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Formation of Transient lron(lll) —Sulfur(lV)

- - K - +
Complexes Revisited. Application of Rapid-Scan Fe(H0)(SOy), +HSO, == Fe(HO),(SO);™ +H0

: 4
Techniques )
As mentioned befofethere is strong evidence in favor of
F. F. Prinsloo;* Ch. Brandt,*$ V. Lepentsiotis# the sulfito complexes being S-bonded although no definite proof
3.3, PienaarT’and R. van E]dik*v* ’ is available. In a parallel study by Conklin and Hoffmahn,

evidence for only the formation of a 1:1 complex was presented.
Department of Chemistry, Potchefstroom University, Recer_nly Bettertohused continuo_us and pulse-accelergted-flow
Potchefstroom 2520, South Africa, Institute for Inorganic €chniques and also reported evidence for the formation of only
Chemistry, University of Erlangen-Nuberg, Egerlandstrasse & 1:1 iron(ll)—sulfito complex in solution.
1, 91058 Erlangen, Germany, and Institute for Tropospheric  In recent years significant progress has been made with the

Research, Permoserstrasse 15, 04303 Leipzig, Germanydevelopment of rapid-scan spectrophotometric techniques, which
coupled to a stopped-flow instrument enable the recording of

UV —vis spectra on a millisecond time scale. We have now
reinvestigated the complex-formation reactions in the FeflIl)
S(IV) system using different rapid-scan techniques in an effort
Introduction to resolve the apparent discrepancy outlined above. The
. o . reported results clearly underline the validity of our earlier
The iron(lll)-catalyzed autoxidation reaction of sulfur(lV) assignmentsand indicate the participation of at least three

oxides plays an important role in atmospheric oxidation gifferent complexes in solution, which depends on the pH and
processes and has been suggested to be partly responsible ffoncentration employed.

the acidification of precipitatioA. A number of investigations

have been undertaken in recent years in an effort to understancExperimental Section

the Catalytlg role of Fe(III)_, and of tranSIt_lon .metal ions and Materials. All chemicals used in this study were of analytical
complexes in general, during such autoxidation processes.  reagent grade and were used without further purification: Fe{@lO
Itis in general agreed that the metal ion in the higher oxidation gH,0, NaCIQ, HCIO,, NaOH, and N&S,0s.

state can initiate the free radical process via an electron-transfer Preparation of Solutions. The reactant solutions were prepared
reaction shown in (1), which leads to the formation of the sulfite with Millipore Milli-Q water (resistivity > 18 MQ cm) and the pH
was adjusted with the aid of HCk@r NaOH by using a Metrohm pH
meter with an Ingold pH electrode. Buffers were not used in order to
avoid complexation with the highly labile Fe(lll) species. The ionic
strength of the final reaction mixtures was adjusted to 0.1 M with
radical. The mechanistic details of this initiation process have NaClQ,.

received attention from various groups, but nevertheless a I_nstrume_ntation. UV—vis repetit_ive spectrawe_re recorded on two
number of aspects remain unresolved. Of these, one concern#ap'd'scan instruments. In the first instrument a Dionex D110 stopped-

. L . low equipped wih a J & M detector connected to a TIDAS 16-416
the possible participation of various Fe(lll)-S(IV) complexes spectrophotometer was used. The latter &2 cmoptical path length.

that could produce the sulfite radical in (1) via an intramolecular ¢ \yas possible to record 250 spectra during the reaction time of 0.5 s;

electron-transfer process. the first spectrum was recorded 2 ms after mixing the solutions. The
Complex-formation between aquated Fe(lll) and S(IV) oxides Spectra were recorded in the wavelength range 250 to 600 nm.

can be studied using stopped-flow techniques. These reactions The second instrument was a Bio Sequential SX-17MV stopped flow

are in general significantly faster than the subsequent redOXspectroﬂuorlmeter. In this case time dependent spectra were generated

reaction at a bH of ca. 2.5. Earlier work in our laboratdies from individual absorbancetime traces at different wavelengths. In
P L a typical experiment, repetitive scan spectra were recorded by measuring

indicated the possible formation of 1:1, 1:2 and 1:3 ironfHll)  apsorbance changes over a desired time range and at constant
sulfito complexes, depending on the concentration ratio em- wavelength intervals (typicallAZ = 5 nm). In this way multiple
ployed. The most probable reactions under these conditions wavelength kinetic data are generated, which are arranged in matrix
are as follows: form with the spectra occupying the rows and the kinetic profiles
occupying the columns. Each row vector contains a spectrum and each
K, column vector a kinetic trace. The instrument was run on-line with an
Fe(H,0);0H*" + HSO,” = Fe(H,0);S0," + H,0  (2) Applied Photophysics kinetic spectrometer workstation (RISC OS 3
operating system) on which data acquisition and processing was done.

