O ------.--........Ill!lE

results as quantum-mechanical calculations on the basis of perturbation theory. In addition,
it allows expressions to be obtained for the transition probability in adiabatic reactions,

-The authors wish to thank R. R. Dogonadze and M. A. Vorotyntsev fof_discussing the work,
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KINETICS OF ELECTRON TRANSFER REACTIONS BETWEEN MOLECULES OF
POLYCYCLIC AROMATIC HYDROCARBONS AND THEIR RADICAL ANIONS

Yu. I. Kharkats UDC 541,138

A comparison is made of the experimental data for electron transfer between mole-
cules of polycyclic aromatic hydrocarbons and their radical anions [1] with the

- quantum theory of charge transfer in a polar medium. An expression is derived for
solvent reorganization energy when electron transfer occurs between nonspherical

- reactants, which is described by a model based on triaxial ellipsoids.

In a recent study [1] an attempt was made to compare the experimental data for the kinet-
ics of electron transfer between molecules of polycyclic aromatic hydrocarbons and their radi-
cal anions R, + R; = R, + R,” with the Marcus theory of electron transfer [2]. In agreement
with the Marcus theory it was reckoned that in the absence of Coulombic interaction between
the reactants, the rate constant for the electron transfer could be represented as

k=A exp (—AG*/RT), (1)

AG*=E,/4+AG%/2+(AG®)?/4E,, - (2)

I : : ' E,=E*E, : ' : - (3
I E,=c*({/eop—1/ew) (rastsen=1/r). (4)

In expressions (1)-(4) the value of the preexponential coefficient A is identified with Z, the
number of collisions of the reactants in unit time, AG* and AG® are the free energy of activa-
tion and the free energy of reaction, E. 1s the total energy of reorganization of the system, |
consisting of the solvent reorganization energy Eg and the reorganization energy of the. chemi- |
cal bonds of the reactants Ei, a1 and a; are the radii of the reactants, r is the distance be~-
tween the reactant centers, €op and eg¢ are the optical and static dielectric constants of the ‘
solvent. The further development of the quantum theory of electron transfer reactions in '

. Institute of Electrochemistry, Academy of Sciences of the USSR, Moscow. . Translated from
Elek;;okhimiya, Vol. 12, No. 8, pp. 1284-1291, August, .1976. : Original article submitted Janu- ;
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IABLE 1. Observed and Corrected Rate Constants
of Electron Transfer

Reaction® AG>, €V »,mole™t. ' "t;‘
sec-! mole~t.sec!
A-+A=A+A~ ] (1.8+0,2)-10° 2,4-10°
A-+B=A+B- 0,052 (5,411,0)'105 59-10%
A-+P=AtP- 0,113 (9,6+1,5)-107 9,7-107

*A — Anthracene; B — 1,2-benzanthracene; P — pyrene.

solutions [3] has enabled Eq. (1) to be refined and in particular the limits of its applica-
bility to become apparent. It was shown that in nonadiabatic reactions the expression for
the preexponent at constant rate contains, besides a collision factor Z, also a transmission.
coefficient x, which is determined by the quantum characteristics of the system and which
characterizes the probability of electron transfer when the system attains the reaction con-
figuration: : L RS
A=2Z-%. . ; co ' ‘.‘ (5)
In the case of adiabatic processesk= 1 and A = Z. ' ' : BT

In comparing the experimental data with the Marcus theory in [1] a correction was made - ..
to the observed rate constants k, by taking into account the~di£fusion resistance TR

