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Ethylenediaminetetraacetatoferrate( 111) with Sulfur( iv) 
Oxides in Aqueous Solution 

Margareta Dellert-Ritter and Rudi van Eldik * 
Institute for Inorganic Chemistry, University of Witten JHerdecke, Stockumer Strasse 70, 5870 Witten, 
Germany 

A detailed kinetic study has been undertaken of the complex formation of [Fe(edta)]- (edta = 
ethylenediaminetetraacetate) with sulfite as a function of pH, [Fe(edta)] and [sulfite], during which 
stopped-flow and temperature-jump techniques were employed. The complex formation kinetics is con- 
trolled by the equilibria [Fe(edta)(H,O)]- e [Fe(edta)(OH)I2- + H +  and 2[Fe(edta)(OH)I2- c 
[(edta)Fe-0-Fe(edta)l4- + H 2 0 ,  in which the aqua complex is extremely labile and the hydroxo and 
0x0 complexes are substitution inert. The rate constant for the formation of [Fe(edta)(SO,)] - from 
[Fe(edta)(H,O)] - and SO:- was found to be 4 x 10 dm3 mol-' s-' at 25  "C and 0.5 mol dm-3 ionic 
strength. A limiting rate constant of 2 x lo5 s-' was reached at high [SO3,-] under which conditions 
the dissociation of the co-ordinated water molecule becomes the rate-determining step. This 
observation is in agreement with the known solvent-exchange rate constant for [ Fe(edta) ( H 2 0 ) ]  - 
and supports the operation of a limiting D mechanism. Both kinetic techniques revealed evidence for 
the participation of a slow, sulfite-independent reaction step, which could be related to the rate- 
determining dissociation of [ (edta) Fe-O-Fe(edta)14- at higher complex concentrations. The results 
are discussed with reference to  the available literature data. 

There is continuing interest in the kinetic behaviour of ethylene- 
diaminetetraacetate (edta) and related complexes of Fe"."', 
especially in terms of their reactions with 02, 02- and H202.1-6 
These reactions have gained importance in biochemical 
processes since they can be used for sequence-specific recog- 
nition and cleavage of However, little is known about 
the fundamental substitution behaviour of Fe"."'(edta) 
complexes, mainly because these reactions are extremely fast 
and difficult to follow owing to their small spectral changes. 

In the present study we have selected sulfite as the substi- 
tuting ligand and have studied its reactions with [Fe"'(edta)] - 
over a wide pH range. This reaction is accompanied by 
significant spectral changes, which enables the employment of 
stopped-flow and temperature-jump techniques to follow the 
substitution process. Our interest in this particular system 
originates from a series of studies on the iron(rr1)-catalysed 
autoxidation of sulfur(1v) oxides in aqueous s o l ~ t i o n , ' ~ - ' ~  
suggested to play a significant role in atmospheric oxidation 
processes, ci:. the formation of acid rain. ' 5-1 Our studies 
revealed rather complicated mechanistic behaviour, partly due 
to the high reactivity of the iron(ii1) centre and the large number 
of available co-ordination sites. These factors complicated the 
identification of intermediate iron(IrI)-sulfur(Iv) complexes, 
which are produced prior to the redox reactions and play a key 
role in the catalytic cycle. In an effort to gain more insight into 
the mechanism of the catalysed autoxidation process, we 
decided to introduce a chelating ligand on the iron(m) centre in 
order to simplify the system. In the case of the [Fe(edta)J- 
complex, the majority of the co-ordination sites are blocked by 
the edta ligand such that only limited substitution by sulfite can 
occur. In addition, the sulfito complexes produced are signific- 
antly more redox stable than in the case of Fell', which enables a 
closer identification. 

In this paper we report a detailed kinetic study of the 
substitution of [Fe(edta)]- by sulfite in aqueous solution. The 
redox behaviour of the sulfito complexes produced in the 
absence and presence of oxygen are reported in the following 
paper. ' 

Experimental 
Aqueous solutions of [Fe(edta)] - were prepared from either a 
mixture of the components Fe(C104)3-9H20 (Ventron) and 
Na2(H2edta)-2H,0 (Merck) or Na,(edta)-2H20 (Fluka), or 
directly from the solid Na[Fe(edta)] (Fluka). Chemicals of 
analytical reagent grade and deionized water were used 
throughout this study. The salt NaC104-H20 (Merck) was used 
to adjust the ionic strength of the test solutions, whereas NaOH 
and HCIO, were used to adjust the pH. The latter was measured 
on a Metrohm instrument equipped with a glass electrode of 
which the reference compartment was filled with 3 mol dm-3 
NaCl to prevent precipitation of KC104 when KCI was used 
instead of NaCl. 

