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Kinetics and Mechanism of Complex Formation Reactions in the Iron(lll)-Phosphate lon
System at Large Iron(lll) Excess. Formation of a Tetranuclear Complex
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The kinetics and mechanism of the iron(fphosphate ion reaction were studied at large iron(lll) excess using
the stoppeeflow method at 10.0C in 1.0 M NaClQ. In the first few hundred milliseconds of the reaction, the
formation of a novel tetranuclear complex was confirmed. The following composition is proposed for the new
species: F£POy)(OH)(H20)16"". According to detailed kinetic studies, the formation of this species is first
order with respect to REOH),(H,0)s*" and HPO,~ and presumably proceeds via a dinuclear intermediate species.
At longer reaction times slow dissociation of the tetranuclear complex controls the formation of the
thermodynamically favored Fe(RJ{H,O)s complex. The overall reaction was interpreted in terms of the following
reactions: FgOH)y(H.0)g*™ = 2Fe& 1, Fe(OH)x(H0)*™ + P(V) == FePY; FePY + Fe(OH)y(H0)* =

FePY; FEmn + P(V) == Fe(PQ)(Hz0)s. (FE"mn = Fe(H0)s" + Fe(OH)(HO)s2t; P(V) = HsPOy + H.POS;

FeP' = Fe(HPO)(OH)(H20)s*"; FesPY = Fey(POy)(OH)x(H20)16"".) The pH dependence and relevant rate
and equilibrium constants are reported for the individual reaction steps.

Introduction Table 1. Stability Constants for the Protolytic Reactions of Iron(lIl)

In a recent study, we have shown that spectral changeQalnd Phosphate lon

observed in the iron(lIF-sulfite ion system at metal ion excess reaction parameter value ref
are due to complex formation between the dimeric dihydroxo- Fe¥* = FeOH* + H* logfns  —3.03 2
iron(lll) species (FEOH),*") and sulfur(IV)12 Our main 2th+ = Fez(OH+)24+ + %H+ logfha  —2.98 2
objective was to find an appropriate model system in which Ee; :f?_('%H)Z_iE:j :OgﬁhZ :(13?91 002 23
the complex formation reactions of #&H),*" can be studied sPQ: = H, 0427 N 09 Par  —- Pl

] . HPO,~ = HPOA” +H log Kaz 6.31+£ 0.0 d
without the interference of subsequent redox steps. So falr, Fe  pes+ 1 4,pQ, = FeHPQ* + 2H*  l0g fm 1.28 11
type complexes were reported in a few redox reactions of iron- Fe* + HsPQ, = FePQ + 3H*+ 10g Bz 0.78 11

. . e . -
(1 Wlth organic reac_tant§. According 1o our prelzllrl"llnary 210.0°C, u = 1.0 M (NaClQ). ® Estimated by extrapolation to 10
studies, a dlrec_t reaction also occurs betweei{®id),*" and °C.©25.0°C, u = 3.0 M (NaNQ). ¢ This work.
the phosphate ion.

While the equilibria in the iron(lI-phosphate ion system  purification. The iron(lll) and free acid concentrations of the stock
have been studied in det&ill? kinetic data were determined  solutions were determined as described eatfi€tExperiments were
only for the formation of FepPQ,2" and Fe(HPOy),+.1! That carried out at 10.6t 0.1°C in 1.0 M NaClQ.

work was done at large phosphate ion excess and low iron(lll) Igstrumentati?n. rL]J\:_ViSt sz%rzzivgﬁ: recotr)c.ieti on ‘I'J‘ HP-|85t43d
concentration. Now we report a kinetic study at large iron(lll) 9'0¢€ aray spectrophotometer. combination giass electrode

excess that was designed to explore the ligand substitutionwas used for pH measurements with a PHM85 pH meter (Radiometer),
and the pH meter readings were converted intd][lds described

reactions of the F€OH);** complex. earlier!#In the kinetic runs, the pH= —log[H"] < 2.50) was calculated
Experimental Section from the composition of the samples. Kinetic measurements were
performed with an Applied Photophysics DX-17 MV sequential
stopped-flow apparatus at 2 and 10 mm optical paths as reported
earlier?®> Nonlinear least-squares fitting procedures were carried out
ifabian@ With the software package SCIENTIST.

