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The reduction of ClO, to CIO,~ by aqueous iron(ll) in 0.5 M HCIO, proceeds by both outer-sphere (86%) and
inner-sphere (14%) electron-transfer pathways. The second-order rate constant for the outer-sphere reaction is 1.3
x 108 M~* s~ The inner-sphere electron-transfer reaction takes place via the formation of FeClO,%* that is observed
as an intermediate. The rate constant for the inner-sphere path (2.0 x 10° M~ s™1) is controlled by ClO, substitution
of a coordinated water to give an inner-sphere complex between ClO, and Fe(ll) that very rapidly transfers an
electron to give (Fe"(ClO,™)(H,0)s**)is. The composite activation parameters for the ClO,/Fe(aq)?* reaction (inner-
sphere + outer-sphere) are the following: AH¥ = 40 kJ mol=%; AS* = 1.7 J mol~! KL, The Fe"'CIO.%* inner-
sphere complex dissociates to give Fe(ag)®** and CIO,™ (39.3 s™1). The activation parameters for the dissociation
of this complex are the following: AHg¥ = 76 kJ mol~%; ASsF = 32 J K= mol~%. The reaction of Fe(ag)?* with
ClO,™ is first order in each species with a second-order rate constant of ke, = 2.0 x 108 M~ s7* that is five
times larger than the rate constant for the Fe(ag)?* reaction with HCIO; in H,SO4 medium ([H*] = 0.01-0.13 M).
The composite activation parameters for the Fe(aq)?*/CI(1ll) reaction in H,SO, are AHgmy* = 41 kJ mol~* and

ASciy* = 48 J mol™t K™%,

Introduction

Chlorine dioxide has been used as an alternative disinfec-
tant because chlorination sometimes leads to the formation
of carcinogens such as trihalomethanes (THM) as well as

other hazardous byproducdt€hlorine dioxide is a powerful
oxidant and does not form THKThe disadvantage of its
use in water treatment is the potential production of other

yields CIG;~ and CI in acidic solutions with exposure to
sunlight!2-15

Little information is available about the kinetics and
mechanism of the reaction betweerfFand CIQ. Knocke
and co-worker¥ reported a five-electron reduction of GIO
for the stoichiometry of the B¢ reaction with CIQ (eq 1),
but they did not give a rate expression or provide sufficient

undesirable disinfection byproducts such as chlorite and Information to deduce the reaction pathways. The objective

chlorate ions$: The disproportionation of Clgforms CIQ,~
and CIQ in alkaline solution$;*! and its decomposition
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of this work is to investigate the kinetics and mechanism of
CIlO; reduction by Fe(ad). To better understand the GO
Fe(aqg}" reaction, the kinetics of the subsequent Fe(dq)
CI(Ill) reaction are also studied.

4H" + CIO, + 5F¢" — CI” + 5F€" + 2H,0 (1)

Experimental Section

Reagents. The method of synthesis and standardization of
chlorine dioxide stock solution was described previodis§olutions
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of CIO, were protected from light and stored at6. The CIQ
stock solution was standardized spectrophotometrically on the basis
of the molar absorptivity of ClQ e = 1230 M~ cm™! at 359 nmt?
Sodium chlorite was purified and recrystallized as described
previously!® and stock solutions were standardized spectrophoto-
metrically € = 154 M~ cmt at 260 nm).’ Perchloric acid stock
solution was prepared by dilution of Ar-sparged concentrated acid,
and standardized by titration with standardized NaOH. The stock
solution of Fe(ll) perchlorate was prepared by dissolving reagent
grade iron wirem 1 M HCIO, with gentle heating to increase the
rate of dissolution. The Bé concentrations of the stock solutions
were determined by titration with standardized KMnThe KMnQ,
solution was standardized by the primary reagent arsenic oxide.
The stock F&" solutions for the study in 80, medium were
prepared by dissolving Fe(Nj(SOQy),-6H,0 in sulfuric acid. To
avoid the oxidation of B by oxygen dissolved in water, all Fe
solutions were made with Ar-sparged deionized, distilled water.
Kinetic Measurements.The kinetics and reaction spectra were
obtained by an Applied PhotoPhysics SX 18 MV stopped-flow
spectrophotometer (APPSF, optical path lengtl®.962 cm). All
reactions were run under pseudo-first-order conditions with F&(aq) 0 50

10° Absorbance

10° Absorbance

100

in large excess over [CKDand [CI(IIl)]+. Measured rate constants
were corrected for mixing by accounting for the mixing rate
constant® Because Fe(lll) readily hydrolyzes, the study was
conducted in 0.50 M HCI@solution (unless otherwise specified)

to prevent hydrolysis and precipitation of hydroxide species.