i 1 1 ' L
————, K - . Agﬂgm

for which k4 was evaluated from the formula [4] o . IR
‘ o ke=4RT/3n. i S LD

The value obtained in this way of kq = 7.2-10° mole=’+sec™ in 1,2-dimethoxyethane at 25°C is_
comparable with the rate constant for electron transfer between anthracene and its radical
anion, 1.8:10° mole~'*sec~'. The observed and corrected rate constants for three reactions
which have been studied are given in Table 1. The calculated values of Ep for the electron
exchange reaction in anthracene using the corrected value of the rate constant k, = 2.410°
mole=*+gec—! are 8.8 and 3.4 kcal *mole=?, 1f for A= Zthe values 10 and 10*° mole—!.sec”'are
taken respectively. The corresponding plots of log k% against AG® are shown in Fig. 1. Since
the authors of [1] reckoned that the value of Z = 10°
in the subsequent treatment the value Er = 8.8 kcal*mole™?, although the corresponding plot.
of 1n kg against AG® differs considerably from the experimental data.: Supplementary studies
of the dependence of the rate constants for electron transfer on the dielectric constant of
‘the medium [1] also pointed to a much lower value ofvthe'reorganization energy Ey. This was
also indicated by the small difference between the experimental values of the activation en-
ergies of the process in the two studied solvents with different dielectric constants [1].

. . Below an analysis is made of the experimental data for the kinetics of electron transfer
between polycyclic aromatic molecules and their radical anions, in which no assumption is '
made regarding the adiabaticity of the process, and evaluation of the diffusion constant kq
» from fqrmula'(7),is not used, the deduction of which is based on a definite theoretical model
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and correspondence of the predictions of which with experimental values of kq requires inde-
pendent verification.

The experimental rate constants given in [1] for the three reactions (Table 1) k,, k,,
ks permit us, by using known values of AG,° and AG,° and the formulas (1), (2), and (5), to
set down three equations which contain the unknown parameters A, Er and kg:

(ky~'—ks*)"'=A exp (—E,/4RT), )
(ki~'—ki)~*=A exp [~ (E/4+AG*/2+ (AG) Y/4E.) /RT], (9)
(ks —ki™')~'=A exp [ (E./4+AG,*/2+ (AG*)/4E,) /RT]. (10

Reorganizing equations (8)-(10) it is possible to reduce them to a single equation con-
taining one unknown value Ep:

kit exp(—(AG.*/2+(AG\")/4E,) /RT] —ki™* _ k' exp[—(AG:*/2+(AG,*) V4E, ] ~k,~*
exp[—(AG\*/2+ (AG\°)*/4E,)/RT ] —1 exp[—(AG,"/2+(AG,°)/4E,) /RT]—1 (11)

Graphical solution of equation (11) leads to the value Er ~ 6.0 RT = 3,6 kcal/mole.
For this, kg » k,, ka, ks. The preexponential coefficient A = Zk equals 8:10° mole~':sec™?.
Taking the value of Z as Z = woAV/21r =~ 10! mole~'-gec=?, where wo = 102 gec~> is the effective
frequency of the dielectric fluctuations of the solvent [3], AV = 47R*AR = 4007 A® is the re-
action volume, we reach the following conclusions: 1) The considered reactions occur nonadi-
abatically with x <« 1; 2) the reactions proceed kinetically and under the experimental con-

ditions diffusion resistance is absent; 3) the experimental rate constants are well described

by formulas (1) and (2) where E. = 3.6 kcal/mole.

‘In [1] an attempt was made to compare the experimenally determined values of Er = 3.4

kcal/mole with Z = 10*° mole=!-sec~?, and Ey = 8.8 kcal/mole (withZ=10'? mole—1 +sec™!) with

the values of Eg obtained by evaluation from formula (4). For this the reasonable assumption
was made for the type of reaction studied that Ef << Eg ® Ep. According to formula (4), the
reactants are depicted as spheres of radii g, and a2. However the molecules of the polycy~
clic aromatic hydrocarbons under consideration, for example anthracene and its radical anion,
have a planar structure (Fig. 2) and use of a model of conducting spheres can lead to consid-
erable inaccuracy in the evaluation of Eg. 1If the radius is taken as half the largest dimen-
sion of the anthracene molecule calculated from the lengths of the C-C, C-H bonds and van der
Waals radii, a = 5.15 &, r = 2g, then in DME Eg = 12.5 kcal/mole, and if qa = 2.85 &, r = 2a,
then Eg = 22.5 kcal/mole. The values of Eg obtained in this way, as noted in [1], do not agree
with the experimental values. oo : : L :

It was of interest to calculate the reorganization energy‘ofbthe solvent in reactionsin
which molecules of polycyclic aromatic hydrocarbons participate using a model of the reactants

as conducting triaxial ellipsoids (Fig. 3).