Reagents.Reagent grade NBIPO,-2H,0 (Reanal, Hungary) and
low chloride iron(lll) perchlorate (Aldrich) were used without further
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(1) We assume that the iron(lll) complexes are octahedral, and the Results and Discussion
coordinated water molecules are not given in the formulas unless it

has particular significance. Protolytic Equilibria and Kinetics. The stability constants
(2) Lente, G.; Fhian, I. Inorg. Chem.1998 37, 4204. used for the protolytic reactions are listed in Table 1. The acid
8; gﬁ;és’\ﬂj o ()J%fgr?”hREE(‘;:SVGC-:r%:;’Télgigégi"%gzllfo- dissociation constants of phosphoric acid were determined in
(5) Sisley, M. 3 Jordan, R. Bnolrg. Chem.1995 34, 6015. the present study using standard pH potentiometry. The
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Table 2. Kinetic Parameters for the Complex Formation Reactions
in the lron(lll)—Phosphate lon Systen & 10.0°C,u = 1.0 M

(NaClQy))
parameter value
kit (5.94 0.4) x 102571
Kn2 1.084+0.02M1s?t
kn (5.84+ 0.7)x 104 Ms1
K-h1 71 M tsla
K-h2 1.2M1lgla
k-h3Bn2 6.5x 10*Msta
ko (1.44+0.02)x 1P M-1st
24+ 1.0M1s?
KagBn1 + KapKa1 0.804+0.16 st
ks (4.7+£0.1)x 1M 151
k-2 0.184+0.03s?
Kaz (7£2)x 100M 1
K20 8x 1P M1b

e{Fe(OH),*'}, 340 nm
e{Fe(OH),*"}, 370 nm
e{FeOH"}, 340 nm
e{FeOH"}, 370 nm
e{FePQ}, 340 nm
e{FePQ}, 370 nm

@ Calculated from the appropriate combination of forward rate

2760 180 M1cm™?
630+ 40 Mtcmt
70050 M1emt
160+ 10 M~tem?
160 30 Mtcm?t
~0

constants and equilibrium constarR€alculated from the kinetic

parameters akzo = ko/k-2.
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Figure 1. Comparison of kinetic curves obtained at two wave-

experimental data were evaluated with the software packagejengths under the following conditions: [Fe(lll}} 4.86 mM, [Fe-

PSEQUADY

(OH)#*]o = 0.073 mM, pH= 1.60, P(V)= 0 (curve 1), 2.0x 105

The protolytic equilibria involving various phosphate species M (curve 2), 6.0x 1075 M (curve 3), 5.0x 1074 M (curve 4), 1.5x
and the monomer forms of iron(lll) were treated as fast 10°° M (curve 5),T = 10.0°C, x = 1.0 M (NaClQ), optical path
preequilibria. In contrast, the formation and dissociation ¢f Fe
(OH)*" are relatively slow and interfere with some of the ) . ]
reactions studied here. Recently, we have proposed an improved €(OH)2*" was controlled by selecting appropriate total iron-
mechanism for the dissociation of F®H),*" and confirmed

the following rate lawt>

Fe,(OH),"" = 2Fe,,

Uhar = khdr[Fez(OH)24+] - k—hdr[':emn]2 1)
where [Fe = [Fe*'] + [FeOHF' and

Kngr = Ky + KlH T +

ks
[H]

length 10 mm (340 nm) and 2 mm (275 nm).

(1) concentration and pH. The main absorbing species are Fe-
(OH)*" and Fg(OH),** at 340 nm While the concentration of
Fe(OHY¥* is practically constant, the dimer dissociates into the
monomer forms in a slow process (eq 1). Thus, at [PE&Z))

the absorbance is nearly constant in the first phase and the
absorbance change reflects the change ip({d),**] at longer
reaction times. The initial absorbancetat 0 is independent

of the phosphate ion concentration, indicating that fast reaction
steps do not occur within the dead time of the stoppiéalv

(SF) instrument.