K . . . .
Fe(HZO)5SO3+ + HSO,” 2 Fe(H,0),(S0), + H3O+ 3) Data fitting was performed with the SX.17MV kinetic package.
Results and Discussion
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M™ +HSO;” — MO + 50,7 + HT 1)

:ég:?r?ééc;r\év:r%muﬁ:lvg?gtespondence should be adressed. The_ varipusf eq_uilibria, associated equilibrium constants and
 University of Erlangen-Nthberg. resultmg d_|str|but|on curves when Fe(CJ)@and_ NaS;0s5 are _
$ Institute for Tropospheric Research. dissolved in aqueous solutions have been discussed in detail
(1) Brandt, C.; van Eldik, RChem. Re. 1995 95, 119 and literature elsewher&3489 and will not be discussed here again. We
@ f(ig?t tG‘?rsg‘h Eldik, Rinorg. Cherm 1888 28, 2297 investigated the reaction of aquated Fe(lll) with HSCat
(3) Kraft, J.+ van Eldik. RInorg. Chem 1989 28, 2306. constant ionic strength (0.1 M) and temperature{@hfor the
(4) Conklin, M. H.; Hoffman, M. R.Environ. Sci. Technol198§ 22, experimental conditions: 0.5 [Fe(lll)] = 1 mM, 2 <pH =<
899. ) ) 3, 0.3= [S(IV)] = 20 mM, and 300< 4 < 700 nm. In this
(5) Bal Reddy, K.; van Eldik, RAtmos. Emiron. 1992 26A 661. pH range Fe(bD)3*, Fe(H0)sOH, Fe(HO)s(OH),*, and

(6) Coichev, N.; van Eldik, Rlnorg. Chem.1991, 30, 2375.
(7) Berglund, J.; Fronaeus, S.; Elding, LInorg. Chem1993 32, 4527.
(8) Brandt, C.; Fabian, I.; van Eldik, Rnorg. Chem 1994 33, 687. (9) Betterton, E. AJ. Atmos. Cheml993 17, 307.
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Figure 2. (a) Absorbance increase at 390 nm as a function of [S(IV)]
and pH for the fast reaction step (see text). Experimental conditions:
300 340 380 420 460 500 [Fe(lll)] = 1 mM, ionic strength= 0.1 M, T = 25°C, optical pathlength

b wavelength/nm lcm, Ar atmosphere. (b) Determination of complex—form_atiqn constants
Figure 1. UV-—vis spectra recorded on mixing Fe(lll) and S(IV) Logt;hgg?;;;%aﬁlznsiﬁfa?wgf'5 (based on the data in Figure 2a and
solutions at 25C and ionic strength 0.1 M: (a) Spectra recorded with
the J & M detector, [Fe(lll]= 0.5 mM, pH= 2.5,At = 0.1 s ([S(IV)] dependence of the spectral changes on the selected [S(IV)]
=1 mM), At = 0.05 s ([S(IV)]= 10 mM); (b) Spectra recorded with  indicate the formation of several Fe(HB(IV) complexes in
the Bio Sequential SX-17MV stopped flow spectrofluorimeter, solution. It is important to note that the complex-formation
[Fe(ll)] =1 mM, pH= 2.5,At = 0.05 s ([S(IV)]= 1 mM), At = reactions are almost complete within 50 to 100 ms after mixing,
0.01 s ([S(IV)]= 10 mM). depending on the selected experimental conditions. According

. L . to these results it is understandable that Bettértoy found
H,0)4Fef-OH)Fe(HO)4* species can exist in solution. At . - .
§)H2 5)43 gf]d [F)(Ze(lll(;]-rb 5)42 m?/l the main species present in evidence for the formation of a single Fe(H¥$(IV) complex

solution are Fe(bD)®* and Fe(HO)OH?*. In order to since his measurements were performed at a time interval of

decrease the possible interference of dimeric species the total160 ms, which did not enable him to distinguish between the
[Fe(lll)] was kept at 0.5 or 1 mM. At pH 4 and [S(IV)}r < different complex formation steps. Furthermore, the spectra

