A THEORY OF CONCERTED PROTON-TRANSFER REACTIONS
IN A POLAR MEDIUM
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In [1, 2] a theory of electron transfer in a polar medium by an outer-sphere bridge mechanism was developed,
In the present article a process of proton transfer by a bridge mechanism is considered, which can serve as a model
for catalysis of some chemical proton transfer reactions in a polar medium or for processes on enzymes [3, 41" The
reaction scheme is shown in Fig. 1. In the initial state (i) of the system, a proton performs vibrations in a molecule
of the reagent AH* about a certain equilibrium value Ryq- and the second proton which participates in the reaction
vibrates about the equilibrium position R,,*. Thereupon, the polarization of the medium performs thermal fluctua-
tions about some equilibrium position which corresponds to the initial charge distribution in the system. In the one-
dimensional description of solvent polarization adopted in the present work, using the generalized coordinate q, the
solvent potential-energy surface (electron—proton term) at fixed proton quantum states can be depicted in the form
of a parabola with an apex corresponding to an equilibrium value of ¢, and an equilibrium energy I, (Fig. 2). Inthe
final state, the proton from the AH* molecule is on the bridge CH* molecule, and the proton which had been previ-
ously on the CH™ molecule goes over to the B molecule. (In particular, the AH" and B reagents can belong to a sin-
gle enzyme macromolecule.)

Transition from the initial to the final state can take place by two parallel mechanisms: a "push—pull” me-
chanism (k) where the CH* molecule initially adds a prown from the AH* molecule and then gives up a second
proton to a B molecule; or a "pull—push” mechanism (1) in which a bridge CH* molecule initially confers a proton
to the B molecule and then obtains a proton from the AH+ molecule, The two corresponding intermediate states of
the system are shown in Fig. 1, where the quantum numbers m, n, p, and r characterize excited proton levels. Tran-
sition of protons from the initial state to the final one through the intermediate state k or I can be considered as a
virtual quantum-mechanical transition whose probability in a unit of time is given by the quantum-mechanical the-
ory formula for second-order perturbations [5]
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Here Avj is an average with respect to the initial state of the system, & is a function which expresses the law of con-
servation of total energy; ¥j, ¥, and g are the wave functions of the initial, final, and intermediate states of the
system (s = kor 1); Vfs and Vg are interactions which lead to proton transition; Ej, Ef’ and Eg are the total ener-
gies of the corresponding states; and § is a positive, infinitely small quantity.

Using an adiabatic approximation to describe the movement of protons and electrons and solvent fluctuations
(since the characteristic vibration frequency of protons, w ~ 10 sec-!, is much greater than the characteristic fre-
quency of solvent dielectric relaxation, wy ~ 10! sec™!), one may represent the wave functions of the system inthe
form of a product of the wave functions of electrons, protons, and solvent [6]

*Proton transfer by a bridge mechanism in electrochemical processes was discussed in [7].
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Fig. 1
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where the N are quantum numbers which describe the state of the solvent and the equilibrium values of the coordi-
nates are denoted by the subscript 0, Assuming for simplicity that the proton frequencies are identical in all states,
the total energies of the initial, final, and intermediate states can be written down in the form
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where w, « KT/1 is the characteristic frequency of solvent fluctuations, w > KT/1i is the frequency of proton vi-
brations, and the equilibrium energies I3, Iy, 174 and I£o include the energies of zero proton vibration and zero
solvent vibration.

Using Eqgs. (2) and (3), the transition probability can be represented in the form (for definiteness, below we
have written down the formulas for mechanism k):
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where Q is the statistical sum over the states of the solvent, and the statisti
QQ; » 1,

cal sums with respect to the proton states,

Using the Franck—Condon approximation to calculate the matrix elements that enter into (4), it is possible to
separate the average and the summation with respect to excited proton states of the system and to calculate the
probability of transition at fixed states of a proton subsystem, which is equivalent to calculating the probability of a
bridge electron transfer [1, 2]. Then the probability of a transfer Wif can be represented in the form