An expression for the reorganization energy of the solvent (4) can be obtained in the = '

quantum theory in a longwave approximation of the more general formula taking into account
spatial and frequency dispersion of the permittivity of the medium [5]: ‘ '

' 1 1 u/na(t-a)dm Ime(m k=0) ’ - _’ L 1 1 : { - _. - - . | .
E,=—|— 2 D—D)*dy = — (e | —D,)dv, (12)
- 8n [2n 3 le(o,k=0)]* ]j ( © _D’) a 8n ( €op En') ' -‘. (D “") w .

OV Vg -

where 31 and D¢ are the electricvinduction,vectors of the system in the initial and final
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k = 0) is the complex dielectric constant of the medium depending on the fre-
The integral was calculated for the whole volume of the solvent with subtraction
of the volume of the two reacting species. Formula (4) is derived from (12) on the assump-
tion that the reacting species are conducting spheres and additionally it is assumeil that
r > da- Expression (4) 1s applied with an accuracy up to terms of.the order (a/r)“, since
in its derivation the intrinsic volumes of the ions were not fully taken into account. A re-

fined calculation leads to the expression [6]*

gtates, €(w,

quency we

1 1 1,1 1 a, a, 1. (r-a)(r—a)
— 2 — — — w——— — ot S — - p— ————————a e .
E,=e (e.,p eu )[ 2a, + %, r 4(r—a?) 4(r*—as?) 8r ln (r+a,) (rta.) ] (13)

Moreover in the case of strong polarizability of the reactants and for small distances be-
tween the reacting species a significant effect through mutual polarizability of the react-
ants can occur [8], which is of the order of (a/r)“. However, for not too small values of r
the effect of polarizability may be disregarded. o

In the case of electron transfer between multiatom reactants the model of conducting
spheres, as already noted, can lead to inaccuracies. The first attempt to describe nonspherir-/
cal reactants was made in a paper by Peover and Powell [9] who suggested describing reactants -
with a nonuniform distribution of charge by a set of charged spheres. Hale {10] used a simi-
lar model for calculating the energy of reorganization during electrochemical reduction of
substituted aromatic nitro compounds. A model of touching spheres which took into account
the orientation effects of the reactants and the force picture was applied in another study
{11] in order to calculate the energy of reorganization of the solvent in electron transfer
reactions involving a series of substituted nitro compounds. : '

In an earlier paper [12] in order to describe the electron transfer in radical anions
containing benzene rings a model was proposed of the reactants as conducting ellipsoids of
revolution. In the case where electron transfer occurs in a direction perpendicular to the
plates of the benzene rings, the expression for the solvent reorganization energy is

aret Yali—cd . Ya*—c,*

retg ———  arctg ———— :

Bmet (- o e tyemd e | a0
Eop  Eat 2Vai—c? 2¥a. —c? r 3 3 | -

In the case where the reactants are so arranged that the planes of the benzene rings coincide
Eg has the form ’ C

N = _
E =é’ (.—1—. — —-1-—) i a3 + i €1 4——1_;_a‘g__c‘z _;a:’—01’ : - (15) .
., €op Eat ZVa‘3_c‘: 2"’;1?-__-‘;:—3- r ﬁra 6,.3 * . e

In Eqs. (14) and (15) @, =ci, 2 = €2, G and Q2 are the major semi-axes of the ellip-
soids of revolution and c, and c. are the minor semi-axes. Equations (14) and (15) are de-
rived with an accuracy up to terms of the order (ar/r)*,. (aa/x)".