In the first phase, the amplitude and the rate of the absorbance

K. = decay are increased by increasing [P(V)]. Becausé >
~har [P(V)], the small contribution of the monomeric iron species
B /k B+ K [H*] + K_nabBha to the absorbance is constant and the spectral effects cannot be
By +H'] +ﬁh2/[H+])2\ ~hanl © P-h2 H] assigned to the reactions of ¥g, Thus, the observations

confirm the formation of a weakly absorbing product in a fast

The values okna, knz, kna, K-n1, K-z, andk_nz were determined ~ reaction between P(V) and KOH),**.
for the conditions applied here as described earlier (Tablé 2). In the second phase, the final absorbance increases with

Spectral Observations in the Iron(lll) -Phosphate lon increasing [P(V)] (i.e., phosphate ion is also involved in the
System. Composite spectral changes were observed when slower process). A comparison of the kinetic curves in Figure
solutions of the phosphate ion were mixed with excess iron- 1a reveals that the reaction(s) of P(V) in the second phase and
(1) (Figure 1). After a fast initial decay, the absorbance steadily the dissociation of F£OH),#t are kinetically coupled and the
increased and reached its final value within a few minutes in experimental traces correspond to a complex kinetic process.
the 306-430 nm region. We refer to the two distinct time Kinetic traces at the 275 nm absorbance maximum of the
regimes of the reaction as first and second phase, respectlverFel_bPO“y complex! showed marginal absorbance change in
B.elow 300 nm the first phase was less apparent and completelyipa initial phase even at the highest [P(V)] applied (Figure 1b).
disappeared at shorter wavelengths. , This confirms again that the fast absorbance change in the 340

To avoid complications arising from slow formation of the 430 nm range is due to the formation of a novel phosphato

dinuclear hydroxo complex (eq 1), reagents of equal pH were ;o hjey \ith Fg(OH),4*. The amplitude of the corresponding
mixed in the kinetic experimen#sThe initial concentration of spectral effectAA, is defined as the difference between the
absorbances measured at 0 and at the end of the first phase.
The normalized value ckA is shown as a function of the initial
[P(V)]/[Fex(OH),*"] ratio at 340 and 370 nm in Figure 2. The

(17) Zekany, L.; Nagypa I. In Computational Methods for the Determi-
nation of Formation Constanttegett, D. J., Ed.; Plenum Press: New
York, 1985; p 291.
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. R Fe,P’ + Fe,(OH),* = Fe,P" 4)

2000 4 ¢ 340nm [Fe4PV]

27 [Fe(OH),*1[Fe,P']

(M™)

4,
2 ’ﬂ

4 370 nm
1000 1 This scheme is consistent with the experimental rate law
= * —* provided that the first step is rate-determining and that subse-
qguent coordination of the second ;F@H),*" unit is fast.
0 ——— Because the equilibria are shifted toward the formation gP¥e

00 e 2o se 40 80 the reverse reactions can be neglected. The kinetic traces were

(PV)L, [Fe,(OH), "], fitted on the basis of eq 2 using a nonlinear least-squares

Figure 2. Determination of the stoichiometry for the FOH)** + algorithm and estimating the valueslqf, e(Fe(OH)*t), and
P(V) reaction: pH=1.60,T = 10.0°C, x = 1.0 M (NaClQ), optical €(FeOH').16 The respective molar absorptivities at 340 nm
path length 10 mm. (2760 + 180 and 700+ 50 M~! cm™?) are in excellent

) o ) ) agreement with the results obtained from independent equilib-
well-defined break points in these curves are consistent with a rjym studies (2890 and 620 M cm1).2

1:2 stoighiometric rgtio for the reactants. The same stoiphiometry The pH dependence &, could be interpreted by considering
was verified by using the Job meth&tit was also confirmed e protolytic equilibria between the dominant forms of the
that the product has negligible absorbance in the near-UV ligand, HPO, and HPO;~. Reaction 3 is basically the
visible spectral region. combination of the following two steps

To account for the spectral changes, it needs to be assumed
that a relatively stable complex is formed in the first phase in FeQ(OH)24+ + HPO, = FeQPV
which the phosphate ion simultaneously coordinates to two "
hydroxo dimer complexes. We refer to the novel tetranuclear vy = Ki[Fe,(OH),"][H3PO] (3a)
species as RBY. On the basis of plausible considerations, the
tetranuclear complex should form via an,Pétype species.  Fe(OH),*" + H,PO,” = Fe,P’
However, direct evidence does not support the formation of such _ 4+ -
a species. In Figure 2, the straight lines correspond to the vz = ke[F&(OH), "]IH,PO, ] (3D)
limiting case of extreme stable complex formation. The slight
deviation of the experimental data from these lines is consistent
with the relatively high stability of F&V. N

