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The kinetics and mechanisms of ligand substitution reactions of the iron(III) hydroxo dimer, Fe2(µ-OH)2(H2O)8
4+,

with various inorganic ligands were studied by the stopped-flow method at 10.0 or 25.0 °C in 1.0 M NaClO4. The
transient formation of the following di- and tetranuclear complexes was confirmed: Fe2(OH)SO4

3+, Fe2(OH)H2-
PO2

4+, Fe2(OH)HPO3
3+, Fe2(OH)SeO3

3+, and Fe4(AsO4)(OH)2
7+. The catalytic effect of arsenic(III) on the hydrolytic

reaction of iron(III) was also attributed to the formation of a dinuclear complex at very low concentration levels.
Fast formation and subsequent dissociation of the multinuclear species into the corresponding mononuclear complexes
(FeL) proceed via parallel reaction paths which, in general, show composite pH dependencies. The appropriate
rate laws were established. The reactions of the different ligands occur at very similar rates, though the uninegatively
charged singly deprotonated form reacts about 1 order of magnitude faster than the neutral form of the same
ligand. The results can conveniently be interpreted in terms of a dissociative interchange mechanism which postulates
the formation of an intermediate complex in which the ligand is coordinated to only one Fe(III) center of the hydroxo
dimer. In a subsequent fast step, the ligand forms a bridge between the two metal ions by replacing one of the OH
groups. The dissociation of the dinuclear complex into FeL most likely proceeds via the same intermediate.

Introduction

Aqueous iron(III) is known to form hydrolytic complexes1

even at relatively low pH, where the dominant forms are
FeOH2+, Fe(OH)2+, and Fe2(OH)24+.2-7 The equilibria
between monomeric species are likely to be diffusion-
controlled,8 while the formation and dissociation of the
hydroxo dimer can be studied conveniently by the stopped-
flow method.6,9 Our studies with sulfite10 and phosphate11

ions confirmed the formation of transient multinuclear
complexes with Fe2(OH)24+. Similar complexes were also
reported with a few organic ligands.12-14

In this work, we report our results on the reactions of Fe2-
(OH)24+ with sulfate, selenite, hypophosphite, phosphite, and
arsenate ions.15 A test method16 showed that two additional
simple inorganic ions, dithionite and periodate ions, also react
directly with Fe2(OH)24+. However, these reactions show
complex kinetic patterns which cannot be interpreted in terms
of simple ligand substitution reactions and were excluded
from the present study.

We also describe an unexpected kinetic phenomenon in
the arsenite ion-iron(III) system. Although arsenite ion
forms no detectable complex with iron(III) in the pH range
studied (pH< 2.20), it catalyzes the formation and dissocia-
tion of the Fe2(OH)24+ complex.

Experimental Section

Reagents.Low chloride iron(III) perchlorate (Aldrich) was used
without further purification. The iron(III) and free acid concentra-
tions of the iron(III) stock solutions were determined as described
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earlier.17,18 No aging effects were observed in the iron(III) stock
solutions during the entire study. All solutions were prepared with
doubly deionized and ultrafiltered water obtained from a MILLI-Q
RG (Millipore) water purification system. Experiments were carried
out at 10.0( 0.1 or 25.0( 0.1 °C; the ionic strength was set to
1.0 M with high purity NaClO4 (Fluka).

Sodium arsenite stock solutions were prepared by dissolving a
weighed quantity of primary standard As2O3 (Reanal, Hungary) in
NaOH followed by neutralization with HClO4.19 Stock solutions
of other ligands were prepared using analytical reagent grade Na2-
HAsO4‚7H2O, Na2SO4‚10H2O, Na2HPO3‚5H2O, H3PO3, H2SeO3,
and NaH2PO2‚H2O. Stock solutions of arsenate, phosphite, and
selenite ions were standardized by acid-base titrations.

Instrumentation and Computation. An Applied Photophysics
DX-17 MV sequential stopped-flow apparatus (dead time:20 1.1(
0.1 ms) was used for kinetic studies with 10 and 2 mm optical
path lengths. The pH ()-log[H+]), which never exceeded 2.20,
was calculated from the composition of the samples using the
corresponding stability constants. UV-vis spectra were recorded
on a HP-8543 diode-array or a Unicam HeliosR scanning
spectrophotometer. A GK2401C combination electrode was used
for pH measurements with a PHM85 pH meter (Radiometer), and
the pH meter readings were converted into [H+] as described
earlier.21 The software packages PSEQUAD22 and SCIENTIST23

were used for nonlinear least-squares fitting. Kinetic model
calculations were carried out as reported in our previous studies.11,24-26

Results
Protolytic Equilibria. The following equilibria are im-

portant in dilute, acidic solutions of iron(III):2-14

Equilibrium constants used in this study are summarized
in Table 1. Polynuclear or colloidal hydroxo species4,7 are
not formed under the conditions applied here.