 We calculate Eg, assuming that the ellipsoids have the semi-axes @, = b, =c, and az =
ba = ca, and that the distance between their centers is r. We consider initially the case of
an arrangement of ellipsoids where their planes X1, V1 and Xa, ya coincide (Fig. 3).

VThe' space integral appearing in (12) can be written as follows
j (5i—b!)'dv= j 5;‘dv+ s ) 5,’dv—2 S 5;b,dv.
0-V—=Vy ) L e=V=V3 . ©aV=Vy ) ©wVy=Vy ’ (16)

The induction 31 in the initial state is éstéb_}ished by the charge e distributed over the sur-

face of the ellipsoid S In the final state D¢ is est
. ablished
over the surface Sz. ' : £ shed by the charge e, distr_ibuted

R .

In [7] Eq. (13) has misprints.
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Changing from volume integration to surface integration we obtain

J‘ (Bi—ﬁt)' dv = I PV d§.+‘ J‘ o/ Vo, d§,—2 J' oV, d§,=~

©=—V,=V; 8,48, 8,48, 5
=4nei(S,) +xeq, (S,) —2 J‘ o:Vor dS:+j AN aSy+" @1 Vo, dS,, (17)
8y 8y 8y

where D ;=—Vi; ¢:(S)) and (S:) are the potentials at the surfaces of the ellipsoids §,

and S; and the arrow of yg indicates that in the calculation of the integrals the internal
normal to the surface has been used. For the calculation we will disregard the effect of -

mutual polarizability of the reactants.

From formula (17) one can readily obtain an approximate expression for the reorganiza-
tion energy for a model of conductors of arbitrary shape. Since ¢i(S.)=e/C,, ¢r=e/C,, where C,
and C,; are the capacities of the conductors, and taking into account that for large distances

. - 3 - 3
between the conductors q>.~(S,)s=¢.-(r)=ri, Icp,V@dS,~%,I (p,Vq>,dS1~:—‘, we find from (11)
' e 8,y 8,
1 1 ‘
Emet (—-— ) wzetizc—1m. (18)
op st .

In order to obtain an expression for Eg with a higher accuracy, which would permit cal-~
culations to be made with not too large values of r, for example with an accuracy up to terms

of the order of (a/r)®, (b/r)®, (c/r)3, it is necessary to calculate with the indicated accu-
racy the integrals '

j‘qJ‘VCPr d§,, I Vo, d:S-", I @an d§a.
5y 8

8,

For the calculation it is convenient to use the elliptic coordinates &, n, g, the rela-

tion of which with the Cartesian coordinates is determined by the expression [13]

z* Y z*
+ + =1,
atu b+u ctu 1 (19)

This equation has three roots u; = &, u2 = n, us = g, lying within the intervals E=—c?,
~c2n=>-b¥-b*>(>—a®. The reciprocal relationship of the Cartesian coordinates with the co-
ordinates &, n, z, is given by the equations '

[ (§+a’) (nt+a?) (§+a?) 7%
(b*—a®) (c*—a?) . '
[ (§10Y) (n+8?) (5+b7) 1%
L (*—b%) (a*—b?) !
[ (§+¢*) (ntc?) (E+c?) 1

L (a*=c?) (b*—c?)

(20)

(13] Distribution of potential on the outside of a charged triaxial ellipsoid has the form
13 . ~

i .—i.‘.‘ dg |
,“?_2!uafuywuyff A o (21)

The surfaces of the ellipsbid co’rrespond to £ = 0; tﬁus

3 ’ | |
o(S) ==t dg _— Fed). @y
. Co 2] V&Far) (erbm) Girer)  Varga '0wa) @ ,
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_° __f_.. dg - Fl( 2y 2)1
w5 S Y(Eta) (&+5) (6Ted) Va= =z

. a,’,,—c,’,, a,, z"bl 2 . (23)
V4,2 = arcsin — Q= ————-——_c ,
,al,z 1,2

(v, q) is an elliptic integral of the first order.

where Fi
In order to calculate the integral j(p.ch,d§, it is convenient to express first V,-dSs:
8.