First, the formation kinetics of the f¢’ complex was studied _ kiHT]+ kKqy
by the initial rate method. The slopes of the plots of lggs " Ky +[H']
a function of log[Fe(OH),*"] or log[P(V)] were reasonably 2
close to 1.0, indicating that the reaction is first order in both
Fe(OH),*™ and P(V). The complex formation in the first phase
is summarized as follows:

AA [ [Fe (OH)

and

The reactivities of the conjugate acid and base forms of a
ligand typically differ by several orders of magnitude. Because
H.PO,~ and HPO;, are always present in comparable concen-
trations, reaction 3a is inferior compared to reaction 3b and
2Fg(OH),* + P(V) = Fe,P’ ki[H*] < k:Ka1. On the basis of this approximation, the fitted

— 4+ values fork; and logKy; are (1.444 0.02) x 1° M~ s tand
an = KanlFEOH), " 1P(V)T (2) —1.414 0.02, respectively. The value for 1&g, is in excellent

[Fe,P'] agreement with the result obtained from the equilibrium
0= Y=y measurements; 1.39 £+ 0.02.
[Fe,(OH), ™ ][P"] At this point it is important to note that either reaction 3 or

reaction 4 may involve proton release. Because the values and

Under the conditions applied, reaction 2 almost always goes topH dependencies oKz and K4 could not be determined,
completion. Thus, the experimental data do not allow us to experimental data are not available for the proton budget in these
determineK 4o with acceptable precision, and it is only safe to steps. Some information could be obtained for the stoichiometry
state that lod4o > 8.0. of FePY and FgP" from the rate equation of the backward

The formation of the F#" complex in a single step would reaction,. which is significant in the second phqse of the reaction.
require the two hydroxo dimers and the phosphate ion to react Reaction between Monomer Iron(lll) Species and Phos-
in a concerted fashion. Such a mechanism would be consistenihate lon. As demonstrated in Figure 1, spectral effects in the
with an overall third-order rate law and can be excluded. We Slower second phase are consistent with the formation of a
propose that an BEV-type complex is formed in steady state m.onophosphato complex. Our experlme.ntal data are consistent
and that the following path is operative: with the results reported for the formation of F&D2+ by
Wilhelmy and co-workerd! However, we formulate this
complex as FePfhecause earlier studfesonfirmed that this

4+ — vV
Fey(OH),™ + P(V) = FeP ®) is the dominant species in the pH range studied:
P . F&" 1+ P(V) = FePQ = knlFE nJPV)] (5)
[Fe,(OH), " ][P"]

The rate constants for this reaction were determined at
(18) Job, PAnn. Chim.1928 9, 113. phosphate ion excess on the basis of the following model:
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Fe" + H,PO, = FePQ+3H" v, =k,[Fe*"|[H,PO]

(5a)
FeOH" + H,PO, = FePQ + 2H"
V4a= K, JFEOH][H,PO,] (5b)
FE" + H,PO, = FePQ + 2H"
vap = Ky [FEXIH,PO, ] (5¢)
FeOH" + H,PO,” =FePQ+ H"
vs = k[FeOH*][H,PO, ] (5d)

Under pseudo-first-order conditions reaction 5 is shifted to the
right and the following expression can be derived Kgf:

_ Ko[H 1% + (KyeBig + KapKa)[H '] + KsByKig
By + H (K +[H)

n

In the fitting procedurefn; and Kap were included with fixed
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Figure 3. Experimental and fitted kinetic traces at two wavelengths
on two time scales under the following conditions: [Fe(1H)]0.0103

M, [Fex(OH)**]o = 0.293 mM, pH= 1.60 (for all curves), [P(V}]=
0.50 mM (curve 1), [P(VY= 0.75 mM (curve 2), [P(V}]= 1.00 mM
(curve 3),T = 10.0°C, u = 1.0 M (NaClQ).

ion is present as FeRGt the end of the reactions amkdmn
was set to zero.

The formation of FgP¥ from the dinuclear complex was
considered to be fast, arg was set to 1dM~1 s, The rate
constantk_¢, and k_q4, and the molar absorbances of FePO

values obtained from equilibrium measurements. The results areyere allowed to float. The molar absorbance of FeRE370

listed in Table 2.