Reactions 1 and 2 can be treated as fast equilibria on the
stopped-flow time scale,8 while the dissociation of Fe2-
(OH)24+ is relatively slow with a lifetime of 1-10 s at room
temperature:6,9

Recently, it was shown that any shift in the hydrolytic
equilibria of iron(III) results in a first-order kinetic process,

and the pseudo-first-order rate constant,khdr, can be expressed
as6

where [Femn] ) [Fe3+] + [FeOH2+] + [Fe(OH)2+], and kh

andk-h are given as follows:6

Rate constantsk1, k2, k3, k-1, k-2, andk-3 are listed in Table
2.6,11

The protonation constants of the ligands (Kp ) [HnL]/
[Hn-1L]/[H +]) for the conditions of this study were deter-
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Fe3+ h FeOH2+ + H+ â1 )
[FeOH2+][H+]

[Fe3+]
(1)

Fe3+ h Fe(OH)2
+ + 2H+ â2 )

[Fe(OH)2
+][H+]2

[Fe3+]
(2)

2Fe3+ h Fe2(OH)2
4+ + 2H+ â3 )

[Fe2(OH)2
4+][H+]2

[Fe3+]2

(3)

Fe2(OH)2
4+ h 2FeOH2+ (4)

Table 1. Equilibrium Constants of Protolytic and Complex Formation
Reactions,µ ) 1.0 M (NaClO4)

reaction logK T (°C) methoda ref

Fe3+ ) FeOH2+ + H+ (â1) -3.03 10.0 UV-vis 10
-2.72 25.0 UV-vis 6

2Fe3+ ) Fe2(OH)24+ + 2H+ (â3) -2.98 10.0 UV-vis 10
-2.86 25.0 UV-vis 6

Fe3+ ) Fe(OH)2+ + 2H+ (â2) -6.7 10.0 est 11
-6.29 25.0 pH 5

H2AsO4
- + H+ ) H3AsO4 2.05( 0.02 10.0 pH b

2.25c 18 pH 27
HAsO4

2- + H+ ) H2AsO4
- 6.19( 0.02 10.0 pH b

6.77c 18 pH 27
HSeO3

- + H+ ) H2SeO3 2.59( 0.02 10.0 UV-vis b
2.27 25 pH 28

SeO3
2- + H+ ) HSeO3

- 7.55( 0.05 10.0 UV-vis b
7.78 25 pH 28

H2PO2
- + H+ ) H3PO2 0.87( 0.03 10.0 cplx b

0.87d 25.0 pH 29
SO4

2- + H+ ) HSO4
- 1.06( 0.02 25.0 cplx b

1.10e 25 pH 30
H2PO3

- + H+ ) H3PO3 1.01( 0.01 10.0 cplx b
0.97d 25.0 pH 29

HPO3
- + H+ ) H2PO3

- 6.34( 0.07 10.0 UV-vis b
6.70c 20.0 pH 31

H2AsO3
- + H+ ) H3AsO3 9.23c 18 pH 27

Fe3+ + SO4
2- ) FeSO4

+ (Ksul) 2.06( 0.01 25.0 UV-vis b
2.31f 25.0 UV-vis 32

Fe3+ + H2PO2
- ) FeH2PO2

2+ 2.81( 0.01 10.0 UV-vis b
3.04d 25.0 kin 29

Fe3+ + H2PO3
- ) FeH2PO3

2+ 2.69( 0.04 10.0 UV-vis b
5.0 24 pot. 33

Fe3+ + H2AsO4
- ) FeH2AsO4

2+ 2.64( 0.02 10.0 UV-vis b
Fe3+ + HSeO3

- ) FeHSeO3
2+ 3.15( 0.01 10.0 UV-vis b

3.25 20 UV-vis 34
a pH, pH-potentiometry; UV-vis, UV-vis spectrophotometry; est,

estimated on the basis of the value measured at 25.0°C and the standard
enthalpy of reaction; cplx, determined from the equilibrium complexation
study with monomeric Fe(III) using UV-vis spectrophotometry; kin,
estimated from kinetic results; pot., potentiometry of the Fe(II)/Fe(III)
system.b This work. c Extrapolated toµ ) 0. d µ ) 1.0 M (LiNO3). e µ )
1.0 M (NaNO3). f µ ) 0.5 M (NaClO4).

Table 2. Rate Constants for the Hydrolytic Reactions of Iron(III);µ )
1.0 M (NaClO4)

parameter value at 25.0°C (ref 6) value at 10.0°C (ref 11)

k1 0.35 s-1 0.059 s-1

k2 3.5 M-1s-1 1.08 M-1 s-1

k3 3.6× 10-3 M s-1 5.8× 10-4 M s-1

k-1 1.3× 102 M-1 s-1 71 M-1 s-1

k-2 2.5 M-1 s-1 1.2 M-1 s-1

k-3 6.7× 103 M-1 s-1 3.3× 103 M-1 s-1

khdr ) kh + 4k-h[Femn] (5)

kh ) k1 + k2[H
+] +

k3

[H+]
(6)

k-h )
â1

(â1 + [H+] + â2/[H
+])2(k-1â1 + k-2[H

+] +
k-3â2

[H+] )
(7)
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mined using pH-potentiometry and UV-vis spectrophotom-
etry (Table 1).27-34

Redox Reactions.The possibility of redox reactions
between iron(III) and some of the ligands (H3AsO3, H3PO2,
H3PO3, H2SeO3) was tested at room temperature by monitor-
ing the buildup of iron(II) with a spectrophotometric method
using 2,2′-dipyridyl. Formation of iron(II) was not detected
in any of the reactions up to 45 min. These results confirm
that the redox reactions are very slow and do not interfere
with the ligand substitution reactions, which are complete
in a few minutes at 10.0°C.

