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Relaxation techniques have been used to study the kinetics of the rapid 

interaction of G~(III) with iodate and sulfite. Rate data and H+-catalysis 

indicate that complex formation occurs via an oxygen exchange mecha- 

nisms which does not involve Cr(III)-O bond breaking. 

T e x H H ~ a  p e n a K c a u M H  6 b m a  x c n o n b 3 o l a x a  n, n n  H 3 y ~ e H M ~  xHHeTHKH 6WCT-- 

pOrO BsaHMo~eRCTBH~ Cr(Ill) c HO~aTOM ~ Cynb~TOM. ~aHHUe CKO-- 

pOCTH H H+-KaTa~Hs yKasbmamT Ha TO, ~TO Ko~eKcooSpasoBaHHe 

npoTeKaeT coPnacHo MexaHHs~ MHc~opo~HoPo oSMeHa, KOTOpI~R, O~Ha- 

KO, He BKn~aeT B ceS~ pa3p~B CB~3H Cr(III)-0o 

Owing to ligand field effects, complexes of Cr(lll) are very inert towards sub= 

stitution at the metal center /1-3/, Certain oxyaniom nevertheless form complexes 

with Cr(III) rather rapidly, e.g. molybdate/4/, chromate/5/, iodate/6, 7/, nit- 

rite/8, 9/and sulfite/101. For some systems equilibrium constants have been re= 

ported/7, 10/, but quantitative kinetic data are not available except for the reac- 

tion of Cr(NH 3 ~5H203+ with nitrite/9/. 

Therefore, a systematic study of the kinetics of these fast complex formation 

processes of Cr(III) has been undertaken/11/; some preliminary results have already 

217 



BAZSA, DIEBLER: CHROMIUM(III) WITH IODATE 

) 500 

_i~., Iooo 

500 
x j J  ~ 

/ x  f 

o d) o.2 IN'J= 

'~176 "- o =. I' ') 

- I  ~, 000 

200[ [2000 

o, ; ~ s ~, Do;], lo 2 

t ,~ B00 . .~__..r__.x~x__.---x~---~ 
- I~  ~00~ c) 

Ol , , , , - 

[Cr (HzO)~*'J,'O = 

Fig. 1. Dependence of the reciprocal relaxation t ime on the reactant concentra-  

tions (mol dm -3 )  in the system Gr(H 0) 3+ - IO-  (20.5 ~ I -- 0.5, 

~-- ,35 nm>. a> ~ O > ~ §  : o. 02, ~ C~o~J -- 0?o2. b> CCrC~O~+~ : 
= 0.02, x: [H+] a = 0. i,  left-hand scale, o: [H+] a : 0.3 right=hand 

scale, c ) [ I O ; ]  = 0.02, [H+] a = 0.1 

been repor ted /12 / .  The highest rates have been found in the reactions with iodate 

and sulfite. These systetns are discussed here in detail. 

The kinetics of complex formation between Cr(H 2 O) 3+ and iodate was measured 

by means of the temperature=jump relaxation technique at reactant concentrations 

[Cr 3+] : 0.01 - 0.08 mol dm -3,  ~IO3] : 0.01 - 0.03 mol dm - 3  and [~-I+]: 

= 0.01 - 0.03 mol dm - 3  and [H +] = 0.03 - 0.3 tool dm -3 .  These concentration 

ranges are determined mainly by technical and solubility conditions. A summary 

of the results is shown in Fig. 1. A characteristic feature of  the kinetics of this 

system is that under the given conditions the value of the reciprocal relaxation t ime 
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is almost independent of the,concentration of Cr 3+ and IO 8 (Fig. lb and lc)  but 

increases linearly with [H+J(Fig. la), with no measurable intercept. A quantitative 

interpretation of the kinetic data is difficult, however, owing to the fact that a 

di-iodato-complex is the predominant species in solution /7 / .  Its stability is given 

by f12 = [Cr(IO3)~ ]/[Cr3+] [ I08 ]2 ~ 132 mol -2dm 6, whereas the stability of the 

2+ 
1:1 complex is very low (one of the methods applied gave ~1 = [CrlO3 ] / [ IO3 ]'~" 

~3 m o l - l d m  3, but this value is of "doubtful validity" according to the authors/7/) .  

Assuming that the 1 : 1 complex is present in a steady state concentration (only 

one relaxation effect was observed), an expression for 1/3 has been calculated. 

Since IO~ as well as HIO 8 have to be taken into account as reactants, this expres- 

sion is of a somewhat complicated form. A comparison with the experimental data 

(Fig. 1) leads to the conclusion that the predominant term in 1/3 is due to the dis- 

sociation of a monoprotonated di-iodato-Cr(III)-complex. Data for the kinetics of 

formation and dissociation of the 1 : 1 complex cannot be evaluated. 

Therefore, the reaction of Cr(NH8) 6 with iodate was also investigated. 