The UV/VIS spectra were recorded on Perkin-Elmer Lambda 
5, Hitachi U 3200 and Shimadzu UV 250 spectrophotometers, 
IR spectra of aqueous solutions with an ATR cell using a 
Nicolet 5 SX FT-IR instrument. Rate measurements were 
performed on a Durrum D110 stopped-flow instrument, 
coupled to a data-acquisition system," and on a Messanlagen 
(Gottingen) temperature-jump instrument. Both these instru- 
ments were thermostatted to kO.1 "C. Rate constants were in 
general measured on the stopped-flow instrument under pseudo- 
first-order conditions and the corresponding first-order plots 
were linear for at least 2 to 3 half-lives of the reaction. The 
reported rate constants were calculated with a standard least- 
squares program and are mean values from at least five kinetic 
runs. 

Results and Discussion 
Properties of [Fe(edta)] -.-An important aspect of this 

study concerns the nature of the co-ordination geometry and 
structure of the [Fe"'(edta)] - species in aqueous solution. 
Various groups have investigated this system and we will only 
summarize the most important findings.20 In general, edta 
acts as a sexidentate ligand and forms very stable complexes 
with Fe"' and related metal ions.21 X-Ray structure analyses 
of various [Fe(edta)] - crystalline states 2 2 - 2  have clearly 
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shown these to be sexidentate seven-co-ordinate complexes with 
an approximate pentagonal-bipyramidal structure. Further 
studies 26-32  have demonstrated that this structure is retained in 
solution, i.e. a sexidentate seven-co-ordinate species involving a 
co-ordinated water molecule, uiz. [Fe(edta)(H20)] -. It was also 
suggested that, on protonation in an acidic medium, ring 
opening occurs to produce a quinquedentate seven-co-ordinate 
diaqua complex, [Fe(Hedta)(H20)2], or a quinquedentate six- 
co-ordinate aqua complex, [Fe(Hedta)(H,O)], of which the free 
carboxylate arm is p r ~ t o n a t e d . ~ ~ , ~ ~ - ~ ~  By way of comparison, 
X-ray structures have confirmed that [Cr(Hedta)(H,O)] and 
K[Cr(edta)]*2H20 are both six-co-ordinate with edta acting as 
quinque- and sexi-dentate, r e~pec t ive ly .~~*~ '  In solution it was 
shown that these species exist in e q ~ i l i b r i u m , ~ ~ . ~ '  although the 
participation of a sexidentate seven-co-ordinate complex 
[Cr(edta)(H,O)]- cannot be ruled out.,' 

It follows from the above discussion that aqueous solutions of 
[Fe(edta)] - should exhibit characteristic acid-base equilibria. 
This property has resulted in conflicting reports in the literature 
due to the uncertain number of co-ordinated water molecules 
on the iron(ir1) centre that can undergo deprotonation. In earlier 
studies it was reported that [Fe(edta)] - exhibits two deproton- 
ation steps with acid-dissociation constants (pKa) of 7.49 and 
9.41, respe~tively.~'~~'  In other work and in this study, evidence 
for only one deprotonation step could be found in the range pH 
4-1 1, which is assigned to reaction (1). The value of pK, varied 
between 7.4 and 7.7 depending on the experimental conditions 

employed, especially the ionic strength of the m e d i ~ r n . ~ ' . ~ ~ . ~ ~  
Evidence for the formation of [Fe(edta)(0H),l3 - comes from 
NMR data,,' which indicate a pKa value of 10.2 for the 
[Fe(edta)(OH)I2 - species. The value of K1 can be determined 
accurately from a potentiometric or spectrophotometric titra- 
tion of either 1 : 1 mixtures of Fe(C10,), and Na,(H,edta) or 
Na,(edta), or of Na[Fe(edta)]. A typical example of such a 
titration curve is given in Fig. 1, from which it follows that there 

[Fe(edta)(H,O)]- & [Fe(edta)(OH)I2- + H +  (1) 

is no evidence for a second deprotonation step at pH < 11. The 
pK, values measured in this study as a function of complex 
concentration and ionic strength revealed a steady decrease 
from 7.8 to 7.2 on increasing the ionic strength from 1 x to 
0.5 rnol drn-,. 

