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It has been shown [1] that in determining the shapes of potential energy surfaces, transitions of a system from
an initial (Uj) to a final (U ) state can be considered classically.T The activation energy of a transition between the
surfaces U; and Uy is then found by solving the system of equations®
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where o represents the partial derivative of the activation energy withrespect w the reaction heat, and the set of
coordinates g,* determines the position of saddle points on the intersection surface of the terms Uj and Ug. The
corresponding expressions for the activation entropy and for the transmission coefficient % are of the form [1 2]
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where S* denotes the intersection surface of the terms Uj and Ug. v is the term splitting, and E, is the activation
energy, equal to the distance between the minimum. of the initial term to the value of Uj at the point £y

we calculate below the quantities AS™ and w for substitution processes of type AC + B = A + BC, taking place
in a polar solvent under the conditions that the valence bond A ~C (B—C) vibrational frequency exceeds significant-
ly the solvent vibrational frequency B(A) and all three particles A, C, an'd B are collinear (the linear complex mod-
el). The first assumption implies that the intersection of the multidimensional initial state term Uj (i.e., the inter-
section of the potential energy surfaces of the reagents and of the solvent) is steep along one of the classical coordi-
nates Ry and rather flat along another (see Fig. 1). The intersection of the Ug term is, on the contrary, flat along
the first coordinate and steep along the other, In the nearest-neighbor approximation we assume that the intermolec-
ular interaction potential between B and AC depends on the distance between C and B only.

We denote by R, Rp, and R the Cartesian coordinates of atoms A, B, C and by'ui(RA—RC) and vj(Rc —Rg)
the steep intermolecular and flat intermolecular interaction potentials of A and C and of B and AC, respectively.

TFor harmonic potentials the vibrational frequency (w) of the oscillator serves as the quantum-classical criterion, If
w > 4kT /h, the system is quantum, and if w< 4KT/fi, itis classical. For more complicated potentials quanmm-
classical criteria are obtained in [3].

1Using adiabatic potential energy surfaces in the calculauons, Eqgs. (1) for the determination of saddle point coordi-
nates are conserved, but Eq. (2) is modified [4].
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Fig. 1. a) Intersection of the terms Uj and U, in particle A
coordinates; b) coordinate notation in the linear complex
model,

Wwithin the approximations adopted, the initial state term can then be written in the form

1
Us =5 D hogg? 4 u; (R — Re) + v; (Ro — Ry) + I, (5a)
Inwoducing similarly potentials ug (Rc—Rpgand ug RA~Rc), the final state term can be written

U = %}] ho (9 — gr)® +vs (Ra — Rc) + us (Rc— Re) + 1. (5b)

The terms I; and I in (5a, b) are the values of Uj and Uy at their minima. The first terms in (5a, b) are the sol-
vent potential energies within the dielectric formalism [g].

To integrate (1) it is convenient to transform to the Jacobi coordinates Iy, Ip, and 13 (Fig. 1b), related to the
Cartesian coordinates by

ri=(1+ma/ mc)Ra+ (ms/ mc)Rs, ro=— [1+ ms/ (ma+t me) | Rs,
rs = [msRs + msRp + mcRc]/ (ma + ms + me),

where my, mp, and me are the masses of atoms A, B, and C. In the final state it is convenient to introduce the
Jacobi coordinates r," and r,":

ry= (ma/mc) R + (1 + mp/mé) Ry, 7, = —[1 4 ma/(mp + mc)] Ra. )

(6)

The relation betweenr;, r, andr,', 1, is of the form

ry = [mallme + my) ry — 1y, ry = — [Mm/(mp + mc) (ma + mc)lry — [mp/(mp + me)] ry, @) -

N\

where M =mp +mpg + mc.
We denote by p i, Bifs b 2i-and p 2f the reduced masses

Py =mcma/ (me+ ms), Wiy =mems/ (mc + ms);
Mo =ms(mc+ mu) /M, o= ms(ms + mec) / M,

and by w,j, Wi s Wi and w,p the corresponding vibrational frequencies, Recalling that the intersection of the steep
and flat terms uicf ) and Vi(f yoccurs [6] close to the minimum of the uicf) term (Fig. 1), which allows us to ap-~
proximate uj(f) by a harmonic potential in this region, we rewrite (5a, b)