Of course, this metal ion can form only a mono-iodato-complex. Its equilibrium 

constant was determined spectrophotometrieally. Since complex formation is rather 

weak, the Benesi-Hildebrand approx ima t ion /18 /may  be applied which leads to a 

relationship given by eq. (1), where M o and L ~ denote the total metal  and total 

ligand concentration, A the absorbancy at a given value of L o, and A ~ initial ab- 

sorbancy (L o = O). 

Lo 1 Mo + Lo 
- -  = + ( I )  

A -  A ~ K(Ao~ - A  o) A ~  - A o 
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Fig. 2. 
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Spectrophotometric determination of the stability constant of the mono-  

ioda topentaammine-Cr( I I I ) -complex;  [ Cr (NH )5 H~O3+]- o = M o = 0.04 

m o l d m - 3 ;  [ I O - ]  = L = 0 0 1 -  0 0 $ m o l ~ m - 3 ;  25 ~ I=  1 . 0 t o o l  
;~ 0 0 " 

din-3;  pH = 1.5; = 535 nm, optical  path length 1 cm 

A ~  is the l imit ing value at  very high concentrations of the ligand. Figure 2 shows 

a p l o t o f L  / ( A - A  )vs .  + o o (M ~ L ) .  From the slope and intercept one obtains 

032 H2 O3+] [IO 3 ] : 9.7 +1.5 mol-ldm 3 K = [Cr(NH3)sI +]/[Cr(NH3) 5 

(ionic strength I = 1.0 mol  dm -3 ,  25 ~ This value was used to calculate  the 

equilibrium concentration of the reactants in the kinetic studies. 

The results of  the tempera ture- jump measurements are summarized in Fig. 3. 

Quali tat ively this system shows thesame type of behaviour as described above for the 

reaction of iodate  with Cr(H O)~ +. The reciprocal  relaxation t ime  is almost  in- 

dependent of the concentrations of Gr(NH.q)5H203+v and IO 3 and increases linearly 

with [H+] ,  with an intercept close to zero, i . e .  1 / r  ~ a [H+].  Using an experi-  

menta l ly  determined value of 0.75 for the apparent act ivi ty coefficient  of H + in 

1.0 tool dm -3  NaC104, one obtains a =  1 .6x  103 tool -1  dm 3 see - 1  
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Fig. 3. 
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Dependence of the reciprocal relaxation t ime on the reactant concentra- 
-3  + - 

tions (mol dm ) in the system Cr(NI-L)=I-~O 3 - IO^ (26 ~ I = 1.0 
_.q o o ~  i5 

mol dm - ;  2= 546 nm). a) A:[M] = 0.02, [L]= 0.02, x: [M] = 0.04, 

I L l =  O. 04, o : [ M ] =  0.02, [ L ] = 0 . 0 4 ;  b) x : [ M ] = O .  020 [H +] =0.05,  
a 

o: [M]=  0.04, [H +] = 0.05; e) I L l =  0.04, [H +] = 0.05 
a a 

The kinetics of this system is discussed in terms of reaction scheme (2), which 

includes the outer-sphere complexes M(H20)L and lvi(H20)LH and where M stands 

for the pentaamminemetal  species and L = IO; .  With [H +] >) 0.01 moldm -3,  

hydrolyzed species can be neglected. The outer-sphere processes (K ~ and K o) rep- 

resent rapidly equilibrating reaction steps as compared to the inner-sphere pro- 

eesses (kl,  k_ l  , k2, k 2  ). The same applies to the protolytic equilibria (dissociation 

constants KLH, KOH and KCH). Thus only one relaxation t ime constant due to 
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complex formation is to be expected, in .agreement with 

M(H~O) + L Ko~ M(H~O)L ~ ML + H20 

, K "  M(H~O)LH k, M(H20) + LH . . . .  MtJA + H~O 

the observations (in addition, a very f a s t / <  1/~/sec absorbancy change was observed 

also in the absence of iodate/withNO 3 - or C104 as anions/, which is apparently due 

to the temperature dependence of the molar absorbance of the Cr(III) species). Since 

KLH = [H +] [ I O 3 ] / [ H I O  3 ] = 0.47 tool dm -3  /18/, the concentrations of 

M(H20)LH and MLH are small compared to those of M(H20)L and ML are small 

compared to those of  M(H20)L and ML, respectively, and can be considered as 

steady states. The expression for 1/3 calculated under these conditions for reaction 

scheme (2) is 

1 (~- [H+----A11 A +k_l + k_2 [H +] 
r 1 + k2 KOH J KC H 

(3) 

where 

Ko([M] + [L]) 
A m  

1 + K ([M] + [L]) 
o 

Comparison with the experimental data indicates that the first two terms of eq, (3) 

do not contribute measurably to l / r ,  i, e, 1 / r  ~ k_2 [H+]/KcH, The reaction 

thus proceeds exclusively via the protonated species, pathway 2. 