Arsenic(III) Catalyzed Hydrolytic Reactions. Iron(III)
solutions have the same UV-vis spectra in the presence and
absence of arsenite ion; that is, complex formation between
iron(III) and As(III) cannot be detected by spectrophotom-
etry. Nevertheless, the dissociation of Fe2(OH)24+ upon
mixing with an acid solution becomes faster in the presence
of As(III). The characteristic first-order kinetic traces at 340
nm are identical, regardless of whether arsenite ion is initially
added to the iron(III) or to the acid solution, confirming that
stable complexes, which would certainly affect the dissocia-
tion rate of Fe2(OH)24+ in the first case, do not form between
the reactants.

At constant pH,kobsis a linear function of the concentration
of arsenite ion:

wherekhdr is given in eq 5 andkcat corresponds to the catalytic
path. The value forkobs was found to be slightly dependent
on total iron(III) concentration above pH 1.7, andkcat is a
composite function of pH (Figure 1) as it reaches some kind

of limiting value at high acidities, has a minimum at about
pH 1.8, and rises again at lower acidities. The shape of the
curve in Figure 1 indicates that at least two catalytic pathways
are operative. However, the observed pH dependence cannot
be assigned to any known protolytic equilibrium which
involves the reactants. The lowest logKp for arsenite ion
(H2AsO3

- + H+ ) H3AsO3) was reported to be 9.23.35-37

The main hydrolytic reaction of iron(III) is the formation of
FeOH2+ in this pH range, but the observed effect cannot be
assigned to this process because it would predict a markedly
different pH profile ofkcat.

It might be argued that the difference between the lowest
and highestkcat values is only about 50%, and some of the
change might be due to a variation in the medium because
at high acidities significantly smaller amounts of NaClO4

are used to set the ionic strength. This possibility was tested
by two series of experiments: the first with always 1.00 M
NaClO4 added, that is,µ > 1.0 M at high acidities, and the
second with smaller amounts of NaClO4 to set the ionic
strength exactly to 1.00 M. The corresponding rate constants
agreed within 5%, confirming that medium effects do not
contribute to the noted pH dependence ofkcat.

The catalytic effect implies a direct interaction between
the Fe2(OH)24+ and the arsenite ion. In accordance with
previous results,6,10-14,16we assume that a dinuclear complex
is formed:

While Fe2AsIII is not formed in detectable concentrations,
it may open a catalytic pathway for the hydrolytic reaction
via fast dissociation into mononuclear iron(III) species. The
pH dependence ofkcat strongly suggests that the dinuclear
arsenito complex undergoes direct and proton-assisted dis-
sociation.

The scheme is completed by the dissociation of the mono-
nuclear arsenito complex, FeAsIII , which is always present
at very low concentration levels. To be able to coordinate
to the metal ion, H3AsO3 needs to release at least one proton,
and the corresponding reaction can be written as

(24) Lente, G.; Jacob, J.; Guzei, I. A.; Espenson, J. H.Inorg. React. Mech.
(Amsterdam)2000, 2, 169.
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2001, 2, 327.
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(28) Arnek, R.; Barcza, L.Acta Chem. Scand.1972, 26, 213.
(29) Espenson, J. H.; Dustin, D. F.Inorg. Chem.1969, 8, 1760.
(30) Khoe, G. H.; Robins, R. G.J. Chem. Soc., Dalton Trans.1988, 2015.
(31) Frei, V.; Podlahova´, J.; Podlaha, J.Collect. Czech. Chem. Commun.

1964, 29, 2587.
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1966, 11, 272.
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86, 1042.

(35) The structures of H3AsO3 and H2AsO3
- are better expressed by the

formulas As(OH)3 and AsO(OH)2-, respectively (see ref 37). However,
as no structural conclusions are drawn in this work and the structures
in the metal complexes are not necessarily the same as in the free
ligand, the simplified formulas were chosen to indicate the overall
composition only.

(36) Sellers, P.; Sunner, S.; Wadso¨, I. Acta Chem. Scand.1964, 18, 202.
(37) Loehr, T. M.; Plane, R. A.Inorg. Chem.1968, 7, 1708.

Figure 1. Value of kcat as a function of pH in the iron(III)-arsenite ion
system. Inset:kcat as a function of [H+]. T ) 25.0°C; µ ) 1.0 M (NaClO4).
Lines represent the best fit to eq 13.

kobs) khdr + kcat[As(III)] (8)

Fe2(OH)2
4+ + H3AsO3 h Fe2AsIII

V9 ) k9[Fe2(OH)2
4+][H3AsO3] - k-9[Fe2AsIII ] (9)

Fe2AsIII h FeOH2+ + FeAsIII

V10 ) k10[Fe2AsIII ] - k-10[FeOH2+][FeAsIII ] (10)

Fe2AsIII + H+ h Fe3+ + FeAsIII

V11 ) k11[Fe2AsIII ][H+] - k-11[Fe3+][FeAsIII ] (11)
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Provided that reaction 12 is fast and steady-state applies to
Fe2AsIII , standard derivation yields the following expression
for kcat:38

Considering microscopic reversibility,k-9k-10â1K12 and
k-9k-11K12 can be replaced byk9k10â3 and k9k11â3, respec-
tively. The fitted values for the three remaining independent
parameters,k9, k9k10/k11, and (k-9 + k10)/k11 are listed in Table
3.39

Formation Kinetics of Mononuclear Iron(III) Com-
plexes.The dominant final products are always mononuclear
iron(III) complexes (FeH2PO3