SigmaPlot 8.8 was used for regression analysis.

Results and Discussion

FeClO,?" Formation. Chlorine dioxide has a strong
absorption band at 359 nm while Fe(&gand Fe(ad)t do
not absorb significantly* Nevertheless, when Cis mixed
with excess Fe(ad), a first-order decay is observed at this
wavelength (Figure 1a) with an averdggsqvalue of 39.3(8)

s 1that is independent of the Fe(&goncentration (Table

Time, ms

Figure 1. First-order fit kinetic traces for the decay of FeGiQ (a) A
= 359 nm; (b)A = 500 nm. Conditions: [FE] = 3.69 x 1074 M; [CIO];
= 2.2 x 10° M; [HCIO,4] = 0.50 M; 25.0°C. The cell path length is
0.962 cm.

Table 1. Lack of [F&"] Dependence for the Observed Rate Constants
in Studies of the CI@Fe*" Reaction at 359 nm in HCI@

[Fe?*] (mM) Kobsa(s™) [Fe*] (mM) Kobsa(s™)
2.36 40.0 1.18 38.7
1.97 39.5 0.98 38.8
1.57 38.8 0.36 40.5

aConditions: [CIQ]i = 9.1 x 1075 M, [HCIO4] = 0.50 M, 25.0°C.
b Averagekopsd = 39.3(8) st

1). We propose that an intermediate forms rapidly and the (Figure 1a) and 500 nm (Figure 1b) indicates that the decay
observed absorbance decrease is due to its loss rather thapPserved at both wavelengths can be attributed to the same
the loss of CIQ. To ascertain the existence of the intermedi- intermediate species. A FeGR complex is the proposed
ate, kinetic spectra are taken on the APPSF over reactionintermediate formed as one of the products of the £IO
times of 20 ms (Figure 2a) and 100 ms (Figure 2b). The Fe(aqj" redox reaction (eq 2). The term FeGlOis used
resulting spectra have absorbance bands from 250 to 50000 represent the inner-sphere complexX'(f&0;")(Hz0)s*")ss.

nm. The absorbance in Figure 2a,b extends to higher

wavelength range>450 nm), where none of the known 2
components (Fe(a®), Fe(agj", CIO,, or CIO;) in this

system have significant absorbance. The kinetic trace taken The formation of an FeCIg&* complex in the Fe(llh-

at 500 nm (shown in Figure 3) provides evidence for the chlorite ion system has been reported byiga and Gor-
formation and decay of a new species. When Fé{d@)369 don?? They assigned the absorbance between 470 and 540
mM postmixing) is mixed rapidly with Cl@(0.022 mM nm to FeCIQ?" which is consistent with our results. These
postmixing), the trace shows a fast growth in absorbance authors estimated a first-order rate constant for the dissocia-
that is complete in 10 ms and is followed by a decay during tion of FeCIQ*" into Fe(agj” and CIQ to be 19.5 st at 25.0

the next 100 ms. The decay is first-order, and the measured’C andu = 1.0 M (NaClQ). Their observation supports
rate constant is 39.3°% This is consistent with the first-  our assignment of FeCl&" as the intermediate species.
order rate constant obtained at 359 nm (Table 1). The Kinetics of the CIO./Fe(aqf* Redox Reaction.The

agreement between the first-order rate constants at 359 nnfquilibrium constant for the reaction in eq 2 was reported
asK; = 5.0 x 10* M~122 The large value oK; and our
(17) Furman, C. S.; Margerum, D. Whorg. Chem1998 37, 4321-4327. kinetic trace in Figure 3 indicate that the oxidation of
(18) Wang, L.; Nicoson, J. S.; Huff Hartz, K. E.; Francosco, J. S.; Margerum Fe(aqj™ by CIO, to form FeCIQ?" is very favorable and
D. W. Inorg. Chem2002 41, 108-113. id. Theref i th fal Pe
(19) Dickson, P. N.; Margerum, D. Wnal. Chem1986 58, 3153-3158.  'apid. Therefore, in the presence of a large excess Fe(aq)
(20) SigmaPlot 8.0 for WindowsSPPS Inc.: Chicago, IL, 2002.