Detailed potentiometric studies of the hydrolysis equi- 
libria 4 1 * 4 2  have revealed evidence for the formation of a dimeric 
species as indicated in equation (2), where each unit of the dimer 
takes a quinquedentate six-co-ordinate geometry both in the 
solid state and in aqueous solution.32 Combination of 
equations ( 1 )  and (2) results in the overall equilibrium (3), for 

2[Fe(edta)(0H)l2 - & 
[(edta)Fe-0-Fe(edta)l4- + H 2 0  (2) 

2[Fe(edta)(H20)] 1, 
[(edta)Fe-O-Fe(edta)J4- + 2H' + H 2 0  (3) 

which K ,  = K l 2 K 2 .  Typical values reported in the literature42 
at 25 "C are pK, = 7.58, log K ,  = 2.95 and pK, = 12.21. 

Additional information on the equilibria in solution comes 
from UV/VIS spectra recorded as a function of pH and [Fe- 
(edta)-1. At a relatively low [Fe(edta)-] of 2 x lo4 rnol dm-, 
an absorbance maximum occurs at 255 nm (E = 9000 & 200 
dm3 mol-' cm-') for pH 3.7 & 0.1. On increasing the pH 
gradually the absorbance maximum shifts to 242 nm (E = 
8000 & 200 dm3 mol-' cm-') for pH 10.0 f 0.5 with an 
isosbestic point at 242 nm. These observations are in good 
agreement with those reported in the l i t e r a t ~ r e , ~ ~ . ~ '  viz. 
maxima at 256 (9300) and 240 nm (E = 8800 dm3 mol-' cm-') 
at low and high pH, respectively. These spectral changes are 
assigned to the deprotonation of [Fe(edta)(H,O)] - to produce 
[Fe(edta)(0H)l2- during the increase in pH from 3 to 10. 
Significantly different spectral changes are observed at higher 
complex concentrations and longer wavelength. Spectra 
recorded for a 5 x lo-, mol dm-, solution as a function of pH 
exhibit the formation of a broad band at 470 nm, which is seen 
even more clearly for a 2 x lo-, moi dm-, solution as shown in 
Fig. 2. The formation of the band at 470 nm is further 
accompanied by the formation of a broad shoulder at ca. 540 
nm. These spectral changes are ascribed to the formation of 
[Fe(edta)(OH)]2P followed by the dimerization reaction (2) at 
these relatively high complex concentrations. The overall 
equilibrium (3) is shifted towards the left at low pH and low 
complex concentrations. These observations are in good 
agreement with similar ones reported in the literature., 1.41-45 

Various indications of the concentration level of the dimer are 
given in the literature ranging from 11% in a rnol dm-, 
complex solution at pH > 8 1 9 4 2  to 38% in a 3 x lou3 mol dmP3 
solution at pH 9.41 It was suggested that the bridged species is 
produced when the aqua and hydroxo complexes react at the 
pK, v a l ~ e . ~ ~ , ~ ~  The formation of a di-p-hydroxo bridged 
complex followed by the loss of a water molecule was also 
~uggested.~ 

Analysis of the spectral data recorded in this study (typical 
examples are shown in Fig. 2) on the basis that the dimeric 
species has a molar absorption coefficient of 115 dm3 mol-' 
cm-' at 540 nm4' indicated that a maximum concentration of 

http://dx.doi.org/10.1039/DT9920001037


J .  CHEM.  SOC. DALTON TRANS. 1992 1039 

I 
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equilibria (4)-(6) for which selected values for the equilibrium 

o m  0 

1 , 1 ~ 1 % 1 t 1 i 1 ~ 1  

2 3 4 5 6 7 8 9 
PH 

Absorbance at 480 nm as a function of pH for various [S1v]p 
mol dm-3; [S"], = 

Fig. 3 
Experimental conditions: [Fe(edta)-] = 5 x 
5 x (O), 0.10 (O), 0.15 (m) or 0.20 rnol dm-3 (0) 

1.6 

z 
i? 1.2 
d 
a c 
a 0 
0.8 

e 

a 0.4 
0 
u) n 

0 '  I I I I I 
2 4 6 a 10 12 

( A  -A,)[S 1v]-'/dm3 mol-' 

Fig. 4 Plot of absorbance uersus ( A  - AO)/[S1"] according to 
equation (8) for the reaction [Fe(edta)(H,O)]- + SO,2- 
[Fe(edta)(SO,)l3- + H,O. Experimental conditions: [Fe(edta)-] = 
5 x rnol dm-3, pH 7.2; 25 "C, I = 0.5 rnol dm-3 

the dimer is reached at pH 2 pK1. This concentration amounts 
to ca. 207, of the total Fe"' for a 5 x lop3 mol dm-3 solution and 
to ca. 509, for a 2 x 1 t 2  rnol dm-3 solution. No evidence for the 
formation of dimeric species was found at [Fen'-JT = 2 x lo4 
rnol dm-3. 

