireakciéban.

Arzenitionnal nem képzodott detektalhatd vas(lll)komplex, azonban az
arzenition katalizalja a hidroxodimer képz0dését és bomlasat. Ezt a kisérleti
tapasztalatot Ggy értelmeztilk, hogy a korabbiakkal analég komplexek itt is
keletkeznek, csak sokkal kisebb koncentracioban.

Szulfationnal a kétmagvu koztitermék képzodése a stopped flow késziilék
holtidején, vagyis 1 ms-on belll végbement még 5.0 °C-on is barmely kiindulasi
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koncentréacioknal, igy erre a reakcidra kinetikai informéaciét nem nyertiink, az
abszorbanciavaltozasok amplituddja alapjan azonban a megfelel6 egyensulyi allandot
meg tudtuk hatarozni.

Azttapasztaltuk, hogy az egyes ligandumok hidroxodimerrel val6 reakcidjara
vonatkoz6 masodrend( sebességi llandok elsésorban a reaktans ligandum téltésétol
flggnek, s a kilonbdzd ligandumok azonos toltésl formaihoz tartozd sebességi
allandok csak kevéssé killénboznek egymastol. Az azonos ligandumok semleges és
egyszeresen negativ formaihoz tartoz6 sebességi allandok kozotti eltérés minden
esetben egy nagysagrend korllinek adddott. Ezen eredmények jol értelmezhetdk egy
1, tipusi mechanizmussal. A sebességi alandok kilonbségét a reaktansok kozotti
ionpérok stabilitasanak kuldnbsége magyarazza.

A két- és négymagvu koztitermékek szerkezetét kozvetlendl vizsgalni nem
tudtuk. Azonban az Fe,(OH),* reaktivitasi jellegzetességei alapjan valdszindsithetd,
hogy ezen komplexekben a ligandum O-X-O részlete az egyik OH csoportot
helyettesitve hidként kapcsol dssze két vas(lll)centrumot, amelyek a maésik
hidroxidionon keresztiil is 6sszekapcsol6dnak.
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