Fe(aqf" + ClO,— FeClOQ*" K

(21) Whiteker, R. A.; Davidson, NJ. Am. Chem. Socl953 75,
3081-3085.
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Figure 2. Kinetic spectra for the reaction of Fewith ClO; in 0.50 M
HCIO4. (a) The time interval between first scan and the last scan is 20 ms, 00 o 1.0 2.0 3.0 20 5.0
and the time interval between scans is 0.4 ms. (b) The time interval between ’ ’ 10,,‘ o2t M ’ ’
the first scan and the last scan is 100 ms, and the time interval between (Fe™,
scans is 5 ms. Conditions: [CiD= 1.82 x 107* M; [Fe?"] = 1.97 x Figure 5. [Fe**] dependence of the observed rate constant for the oxidation
1073 M. The cell path length is 0.962 cm. of F&* by CIO,. Conditions: [CIQ]i = 2.2 x 1075 M; [HCIO4] = 0.50
M; 25.0°C; 4 = 500 nm; slope= 1.5(1) x 10° M~1s7%; intercept= —3(19)
8 s~L. Rate constants represent an average of at least five measurements at
£ each [Fé'], and standard deviations are shown. All the shown rate constants
s were corrected for mixing.
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Figure 3. Kinetic profile of the F&"/CIO, reaction. Conditions: [FPe] 0.04
=3.69x 104 M; [CIOZ]i = 2.2 x 1075 M; [HCIO4] = 0.50 M; 25.0°C; 0 100 200 300 400 500
A =500 nm. The cell path length is 0.962 cm. Time, ms

Figure 6. Kinetic profile of the F&"/CIO, reaction at 260 nm: (a)
the consumption of Clto produce FeCIgS" is rapid. As  formation gff[Fe(C!Q*)f(HzO)szl*]ls; (0) decay of [Fe(ﬁ!@)(ﬂp)?].i
a consequence, the decay of Fe€iOno longer depends g;)g; i(al‘g[; fﬂmféﬁgr;]. oS S”io"i‘? M';:?,g"’g)gfino'g%n;; [2':5_0]05_
on [Fet]. The spectra in Figure 2a,b show that FeglO The cell path length is 0.962 cm.
has a significant absorbance at 359 nm, where the absorbance o o
loss of CIQ is compensated by the absorbance increase dueHClOz and CIQ™. The kinetic spectra in Figure 2b show a
to the formation of FeCIg8*. Since it is difficult to monitor ~ 9rowth in absorbance at 260 nm as Fe€i@lecomposes. A
the reaction in eq 2 at 359 nm due to the absorbance of, CIO kinetic trace at 260 nm taken over 500 ms (Figure 6) shows
the kinetics of FeCIgf* formation from the F&/CIO, reac-  apid formation of FeCIgF (Figure 6, region a) and its sub-
tion are investigated at 500 nm. At this wavelength the absor- Séquent decay in less than 100 ms (Figure 6, region b). An-
bance of CIQis negligible. A first-order reaction is observed Other species begins to formaf.00 ms (Figure 6, region c).

at 500 nm (Figure 4), where the rate constégg;, depends ~ 1he kinetic trace taken at a longer reaction time under the
on [F&*] (Figure 5). Thekoss: values have been corrected Same conditions shows a much larger absorbance increase at

for the mixing efficiency of the APPSE:2From the slope 260 nm within 10 s. These data fit a first-order rate constant
of the plot in Figure 5, a second-order rate consti#)(of with akopsp= 0.39 s (Figure S1, Supporting Information).
1.5(1) x 10° M~1 s is obtained for the overall reaction. The reaction of Fe(ag)) with CI(IIl) in 2.0 M LiCIO 4/HCIO,

Subsequent Reaction: CI(lll)/Fe(ag}*. The term CI(IIl) has been reported.The increase in absorbance in Figure 6,

is used in the current study to represent the summation Of;eglon ¢, can be assigned to the Fetat@l(ll) reaction (eq