Fourier-transform techniques using an ATR cell were 
employed in an effort to obtain additional structural 
information on the [Fe(edta)] - complex in acidic solution. 
Measurements were performed in water and D,O as solvents. 
Good resolved spectra could be obtained for 0.25 mol dm-3 
solutions of [Fe(edta)]-, which are in good agreement with 
that reported for the solid complex.46 The antisymmetric 
vibrations of the C0,- group shows a shift from 1620 cm-' at 
pH 7 to lower wavenumbers on decreasing the pH and results 
in two peaks at 1614 and 1607 cm-' at pH z 1 .  This is 
interpreted in terms of dechelation of the ligand at lower 
pH23-33 35 since the more ionic the nature of the group the 
lower is the w a v e n ~ m b e r . ~ ~  These results further support the 
suggestion that all the carboxylate groups on the edta ligand 
are co-ordinated to the iron centre at pH 25, i.e. we are 
dealing with a seven-co-ordinate aqua complex under such 
conditions. 

Formution of [ Fe(ed ta)(SO,)] - .-With the information 
reported in the previous section on the nature of the [Fe(edta)]- 

H 2 0  + S 0 2 & H S 0 3 -  + H +  (4) 

H S O ~ -  I, so3'- + H +  ( 5 )  

constants at 25 "C are ' K4 = 1.26 x lo-' rnol dm-,, K ,  = 
5.01 x rnol dm-3 and K6 = 8.8 x lo-' dm3 mol-'. It 
follows that the main sulfur(rv) oxide species in solution can be 
SO,, HS03-  or SO,'- depending on the pH of the solution. A 
disulfite S,05'- species is formed at high concentrations of 
HS03- ,  but the magnitude of Ks is such that S205'- will exist 
as 299% HS03-  at [S2052-]T < 0.05 mol dm-3. The [Fe- 
(edta)] --sulfite mixtures at pH 4.2-7.2, i.e. where mainly HSO,- 
and - are present in solution, respectively, produced 
yellow to orange solutions accompanied by significant absorb- 
ance increases at ~ 4 5 0  nm due to complex formation. On 
further increasing the pH to 8.7, decomposition of the sulfito 
complex occurs which is accompanied by the formatio:i of 
substitution-inert hydroxo and dimeric species. This trend can 
be seen more clearly from a series of absorbance measurements 
as a function of pH at various sulfite concentrations as shown in 
Fig. 3, and is in good agreement with the reported pK1 value for 
the co-ordinated water molecule. The absorbance at 470 nm 
increases with increasing sulfite concentration and reaches a 
limiting value at high sulfite concentrations. In terms of the 
complex formation equilibrium (7), the equilibrium constant K7 

[Fe(edta)(H,O)]- + S 0 3 2 -  
[Fe(edta)(S0,)I3- + H,O (7) 

K7 = (A - Ao)/(A, - A)[S03'-] 

or 

can be estimated from the absorbance data when plotted 
according to equation (8) as indicated in Fig. 4, where A,, A and 
A, are the absorbances at 470 nm following the addition of no, 
some and a large excess of sulfite, respectively. The data in Fig. 4 
result in K7 = 6.2 f 0.3 dm3 mol-', and A, = 1.91 f 0.06 
( E  = 380 dm3 mol-* cm-') at pH 7.2. Similar measurements at 
higher pH resulted in lower values of K7 (for instance 5.3 dm3 
mol-' at pH 7.5) due to the interference from substitution-inert 
[Fe(edta)(0H)l2 - species under such conditions. 

