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The kinetics of isotopic exchange between Fe(CN)e4- 
and Fe(CN)63- ions have been extensively studied by 
quenched-flow;' and nnir line-broadening methods. 
The system is a good example of an outer-sphere redox 
reaction, and i t  is this type of reaction which is most 
amenable to theoretical treatment and prediction. a 

A number of iron(I1)- and iron(II1)-cyano com- 
plexes are known4s6 in n-hich anions or neutral molecules 
have replaced cyanide group(s). We have therefore 
studied the kinetics of reactions of the type 
Fe(CK)G'- f Fe(CS)sSHap- e 

Fe(CN)G3- + Fe(CS)5K€€33- (1) 

by stopped-flow methods and examined the results 
briefly in terms of the ideas developed by Marcus6 for 
the rates of such outer-sphere "cross-reactions." 

Experimental Section 
Materials. Chemicals used, where possible, were cornmcrcial 

products. A number of complexes were prepared by literature 
methods and characterized by their spectra. These included 
(references refer to  preparation and spectra) KaaFe(CK)&H3. 
3H20,7 NapFe(CN)jNHa.6H20,718 (reported as a trihydrate when 
dried over concentrated sulfuric acid7), Na3Fe(CS)jH90,Q-l1 
Xa2Fe(CN)aHp0.H20,329"2 ~ a 3 F e ( C ~ ) j P ( C s H j ) 3 , 3 H ~ o , 1 a  NapFe- 
(CS):P (CsHe)a, 2Hp0,Id &Fe(bipy) ( C S ) r ,  3Hp0, and HFe(bipy)- 
(CF)d.2H20.1i The ions Fe(CS)5Nad- and Fe(CN):CNS4-'j 
were used in situ, obtained by mixing solutions of the iron(I1) 
ammine or aquo compound with a large excess (1000-fold) of 
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(through S- or Y-) is unknown with these compounds. 

azide or thiocyanate ion at pH 7-8, in an Sp atmosphere to avoid 
aerial oxidation. The preparation of the corresponding iron- 
(111) compounds (without using Sp) required some 2-3 hr for 
complete c o n ~ e r s i o n . ~  

Kinetic Experiments.--A glass-Lucite stopped-flow apparatus 
was used. Usually the change of concentration of Fe(CS)e3- 
was followed at 420 mH (e  1.0 X lo3)  or 303 mp ( e  1.7 X l o3 )  but  
absorption of Fe(CN):HzO2- a t  560 mp ( e  300), Fe(CN):Na3- a t  
560 mp (E 3.7 X lo3),  and Fe(CK)5CKS3- at 590 mp ( e  2.7 X 
103) was also utilized. The  concentration of reactants was deter- 
mined from the weight of compound and usually checked spec- 
trally. Solutions were used within 15 min of preparation. Most 
of the work was carried out in the pH 5.5-7.0 region where rates 
were p H  independent, and since any p H  changes occurred only 
slowly and subsequent to the redox process, buffers were found 
unnecessary. In addition, Fe(CK)jNHa2- and Fe(CK)[>H2O2-, 
for example, were found to  interact with buffer constituents such 
as lutidine and acetate ion. Usually 10-4-10-3 ilf reactant con- 
centrations were employed, with sufficient excess of one reagent 
to ensure both pseudo-first-order kinetics and completion of reac- 
tion. This latter occasionally required a high ratio of reactant 
concentrations. The appropriate kinetic plots were linear over 
several half-lives. The ionic strength was kept as low as possible 
to  help attain measurable rates with the faster reactions. Errors 
in k are about =i=7yc; in AH* errors are +(1.0-1.5) kcal mol-' 
and in AS* they are + (3-5) eu.lG 

Redox Potentials.-These were measured a t  25' using I't and 
saturated calomel electrodes in coiljunction with a Radiometer 
Type T T T I C  titrator. Equimolar concentrations 111) 
of the pair of the redox couple were used at the ionic strength of 
the kinetic experiments. In  a few cases a full potentiometric 
titration was used to  estimate the redox potential and this value 
agreed well with the results from the simpler method. 

