CONNECTION BETWEEN THE RATE CONSTANTS OF CROSS AND
SYMMETRICAL ELECTRON-TRANSFER REACTIONS

. D. German and R, R, Dogonadze UDC 541.124

To calculate the rate constants (kap) of electron-transfer reactions between dissimilar ions (cross reactions)
ALY +BL,'~AL.+BL. *)
(where the symbols AL?rf' red 2nd BL?;(' red
mate cross ratio [17 is used often:

denote complex fons in the oxidized and reduced forms) the approxi-

kas= (kaksKasfu)", (1a)
ig fu= 1g KAB)2/411g(kAkB/ZMZ). (1b)

In formulas (1a) and (1b), ky and kp are the rate constants of the symmetrical electron-transfer reactions between
AL‘I’} and AL§%d and between BL‘r’r’f and BL%d, respectively, Kpp is the equilibrium constant of reaction (+), and
Z), is the preexponential factor of the rate constant (~ 10!! sec=! [1]). Relation (la) is, strictly speaking, applica-
ble only with the following limitations: 1) if the Coulomb interactions between the ions are insignificant or can be
neglected; 2) if it is possible to neglect the effect of the change in the frequency of the intramolecular vibrations
on passing from the reduced form to the oxidized form; and 3) if there is additivity of the reorganization field en-
ergies, %.e., those of the solvent and the inner coordination sphere (E* = Eg + Eijp’) for the cross and symmetrical re=-
actions

Et,\B= (EtA'*‘EtB) /2.

since reactions are known from the literature [2]1in which the calculation of the kpp by formulas (12) and
(Lb) leads to a contradiction with experiment (by 5-6 orders of magnitude), it appeared of interest to obtain the
cross relation under more general assumptions: when the Coulomb effects are not small and when a change takes
place in the frequency of the skeletal metal—1ligand vibrations (the characteristic frequency of the fluctuations of
the polarization of the solvent is considered to be constant).

According to the quantum theory of the kinetics of chemical reactions, the observed free energy of activation
(AF #) of the cross reaction (*) is (3]

flm,\n
kT

AFL=—kTIn (xm AVAB) APt U, @)

~ where %ap is a transmission coefficient; wpp is the effective frequency of fluctuations of the whole classical gubsys-
tem, i.e., the solvent and the classical intramolecular degrees of freedom; AVAp is the reaction volume; Upg is
the energy of Coulomb interaction between AL and BLIEY for the initial state; and AFsp" is the component of the
free energy of activation defined as the distance in the term of the initial statel (Uj) reckoned from the minimum
(1) of the term to the saddle point ({£1'}), i.ew

1 Condition 3) is not completely independent but is determined to a certain extent by condition 2),
$In agreement with the basic postulates of the quantum theory, the terms of the system are functions only of the
classical coordinates; for criteria of quantum and classical conditions, see [31,
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AFAB*=U1 ( {Eh*} ) —'Ii. (3)

The full set of coordinates { gk} describing the system under consideration includes the normal coordinates of the
solvent {nk} and the coordinates Qp and Qg of the reacting complexes.T Let us denote by ”ko' Q A°, and QBO the
displacement along the corresponding coordinates in passing from the initial to the final states, and by wk QA1
and QA,, Op;. and Qp, the frequencies of the normal vibrations along the coordinate of the solvent ny and the co=
ordinate of the complexes AL, and Bl (the indices 1 and 2 relate, respectively, to the oxidized and }'educed forms
of the complex ion). Then, in the transition state for the reaction (x) the cooreinates nk“. Q A*' and Qg* are

n"‘=°m"‘o’ (a)
0i=aQH0s/ [ (1—0) Quitab]=aQu/[ (1—a) yatal, @v)
Qs=aQn08/[ (1—a) Qay+0fs1] =oysQs/[1—atays], (4c)
where
=i/ Qe 1a=051/ Qo ®)

By substituting (4a)-(4c) in expression (6) for the term of the initial state

U,= —EZ o’ Y QLQ: + —E-QﬁzQ§+I‘, ()
we obtain
. 1 1
AF“=“2E’AB T = 9210&2012 /1 (1—a) yatal*+ - Q;z'{nzazo‘:/ [1—ataysl? )

where ESAB is the energy of the reorganization of the solvent (3] in reaction (» ).

The symmetry coefficient o introduced into (4a)-(c) and (7) is defined as the derivlative B(AF™)/8 (AF,)
(where AF, is the free energy of reaction () and can be found by solving the equation Ut (@) 1=U & () ).

On considering the symmetrical reactions in a similar manner, it is not difficult to show that

= s 1 2 02 h&)A
AFA=EA/4+UA+-?S2A,QA/(1+'YA)—Ichn (m T AVA), ®)

w . 1 2 .02 h(DB
AFB=EB/4+UB+—2QB,QA/(1+'{B)—kT1n(uB = AV,,), ©)

where Ep S and EBS are the energies of reorganizdtion of the solvent and Up and Up are the energies of Coulomb in-
teraction for the corresponding symmetrical processes.

By substituting (8) and (9) in (7), using (2), and passing from free energies to the equivalent expressions for
the rate constants, we obtain

(aEA+bEs) /4—o?E s aUx+bUs—U,s
] exp [ ] , 10)

kan—h kS (Zan/Z2Z0) exp[ - -2

MWAB
.where Zpg denotes the value of #as 5
k11

AVas and Zp and Zy have analogous meanings, and ¢ and b denote, re-
spectively, o (1+7.)/[ (1—a) yata]® and o2ys (1+ys)/ [1—atays].