2+, FeH2PO2
2+, FeH2AsO4

2+,
FeSO4

+, and FeHSeO32+) in the rest of reactions studied here.
Experiments were carried out to determine the equilibrium
and kinetic parameters for the formation of the mononuclear
complexes under conditions where the reactions of Fe2-
(OH)24+ could be neglected ([Fe(III)]tot < 0.2 mM). Numer-
ous stability constants are available from the literature for
mononuclear complexes,29,32-34 and kinetic data were also
reported with sulfate and hypophosphite ions.29,32 Thus, we
performed routine measurements to redetermine equilibrium
and rate constants for our conditions, and these studies are
not discussed in detail. The equilibrium results are sum-
marized in Table 1, and the kinetic data were evaluated in
terms of the following scheme:

where L- ) SO4
2-, H2PO2

-, H2PO3
-, H2AsO4

-, and
HSeO3

-. Protolytic reactions of the ligand are expected to
be diffusion controlled, and reactions 15 and 16 are
indistinguishable because of proton ambiguity. Thus, only

the appropriate combination of equilibrium and rate constants
(k15â1Kp + k16) could be determined. The results are listed
in Table 4.

Sulfate Ion-Iron(III) System. Sulfate ion decreases the
initial absorbance of the kinetic curves considerably (Figure
2). This effect is consistent with a reaction within the dead
time of the stopped flow instrument (phase I), which was
immeasurably fast even at 5.0°C irrespective of the initial
concentrations. According to our independent experiments
(cf. previous section), no reaction occurs with monomeric
iron(III) within this short time frame, and a detailed analysis
of the data confirmed that the initial absorbance jump cor-
responds to a reaction between Fe2(OH)24+ and sulfate ion.
The amplitude of the absorbance jump decreases with in-
creasing pH and correlates well with the shift in the HSO4

-/
SO4

2- protolytic equilibrium. All experimental data could
be interpreted assuming the formation of a dinuclear complex
which has no measurable absorbance at 340 nm:

The value ofK18 is given in Table 3.
(38) A treatment involving steady-state approach for both FeAsIII and Fe2-

AsIII also yields eq 13.

Fe3+ + H3AsO3 h FeAsIII + H+ K12 )
[FeAsIII ][H+]

[Fe3+] [H3AsO3]

(12)

kcat )
k9k10/k11 + k9[H

+]

(k-9 + k10)/k11 + [H+]
+

4[Femn]((k-9k-10/k11)â1K12 + (k-9k-11/k11)K12[H
+])

(â1 + [H+] + â2/[H
+]2) ((k-9 + k10)/k11 + [H+])

(13)

Fe3+ + HL h FeL2+ + H+

V14 ) k14[Fe3+][HL] - k-14[FeL2+][H+] (14)

Fe(OH)2+ + HL h FeL2+

V15 ) k15[FeOH2+][HL] - k-15[FeL2+] (15)

Fe3+ + L- h FeL2+

V16 ) k16[Fe3+][L -] - k-16[FeL2+] (16)

Fe(OH)2+ + L- h FeL2+

V17 ) k17[FeOH2+][L -] - k-17[FeL2+]/[H+] (17)

Table 3. Parameters Determined for the Iron(III)-Arsenic(III) and
Sulfate Ion Reactions; 25.0°C, µ ) 1.0 M (NaClO4)

ligand parameter value

H3AsO3 k9 (3.43( 0.03)× 103 M-1 s-1

k9k10/k11 (2.5( 0.1)× 102 s-1

(k-9 + k10)/k11 0.149( 0.008 M
K12k-9k-10/k11 1.8× 102 s-1a

K12k-9k-11/k11 4.7 s-1b

SO4
2- K18 (6.0( 0.1)× 102 M-1

k19 4.60( 0.06 s-1

k-19 200 M-1 s-1c

ε{FeSO4
+}, 340 nm 1811( 8 M-1 cm-1

a Replaced by (k9k10/k11) × â3/â1 in the calculations.b Replaced byk9â3

in the calculations.c Replaced byk19â3K18Kp/(â1KMS) in the calculations.

Table 4. Rate Constants (in M-1 s-1) for the Formation Reactions of
Monomeric Complexes of Iron(III);µ ) 1.0 M (NaClO4)

L- k14 k15â1Kp + k16 k17 T (°C)

SO4
2- a (2.4( 0.3)× 103 (6.6( 0.5)× 104 25.0

H2PO2
- 5.9( 1.3 13( 2 (1.7( 0.1)× 103 10.0

H2PO3
- a 33 ( 7 (1.9( 0.1)× 103 10.0

H2AsO4
- 2.0( 0.7 65( 10 (2.5( 0.1)× 103 10.0

HSeO3
- a (1.71( 0.03)× 103 (1.1( 0.1)× 104 10.0

a Too small to be determined.

Figure 2. Kinetic traces in the iron(III)-sulfate ion system. [Fe(III)])
3.00× 10-3 M; [SO4

2-]T ) 0 (a), 5.0× 10-4 M (b), 1.5× 10-3 M (c); pH
) 1.12;T ) 25.0 °C; µ ) 1.0 M (NaClO4); optical path length 1 cm.

Fe2(OH)2
4+ + HSO4

- h Fe2(OH)SO4
3+ (+ H2O)

K18 )
[Fe2(OH)SO4

3+]

[Fe2(OH)2
4+][HSO4

-]
(18)
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As seen in Figure 2, there are two additional distinct phases
(phase II∼ 0.05 s, and phase III∼ 5 s) during the process.
The absorbance increase in phase II was consistent with the
formation of FeSO4+, and the kinetic parameters estimated
from these experiments are in excellent agreement with re-
sults obtained independently at ligand excess and low iron-
(III) concentration.