The complex formation with sulfite was also studied using the 
described Fourier-transform IR technique. For this purpose 
spectra of 0.25 mol dm-3 [Fe(edta)] - in D 2 0  were recorded as a 
function of added Na2S0,. Three new bands at 1213,1093 and 
923 cm-' appeared during the addition of sulfite, the first and 
last of which also occur for solutions of Na2S0, in D20. It 
follows that the band at 1093 cm-' is due to the formation of the 
sulfito complex and it is ascribed to the S-0 stretching 
frequency of co-ordinated sulfite. It has been reported in the 
literature47 that such a band is characteristic for the formation 
of a S-bonded sulfito complex since 0-bonded sulfito complexes 
exhibit stretching bands below 960 cm-'. 

In a series of experiments the stability of the [Fe(edta)- 
(SO3)I3 - complex was investigated by pH titration with acid 
and base. The titration of a 1 :  1 mixture of [Fe(edta)]- and 
Na2S03 (both 1 x low2 mol dm-3) with base resulted in a very 
similar titration curve as shown in Fig. 1,  with a pK value of 7.3. 
This indicates that a 1 : 1 mixture is not sufficient to co-ordinate 
the Fe(edta). In the presence of an excess of sulfite the titration 
with acid shows a pK at 6.4 which is in agreement with the 
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Plot of k&[' uersus [H +I-* for the data in Fig. 6(a) according to Fig. 7 
equation ( 1  1 )  

protonation of S 0 3 2 -  as shown in reaction (5). These processes 
were also followed spectrophotometrically and similar 
conclusions were reached. 

Kinetic Measurements.-The observed spectral changes 
associated with the complex formation reaction (7) can be 
employed to study the kinetics of this reaction using temper- 
ature-jump and stopped-flow techniques. Preliminary experi- 
ments on equilibrated solutions of [Fe(edta)] --S032 - 
mixtures, exhibited depending on the selected experimental 
conditions, two temperature-jump relaxations, a typical 
example of which is shown in Fig. 5. The kinetic data for the 
slow relaxation agree very well with those obtained from the 
stopped-flow experiments (see further Discussion). The fast 
relaxation exhibits characteristic pH and [S"IT dependences 
(see Fig. 6). Notwithstanding the relatively large experimental 
error limits (up to 10%) involved in these measurements, 
which are mainly due to the weak intensity of the observed 
relaxation signals, the observed trends in the rate data are 
significant. The pH dependence of the fast reaction can be 
interpreted in terms of the reaction scheme outlined in (9), for 
which the rate equation is (10) when an excess of sulfite is 
employed. 

[Fe(edta)(H,O)]- [Fe(edta)(OH)]'- + H +  (9) 
+ SO3'- + SO,'- 

1.11 1, k . 1 1  x-b 

[Fe(edta)( SO 3)] - + H zO/OH - 

The significantly more labile aqua complex accounts for the 
increase in kobs with decreasing pH, and for the disappearance of 
the relaxation at pH >8.5 [Fig. 6(a)J. It follows that k,  % kb 
and (k-a + k-b) is small, such that equation (10) can be simplifed 
as shown in (1 1). At constant [S032 -3, equation (1 1) predicts a 

linear relationship between kobc1 and [H+]-'. This is indeed the 
case for the data in Fig. 6(a) as shown in Fig. 7, from which it 
follows that k ,  = 4.3 x lo6 dm3 mol-' ssl and pK, = 7.3. The 
latter value is in good agreement with that determined 
potentiometrically in this study. 

The sulfite concentration dependence of the fast relaxation 
[Fig. 6(6)] demonstrates that kobs is a linear function of 
[Fe(edta)- + (expressed in this way since sulfite is not 
in a large excess under all conditions) at low sulfite concen- 
tration, i.e. under the conditions where the pH dependence was 
investigated. The intercept of this plot is rather small and 
represents (k-, + k-b) according to equation (lo). Furthermore, 
Fig. 6(b) indicates that a limiting value for kobs is reached at high 
sulfite concentration. The fact that the substitution reaction 
becomes independent of [SO,'-] may be an indication for the 
operation of a limiting D mechanism, in which case the 
dissociation of a water molecule becomes the rate-determining 
step under such conditions. The suggested mechanism based on 
the observed pH dependence, namely that the aqua complex is 
the main reactive species, is outlined in equation (12). For this 