1 1 i 1y -1
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where & = pifry, & = !»112/1"7'2’ M. = (0p/5) gy ESP and ggé’) are the equilibrium valuesof &, and , in the
initial and final states, and Al = I —1;. ‘
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In evaluating the integral in 4) by the Laplace method it is necessary to expand U; and Ugp in series up to
quadratic terms close to the saddle points. For this purpose it is convenient ® represent the U; and Ug terms as
follows, separating the contributions corresponding to the potential energy of the solvent:

U=“2‘°nk+U (&1r &2), UI_—EG’ (M — M&o)® +Uf(§1,§2)+AI | (9a)

Since the solvent com ponents of Uj and Uf do not contain linear terms, the series expansion of the Uj and Uf
terms reduces essentially to approximating Ui(£y,&,) and U f( £y E,) by quadratic forms .

Oin=Uin(E, &)+ B¢ —8) + B & —

1 . * 1 3 * 3 * *
+ 5 B G — 8 + 5 B (B — 8) + B (81 — &) (B — E3), (10)
where, by (2) and (5) the saddle point coordinates 51'\- £, are determined by the expressions
”
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Since the potentials v; and vy are much smoother than u; and ug, we approximately represent them by linear func-
tions close w the saddle points; i.e., we assume that the second derivatives vi" and vg " vanish at the saddle points,
Using this approximation and performing the integration, we finally obtam the following expression for the activa-
tion enwopy and for the coefficient «:
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The quantities appearing in Egs. (13) and (14) have the following meaning: wef denotes an effective frequen=
cy of the solvent polarization fluctuation, E is the reorganization energy of the solvent {1], and vi’ and Vf are the
slopes of the potentials vi and ve close to the saddle points,

We use the equations obtained o evaluate the activation entropy of nucleo phillic substitution reactions CH,X
+Y7 = CHY + X~ [X(Y) =Cl, Br, I]. In this case it is understood that vj(vy) is the interaction potential between
the fon Y~(X~) and the molecule CH;X(CH,;Y) depending on the distance between C and Y (C and X7), w j(wyp ) is
the vibrational frequency of the valence bond C—X in CH3X (C—Y in CH,;Y), wzi(wzf) is the vibrational frequency
of the X" (Y ™) ion, which is of the same order of magnitude as the reciprocal Debye relaxation time, and my and
my are the masses of particles A and B, The protons are quantum particles and do not affect the quantity AS* since
their motion is of subbarrier character.

Consider first, for estimates, symmetric processes in which X = Y. Equations (13) and (14) simplify and ac-
quire the form

=2V [ |5 (022, (0 + ()] | 1)
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05r = [0PE, (03¢) + () /pl/[02E, + (v)¥/opy0%], 16)

where v' = |v;'| ='IVf'|. p = mxmc/@my + mg) = mmg /M.

The parameters entering (15) and (16) are of the following orders of magnitude, According to [6], the reor-
ganizaton energy of the solvent (H,0) can be taken as ~ 2.5 eV. The symmeuy coefficient of the reactions con~-
sidered is close © Y, [6]. The frequenpies wyi and wyp are well-known from infrared spectra [7]. The solvent ef-
fective frequency wesS' is of the order of the reciprocal Debye relaxation time, Analysis of experimental data on
the kinetic isowpe effect [8] in the reaction GH,I +17 — I~ + CHyl (ky /kp = 1.1) by means of Eq, (15) allows us
0 make a qualitative Jower bound estimate of the slope v* close to the transition configuration: v’ = 2.5- 1073 eV/A.
(This qualitative estimate of v' does not contradict the quantum chemical calculationsof Zhidomirov and Chuvylkin,
and also those of Fujimoto and Fukui, who obtained for v' values of the order of 1-2 ev/A.)

Substituting in Eq. (16) the numerical values of the parameters leads o the frequency wef ~ 10 sec-!,
Using for wy; the value ~10%2 sec~! and taking into account that for » ~ 1 the preexponent is related w AS* by
log A =log (ekT/h) + AS#/2.3k + log G (G is the reaction volume at 1 mole-particle [1]), we obtain for log A a

value ~ 9,7, This result is in good agreement with the experimental preexponent values [9, 10], lying in the in-
terval ~ 10°~10' for the reactions considered,
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