Phase III could be interpreted as equilibration between
mononuclear and dinuclear hydroxo complexes of iron(III).
The kinetic curves in this phase were always strictly first-
order, but the pseudo-first-order rate constants were system-
atically and significantly larger than the correspondingkhdr

values, indicating that sulfate ion also catalyzes the hydrolytic
reactions of iron(III). This catalytic effect can be interpreted
in analogy with the arsenic catalysis by replacing reactions
10 and 11 with reaction 19 in the model:

In this system, proton-assisted dissociation of Fe2(OH)SO4
3+

(cf. reaction 11) has a negligible contribution to the overall
rate, if it occurs at all. Thuskobscan be expressed as follows:

wherekf andkr are

where [S(VI)]free is the concentration of free sulfate ion ([H-
SO4

-] + [SO4
2-])40 andKsul is the stability constant of Fe-

SO4
+ (cf. Table 1). The value of [S(VI)]free was calculated

from the known equilibrium constants for each point, and
k-19 was replaced byk19â3K18Kp/(â1Ksul) considering micro-
scopic reversibility in the fitting procedure. The results are
listed in Table 3, and the fit of the experimental data is
illustrated in Figure 3.

Reactions of Iron(III) with Arsenate, Selenite, Phos-
phite, and Hypophosphite Ions.As an example, kinetic
curves are shown for the arsenate ion system at two wave-
lengths in Figure 4. Similar biphasic kinetic traces were ob-
served with each of the other ligands. The initial absorbance
was independent of the ligand concentration, and any reaction
within the dead time of the stopped-flow instrument could
be excluded. The first phase of the reaction was complete

in about 0.1 s, whereas the second usually lasted 10-50 s.
The initial rate method confirmed the following rate equation
for phase I in each system:

where [L]T ) [HL] + [L-] and L- ) H2PO2
-, H2PO3

-,
H2AsO4

-, HSeO3
-.

The lack of significant absorbance change at the charac-
teristic absorption band of FeH2AsO4

2+ (275 nm) rules out
excessive formation of this complex in Phase I, and the obser-
vations at 340 nm are consistent with the formation of a new
complex. The very same conclusion can be drawn for the
reactions of selenite, phosphite, and hypophosphite ions.

The composition of the product formed in phase I was
tested by analyzing the amplitude of the absorbance change

(39) A fitting was attempted by calculating five independent parameters
(k9, k9k10/k11, (k-9 + k10)/k11, k-9k-10/k11, and k-9k-11/k11), but this
did not give satisfactory results because of irresolvable cross correlation
between the parameters.

(40) The main sulfur(VI)-containing species in this system are free sulfate
ion and the mononuclear complex FeSO4

+ (the concentration of Fe2-
(OH)SO4

3+ is much smaller). The equilibrium between the two major
forms are reached by the end of phase II, and the concentration of
free sulfate remains practically constant throughout phase III.

Fe2(OH)SO4
3+ h FeOH2+ + FeSO4

+

V19 ) k19[Fe2(OH)SO4
3+] - k-19[FeOH2+][FeSO4

+] (19)

kobs) kf + 4kr[Femn] (20)

kf )
kh(1 + Kp[H

+]) + k19K18Kp[S(VI)] free[H
+]

1 + Kp[H
+] + K18Kp[S(VI)] free[H

+]
(21)

kr ) k-h +
k-19Ksulâ1[S(VI)] free[H

+]

(1 + Kp[H
+])(â1 + [H+] + â2/[H

+])2
(22)

Figure 3. Value of kobs as a function of sulfate ion concentration in the
iron(III)-sulfate ion system. Dashed lines represent the best fit to eq 20.
[Fe(III)] ) 5.00× 10-3 M for pH ) 1.30; [Fe(III)] ) 3.00× 10-3 M for
pH ) 1.60;T ) 25.0 °C; µ ) 1.0 M (NaClO4).

Figure 4. Kinetic traces in the iron(III)-arsenate ion system. [Fe(III)])
4.50× 10-3 M; [Fe2(OH)24+]0 ) 5.0 × 10-5 M; [As(V)] ) 0 (a), 2.5×
10-5 M (b), 5.0× 10-5 M (c), 2.5× 10-4 M (d), 1.0× 10-3 M (e); pH )
1.60; T ) 10.0 °C; µ ) 1.0 M (NaClO4); optical path length 2 mm (275
nm), 1 cm (340 nm).

Vi ) kd[Fe2(OH)2
4+][L] T (23)
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in phase I with phosphite and arsenate ions. This method
could not be used with selenite and hypophosphite ions be-
cause of overlapping subsequent reactions. Similarly to the
reaction with phosphate ion,11 a 1:2 stoichiometry was con-
firmed for As(V) and Fe2(OH)24+ in the new complex (Fe4L)
by the molar ratio as well as the Job methods.41 The same
treatment proved the formation of a 1:1 complex (Fe2L)
between P(III) and Fe2(OH)24+ in the phosphite ion system.
These complexes have negligible absorption at 340 nm. In
analogy, selenite and hypophosphite ions were assumed to
form 1:1 complexes with Fe2(OH)24+.