(23) Nicoson, J. S.; Margerum, D. Vihorg. Chem.2002 41, 342-347. _
(24) Ondrus, M. G.; Gordon, Gnorg. Chem.1972 11, 985-989. 4Fe(Il)+ CI(lI) — 4Fe(lll) + ClI (3)
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In our preliminary studies, }$0O, was used to control the
pH of the Fe(ad)" reactions with CI@ and CI(lIl). The
kinetics of these reactions were followed by monitoring
FeSQ* formation at 303 nmeGos = 1960 Mt cm ™). The
dependence of both the Fe(AdLTIO. and Fe(ad) /CI(lII)
reactions on [Fe(ad)] gave identical second-order rate

constants under the same experimental conditions. On the

basis of these studies, we conclude that the F&(HH,

reaction must be fast and the observed kinetic traces represent

the subsequent Fe(&g)CI(IIl) reaction. We determined the
[H'] dependence of the Fe(&g)CI(lll) in H SO, medium
and found that both CI9 and HCIQ react with Fe(ad).
The pH was controlled by a HSQSO? buffer, where
pK SO = 1.32 at 25.0°C andu = 0.5 M5 Ondrus and
Gordor?* reported that Fe(ll) reacts with CI(IIl) through two
pathways, one with CI@ and another with HCIQ eq 4.
We examined the same system as a part of the overaly ClO
Fe(aqj" study. Our data (Figure 7) show that the reaction
of Fe&* with ClO,™ (kcio, = 2.0 x 1 M1 sY), eq 5a, is
five times faster than the F§HCIO; reaction Kycio, = 3.5

x 1 M1 s1), eq 5b, where g% = 1.95 at 25.0°C
andux = 0.5 M28 The species CI(ll) is reduced rapidly by
another Fe(ad}, eq 6, to give CI(I) (HOCI or OCI). HOCI
reacts further with two Fe(a$f) to give two Fe(ag)” and
Cl7, eq 7. The findings in the literature and our preliminary
results indicate thakyoc is ~3.5 x 10° M~ s and is
independent of the acid concentratfdi Equations 8a,b are
the rate expressions for the oxidation of Fetadpy CI(l11).
The solid line in Figure 7 is a fit of the data to eq 8b.

HCIO,=ClIO, +H" K 4)

Fe(aqf” + CIO,” —Fe(aq]” + CI(ll)  kgo, (5a)
Fe(agf" + HCIO,— Fe(aqj” + CI(ll) + H" Ky,

(5b)

Fe(ag}" + CI(Il) — Fe(aqj" + CI(I)  rapid  (6)

2Fe(aq}’ + CI(l) — 2Fe(aqf" + CI”  kyoq (7)

@ = k%" [Fe(agf[CI(N)] (8a)

diFelll] Al kHCIOZ[H+] + kc|oz_KaHCI02

& T Ko [FE2[CI()]

(8b)

The [Fd'SOy] " absorption band at 303 nm can be used
to monitor the Fe(ll) reaction with CI(lll), eqs 9 and 10.

Wang et al.
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Figure 7. Dependence of the rate of F¢CI(Ill) reaction on the acid
concentration in SOy medium. Conditions: [F&] = 0.15 mM; [CI(III)]

= 5uM; 303 nm; 25.0°C; kicio, = 3.5 x 1# M7t s kg, = 2.0 x 10°

M~1 s71 The ionic strength at each point was controlled by the excess
HoSO.
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Figure 8. First-order dependence in [Fé of the CI(lll)/Fe(aq¥" reaction.
Conditions: [CI(lll)}y = 0.39 mM; 25.0°C; u = 1.0 M; [HCIO4] = 0.10
M; A = 260 nm; slope= 1.77(2) x 103 M~1 s7%; intercept= 0.2(2) s

smaller than the Pg/ClO, electron-transfer rate constant.
)

(10)

Fe(agf™ + SO2 —FeSQ™  K©"5%

Fe(agf™ + HSO,” —FeSQ" + HT  KF&MHS™

We observe the kinetics of the #éCI(l11) reaction in 0.11
M HCIO, medium by following the first-order formation of
Fe(agj" at 260 nm. The reaction has a first-order dependence
in [Fe**] (Figure 8) with a second-order rate constant of 1.77
x 10° M~1 s7L. This rate constant is in agreement with the
value predicted in the $¥$0O, medium on the basis of the
acid-dependence study (1:910° M~1stat [H'] = 0.11
M) shown in Figure 7. This indicates that FCI(lII)
reaction is not dependent on HsGand therefore data from
the LSO, medium can be used to predict the rate constant
for FE/CI(II) reaction in the HCIQ medium.