[Fe(edta)(H,O)]- [Fe(edta)J- + H 2 0  
m + S 0 3 2  - 

[Fe(edta)(SO,)] - 
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Fig. 9 Rate constants kobs as a function of pH for (a) the apparent 
formation of [Fe(edta)(SO3)I3- and (6) the equilibration of the 
[Fe(edta)] - system according to equation (3). Experimental conditions: 
(a) h = 360 nm, 25 "C, I = 0.5 mol dm-3, [Fe(edta)-] = 1 x lk3 (SF) 
or 5 x mol dm-3 (TJ), [S'v], = 1 x (SF) or 5 x mol 
dm-3 (TJ); (6) 1 = 0.3 rnol dm-3, 25 "C (AT = 3 "C for TJ data), 
[Fe(edta)-] = 1 x lo-' (TJ) or 5 x rnol dm-3 (SF), h = 340 (TJ) 
or 470 nm (SF). 0, Stopped-flow (SF) measurements; 0, temperature- 
jump (TJ) measurements 

mechanism the appropriate rate expression is (13), for which it 

can be assumed that k-, is rather small, i.e. the intercept in Fig. 
6(b). Under these conditions the limiting rate constant at high 

should be h e a r  with intercept k8-l and slope k-,/k,kg. The 
corresponding plot in Fig. 8 demonstrates the validity of the 
above simplification and results in a k,  value of 6.3 x lo4 s-' 
and a k-8/k9 value of 0.02 mol dm-3 at pH 7.3. The latter ratio 
demonstrates the higher nucleophilicity of sulfite compared to 
water especially when k-* is expressed as a second-order rate 
constant since then the ratio has a value of 3.5 x Results 
similar to those reported in Fig. 6(b) were also found for a series 
of experiments at pH 8.1.48 An alternative mechanism to 
account for the non-linear dependence of kobs on could 

should be k ,  and a plot of k,,,;' uersus 

be an interchange process involving formation of the ion pair 
[Fe(edta)(H,O)] -. However, the double reciprocal plot 
then results in an ion-pair formation constant of 50 dm3 mol-', 
which is unrealistic for ion-pair formation between similarly 
charged ions. 

The above reported value of k ,  at pH 7.3, uiz. 6.3 x lo4 s-', 
should when extrapolated to lower pH, i.e. where [Fe(edta)- 
(H20)] - is the only species in solution, correspond to the water- 
exchange rate constant for this complex. With the aid of the pH 
dependence reported in Fig. 6(a), k8 can be extrapolated to ca. 
1.8 x lo5 s-' at low pH, which is close to the literature value of 
8 x lo5 s-1 obtained from NMR relaxation experiments.28 The 
operation of a dissociative mechanism as outlined in equation 
(12) can be ascribed to the labilization effect of the edta chelate, 
which results in a much higher solvent-exchange rate constant 
for [Fe(edta)(H,O)] - than for [Fe(H20),]3+.28 Furthermore, 
the dissociative behaviour of the aqua complex is in line with the 
seven-co-ordinate structure of this complex in solution, which 
cannot undergo substitution in any other way. Similar results 
were recently reported for water exchange of the aqua(o- 
phenylenediamine-N,N,N',N'-tetraacetato)ferrate(III) complex, 
which is also a seven-co-ordinate species4, The positive volume 
of activation was interpreted in terms of a dissociative- 
interchange mechanism. 

At this point it is important to note an apparent discrepancy 
in the data. From the intercept and initial slope of Fig. 6(b) it is 
possible to calculate the overall equilibrium constant for the 
formation of [Fe(edta)(S03)13 -, viz. k&,/k_,k-, according to 
the mechanism in equation (12). This value turns out to be 
ca. 260 dm3 mol-', which is significantly larger than that 
determined spectrophotometrically, viz. K ,  = 6 dm3 mol-'. A 
likely explanation is that the latter value was determined in an 
overall thermodynamic way and may include for instance a pre- 
equilibrium between six- and seven-co-ordinated [Fe(edta)- 
(H20)] - species 5 0  (see earlier Discussion) or a post-equilibrium 
between such species for the [Fe(edta)(S03)13 - complex. 
Whatever the nature of this equilibrium, its formation constant 
must be cu. 4 x 1W2 in order to resolve this apparent 
discrepancy. 