Wiy= 2| exp(—ho(m+ p)/T) (@, V,pp,)? (@0, V i) WP ®)
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where Wg: T P the probability of transition at fixed proton quantum states, is defined by the expression
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Here K is a constant which is determined by the mutual position of the terms of the system. The activation
energy which enters into (6) has a simple geometrical sense. If one constructs the electron—proton terms of the sys-
tem (the solvent potential—energy surfaces) for assigned proton quantum states [see, for example, Fig. 2, where for
simplicity terms (i), (k), and (f) are shown when m =n = p =r = 0], then the activation energy E can be found as
the distance from the minimum in the initial term to the highest of the two points of intersection of the injtial term
with the intermediate, or the intermediate term with the final one. The parameters Eskl and Esf k, called the sol-
vent reorganization energies, are determined by the mutual location of the terms. The terms of excited states of
the system can be obtained from terms which comrespond to the ground states of protons by addition of excitation en-
ergy values Hw(m + p), Hw(m + p), or Hw(® +1) W0 j, ke or Lo which leads to a vertical shift of the termsshown
in Fig. 2. Here it is necessary to take into account that at some values of (m, p, n, r) the points of intersection of
the terms (i) and (k) are located higher, but at other values of (m, p, n, r) the points of intersection of the terms (k)
and (f) are higher; therefore different expressions for the partial activation energies (6) correspond to different sets
of quantum numbers,

To analyze the contributions of various quantum states of protons to the probability of transition, it is conve~
nient to make use of the results of [6]. where a calculation of the quantum-mechanical theory of the proton trans-
fer reaction in a polar medium is carried out. The proton matrix elements which enter into (5) correspond, with an
accuracy within factors which do not depend on quantum numbers, with the transmission coefficients wyp and npp,
for nonadiabatic proton transfer [6]. To calculate the sums in (5), the mutual location of terms when m =n = p =r
= 0 is important, If the point of intersection of terms (i) and (k) is higher than the point of intersection of terms (k)
and (f ), as was shown in Fig. 2, then, as is not hard to see, the factor {-[Hw(m + p) + Ekl]/ kT} has a maximum

value when m = p = n = 0 and does not depend on r. In [1] sums of the type Z Hom €Xp{— (Rom + E¥) / ET}
n, n
were analyzed and it was shown that, at a normal relative location of terms (i) and (k), the competition between
the factor #pm which grows withrise in m and nand the factor exp {~(fiwm + Eki)/kT}, which rapidly declines leads
to the situation that the main contribution to the sum is made by terms with m = 0. Examining the terms of series
(5) at a fixed 1, one may note that the terms with m = n = p = 0 make the main contribution to the sum, Atthe
same time, in the sum with respect to r there is no exponential declining factor down to the value r*, at which gki
and f ¥ become equal, but wr, p=, rises with increase inr. Whenr > 1™, the contribution from excited states with
respect w r is small because of the rapid rise in EfK. Thus, the main contribution to the probability of transition for
the case of the location of terms which is shown in Fig. 2 is made by transitions withm =n=p =0 andr =1*; since
r*, which is determinable from the equation
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In the case where the point of intersection of terms (k) and (f) is above the point of intersection of terms (i)
and (k), a similar analysis shows that states where p=r =n = 0 and m = m* make the main contribution to the prob-
ability of transition, where
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For the two cases of mutual location of terms examined above, the probability of transition can be represent~
ed in the form
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Thus, proton transfer by the "push—pull” or by the "pull—push” mechanism, in distinction from direct proton trans-
fer, takes place via participation of excited initial or final states of the proton subsystem,

e o LITERATURE GITED
M. V. Vol'kenshtein, R R. Dogonadze, et al., Dokl. Akad, Nauk SSSR, 199, 124 (1971).

1,
2. V. G, Dev1ch, A K. Madumarov, and Yu, I, Kharkats, Dokl, Akad, Nauk SSSR, 203 135 (1972),
3. '* R, P. Bell, The Proton in Chemistry, New York (1959),
.'4. 8, Bemnkhard, Structure and Function of Enzymes [in Russian], Moscow (1971).
5. L.D.Landau and E, M. Livshits, Quantum Mechanics [in Russian], Moscow (1963),
6. V. G. Levich, R. R, Dogonadze, et al,, Electrochim. Acta, 15, 353 (1970),
7

. “H W, Nurnberg, Fortschntte der Chemischen Forschung, Vol 8, Chapter 2, F. Boschke, Berlin (1971), p. 241,

968