On the basis of the close values 5" andkyoc), we
expected complex kinetics for the CI(III)/Fe(&q)system.
Our findings included simple first-order dependence in [CI-
(Ih], a dependence in [H that follows eq 8b, and a
stoichiometry of 4 for CI(lll):Fe(ad) as will be discussed
later in this section. The dependence on'[kh Figure 7
would not have been observed if HOCI/Fefaqgyvas the

However, it is not helpful in studies of Fe(ll) reaction with studied reaction. Sutin and co-workers, a|ong with our

CIO, because the rate constants for the inner-sphere com-

plexation between Fé and SQ* /HSQ,~ (KF€/S% = (3.5~

4.6) x 10 M1 st and kFe€" HSO, = 51 M1 571)29030 gre 87, 926 927.

(25) Smith, R. M.; Martell, A. ECritical Stability Constants. Volume 4:
Inorganic ComplexesPlenum Press: New York, 1979; p 79.

(26) Smith, R. M.; Martell, A. ECritical Stability Constants. Volume 4:
Inorganic ComplexesPlenum Press: New York, 1979; p 134. (30) Cavasino, F.
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(27) Conocchioli, T. J.; Hamilton, E. J.; Sutin, B.Am. Chem. So4965

(28) Our preliminary data shoWyoc = 3.84(1) x 10° M~* s71in 0.045
M H,SOy and 3.66(3)x 1 M~1s1in 0.50 M HCIQ..

(29) Margerum, D. W.; Cayley, G. R.; Weatherburn, D. C.; Pagenkopf, G.
K. In Coordination ChemistryMartell A. E., Ed.; American Chemical
Society: Washington, DC, 1978; Vol. 2, p 16.

RJ. Phys. Chem196§ 72, 1378-1384.
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preliminary data, indicate that HOCI/Fe(&tJacks depen-  Table 2. Evidence for Outer-Sphere and Inner-Sphere
dence in acid concentrati3h?® The experimental data Electron-Transfer Reactions of Fe(&gith CO2

enabled us to assign the observed rate constants to the Cl- 109[CIOg]; 10“[FeCI(b322*]|s ) % inner
()/Fe(aqf* rather than the HOCI/Fe(&) system. M) (M) Acal  Ameaf  spheré
i i i —y12+ 2.05 1.84 0.113 0.013 14
Figure 6 shows the rapid formation of a [RE€10,7)] P 599 0136 0016 14

inner-sphere complex, region a, followed by its aquation to
aConditions: [F&"] = 3.58 x 104 M, [HCIO,] = 0.50 M, 25.0°C.

. N . . .
give Fe(agy" and CI(lll), region b. We attribute the increase b [FeCIO2 is calculated from, — 5.0 x 10° M-1.22 [CIOR), and [Fé4].

in_absorbance in region c of Figure 6 to the Fefaggaction ¢ Acaris calculated from thesio= 636+ 10 M- cm~* 22and the [FeCIGH]
with CI(Ill). The second-order rate constant for the observed assuming 100% inner-sphere electron transféeasis measured for the

reaction in this region ikobsi[F92+]' =11x 1®3M1lst reaction of Fe(ll) and Cl@at 510 nm.? 100AneadAcalc after Ameas was
& | & . corrected to account for the overlap between Fe&i@rmation and decay
at 0.50 M HCIQ, where [F€']" is the F&" concentration as shown in egs 11 and 12. Tkeandky values are 1.8 1P M1 s1

after all the CIQ has reacted. This value agrees within 27% (based on 12%) and 39.3’ respectively.
of the second-order rate constant for thé'#el(l1l) reaction . N .
determined on the basis of eq 8a (KELO M2 S9). The v Guter-phere and inner-Sphere Patimays and Fecae)”
agreement suggests that the increase in absorbance at 26@omplexation with Chlorite lon
nm with the first-order rate constant &fys. is due to the . Ko™
Fe(aqgY" generated from the F&CI(IIl) reaction. The results e+ 0o,
support the proposal that ClOis the initial product of the
decay of FeCI&". Fe(H,0)s" + ClOy,
The molar absorptivity of Fe(a®f), F€" = 2.4(1) x 10
M~1cmt, at 260 nm is measured in this study (Figure S2).
With the value of™ and the absorbance change\
(=0.221) in the reaction of CI(lll) with Fe(aff), the
concentration of Fe(aff) generated is calculated to be 0.095-
(5) mM. Accordingly, the ratio of [Fe(a)] formed to [CI- <Fe(H20)63+'CIOZ'>OS Br— (F"IU(CIOZ')(HZO)SﬁS
(IN] lost is 4.3(2), where [CI(lII)] equals the initial ClI® !
concentration (0.022 mM). This [Fe(&g)V[CI(lII)] ratio is
close to the expected value of 4.0 (eq 3).