Kinetic Model at Iron(lll) Excess. The reaction was
followed until the absorbance reached its final valt&@—50
s). Matrix rank analysi€ of the time-resolved spectra confirmed
the existence of three absorbing speciesi(®H),*", FeOHT,
and FePQ As discussed before, spectral effects also confirmed

nm was fixed at zero in the final evaluation. Variation kgf
from 107 to 10°° M1 s~ had no effect on the goodness of fit.
When smaller values were used, the error of the fit became
larger. As a result of this variation, the fitted value fory,
changed significantly but thiay/k—_i, ratio remained constant.
This proves again that reaction 4 is a fast equilibrium step and

the transient tetranuclear complex. Thus, the kinetics of the thatKa, = ke/k_r. Calculations with subsets of the kinetic traces

overall reaction can be interpreted in terms of repositioning the
hydrolytic reactions and the formation of /& and subse-
quently FePQ@

Fe,(OH),"" = 2Fe,,
Undr = khdr[Fez(OH)24+] - kfhdr[Femn]z (1)
Fe,(OH),"" + P(V) = Fe,P’
Van = K F&(OH), " IP(V)] — k_g[F&P'T (3)
FeP’ + Fe(OH)," = FeP’
v = ko[F&(OH)," TIFe,P'] — k_[Fe,P'] (4)

Fe¥' .+ P(V)=FePQ
Umn = kmn[Fe3+mn][P(V)] - kfmn[FePQl] (5)
In the final calculations 23 kinetic curves (each with 1000

data points) obtained at 340 and 370 nm were fitted simulta-
neously to the model with the software package ZATa@he

at constant pH confirmed that bath, andk_q4, are independent

of pH. It follows thatk—, = k_q, and the equilibrium constant
for reaction 3b can be calculated from the kinetic parameters
asKyo = ko/k-,. The rate and equilibrium constants obtained in
the present study are collected in Table 2. The agreement
between measured and fitted kinetic traces is shown in Figure
3.

The lack of any pH dependence Kf;, and k_q4, indicates
that the formation of F£Y and FeP' is not associated with
proton release. However, it is very unlikely that subsequent
coordination of two hydroxo dimers to,AO;~ does not induce
the deprotonation of the ligand and leaves the OH bridges intact
in the Fe(OH),*" units. Most likely, these complexes are formed
in a fashion analogous to the dinuclear sulfito complex
Fe(SG3)(OH)(H0)g3 .2 It seems to be very feasible that the
detailed mechanism for reactions 3 and 4 includes simultaneous
loss of an OH bridge from the H@H),*" dimer and depro-
tonation of the ligand. Thus, the stoichiometries fogfeand
FeyPY would be Fe(HPOy)(OH)(H20)et and Fa(POy)(OH),-
(H20)16"", respectively.

Various coordination modes of the ligand can be envisioned
in the tetranuclear complex. Because of the outstanding stability

kinetic parameters were estimated by using a combined numericof this species, the coordination of the phosphate ion to only

differential equation solvernonlinear least-squares algorithm.
The pH dependence &fqr, K-har, Kan, andkmn was determined

one iron(lll) in the dimer units is very unlikely. It can be inferred
that the phosphate ion acts as a bridging ligand by replacing

independently as reported earlier. The corresponding rate andone OH group in both dimers. We propose that each oxygen
equilibrium constants as well as the molar absorbancies of theatom of the phosphate ion is coordinated to a different iron(lIl)

absorbing species were fixed at their known values. Spectro-

center as demonstrated by Chart 1.

photometric observations and calculations based on equilibrium  The odd feature of B8V is the relatively high stability despite

dat# confirmed that practically the total amount of phoshate

(19) Peintler, G.; Nagypal.; Janc$oA.; Epstein, |. R.; Kustin, KJ. Phys.
Chem. A1997 101, 8013.

(20) Peintler, G.ZiTa, version 4.1; Attila Jasef University: Szeged,
Hungary, 1997

the large overall positive charge of the complex. It seems to be
very plausible that thet7 charge is localized mainly on the

four iron atoms. Repulsive forces between the positively charged
metal centers should destabilize the tetranuclear complex. The
very existence of this species may indicate that the coordinated
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Chart 1 Therefore, it is open to question whether the formation of such
7+ a tetranuclear complex occurs specifically with the phosphate
Fe\o Fe ] ion or also with other ligands. This problem will be addressed
\P’O/ \,OH in our ongoing studies.
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