TIn the approximation of a symmetrical deformation of the inner spheres it is possible to limit oneself to a consider-
ation of the symmetrical metal—ligand vibrations alone. ‘
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TABLE 1. Experimental Values of the Rate Constants of the Symmetrical and Cross Electron-
Transfer Reactions between the Compléx Tons A (H,0R%* and B (H,0)%%*

A B [Igka®)| 1gkp |[lgkap ™| 1g8kap [IgkQp|igs®*XP*| am .
Co (I1I) Mn(II)1 0,7 —4,0(%) +5,2 2,14 1,7 2,3 0,94 1| 043
Fe (II) 0,7 0,65(5){ 18,4 2,4(%) 9,9 —15 —0,3 0:45
V(1) 0,7 —2,0(5) 35,2 6,00 16,9 —22 -—0,13 0,31
Cr (I1): 0,7 —4,7(7) 37,7 413 16,8 —254 |—0,47 0,35

*log £€XP = 2 (log kpp —log kAB)
T The calculation of ‘the total energy of reorgani zation from formula (12) usmg this value of
oy leads to a negative value of E,E\B .

Expression (10) is the cross relation for electron-transfer reactions accompanied by the reorganization of the

" inner coordination sphere. In the special case of rigid spheres, it passes into the relation (1a), (1b). In actual fact,
let us consider those reactions between ions in which y, 5 =1 (i.e., a = b =2¢%) and neglect the Coulomb interac-
tion between the fons (Up = Ug = Upg = 0). Then, assuming that the transfer of an electron in unsymmetrical and
symmetrical reactions takes place at the same distance R, and also that XaB=Xa=¥s and WAB=WA=0s (i.e.,
Zpg = ZA = Zg = Z) and adopting the condition of additivity for Et [Epgt = (EAL + Egh)/2] we obtain the cross rela-
tion in the form

) kAB= (kAkB) 2a2Zl—la2’ (11 )

which is identical with (1a), (1b) if one considers that under the assumptions mentioned above
a="/r+AF/2Ess. . a2)

The cross relation (10) can be rewritten in more convenient form for the case in which the change in the fre-
quency of the vibrations of the inner coordination sphere is not too great, i.e., when y =1 + Ay, Ay « 1. Itis
obvious that this case is the most important in practice, since the change in the frequency @ usually does not exceed
40-50%, Furthermore, we shall assume that ALy, and BLy, have the same charges in the oxidized and reduced forms,
ie.,,Up=0Ug= Uag®t = U. Wwith this limitation, expression (10) changes into the simpler relation (13)

kap=(kaks)**Z'~** exp [ (4’—1) U/ET], 13)

in which, in contrast to (11), the coefficient o is no longer defined according to (12) but must be found from a solu=
tion of the equation U/,{&" () 1= U JC\[E"(oc)] or it can be considered as an empirical parameter.

Let us now compare (1a), (1b), and (13). For this, let us rewrite (1a), (1b), in identical fashion as

lg kas=lg k:B'*"/z g fu, a14)
]-g fu= (OCM_I/2) Ig K5, 5)

where
Fas®= (EaksKan) ™. {6

If the value of log fj is considered as an experimental value (determined from the difference between log kap for
the unsymmetrical reaction and log kAB) then (15) can be used to find o

an="/o1g Vg Kss. an
Expression (13) can also be represented in the form (14), but with the factor { given by
Ig f=(4ai—1) [Ig (kaks/Z?) +2U/kT]-1g Kus | (a8

[it is obvious that (18) passes into (15) on the assumptions that Ay = 0, U= 0, and EABS = (EpS + Eg®)/2]. According
to (18), the coefficient ¢ is given by
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1 ex 2U s
= 1 Y NV ]} . 19
; {1+ £(%* % n) /[2’3kT+1g(k k/2) |} 19)

Let us consider a group of reactions for which the calculation of the rate constant of the cross reaction kap
by formulas (14) and (15) [or (12) and (1b), which are equivalent to them] leads to values 5-6 orders of magnitude
higher than the experimental figures (Table 1),

As estimates according to formula (17) using the experimental value of log f show (see Table 1), for these sys-
tems the coefficient )y, proves 1o be negative, which contradicts the definition of « given in the theory [1, 31, ac-
cording to which the value of ¢ is located in the range between zero and unity, Nevertheless, calculation by for-
mula (19) leads to reasonable values of the symmetry coefficient o, The rate constants kap of the cross reactions
calculated from formula (13) with such values of o agree with the experimental values. An important conclusion
follows directly from this; for the systems collected in Table 1 the assumptions of the additivity of the energies of
reorganization and of the small role of the effects of Coulomb interaction and of the invariability of the frequency
of the intramolecular vibrations are incorrect, It is just the neglect of these effects that leads to the considerable
discrepancy between the theoretical and experimental rate constants of the cross reactions.

According to (13), between the rate constants (kg and kgn) of two series of redox reactions in each of which
AL?If and BLYX react with one and the same set of jons NLred, there must be a correlation of the type of.

lg kAN= ((ZA/GB) z lg3kBN+C.

. It is obvious that, generally speaking, the tangent of the angle of slope of the graph of log ks )y versus log kg
differs from unity and depends on the symmetry coefficients A and ap in each of the series. Only in the par-
ticular case where‘ ap =ap, which corresponds to relation (la), is the correlation under consideration character-
ized by a slope of 45°,
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