Preliminary stopped-flow kinetic measurements indicated 
that kinetic traces can only be obtained at pH 26.9 and 
[Fe(edta)-] b 1 x dm3 mol-' with sulfite in at least a ten- 
fold excess to ensure pseudo-first-order behaviour. At lower pH 
and complex concentration no significant kinetic signal could 
be recorded on the stopped-flow time-scale (dead time of 2-4 
ms). Some preliminary experiments were performed in the 
presence of 0.1 rnol cim-3 tris(hydroxymethy1)aminomethane 
(Tris) buffer, and indicated a direct reaction between [Fe- 
(edta)]- and the buffer. No buffer was therefore employed in all 
subsequent work, and where possible the buffer properties of the 
sulfite system were employed. The observed first-order rate 
constants strongly depend on pH in the range 7-11, with an 
exponentla! decrease in kobs with increasing pH as demonstrated 
in Fig. 9(~') .  These results are in exact agreement with the data 
found for the second slow relaxation in the temperature-jump 
experiments, for which the data are also included in Fig. 9(a). 
If the observed kinetic traces represent a complex formation 
reaction, which could in principle account for the observed pH 
dependence, it is reasonable to expect that kobs will depend on 
[S"]T. A series of experiments at different pH (see Table 1) 
demonstrated that the observed reaction (stopped-flow and 
second temperature-jump relaxation) is independent of [SIv]T 
under all conditions. The slight decrease observed in kobs with 
increasing [S"IT at some pH is ascribed to a slight change in pH 
along the series of experiments, since no buffer could be 
employed. 

In order to elucidate the nature of the slow kinetic step 
observed in both the temperature-jump and stopped-flow 
experiments a series of experiments were performed on 
solutions of [Fe(edta)] - in the absence of added sulfite. These 
exhibited a clear temperature-jump relaxation in the range 
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Table 1 Rate constant kobs as a function of [S'v], for the slower reaction observed for the [Fe(edta)]--S032- system" 

[Tris buffer]/ 
h */nm mol dm-3 Z/mol dm-3 pH' [S'v],/moi dm-3 kObsd/s-' Method 
340 0.1 0.3 7.20 

360 

360 

0.1 0.5 

0.5 

8.25 

9.0 

7.50 
7.56 
7.62 
7.7 1 
7.74 
8.74 
8.79 
8.70 
8.7 1 
8.60 
9.47 
9.37 
9.49 
9.4 1 
9.44 

10.5 
10.5 
10.5 
10.4 
10.4 
11.0 
11.0 
10.9 
10.9 
10.9 

LO x 10-3 
5.0 x 10-3 
1.0 x lo-' 
1.5 x 
2.0 x 
2.5 x 
3.0 x 
3.5 x 
1.0 x 
2.5 x lo-' 
5.0 x lo-' 
7.5 x 
0.10 
0.125 
1.0 x 
2.5 x 
5.0 x 
7.5 x 
0.10 
0.125 
1.0 x 
2.0 x 
3.0 x 
4.0 x 1C2 
5.0 x 
1.0 x lo-' 
2.0 x lo-' 
3.0 x lo-' 
4.0 x 
5.0 x 
1.0 x 1 e 2  
2.0 x 1 e 2  
3.0 x lo-' 
4.0 x 1 e 2  
5.0 x 

1.0 x lo-' 
1.5 x 
2.0 x 
5.0 x lo-' 

1.0 x 
1.5 x 
2.0 x 
5.0 x 

5.0 x 10-3 

5.0 x 10-3 

91.3 TJ 
91.5 

101 
110 
86.6 
85.4 
87.9 
90.2 
23.0 
23.3 
22.3 
20.2 
19.2 
19.0 
7.16 
6.1 1 
7.69 
6.78 
6.7 1 
6.45 

25.8 
24.9 
24.2 
23.6 
22.8 
2.26 
1.74 
1.80 
1.51 
1.55 
0.72 
0.84 
0.65 
0.58 
0.55 
0.050 
0.050 
0.050 
0.050 
0.050 
0.018 
0.019 
0.018 
0.0 18 
0.017 

SF 

SF 

a [Fe(edta)-] = 1.0 x mol dm-3, 25.0 "C. Wavelength at which kinetic measurements were performed. Only one pH value is quoted for the 
experiments in which Tris buffer was used since the pH was identical for the different solutions. Mean value of at least four kinetic experiments with 
an average standard deviation of 10% for the temperature-jump (TJ) and 5% for the stopped-flow (SF) measurements. 

