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Calculation of activation-controlled reaction rate constants 
from parameters of electronic absorption spectra of ion pairs 
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An equation relating the rate constants of a bimolecular activation-controlled redox 
reaction to the parameters directly determined from the electronic absorption spectra was 
obtained in the framework of the Marcus--Hush theory. Applicability of the equation for the 
prediction of redox reaction rate constants was shown. 
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The formation of  ion pairs due to the outer-sphere 
interaction of  ions of  coordination compounds is often 
accompanied by changes in the electronic absorption 
spectrum (EAS) related to charge phototransfer from the 
ion-donor to the ion-acceptor.  The position, shape, and 
intensity of  bands of  the outer-sphere charge transfer 
provide information on the electron transfer between the 
ions. The concentration dependences of  absorption make 
it possible to characterize the ion pairs that formed (to 
determine the concentration stability constants and mo- 
lar absorption coefficients of  associatesl-S). In part icu- 
lar, intermediates that appear during redox reactions 
between ions can thus be characterized. 

[Fe(CN)613---[Fe(CN)6] 4- is an interesting system 
manifesting the outer-sphere interaction of the ions. 
Low-intensity broad absorption bands of  the anionic 
pairs in this symmetrical system (the difference of  the 
standard redox potentials of  the ions is AE ~ = 0) appear  
at the boundary of  the visible and near-IR spectral 
regions. 6 The rate of  electron transfer between the an- 
ions in this system has been determined by different 
physicochemical methods. 7-9 The application of  the 
Marcus--Hush theory, for the description o f  electron 
transfer ~~ in symmetrical systems is more rigorous 
than that in nonsymmetrical systems. Hence, symmetr i -  
cal systems are convenient objects for testing theoretical 
equations. 

According to the theoretical concepts, 1~ the rate 
of the bimolecular activation-controlled electron trans- 
fer reaction (v/L mol - t  s - I )  proceeding in excess of  one 
of the ions (in this case, the reducing ion) can be written 
in the form 

u = k~,KtAredlIoxl/(l + K;,4red]), (I) 

where Kip = Kip~ 

Kip 0 - 4r~N(d') 3 p~ Ztz~e2 ] 
3000 ex 

(2) 

f =  DskT(1 + Kd')) K = (  l~---'~~skT ) , (3) 

2~ Hd.a p~ (AE+x)2 l 
ket-  h (4rt'zRT) t'z ex - ~,r , 

Ha. a 2.06- 10 -2 i~maxVmaxVl, 2)t'2 = , (4) 
d 

where ket is the electron transfer rate constant;  [red] and 
[ox] are the concentrat ions of the reductant  and oxidant 
ions, respectively; K/~/L tool -x is the thermodynamic 
stability constant o f  the ion pair; f is the activity coeffi- 
cient; d*/~, is the contact  distance between the ions; D s 
is the dielectric constant of  a solvent; I is the ionic 
strength of  the solution; R is the universal gas constant; 
k is the Bol t :mann constant; T/K is the absolute tem- 
perature; zl and z: are the ion charges; e is the electron 
charge; N is Avogadro ' s  number; and h is the Planck 
constant. 

Calculation o f  the rate constant  requires data on the 
spectral pa rame te r s  of  the i n t e r m e d i a t e  ion pair:  
the position of  the maximum (Vrnax,/Cm-I), halt-width 
(Vl /2 /cm-I ) ,  and  molar  a b s o r p t i o n  coeff ic ient  
(Emax/L tool - I  c m - l ) ) ;  its stability (Kte); the distance of  
electron transfer between the anions (d); and the reorga- 
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nization energy of the system (7../cm - j  or J tool-I). The 
use of stability constants and molar absorption coeffi- 
cients of ion pairs is especially difficult because separate 
determination of the latter is impeded by weak associa- 
tion of the ions and uncertainty of the contact distance 
between the nonspherical ions. fa In addition, the dielec- 
tric constant and ionic strength of the solution are used 
for the recalculation of the stability constants on going 
from these experimental conditions to the others. Appli- 
cation of these parameters for the description of concen- 
trated solutions of electrolytes is rather limited and can 
result in substantial distortions of the calculated values. 
An additional error appears due to the influence of the 
nature and concentration of alkali metal ions used as 
counterio.ns on the absorption of the ion pair and posi- 
tion of the absorption maximum, t5 

These difficulties can be overcome by taking into 
account that the optical density of the ion pair in the 
absorption maximum (Area x) can be written in the forint6: 