Results and Discussion 
All of the iron(II1) complexes and Fe(CN)64- gave a 

neutral solution17 and were stable during the course of 
the kinetic experiments. Upon long standing some 
showed color and pH changes. All reactions were 
shown to be second order except those which were too 
rapid for meaningful concentration variations to be 
made. All rate constants (Table I) were determined 
at  an ionic strength of 0.05 M (largely KNQ). In  
this way it  was hoped that differences in the relative 
reactivity of free and associated Fe(CN),j"- ions' 
would not be an overriding consideration for the survey 
purposes of this work. l8 The activation parameters 
were measured a t  ionic strengths governed by the 
necessary experimental conditions. They were found 
not to vary significantly a t  different ionic strengths. 
For five reactions involving 2 - with 3 -,  2 - with 4-, 
and 3- with 4- charged species the enthalpies and 
entropies of activation fall in the range 1.S-4.0 kcal 

(16) A table of detailed data has been deposited as  Document No. NAPS- 
00128 with the ASIS National Auxiliary Publication Service, c/o CCM In-  
formation Sciences, Inc., 22 W. 34th S t . ,  New York, N.  Y., 10001. A copy 
may be secured by citing the  document number and by remitting $3.00 for 
photoprints, or 81.00 for microfiche. Advance payment is required. Make 
checks or money orders payable to:  ASIS-KAPS. 

(17) J. Jordan and G. J. Ewing, Inorg.  Chem., 1, 587 (1962). 
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because the thermodynamic association constant 
1%'. A. Eaton, P. George, and 

ionic strengths of 0.05 
of KFe(Ch-)63- is 60 at 2 5 >  and I = 0.03 i4: 
G. I. H.  Hanania, J. Phys. Chevt., 71, 2016 (1967). 
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TABLE I 
XIXETIC AND POTENTIAL DATA FOR Fe(I1)-Fe(II1) REDOX 

REACTIONS AT 25“ ( I  = 0.05 M) 
AH*,  

k, h l - 1  kcal AS*, 
Reductant Oxidant Eo,a V sec-1 mol-’ eu 

Fe(bipy)(CN)r- 0.55c 8 X l O B d  
Fe(CN)&‘(CsH6)aZ- 0 . 5 4  8 X 104 3 . 3  -25 
Fe(CN)aNHaZ- 0.33’ 7 X 103 3 . 3  -32 
Fe(CN)bHgOS- 0.54’ 1 X 103: 3 . 2  -33 
Fe(CPi)@s- 0.40h 5 X 103: 4 . 0  -32 

1031 3 . 6  -24 
Fe(CN)jNs4- Fe(CN)o3- 0 . 2 4  8 X 101 1.8 -30 
Fe(bipy)(CNh*- Fe(CN)e3- 0.55  2 X l O i d  

Fe(CN)& Fe(bipy)aa i. -1.0 > l O S b  

a Potential of substituted complex as oxidant ( i t? . ,  all positive 
values). From the cross reaction Fe(phen)s3+ + Fe(4,4’-di- 
n1ethylbipy)3~+: B. M. Gordon, L. L. Williams, and N. Sutin, 
J .  Am. Chem. Soc., 83, 2061 (1961). See also D. W. Larsen and 
A. C. Wahl, J .  Chem. Phys., 43, 3765 (1965). P. George, G. I .  
H. Hanania, and D. H. Irvine, J .  Chem. Soc., 2548 (1959), report 
0.56 V. These values lead to Kesuil = 400; from redox poten- 
tials, Kequil = 300. e D. Davidson, J.  Am. Chena. Soc., 50, 2622 
(1928), reports 0.37 V. f L. Michaelis and C. V. Smythe, J .  Biol. 
Chem., 94, 329 (1931), report 0.42 V. Q I = 0.02 M. P. A. 
Rock, J .  Phys. Chem., 70, 576 (1966), reports 0.37 1‘. Esti- 
mated from ref 1. f M. Shporer, G. Ron, A. Loewenstein, and 
G. Kavon, Inorg. Chem., 4, 361 (1965), report value a t  I N  8 M. 
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mol-’ and -23 to -33 eu. These values include that 
for the parent system Fe(CN)s4--Fe(CN)63-. The 
large negative entropies of activation are expected for 
reactions in which the reactants have high positive 
charge products. 