Mechanism. The reaction of Cl@with Fe(agf" to give

0S

l K, Fen-H20

(rec1011,0)5)

s

(Fe(H20)62+.c102>

kig®, fast

Kosf o m)’ fast

k, Fein-H20

transfer pathways. However, electron transfer via an outer-
sphere reaction is also possible.
The reported molar absorptivity for FeGRD is €51 =

- , : 636(10) Mt cm1.22 By use of this molar absorptivity, we
ClO;™ and Fe(ady" is thermodynamically very favorabl&( 5" jetermine whether CjQreacts only by inner-sphere

= 3700, whereK is the equilibrium constant for the oxidation  gjactron transfer or if it reacts by a mixture of inner-sphere
of Fe(aq}” by ClOy(aq) to give Fe(ady and CIG").* and outer-sphere paths. To enhance the signal at 510 nm,
However, two F& products are possible. One is from an gher [CIQ) (0.205 and 0.256 mM) are used to react with
outer-sphere electron-transfer reaction to give! [FeO)e*"] - a slight excess P& (0.358 mM) so that the reaction is not
[CIO27]. In the other path Cl@ substitution of a HO 44 fast to measure on the APPSF. Due to the deadtime of
coordinated to Fecan give [F&(H;0)sClO]is*" followed the stopped-flow instrument@.5 ms), extrapolation to zero
by an extremely rapid inner-sphere electron transfer to give o after correcting for mixing was needed. Table 2
[Fe"(H20):CIO; ]is*". The latter complex can dissociate 10 g, marizes the results. Thgeasis the maximum absorbance
give Fe!(H,0)s>" and CIQ". In this work we can observe ¢ roci02+ measured at 510 nm for five kinetic tracésa.

the formation of [F€(H,0)CIO, ]is*" due to its appreciable g yhe yajue of absorbance calculated from 636 M et
molar absorptivity. This enables us to separate the inner-, 4 [FeCIG2*] (where [FeCIG?] is the equilibrium con-
sphere and outer-sphere pathways. centration calculated fror; = 5.0 x 10* M~1,22 [CIO3];,

. Fabian and GOI‘.dO?? observed the formation of FeClo and [F&*]). A comparison 0fmeasandAcac values indicates

in aqueous solutions that contained Fetagnd CIQ and that only 12% of [CIQ]; reacts with Fe(adJ via an inner-
reported a rate constant of 269 Ms™1. The rate constant sphere path. The other 88% of [Glomust react by an outer-
determined in this study for the formation of FeGiOfrom sphere path.

the reaction of Fe(ad) and CIQ is 1.5 x 10° Mt s, However, because of the overlap between the formation
Scheme 1 shows the various steps involved in the reductiongpg decay reactions of the intermediate (seen in parts a and
of chlorine dioxide by Fe(ad). An electron-transfer reaction | of Figure 6 at 260 nm), the true maximum absorbance of
within an inner-sphere complex must be responsible for the Fecig2+ is greater than that observed and reported in Table
formation of Fe(ad)” and CIQ". Otherwise, CIQ” and Fe- 2 51 510 nm. In the kinetic study, where [Fe@djs present

(aqP* would have been the direct products of the @Fe- at much higher levels than [CH) we can predict the
(aqy* reaction and no intermediate would have been maximum [FeCIG**] by use of egs 11 and 2.
observed. Therefore, the rapid formation of Feg&iO In eq 12,k is the rate constant for FeC}® formation

indicates an inner-sphere reaction as one of the electron-gnq k, is the rate constant for its decay (39.39s The

(31) Schmitz, G.; Rooze, HCan. J. Chem1984 62, 2231-2234;1985 (32) Espenson, J. HChemical Kinetics and Reaction Mechanisriad
63, 975-980. ed.; McGraw-Hill: New York, 1995; p 71.