�9 4max = ernaxlKleIredlloxl/(l + K/ptredl), (5) 

where I/cm is the optical path length. Then 

v = ketAmax/~maxl. (6) 

After insertion of ke~ from Eq. (4) into Eq. (6), we get 
rid of the barely determined stability constant and molar 
absorption coefficient of the ion pair and then, in the 
general case: 

tJ = k~,~loxliredl = 

1.69.10 s Area x VmaxVl/2 exp[-(AE + Z)2/4xRT] 
/d2{zT)Jt2 , (7) 

where kcalc is the calculated rate constant. 
The reorganization energy of a system is related to 

the energy corresponding to the maximum of the charge- 
transfer band by the correlation 

z = v .... - A~. (8) 

Titus, the calculation of the bimolecular reaction rate 
constant requires knowledge of the parameters of the 

cha~e-transfer band directly determined from the EAS, 
the contact distance between the ions, and the difference 
of the standard reduction potentials of the ions corrected 
to the work of their approach (AEcorr). For a symmetri- 
cal system, Eq. (7) can be written in the form 

~, = kc=ic[oxllred I = 

1.69- I O*'A m,~xVmaxl/2vt/2 exp(-z/4RT) 
= id,rV2 (9) 

The calculated and experimental rate constants of the 
bimolecular electron transfer between the ions [Fe(CN)613- 
and [Fe(CN)6] 4- are presented in Table 1. We assumed 
that the calculation accuracy is mainly conditioned by the 
determination accuracy of Amax, vl/2, and d. The latter has 
been calculated 14 from the stability constant of the ion 
pair 9 using the Fuoss equation) 7 The d value presented in 
Table 1 is close to the contact distances between 
the anions in the cry, stalline complexes K3[Fe(CN)6], 
K4[Fe(CN)6I - 3H20 and K4[Fe(CN)6 ] �9 3D20 16.673, 
7.051, and 7.099 A. respectively), tS-zo 

The kcalc values were calculated by two different 
methods. In the first case, we neglected the spin-orbital 
splitting of the absorption bands. In the second case, the 
spin-orbital coupling ( ~  = 460 cm -r) was taken into 
account. 9 We assumed that for broad bands with nearby 
maxima with an intensity ratio of 1 : 24 the optical 
densities of individual bands were 1/3 and 2/3 of the 
absorption in the maximum of the observed band. The 
reaction rates were obtained by the summation of the 
rates of two reactions corresponding to two electron 
transitions. 

For the presented symmetrical systems, taking into 
account the spin-orbital coupling, the experimental and 
calculated values virtually coincide, indicating the ap- 
plicability of Eq. (9) for the prediction of the rate 
constants of activation-controlled reactions and correct 
estimation of the contact distance between the ions. For 
nonsymmetrical systems, the accuracy of prediction is 
mainly determined by the difference of the redox poten- 

Table 1. Rate constants of electron transfer between the [Fe(CN)6] 3- and [Fe(CN)6P- ions and 
parameters used for calculation 

Medium a ~/K Amax/l ~'c Vmaxn/Cm -I vl/2b/cm -I d/'A AE ~  AEr Iogkcalc Iogkexp ~ 
/cm-t(• (• (• (• (• 

H20 299 0.075 12200 7900 6.9 0 5.05 4.98 
H20 299 0.050 12430 6300 6.9 0 4.98 4.98 

0.025 11740 6200 -- 
299 0.075 12660 7900 6.9 0 4.82 4.70 
299 0.050 12890 6300 6.9 0 4.75 4.70 

0.025 12200 6200 -- 
348 0.063 12800 8500 6.9 0 5.61 5:57 

D20 
D20 

D20 

a [Fe(CN)6]4- = 0.5 tool L -l ,  [Fe(CN)6] s- = 
hAccording to the published data. 9 
c Calculated by Eq. (5). 