The pH dependence of the formation of Fe2L with phos-
phite ion could be studied under pseudo-first-order conditions
using phosphite ion in 15-fold excess over Fe2(OH)24+. These
conditions ensured that the reverse reaction was negligible
and the forward rate constantkd could be calculated from
kobs. As expected, the two protonated forms, H3PO3 and H2-
PO3

-, show different reactivities (Figure 5), and the two path-
ways for the formation of Fe2L (L- ) H2PO3

-) are as
follows:

The proton budgets of these reactions were confirmed by
the combination of the pH dependences of the forward and
reverse rates (see later). The following formula can be
derived forkd:

The same kind of pseudo-first-order studies were not
possible with H2PO2

-, H2AsO4
-, and HSeO3-. In these cases,

the pH-dependence of the forward rates was studied by the
initial rate method, which indicated a pH dependence similar
to the one observed with phosphite ion. However, in the case
of hypophosphite ion, the proton budget of the reaction was

different (see later). The corresponding rate constants were
calculated assuming that the complexes have no absorptions
at the wavelength used (340 nm for arsenate and hypophos-
phite ions, 370 nm for selenite ion). This assumption was
fully confirmed later with detailed model calculations and
matrix rank analysis. The results are summarized in Table 5.

The complex kinetic patterns observed in phase II were
interpreted as simultaneous formation of mononuclear iron-
(III) complexes and a shift in the iron(III) hydrolytic equili-
bria. This phase was evaluated on the basis of the following
kinetic model:

where L′ denotes the general form of the ligand and [L]T )
[HL] + [L -].

In these calculations, all rate constants known from sep-
arate studies (cf. previous sections) were fixed, and color-
ed species were included with molar absorbance coefficients
determined in independent measurements. Protolytic equili-
bria of the ligands and mononuclear iron(III) species were
considered as fast preequilibria. The values ofk-d and ks

were fitted, whilek-s was replaced withkskdk-mk-h/(k-d-
kmkh) on the basis of microscopic reversibility. As expected,
none of the rate constants was dependent on the initial iron-
(III) (monomeric or dimeric) or ligand concentrations, but
some of them showed distinct pH dependences.

In the case of selenite ion,k-d increased slightly with in-
creasing acidity. This is consistent with eqs 24 and 25 as the
reverse rates of the corresponding reactions can be given as

(41) Job, P.Ann. Chim.1928, 9, 113.

Figure 5. Value ofkd as a function of pH in the iron(III)-phosphite ion
system. The solid line represents the best fit to eq 26.T ) 10.0 °C; µ )
1.0 M (NaClO4).

Fe2(OH)2
4+ + HL ) Fe2L + H+

V24f ) k24[Fe2(OH)2
4+][HL] (24)

Fe2(OH)2
4+ + L- ) Fe2L

V25f ) k25[Fe2(OH)2
4+][L -] (25)

kd )
k25 + k24Kp[H

+]

1 + Kp[H
+]

(26)

Table 5. Forward Rate Constants for the Formation of Fe2L
Complexes with Various Forms of Simple Inorganic Ligands; 10.0°C, µ
) 1.0 M (NaClO4)

k (M-1 s-1)ligand
(HnL) HnL Hn-1L- Hn-2L2- ref

H3PO2 (2.9( 0.1)× 104 (3.49( 0.02)× 105 a
H3PO3 (3.3( 0.3)× 104 (3.40( 0.03)× 105 a
H3PO4 < 1 × 104 1.44× 105 11
H3AsO3 (3.43( 0.03)× 103b a
H3AsO4 (8 ( 2) × 103 (2.5( 0.1)× 105 a
H2O‚SO2 < 5 × 103 4.5× 104 2.1× 109 10
H2SO4 n.dc >1.0× 107 a
H2SeO3 (2.7( 0.1)× 104 (4.6( 0.2)× 105 a

a This work. b 25.0 °C. c No data; any value below 106 M-1 s-1 is
consistent with the data.

Fe2(OH)2
4+ + L′ h Fe2L

V ) kd[Fe2(OH)2
4+][L] T - k-d[Fe2L] (27)

Fe2L h FeL + Femn

V ) ks[Fe2L] - k-s[FeL][Femn] (28)

Femn + L′ h FeL

V ) km[Femn][L] T - k-m[FeL] (29)

Fe2(OH)2
4+ h 2Femn

V ) kh[Fe2(OH)2
4+] - k-h[Femn]

2 (30)

V24r ) k-24[Fe2L][H +] (31)

V25r ) k-25[Fe2L] (32)
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andk-d can be expressed as

The value ofks also increases linearly with [H+]. This implies
a direct and a proton-assisted pathway in the dissociation of
Fe2L:

Thus,ks is given as

In the phosphite ion system,k-d was too small and could
not be determined directly. Consequently,k-d was set to zero,
andk-s was determined as an independent parameter. The
value ofks was found to be independent of pH, indicating
that reaction 34 is the dominant path in the dissociation of
the dinuclear complex. It follows thatks ) k34 and k-s )
k-34â2/([H+]2 + â1[H+] + â2), provided that the formula of
Fe2L is Fe2(OH)(HPO3)3+.

In the case of hypophosphite ion,k-d increased with
increasing pH. Considering that the forward rate shows the
same pH dependence as for the other ligands, this pH depen-
dence could only be interpreted by the following scheme,
assuming that the complex Fe2L has the stoichiometry Fe2-
OH(H2PO2)4+:

The pH dependence ofks is similar to that ofk-d and
consistent with the following scheme:

Kinetic curves could be fitted reasonably to this model
(Figure 6).