Vorafim— (22) aSi= edss | (24)

only, - VTI:C:
Eo¥et, Eo2bS, £,>a}, we calculate

Bearing in mind that on the surface of the ellipsoid S;
by substituting for @i (k)

jq;‘Vq),dS, approximately, with an accuracy up to the terms (a/r)*,

an expansion derived from (21):

e a bzt 3a1‘+3b.‘+2a.’b"+2b.’C.’+2!1.
g 3|
V&, 68, - 4082 - .

Now changing in (24) to the Cartesian coordinates (X2, Y2, Zz),“ connected with the ellipsoid

S;:
ng:s ya' 2" . :
,——-=-——-+ +——, :
. azzb’zc’z a bzk ot (26)
expressing £, with the aid of an approximate solution of Eq. (19)° first in terms of Xi, Y1, -
z, and then in terms of X2 = X, — T, Y2 = Y1, 22 2, - -

h : :+ 2y __ _ps : - ,
§1—r’+2r:tz+z.’+yz’+z, —a, ’-{- a‘ (y3 Zs )rzct 22 1 yl , . 2n

‘and integrating with respect to S; we obtain

"-bg —C, +v2¢l,’— bg’_c;’

A +
C

j(PtV(P/dSz

801‘+3(b1‘+c|‘) +2b,%c, -Sal’(btz'*'clz)
20r*

+ 8a,5+3 (b +e,t) +2b,2ca*—8a,* (b +c,') +
20r* :

N sa.'a,'+3(b.'b,'+c.'c,*)—4(a:b,=+a,=b,*+a,=c.*+a;'c.') +olbit b
e J-

Using (25) and (27) it is possible to make an approximate calculation of j(p,ch,dS. and
IQ‘Vq)‘ ds,: . . . '

(28)

_- £¢tvq>¢d§g=——énri-( a’bzc’ +O(a—s-)) '

r r
I o 1m.é’ .abe, | a’- .(29)“
B ]
L | (30)
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Substituting expressions (28)-(30) in (17) and (12) and taking into account that in the case
which interests us a, = a3, b, = ba, ¢; = ¢z, we obtain

1 1 Fi(v,q) 1 2a*~b*—c* abc . 4[8a*+3(b'+ct)—8(b ) +2b%¢c? at }
—p! —_— - — +0{ — (31
Ei=e (eop €t ) { Ya*—¢* r [ 3r I 15r ( rt )] . ( )

In the deductionof Eq. (31) we assumed that the ellipsoids were arranged so that their
axes coincide along the semi-axes q; and g2 (Fig. 3). In the case of an arrangement of the
ellipsoids such that the planes of the benzene rings are parallel, the corresponding expres-
sion for Eg is derived from (31) by replacement in the square parentheses for 1l/r g % ¢ [see
Eq. (32)]. . ' :

The expression Fi(v, q)/Ya® — c® is the effective reciprocal radius of the reactants.
In the case where a = 5.15 X, b = 2.85 &, ¢ = 1.72 8 the effective radius is 3.14 X and for
small distances between the reactants, for example in the case of the orientation of the mole-
cules shown in Fig. 4, Er can be assumed to have low values close to the experimental values.
Thus for the indicated orientation from the formula

. q 3_ 2 13 AL AL BEY QA7
E.-——-e’(-—i—-—i)(F(v'Q) _—,.‘[H’ 2c3a b + abc+4[80 +3(a*+b') —8¢t(a +b‘)+2a’c']]) (32)

e.p 8“ Vaz-cz r’ ':3 ) 15’.‘

with r = 4.96 & we obtain Eg = 3.55 kcal/mole which is in good agreement with the experimen-
tal value of Eg = 3.6 kcal/mole. Of course the acciracy of Eqs. (31) and (32) is higher, the
greater the distance between the reactants; however, for small distances they permit evalua-
tion of the reorganization energy in which the closer is the shape of the molecule to being

spherical (least difference between a, b, and c) the greater is the accuracy guaranteed by
Eqs. (31) and (32). »
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