0.1 tool  L - l .  
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Table 2. Rate constants of electron transfer between the ions at 298 K and parameters used for calculation 

Ion pair Am,~,~/l vma x vl/2 d/'A 
cm -I  (-+0.1) 

[red] [ox] AE0 o (,AEcorr) Iogkcal c Iogkexp/, Iogk,hermC 

mol L -I /V ~+0.05) (_+0.8) (+0.8) 

[ Fe(CN)6]3-,NO 2- t.90 ct 21900 a 6200 ,l 5.6 3.75 0.4 0.68 -3 .  I -3.5 0.1 
(0.60) ___O.3 

[ RuiN H3)r 0.32 e 24900 e 6380 e 4.6 e 0,35 0.0028 1.27 -8 .5  -12.3 
(1.32) +0.6 

[VeNO(CN)51z-,I - 0.)7f 31000f 7500f 4.6 f 3 0.0005 1 .40  -11.0  -12.6 
(I.34) _+0.5 

[Co edta[- , I -  g 0.4If  33100f 7000f 5.0f 3 0.0005 0.95 -8 .2  -5.5 
(0.92) _+0.4 

a According to the published data. zl,z7 
b Calculated using the rate constant zg of  the reverse reaction k_~ = 4.3- 106 L mol -I s -~. 
e The rate constant of the thermodynamically controlled reaction (ktherm) was calculated taking into account the rate constant z9 of 
the diffusion-controlled reverse reaction k_ I = 1.2 �9 10 I~ L tool -I s -I 
,tAccording to the published data. z4 
eAccording to the published data. t6 
fAccording to the published data. z5.26 
g H4edta is ethylenediaminetetraacetic acid. 

rials of  the in teract ing ions. For  example ,  the standard 
potential o f  the N O 2 / N O  2- pair was determined with an 
accuracy o f  _+0.04 V, 2j which substantial ly decreases the 
accuracy o f  ca lcu la t ion  of  the rate constants  of  reactions 
involving nitr i te  ions. In addi t ion,  on going from the 
standard to real potentials by the Fouss equation,  t7 we 
assumed that  the contact  dis tance between the ions in 
pairs before and after their r ea r rangement  remains un- 
changed. However ,  taking into accoun t  a low value of  
the calculated work  of  approach o f  the ions, the error  of  
its de te rmina t ion  can hardly affect the  calculation of  the 
values. The  ca lcula ted  and exper imenta l  rate constants  
o f  the b i m o l e e u l a r  e l ec t ron  t r a n s f e r  be tween  the 
[Fe(CN)6] 3-  and  NO 2- ions are presented in Table 2. 
The con tac t  d is tance  between the anions  was est imated 
from the c h a r a c t e r  of  the d e p e n d e n c e  of  the reaction 
rate constant  in the [Ru(CN)613- - -NO~ - system on the 
ionic strength o f  the solution, z2 The  e[xperimental and 
theoretical  ( the product  of  the ion charges is equal to 3) 
dependences  co inc ide  at d = 5.6+0.1 A. The obtained 
distance is close to that between the  anions (5.717 ,~) in 
solid (NH4)4[IrCI6]NO3.  z3 Compar i son  of these three 
systems seems reasonable because the  sizes of  the com-  
plex and n i t rogen-con ta in ing  an ions  entering the com-  
pared ion pairs are close. 

Equat ion (7) can  be fruitful for predict ion of  the type 
o f  b imolecu la r  redox reaction. Compar i son  of  the calcu- 
lated cons tan ts  o f  the act ivat ion-  and the rmodynami-  
cally con t ro l l ed  reactions o f  c o m p l e x  ions with iodide 
ions is p resen ted  in Table 2. It was assumed that the 
calculat ion er ror  was mainly related to the inaccuracy in 
de te rmina t ion  o f  the standard reduct ion  potentials. The 
calculat ions were  performed taking into account  the 
spin-orbital  spl i t t ing of  the bands, According to calcula- 

tion, the contribution to the react ion rate corresponding 
to the short-wave electron t ransi t ion does not exceed I% 
of  the total value, which is much lower  than the ca lcula-  
tion accuracy. It follows from Table  2 that the interac-  
tion of  the cobalt complex  with iodide ions is ac t ivat ion-  
control led,  unlike two other  processes of  oxidation o f  
iodide ions, because the calculated rate constants o f  the 
act ivat ion-control led process are lower  than that o f  the 
thermodynamical ly  control led react ion.  In fact, it has 
previously been found z9 that the  interaction o f  the 
[Co ed ta] -  ions with iodide ions is much slower than the 
similar interaction of  [Fe(CN)6]  3-,  despite a h igher  
negative charge o f  the latter and a lower value o f  the 
standard reduction potential.  The  low reaction rate in 
the case of  the [Co ed ta ] -  ions (more  than two orders o f  
magni tude lower than those o f  the  thermodynamica l ly  
control led reactions) makes it possible to observe the 
absorption bands o f  ou te r - sphere  charge transfer be-  
tween the anions. 
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