Inorganic Chemistry, Vol. 43, No. 23, 2004 7549



significance ok; is discussed further in the following section.
Equation 12 permits us to predict that the inner-sphere path
is 14% of the overall reaction (rather than 12%). This value
was obtained on the basis of an iteration by use of the
conditions in Figure 4 at 500 nm ([Fe(&t) = 3.69x 104

M, [C'Og] =22x 105 M, FeCIQ2+ €500= 600 M1 Cm_l,
observednax = 0.005,ky = 39.3 s%, and initialk; = 1.8 x

10° M~ s71). Hence the outer-sphere electron-transfer path
represents 86% (rather than 88%) after correction for this
overlap.

Fe(agf" + Clo, 5 FeClO" ul Fe(aqf" + ClO,” (11)
kg kg )

2+
[FeCIQ, ] =[CIO,] —[Fe(aqf+]lq) exp(
(12)

[Fe(aaf Tk — ky

Note that the literature value for the equilibrium constant
Ki was determined by the use of much higher initial
concentrations of Fe(atf)and CIQ .22 The accuracy of the
percent contribution from each of the pathways is based on
the literature molar absorptivity and equilibrium const&nt.

Resolution of Rate ConstantsAlthough the second-order
rate constantk®™ = 1.5 x 10° M~! s7%, is obtained by
following the formation of FeCIgF, it reflects the loss of
ClO; by all the reactions that consume it. Therefore, k¥é
value is actually a summation of the inner-sphere plathr (
Kogelk,Fe-H:0) and the outer-sphere pathk,( =
Kosekos™). The inner-sphere rate constaat= 2.0(1) x
10° M~tslis obtained by eq 13. The term is the fractional
contribution of the inner-sphere path (14%). From khend

Wang et al.

.K\\‘
‘%\n\u

30 3.35 340 3.45 3.50 3.55 3.60 3.65

1031/T, K1
Figure 9. Eyring plots. (a) The electron-transfer reaction between,ClIO
and Fe(add™ by outer-sphere and inner-sphere paths. Stepe4.8(4) x
1%, and intercept= 24(2). (b) The dissociation of FeC}& into ClO,~
and Fe(ad)". Slope= —8.8(7) x 1%, and intercept= 27(3). Conditions:
[Fe#*] = 0.392 mM; [CIQ]; = 0.040 mM; [HCIQ] = 0.50 M; temperature
range 5.6-25.0°C; 1 = 500 nm.
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3.

this K value and the self-exchange rate constant values of
kCIOZICIOZ' =20x 1M 1s135gnd ket ret = 5.6 (0.5 M
NaClQy, 25.0°C),% the rate constant for the outer-sphere
electron transfer is estimated to be x710° M~ s71 on

the basis of Marcus theo®y.The measured rate constant
(1.3 x 10° M~ s7) for the outer-sphere path is 765 times
larger than expected by simplified Marcus theory. Deviation
from the simplified Marcus theory may occur in the case of
small molecule$® where orbital overlap occurs.

Fébian and Gordof? predicted the second-order rate
constant for the reaction in eq 2 to have a value of 2.5
1 Mts?!(pH 1.0-3.5,u = 1.0 M, and 25°C) on the
basis of their calculated equilibrium constant for eq 2 and
the measured rate constant values for the F&{(&ZO,~
reaction Kog™®("k_;"(M~H:0) This agrees with our experi-
mental results. However, they were not able to distinguish

k2"values, the second-order rate constant for the outer-spherehe inner-sphere and outer-sphere paths for the/E&0ag§+

path is 1.3(1)x 1° M1 133

k = o™ (13)
The Fé™—H,0 exchange rate constahtE(N—":0) is 3.2
x 10 s71, and Fé" is expected to have KoM with a
value of 0.1 for the neutral ligand.Hence, the substitution
rate constantose" k; e(N—H:0) is estimated to be X 10°
M~ts1, which is in reasonable agreement with the measured
kK value (2.0 x 10 M~ s Y. This indicates that the
substitution stepkge(NH:0) is the rate-determining step in
the inner-sphere path and is followed by a fast electron
transfer ks®) to form FeCIlQ?". The outer-sphere electron
transfer occurs with a second-order rate conskant 1.3
x 16 M1 st
By using the corresponding standard electrode potentials,

reaction in their studies. The current study shows that the
Fe(aq}" reaction with CIQ is 500 times faster than what
was reported by Hoighend Baderk, = 3.0(5) x 10° M~
s71),%2 who could have been misled by the decay profile of
the subsequent reaction of GlOwith Fe(aqj™.