The value of the outer'sphere stability constant K o for reactants of the charge 

-3 
type +3, -1  is often around 1 at an ionic strength of 1.0 mol dm /14/ .  With 

K ~ ~ 1 and K - K o (1 + Ki)~,  9. 7 dm 3 mo1-1, an inner-sphere constant K i = 
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= k l /k .1  = (k 1 + k2([H+]/KoH))/(K.1 + k.2 ( [H+]/KcH))~ 8.7 would be expected. 

Then, however, the forward terms of eq. (3) would not be negligibly small and the 

value of 1/~ should increase by 3.0-40% over the concentration ranges covered in 

Figs. 3b and 3c, contrary to the observations. It must therefore be concluded that 

is unusually large for the system Cr(NH3)sH203+ - IOn. If, for instance, K ~ = K o 

= 7 and therefore K. W 0.4, then the variation of 1/~ would be 8@0 only, which is 
1 

within the experimental uncertainty. 

The equilibrium relationships of s c h e m e / 2 / l e a d  to 

KOH k_ 2 KLH k-2 KLH 
k2=k-2 Ki = K' K~ - K' (K- Ko) 

KCH KCH o KCH o 

-1 
with k_2/KcH = 1.6x103 mo1-1 dm 3 see , KLH = 0.47 mol dm -8 and K'o~ 

~ 0 . 3  mo1-1 dm 3 (outer-sphere association with a neutral ligand), a value of 

K ~ = 7 yields k 2 ~ 7 x 103 sec -1.  The value of k 2 would be lower if K o were even 

larger than 7. 

The forward rate of complex formation 

R = k 2 [M(HO)LH] = k 2 [Cr(NH3)sH2OS+ " HIO 3] 

with k 2 most likely close to 7 x 10 3 see -1, is entirely analogous to the first-order 

[H+]-term which has been found for the rate of oxygen exchange between iodate 

and water /15/,  R' = 3.2x104 [H +] [IO 3 ]  = 3 .2x104"  KLH [H20" HIO3] , 

w i t h 3 . 2 x l 0 4 "  KLH = 1. Sx l04sec  ~1. 

The rate of complex formation of Cr(H20)3+ with sulfite is even higher than 

that with iodate. In temperature-jump studies of this system a very fast absorbancy 
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change is observed, the amplitude of which depends on the concentration of Cr(lll) 

and sulfite ([Cr(III)] = 0.05 mol dm -3 [sulfite] = 0.1 mol dm -3, [H +] = 0.016 

mol dm-3). However, the time course of the absorbancy change could not be 

resolved by this technique, i.e. the equilibration of the reaction 

c # + +  HSO~ r CrOSO~ + H + (4) 

is complete within l l~ see. 

Measurements of the ultrasonic absorption of this system revealed an absorption 

maximum at about 5 MHz at the above reactant concentrations. This result is 

consistent with a relaxation time of about 4 x 10 -8  see for react ion/4/ ,  but it 

does not represent proof of it since the rapid hydration-dehydration reaction of SO 2 

in aqueous solution (in the absence of Cr(III)) leads to an absorption maximum in 

the same frequency range/16/ .  The rapid hydration-dehydration reaction of SO 2 

is the pathway for oxygen exchange between sulfite and water. 

The results of this study confirm the conclusions which have been outlined 

before /11/ :  

(i) The rates of the unusually fast complex formation reactions of Cr(III)with 

oxyanions 

AfCrCH~O)3+z + OXOff ~ AsCr(OXO-)2+n + H20 (5) 

are closely related to those of the oiygen exchange between the corresponding 

oxyanions and water, 

oxo n + H2o" o'xo  + %o (6) 
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(ii) In contrast to "normal" substitution reactions of Cr(IIl)/2, 3/,  but in line 

with the oxygen exchange reactions /eq. 6/, the fast complexation with oxyanions 
% 

/eq. 5 / i s  accelerated by H -ions. 

The kinetic data reported in this study thus provide very strong evidence for 

the assumption that complex formation of Cr(IIl) with iodate and with sulfite pro- 

ceeds via substitution at the center atom of the oxyanion, for instance: 

, H Is+ O----X--O- 
+ II AsCr--O~"H 0 + H  § ., - 

~.H "]* A.o,-o:*: / '§ 

. .] I l o=i---6-- 

A mechanism without Cr-O bond cleavage has been assumed earlier for these 

/6, 10/and similar reactions /8,9/ .  

EXPERIMENTAL 

The [Cr(H20)6]CIO 4 and [Cr(NHs)5H20]N % complexes have been prepared 

according to literature procedures /17/ .  All other reagents used were of p. a. 

quality (E. Merck, Darmstadt). The ionic strength and the pH of the solutions were 

adjusted with NaCIO 4 and HC104, respectively. A Radiometer PHM 51 digital pH- 

meter was used for measuring pH-values, these were converted to H+-concentrations 

by means of experimentally determined apparent activity coefficients. 
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All spectra were taken on a Beckman Acta III recording spectrophotometer. 

Kinetic measurements by sound absorption and temperature-jump relaxation 

(AT = 6.0 ~ within ,~,l#sec) techniques were performed with the equipment built 

at  the MPI of Biophysical Chemistry. 
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