Isotopic-Exchange Rate Constants.-The different 
free energies for each reaction had to be allowed for in 
assessing the influences of substitution on the ease of 
electron transfer. An effective way of accomplishing 
this is to use Marcus’ relation derived for outer-sphere 
redox reactionss 

kiz = (kiikzzKizf)1’2 

log f = (log Kiz) ’/4 log (kiik2z/Z2) 

Here kll and kzz are the appropriate isotopic-exchange 
rate constants ; e.g. Fe (CN) e4--Fe (CN) 0 3 -  and Fe (CN)s- 
NHd3--Fe(CN)6NH32- in reaction 1 are the systems for 
which klz  and Klz  are the rate and equilibrium constants. 
Z is the frequency factor, ~ 1 0 ’ ~ .  Since we know klz, 
kll,  and Klz, we can estimate kzz for each complex studied. 
The isotopic-exchange rate constants thus computed 

Fe(CN)64-y3- (5 X lo3) < Fe(CN)6NH33-g2- (lo6) - 
Fe(CN)5P(CsHj)33-)2- (lo5) < Fe(bipy) (CN)4z-i1- (4 X 
lo7) < F e ( b i p ~ ) ~ ~ + , ~ +  (>lo8);  the rate constants (M-l 
sec-1) a t  25” are given in the parentheses. The large 
effect produced on substitution of only one bipyridyl 
molecule may be largely as a result of reduced electro- 
static repulsions, judging from the results with the 
ammine and phosphine complexes. 

Two reactions which we studied are not included in 
the series above because of their complexity. Oxida- 
tion of Fe(CN)5CNS4- by an excess of Fe(CN)63- 
rapidly produced a transient purple species (with an 
absorption peak a t  550-560 mp) which changed (via 

increase in the order Fe(CN)5N34-v3- (3 x 103) < 

an isosbestic point a t  575 mp) to the blue color (ab- 
sorption peak a t  590 ml )  characteristic of the species 
obtained directly from F ~ ( C N ) S N H ~ ~ -  and SCN - 
ions8 One possible explanation for these observations 
is that the iron(I1)-thiocyanate coniplex is N bonded 
and that rapid and complete oxidation gives an un- 
stable, purple, N bonded Fe(CN)5NCS3- ion which 
slowly rearranges to a blue linkage isomer Fe(CN)j- 
SCN3-. This rearrangement is speeded up if Fe- 
(CN)sHz03- is added to the solution possibly through 
the catalytic process depicted in19 

FelCN),XCS3- + Fe(C9)5H203- --+ 
Fe(CN),NCSFe(CN)s6- + 

Fe(CN);H203- + Fe(CiY),SCW- ( 2 )  

Thus in the sfocv oxidation of Fe(CN)6NCS4- by H202 
or when there is a deficiency of Fe(CN)63-, enough 
Fe(CN)6H2O3- ions are present to prevent the purple 
species from being seen. Significantly Fe(CN)jN34- 
gave only a purple species on oxidation, also with a 
maximum a t  560 mp. 

Reaction 3 also behaves in an unexpected manner. 
Although it is recognized that pentacyanoaquoferrate- 
(111) may be polymeric in solution,20 its reduction by 

Fe(CK)e3- + Fe(CN)5H203- (3) 

Fe(CN)e4- is second order and proceeds easily to 
completion. In apparent contradiction to this penta- 
cyanoaquoferrate(I1) reacts with F~(C!LV)~~-, as shown 
by absorption changes a t  420 nip (e.g., with 3 X 
1’ Fe(CN)e3-, 3 X A!i‘ Fe(CN)63-, and til, = 
70 msec a t  25’) but a redox process is not involved, 
however, since the product of a characteristic absorp- 
tion a t  560 mg is absent. Such “interactions” have 
been observed previously4 and presumably involve the 
formation of cyanide-bridged dimers or polymers be- 
lieved present in solutions of pentacyanoaquoferrate- 
(11) itself.20 The nonsubstituted Fe(CN)64- and 
Fe(CN)63- ions have been shown not to interact.21 
Absorption changes were also observed when a solution 
of pentacyanoaquoferrate(I1) was allowed to react 
with pentacyanoaquoferrate(II1) or even Fe(CN)64- 
ions. These slow reactions did not interfere with 
observation of the rapid redox reactions. 

Thus it is not possible to assign equilibrium constants 
from redox potential for the reactions involving the 
aquo- and thiocyanate-substituted iron complexes, 
and the appropriate substitution in the Marcus equa- 
tion cannot, therefore, be made. 
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