0.05 M the main S(IV) oxides in solution are g&q) and reported.ln Elgurg L are in exact agreement with our earlier
HSOy observation&in which a very primitive data treatment procedure

In agreement with our earlier observatiérand those of was employed. As the following treatment will show, the
- S - observed spectral changes can be interpreted in terms of the
Conklin and Hoffmanr{, we observed an initial fast reaction

on mixing the Fe(lll) and S(IV) solutions, which was complete formation of 1:1, 1:2, and 1:3 iron(lll)-sulfito complexes as

within a few milliseconds and was too fast to be followed with outlined in reactions 24, respectively.
. ; The change in absorbance associated with the first complex-
stopped-flow techniques. The spectra, recorded using both

rapic-scan techniques in the absence and presence of S(IV), arformauon reaction exhibits a nonlinear dependence on the total

reported in Figure 1 and clearly confirm the existence of a fast ?S(IV)] as shown in Figure 2a. When these spectral data are
pori 9 y . . analysed in terms of an equilibrium constant for the formation
reaction step. The spectra reported in parts a and b of Figure

1 show a remarkably good agreement between the two ra| id-Of a Fe(ll)-S(Iv) complex from an ArcandNewton plot®
. y9 9 . PIC o Avs AA[S(IV)] (Figure 2b), clear evidence for the stepwise
scan techniques employed. The spectrum quality is apparently

- . : : e T 7 formation of two complex species as a function of [S(IV)] is
higher in the case of Figure 1b, but it s_hoqlq be kept n mind observed. The corresponding complex-formation constants for
that these spectra are constructed from individual kinetic traces

. : L . the formation of the 1:1 and 1:2 Fe(H)S(1V) species can be
at different wavelength intervals, which involves considerable o
. calculated from the slopes=(/K) of the dotted and solid lines,
data smoothing procedures. In the absence of S(IV) no velv. Th | zed p . £ oH
meaningful spectral changes are observed during dilution of the respectively. e results are summarized as a function of p
Fe(lll) solution in the stopped-flow instrument and during the and wavelength in Table 1. Due to the large error limits
PP . uring associated with the values Kf, and by way of comparison, a
subsequent 0.5 s. Atlow S(IV) concentration the rapid increase . f . ; d und dii h
in absorbance is followed by the formation of a product with a Series o experlmgnts were periormed under con '“0'?5 where
broad shoulder at ca. 420 nm (see Figure 1b). At higher S(IV) Fe(lll) was used in excess, i.e. where only the formation of a
concentration the forhation of this shgulder is.accorr? anied b 1:1 complex is possible. The formation constant for this
once . P Y complex was found to be 988 112 M~ at pH= 3 and/ =
significant decreases in absorbance at 350 and 500 nm with o L
) ; x Y 400 nm under these conditions, which is in excellent agreement
clean isosbestic points at 317, 378, and 438 nm. Similar spectral_ -
with the data reported in Table 1.
changes were also observed at pH 3.0. It can be concluded
from Figure 1 that the different observed reaction steps and the(10) Newton, T. W.; Arcand, G. MJ. Am. Chem. Sod 953 75, 2449.

absorbance
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Table 1. Apparent Complex-Formation Constants Determined for the Fe@()V) System as a Function of pH, [Fe(lll)], and Wavelerigth
formation const/M*

wavelength/nm

(molar extinction [Fe(ny/

pH coeff)/ M-t cm?t mM 390 400 450 470 500

25 K1 (e1:1) 0.5 649+ 75 (420) 572+ 26 (400) 760+ 45 (320) 1058t 98 (300) 1181 112 (240)
K2 (€1:2) 319+ 19 (540) 307+ 56 (500) 374+ 39 (400) 469 42 (360) 589+ 56 (280)
K3 (€1:3) 127+ 10 (456) 128+ 11 (440) 136+ 21 (288) 103+ 29 (223)

25 K1 (e1:1) 1.0 416+ 113 (330) 412+ 127 (280) 425t 105 (240) 416+ 71 (210) 456+ 78 (160)
K2 (€1:2) 213+ 8 (520) 220+ 5 (430) 232+ 5 (360) 234+ 5 (320) 254+ 12 (240)
Ks (€19 166+ 6 (398) 182+ 6 (366) 1494+ 8 (149) 1344+ 14 (134)