Activation Parameters. The activation parameters for the
reduction of CIQ by Fe(aqgj" and the FeCIlgft decay are
determined from the temperature dependence of the rates in
0.50 M perchloric acid. The Eyring plot in Figure 9a yields
values ofAH,* = 40(5) kJ mott andAS* = 1.7(2) J mot?!

K~ for the reaction of Cl@with Fe(aq}". Because th&"

value represents both inner-sphere and outer-sphere paths,
the AH* and theAS* obtained from the measurement of
the k?"d values are composite parameters. The outer-sphere
path (86%) dominates the reaction, so the valuealdft

Schmitz and RooZéestimated the equilibrium constant for
the reduction of Cl@to CIO,™ by Fe&' in 1.0 M NaCIQ, at
25°C: K = [ClO, ][Fe3)/([CIO][Fe?"]) = 3.7 x 10%. From

(33) k?dis the overall second-order rate constants Kog 0k, Fe()=H.0
andk, = Kod (ko are the second-order inner-sphere and outer-
sphere rate constants for the pathways of the F&(&Zj)O, reaction,
respectivelyKod e is the equilibrium constant to form (Fef8)s> "
CIOy)is, kiFeN-H:0 js the water-exchange constant for Fe(ll), &pet
is the electron-transfer rate constant for the outer-sphere pathway.

(34) Margerum, D. W.; Cayley, G. R.; Weatherburn, D. C.; Pagenkopf, G.
K. In Coordination ChemistryMartell A. E., Ed.; American Chemical
Society: Washington, DC, 1978; Vol. 2, pp-123.
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Swaddle, T. Winorg. Chem199Q 29, 1948-1951. (c) Brunschwig,
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Chlorine Dioxide Reduction by Aqueous Iron(ll)

Table 3. Summary of the Rate Constants and the Activation Parameters

reaction rate condt AH* (kJ mof?) AS (JmolFt K1)
ClO; + Fe(ag¥™ — CIO,~ + Fe(aqgy™ 1.3x 1P M1glbe § f
CIO; + Fe(ag¥™ — FeCIO2+ 20x 10°PM~ts1bd 40(5y L7y
FeClO2+ — Fe(ag§* + ClO,™ 39.3s1b 76(9F 32(5p
HCIO; + Fe(ag}" — CI(ll) + Fe(ag}" + H* 35x 1PM-1s19 a1(1p 48(1p
ClO,~ + Fe(ag¥™ — CI(ll) + Fe(agj*™ 20x 10*M~ts19

aConditions: 25.0°C. ° Conditions: [HCIQ] = 0.50 M. ¢ Outer-sphere pathway for the CitBe(ag}* reaction k). ¢ Inner-sphere pathway for the
ClOy/Fe(ag¥ reaction k). € Temperature range 5-@25.0 °C, [HCIO,] = 0.50 M.’ The values are for a combination of inner-sphere and outer-sphere
paths.9 Conditions: 0.03+0.14 M [H'] in H,SO, medium. The initial product, CI(Il), reacts further with another Fefad) give HOCI. HOCI is reduced
by 2Fe(ag)" to CI-. " These are composite values for the reactions of both forms of CI(lIl) with Fe(agP.4 M [H*] andx adjusted to 1.0 M by N&S Oy
Temperature range 20—40 °C. ' AHycio,” = 17.2 kJ mot™,

and AS* reflect the features of the outer-sphere path more the composite activation parameters are not resolved for the
than those of the inner-sphere path. The Eyring plot in Figure Fe(agj" reactions with HCIQ@ and CIGQ~, the dominant

9b yields values oAHq* = 76(9) kJ mof* andAS;* = 32(5) reaction is with HCIQ at the acidities used. Therefore, these

J K=t mol~* for the decomposition of FeCl®' to generate  activation parameters should correspond approximately to
Fe(agf" and CIQ. The Eyring plot for Fe(adf/CI(Ill) those for the HCI@reaction. Table 3 is a summary of all
reaction ([H] = 0.40 M andu = 1.0 M (N&SQy)) leads to  the rate constants and activation parameters obtained in this
the composite activation parametek$ici® = 41(1) kJ  gtydy. Confidence intervals for the activation parameters were

mol™* andASciu* = 48(1) J K™ mol™ (temperature range  ¢4jcylated on the basis otaalue of 2.92 at the 90% levéd.
= 20-40 °C) as shown in Figure S3. These composite

activation paramters represent the effect of temperature on
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