The arsenate ion system was found to be very similar to
the one reported for phosphate ion, and the same evaluation
method was used.11 Reaction 28 was found to be negligible,
and one more step was added to the model used for the
previous systems in order to account for the formation of
the Fe4L complex:

Reaction 43 is too fast on the stopped-flow time scale; only
its equilibrium constant could be determined. It can be shown
that Fe2As is present at very low concentration levels during
the formation of Fe4As, which is the dominant multinuclear
arsenato species. These findings also explain the first-order
dependence of phase I on the concentration of Fe2(OH)24+

because reaction 27 is rate determining in the formation of
Fe4As. In full analogy with the phosphate ion system,11 the
stoichiometries Fe2(HAsO4)(OH)3+ and Fe4(AsO4)(OH)27+

were confirmed for Fe2As and Fe4As, respectively. The
results for these systems are collected in Table 6.

Matrix rank analysis (MRA)42 was used to find further
support for the kinetic models proposed here. MRA confirms
the existence of 3 major absorbing species (Fe3+, FeOH2+,
and Fe2(OH)24+) in an iron(III) solution in the absence of
ligands. During the complex formation reactions, one ad-
ditional absorbing species is detectable, which is the mon-
omeric iron(III) complex in each case (FeH2PO3

2+, FeH2-
PO2

2+, FeH2AsO4
2+, and FeHSeO32+). Thus, in agreement

with our considerations, the multinuclear complexes do not

(42) Peintler, G.; Nagypa´l, I.; Jancso´, A.; Epstein, I. R.; Kustin, K.J. Phys.
Chem. A1997, 101, 8013.

k-d ) k-24[H
+] + k-25 (33)

Fe2L ) Fe(OH)2
+ + FeHL2+

V34 ) k34[Fe2L] - k-34[Fe(OH)2
+][FeHL2+] (34)

Fe2L + H+ ) Fe(OH)2+ + FeHL2+

V35 ) k35[Fe2L][H +] - k-35[Fe(OH)2+][FeHL2+] (35)

ks ) k34 + k35[H
+] (36)

Fe2(OH)2
4+ + H3PO2 ) Fe2(OH)(H2PO2)

4+

V37 ) k37[Fe2(OH)2
4+][H3PO2] - k-37[Fe2(OH)(H2PO2)

4+]

(37)

Fe2(OH)2
4+ + H2PO2

- + H+ ) Fe2(OH)(H2PO2)
4+

V38 ) k38[Fe2(OH)2
4+][H2PO2

-] -

k-38[Fe2(OH)(H2PO2)
4+]/[H+] (38)

k-d ) k-37 + k-38/[H
+] (39)

Fe2(OH)(H2PO2)
4+ ) FeOH2+ + Fe(H2PO2)

2+

V40 ) k40[Fe2(OH)(H2PO2)
4+] -

k-40[FeOH2+][Fe(H2PO2)
2+] (40)

Fe2(OH)(H2PO2)
4+ ) Fe(OH)2

+ + Fe(H2PO2)
2+ + H+

Figure 6. Measured (markers) and fitted (solid lines) kinetic curves in
the iron(III)-hypophosphite ion system. [Fe(III)]) 2.59× 10-3 M; [P(I)]
) 1.5 × 10-3 M; T ) 10.0 °C; µ ) 1.0 M (NaClO4); optical path length
1 cm. Only a selection (∼10%) of measured points is shown for clarity.

V41 ) k41[Fe2(OH)(H2PO2)
4+]/[H+] -

k-41[Fe(OH)2
+][Fe(H2PO2)

2+] (41)

ks ) k40 + k41/[H
+] (42)

Fe2As + Fe2(OH)2
4+ ) Fe4As

K43 )
[Fe4As]

[Fe2(OH)2
4+][Fe2As]

(43)
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contribute to the absorbance change in the studied wave-
length region.

Discussion

The results obtained here provide further evidence for the
formation of transient bi- and tetranuclear complexes between
the iron(III) hydroxo dimer and simple inorganic ligands.
With the exception of the arsenite system, the absorbance
decay at the characteristic band of Fe2(OH)24+ could be used
to obtain quantitative information for the equilibrium and
kinetic features of these complexes. However, the catalytic
effect of arsenite ion on the monomer-dimer hydrolytic
equilibrium of iron(III) also indicates the formation of such
a complex at very low concentration levels.

In the sulfate ion system, the data are consistent with the
immeasurably fast formation of a relatively weak binuclear
complex. It should be noted that eq 18 reflects only the
overall stoichiometry for the reaction which may proceed
via either HSO4

- and/or SO4
2-. These two forms are always

present in comparable concentrations, and it is very likely
that the SO42- path is predominant as deprotonation of a
ligand typically enhances its reactivity.

The rest of the reactions show very similar kinetic patterns.
After fast accumulation of the multinuclear species, it is
gradually transformed into the corresponding mono complex.
In some systems, the formation of FenL is well separated
from other reaction steps and can be studied independently
under pseudo-first-order conditions. In other cases, the
formation and subsequent decay of the multinuclear complex
are kinetically coupled, and comprehensive data treatment
is required.