pH 7-9, for which the results are summarized in Fig. 9(b). 
Surprisingly, the rate data for this relaxation in the absence of 
added sulfite exactly coincide with those observed for the slow 
step in the presence of sulfite. This observation indicates that 
we are dealing with a kinetic step in the [Fe(edta)]- system 
itself, which is also the rate-determining step during the slow 
reaction with sulfite. The most likely possibility involves the 
dimeric complex produced in reaction (3), which on 
dissociation forms the labile aqua complex that can rapidly 
undergo substitution by sulfite. This means that the rate data 
recorded for this complex must represent those for the 
equilibration process in (3). A few blank stopped-flow 
experiments were performed at 470 nm (ie. where the bridged 
complex exhibits a maximum, see Fig. 2), in which solutions 
of [Fe(edta)]- were mixed with the solvent at the same ionic 
strength and pH. Such experiments indeed resulted in 
absorbance decreases [equilibrium (3) is shifted to the left] 
and kinetic data in excellent agreement with those obtained 
using temperature-jump techniques [see Fig. 9(6)]. In 
addition, a few experiments at significantly lower complex 

concentration (2 x 10-4 mol dm-3) indicated no kinetic signals, 
in agreement with the absence of the bridged species under such 
 condition^.^ 1-44 

It follows that the slow reaction observed must be due to the 
equilibration process outlined in (3) and a subsequent fast 
reaction of the aqua complex with sulfite as shown in (14).44 
The contribution of this step will only be significant at higher 
complex concentrations and at pH values close to the pK1 value 
of the aqua complex. A maximum concentration of the dimer 
will be present at pH = pK1. Since the dissociation of the dimer 
is the rate-determining step under such conditions, the observed 
reaction did not exhibit a meaningful sulfite concentration 
dependence. The subsequent reaction of the aqua complex with 
sulfite is significantly faster (see data for first step in temperature- 
jump experiments). An appropriate rate law for this process 44 is 
given in equation (15), which under the selected experimental 
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Plot of kobs i'ersus [H'] for the data in Fig. 9(b) according to Fig. 10 
the reaction scheme (14) 

[Fe(edta)(0H)l2- + [Fe(edta)(0H)l2- 

+H30' 

k-11 \\*" 
[Fe(edta)(0H)l2- + [Fe(edta)(H20)]- 

+so32- fast I 
[Fe(edta)(S03)]% + H20 

conditions simplifies to kobs = k , ,  + kll[H+].44 The experi- 
mental data in Fig. 9(b) do exhibit a linear [H+] dependence, as 
shown in Fig. 10, with intercept 2.6 f- 2.3 s-' ( k , , )  and slope 
(1.32 & 0.05) x lo9 dm3 mol-' s-l ( k ,  ,). A similar plot for the 
data in Fig. 9(u) results in an intercept of 3.7 & 1.9 ssl and a 
slope of (1.10 0.04) x lo9 dm3 mol-' s-I. The agreement 
between these two sets of data is remarkably good when the 
experimental error limits are taken into consideration, and 
demonstrates once again that the same kinetic step is observed 
in the absence and presence of sulfite under these experimental 
conditions. The kinetics of the spontaneous and acid-catalysed 
dissociation of the dimer ( k , ,  and k , , ,  respectively) has been 
studied before.44 The reported values are k , ,  = 5 x lo8 dm3 
mol-' s-' and k , ,  = 1.2 s-l at 25 "C and 1.0 mol dmP3 ionic 
strength.44 These values are close to those reported above. It 
follows that dissociation of the dimer is the rate-determining step 
under such conditions and can account for the slow reaction step 
observed in both the absence and presence of sulfite. 

Conclusion 
The results of this study have clearly indicated the ability of 
[Fe(edta)] - to produce a 1 : 1 S-bonded sulfito complex. 
Neither the equilibrium nor kinetic observations indicate the 
formation of a higher substituted complex, from which it follows 
that the frans labilization effect of co-ordinated sulfite is not 
capable of labilizing the edta ligand. The substitution process is 
controlled by the lability of the [Fe(edta)(H,O)] - species and 

can only be observed kinetically on a temperature-jump time- 
scale. The pH dependence of the substitution reaction is related 
to the formation of inert hydroxo and 0x0-bridged species. The 
[Fe(edta)(H,O)] - complex exhibits dissociative behaviour and 
the limiting rate constant reached at high sulfite concentration 
is in close agreement with the solvent-exchange rate constant 
reported in the literature. This result demonstrates how the 
chelation effect induces the labilization of the co-ordinated 
water molecule and favours a seven-co-ordinate structure for 
the aqua complex. Kinetic processes observed on a millisecond 
time-scale are due to the rate-determining dissociation of an 
0x0-bridged dimeric species. Finally, the results reported in this 
study illustrate the difficulties encountered in kinetic studies on 
the substitution behaviour of metal edta complexes in general. 
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