3.0 K1 (e1:1) 1.0 984+ 113 (600) 920Gt 82 (530) 861+ 81 (320) 877+ 120 (280) 664t 82 (210)
Kz (€1:2) 620+ 46 (710) 592+ 42 (640) 640+ 72 (370) 648+ 72 (310) 520t 21 (230)
Ks (€1:3) 187+ 22 (656) 213t 5 (569) 209+ 43 (283) 150t 46 (202)

a Experimental conditions: ionic strength 0.1 M, T = 25 °C, Ar atmosphere.
0.08

The complex-formation constants in Table 1 show a fairly
consistent trend at the higher [Fe(lll)] employed. This is mainly ]
due to the larger absorbance changes and smaller error limits 0.06 T up “a w
under such conditions. The data obtained for 0.5 mM Fe(lll) . pe
at pH 2.5 seem to be consistent for the lower wavelengthrange A %47 e TR 1
where significant absorbance changes could be measured. In Tl

generalK; has significantly larger values thafy,, and both 0.02 1 I
values increase on increasing the pH from 2.5 to 3.0. This is 0 \ , , )
ascribed to the influence of a higher concentration of the more ' ' '

labile Fe(HO)sOH?" species at pH 3.0. The average values 0 0.008 0.01 0.015 0.02
of Ky andK; at pH 2.5 are rather close to those reported béfore a [S(VIl-/M

viz. 6004 30 and 205+ 20 M1, respectively. Thd; value

furthermore corresponds favorably with those reported by 0.5 + 390 nm
Conklin and Hoffmanf(534 M1 atl = 0.4 M and 25°C) and 04 + © 450 nm
Bettertod (850 M* at | = 0.2 M and 25°C). Thus we 470 nm
conclude that the spectral data for the first complex-formation A 03 T .

step support the formation of 1:1 and 1:2 Fe(H§(IV) 02+

complexes for whichkK; = 425+ 18,K, = 2314+ 16 M2 (at \

pH = 2.5) andK; = 861+ 120 andK, = 604 + 52 M~ (at 0.1 1 x‘\'\.‘

pH 3.0). The pH dependence of the formation constants can 0 ; '

be related to the speciation of the Fe@lind S(IV) specied 10 10 30 50
as function of pH, as well as possible acioase equilibria of b {A-ANIS(IV)]} / M

coordinate sulfite. ] ]
The spectra reported in Figure 1 clearly indicate that the rapid F19ure 3. (&) Absorbance change at 390 nm as a function of [S(IV)]
for the slow reaction step (see text). Experimental conditions:

complex-formation reaction is followed by a slower step during [Fe(lll)] = 1 mM, ionic strength= 0.1 M, T = 25°C, optical pathlength

the Sgbsequ_ent _50 to _100 ms. The absorba_nce changeg cm, Ar atmosphere. (b) Determination of complex-formation constants
associated with this reaction are plotted as a function of [S(IV)] for the slow reaction step at pH 2.5 (based on the data in Figure 3a

and pH in Figure 3a. The observed trends are very similar to and data obtained in a similar way).
those reported before (see Figure 8a in ref 2), where the increase
in absorbance at low [S(IV)] and decrease at high [S(IV)] must Fe(SQ).* 2" complexesit = 1, 2, and 3) as a function of pH,
be related to different concentrations of the 1:1 and 1:2 [Fe(lll)] and [S(IV)] was reported. The results reported in this
complexes formed as a function of [S(IV)]. A fit of the data study are important in order to understand the radical initiation
similar to that performed for the first reaction step (see Figure process indicated in reaction 1. It is reasonable to expect the
3b) results in good linear relationships with clear evidence for sulfur(IV) concentration to be significantly higher than the metal
the occurrence of only a single complex-formation step. This ion concentration under atmospheric conditions, such that the
can only be assigned to the formation of the 1:3 complex as rate of the initiation process will strongly depend on the nature
outlined in reaction 4. The values Kf in Table 1 are almost  of the iron—sulfito complex formed in solution. The reported
independent of [Fe(lll)], pH, and wavelength and are of the complex-formation constant&{, Kz, andKs) can thus be used
same order as those reported before. in chemical transformation models. Our earlier woskowed

We conclude that the results of the present study, in which that the reactivity sequence of the different complexes follows
sophisticated rapid-scan techniques were employed, underlinethe order 1:3> 1:2 > 1:1.
our earlier finding$and support the formation of 1:1, 1:2, and Acknowledgment. The authors gratefully acknowledge
1:3 Fe(ll)-S(IV) complexes in the presence of an excess of financial support from the Foundation for Research Develop-
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