The rate constants for the complex formation of the
hydroxo dimer with different protonated forms of various
ligands are compared in Table 5. Significant differences were
not found between the rate constants of the neutral as well
as the uninegatively charged forms of the different ligands
implying that specific interactions are not operative in these
reactions. The results strongly suggest that these reactions
proceed via a dissociative interchange,Id, mechanism, and
the proton-transfer steps associated with the loss of a ligand
proton and an OH bridge do not affect the overall rate. Thus,
k ) kexKip applies, wherek, kex, andKip are the rate constant
of the complex formation, the rate constant of the water
exchange between the hydroxo dimer and the bulk water,
and the ion pair stability constant between the reactants,

respectively. The 10-30 times difference between the rate
constants of the two forms of the same ligand supports these
considerations. This trend can conveniently be explained in
terms of the charge products of the reactants, as the Fuoss
equation predicts an about 15 times difference in the stability
of the corresponding outer sphere complexes.43 It follows
that the water exchange rate constant of the dimer must be
on the order of 105 s-1. For comparison, the water exchange
rate constants of Fe(H2O)63+ and Fe(H2O)5OH2+ are 1.6×
102 s-1 and 1.2× 105 s-1, respectively.44 It is reasonable to
assume that the source of the relatively high lability is the
same in both the mononuclear and dimer hydroxo complexes
which is the labilizing effect of the hydroxide group.

The previous interpretation does not apply to the dinegative
SO3

2- ion. In this case,Kip ) 24 M-1 would be consistent
with a difference of about 1 order of magnitude between
the rate constants of HSO3

- and SO3
2-. The reason for the

very high, almost diffusion controlled second-order rate
constant of the SO32- pathway is not apparent; it may be
related to specific features of aqueous sulfur(IV).

Thorough structural characterization of the multinuclear
intermediates seems to be beyond experimental limitations
because the lifetimes of these species do not exceed a few
seconds in solution. For the same reason, preparation of the
corresponding solid salts of the complexes is not feasible.
Therefore, any conclusion regarding the structures of these
species is based on plausible chemical considerations and
comparison of the available kinetic and thermodynamic data.

Earlier, we proposed that only those ligands are suitable
to form multinuclear complexes with the hydroxo dimer
which are capable of replacing a hydroxo bridge between
the two iron(III) centers.16 The results presented here seem
to corroborate this assumption because such complexes were
found only with oxoanions. It can be inferred that the
appropriate geometry of the ligand, most significantly the
O-X-O angle, is a key factor in these reactions. Most likely,
this is the reason why several ligands, such as halogenate
ions, acetate ion and its derivatives, and so forth, do not react
directly with the hydroxo dimer although they also contain
the O-X-O motif.

In the studied systems, the formation of the FenL complex
is sort of a dead-end reaction as the thermodynamically stable
product is always the corresponding mononuclear complex

(43) Fuoss, R. M.J. Am. Chem. Soc.1958, 80, 5059.
(44) Grant, M.; Jordan, R. B.Inorg. Chem.1981, 20, 55.

Table 6. Parameters Determined or Used in Kinetic Modeling; 10.0°C, µ ) 1.0 M (NaClO4)a

phosphite ion hypophosphite ion selenite ion arsenate ion

k34 ) 0.18( 0.04 s-1 k-37 ) 4.4( 0.06 s-1 k-24 ) 14 ( 7 M-1 s-1 K43 ) (6 ( 2) × 104 M-1 s-1

k-34 ) 81 ( 15 M-1 s-1 k-38 ) 2.9( 0.1 M s-1 k-25 ) 26 ( 1 s-1 k-24 ) 26 ( 3 M-1 s-1

k40 ) 19 ( 3 s-1 k34 ) 0.64( 0.04 s-1 k-25 ) 108( 16 s-1

k41 ) 2.06( 0.09 M s-1 k35 ) 6.8( 0.4 M-1 s-1

ε{FeH2PO3
2+}340nm ε{FeH2PO2

2+}340nm ε{FeHSeO3
2+}370nm ε{FeH2AsO4

2+}340nm

235( 14 M-1 cm- 70 ( 1 M-1 cm-1 527( 20 M-1 cm-1 460( 50 M-1 cm-1

ε{Fe2(OH)24+}340nm2760 M-1 cm-1 (ref 11)
ε{Fe2(OH)24+}370nm630 M-1 cm-1 (ref 11)

ε{FeOH2+}340nm700 M-1 cm-1 (ref 11)
ε{FeOH2+}370 nm160 M-1 cm-1 (ref 11)

a ε ) molar absorbance.
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of iron(III). The rates of the fast formation and the consider-
ably slower dissociation of the multinuclear complex into
Femon and FeL show the same pH dependencies in each case.
This is a strong indication that the two reactions proceed
via the same intermediate in which the ligand is presumably
coordinated to only one Fe(III) center. As expected, the
replacement of one OH bridge by the ligand and the
formation of the Fe2L complex is kinetically more favorable
than asymmetric dissociation of the intermediate into mono-
nuclear species. This trend is clearly demonstrated by the
differences of the corresponding rate constants.

In conclusion, direct ligand substitution reactions with the
hydroxo dimer can be a general feature in aqueous chemistry
of iron(III). Such reactions may also occur under conditions
considerably different from the ones used in the present
study. In this respect, it is worth noting that, while the
solubility of iron(III) decreases, the mole fractions of the

dimer and multinuclear hydroxo species increase by increas-
ing the pH. Therefore, when less acidic conditions are used,
fast formation of multinuclear iron(III) complexes may prove
to be important for the interpretation of the kinetic data even
at low iron(III) concentrations and ligand excess. Proper
description of such reactions seems to be crucial in order to
explore the exact role of iron(III) in composite reactions of
environmental and biochemical significance.
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