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PHYSICAL CHEMISTRY
E. A. PSHENICHNOV, N. D. SOKOLOV

INTERMOLECULAR PROTON TRANSFERS
IN SOLUTIONS
(Presented by Academician V. N. Kondrat’ev on 29 V 1964)

It has long been accepted that proton transfers from one molecule (AH) to
another occur under the condition that a hydrogen bond is formed between
them (1−3). Since, in the formation of the hydrogen bridge AH … B, a donor–
acceptor interaction between the base molecule B and the proton plays a role,
it is natural that the hydrogen bond serves as the first stage of proton transfer
from A to B. In the gas phase and in nonpolar solutions, the proton transfer
AH … B → A− + (HB)+ is practically not realized because of the endothermic
character of the process. Under these conditions, the potential well for the
proton in the hydrogen bridge, corresponding to localization of H+ near molecule
B (if it is electrically neutral), is probably situated much higher than the first
well, which corresponds to the initial configuration AH … B, and in a number
of cases possibly does not exist at all. In polar solvents, owing to orientational
polarization of the medium, a second well of sufficient depth can in principle be
formed. The following mechanism for the formation of the second well appears
most probable. As measurements show, the dipole moments of complexes with
a hydrogen bond AH … B are considerably larger than the sum of the dipole
moments of the molecules AH and B, exceeding it by 3–5 D (4). At the same
time, data on the intensity of deformation vibrations indicate that the effective
charge on the H atom upon formation of the hydrogen bridge practically does
not change (5, 6). This means that the dipole moment of the complex AH … B is
due mainly to the manifestation on A and B of relatively large effective charges
A𝛿−—H … B𝛿+. These charges cause equilibrium polarization of the medium,
which creates a second potential well near B. The depth of this well may vary
depending on the dielectric properties of the medium, as well as on the degree
of basicity of B. We shall assume that the well contains at least one vibrational
level. In the case when at least one of the reactants is an ion, formation of the
second well owing to polarization of the medium proves still easier. Moreover,
in this case the presence of a second well may be a property of the ion B.

In a complex with a hydrogen bond, the width Δ of the vibrational levels for
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Fig. 1. Double asymmetric potential well for a proton in a complex with a
hydrogen bond A − H … B

Figure 1: Fig. 1. Double asymmetric potential well for a proton in a complex
with a hydrogen bond A − H … B

the proton is, as a rule, much smaller than the spacing 𝜔 between them (Δ ∼
102 cm−1, 𝜔 ≃ 3 ⋅ 103 cm−1). Therefore the calculation of the rate of the
multistage process of proton transfer (7) from one well to the other can be
divided into two independent problems: calculation of the probability of proton
transfer between each pair of levels separately, and solution of the system of
kinetic equations for the overall process as a whole.

Let us suppose that in the reaction

AH + B → A− + (HB)+ (1)

the first stage is the formation of a hydrogen bridge with two potential wells,
with the first well containing (𝑛 + 1) vibrational levels (0, 1, 2, … , 𝑛), while with
respect to the second well we shall at first assume-

gate that it contains only one level (with number (𝑛 + 1), see Fig. 1). At
the initial moment of time after formation of the hydrogen bridge this level is
unpopulated, and the system begins to relax. Complexes in which the proton
is on level (𝑛 + 1) may be regarded as the ion pair A− … (HB)+, capable of
dissociating into two ions. Further, let us assume that all vibrational transitions
occur only to a neighboring level, with the exception of transitions near the top
of the barrier, where both transitions (𝑛−1) → 𝑛 → (𝑛+1) and (𝑛−1) → (𝑛+1)
may occur (see Fig. 1). In the first case the sequence of stages through which
reaction (1) proceeds can be represented in the form

AH + B
𝑘1
⇄
𝑘−1

AH … B
𝑝01
⇄
𝑝10

𝑋1
𝑝12
⇄
𝑝21

…
𝑝𝑛−1,𝑛

⇄
𝑝𝑛,𝑛−1

𝑋𝑛
𝑝𝑛,𝑛+1

⇄
𝑝𝑛+1,𝑛

A− … (HB)+ 𝑘2→ A− + (HB)+,
(2)

where 𝑋𝑖 (𝑖 = 1, 2, … , 𝑛) are complexes AH … B in vibrationally excited states
𝑖, and 𝑝𝑖,𝑖+1 and 𝑝𝑖+1,𝑖 are the probabilities of vibrational transitions (per unit
time) 𝑖 → 𝑖+1 and 𝑖+1 → 𝑖, respectively. By virtue of the condition of detailed
equilibrium,

𝑝𝑖,𝑖+1 = 𝑝𝑖+1,𝑖𝑒−𝐸𝑖+1,𝑖/𝑘𝑇 , 𝐸𝑖+1,𝑖 = 𝐸𝑖+1 − 𝐸𝑖. (3)

Fig. 1. Double asymmetric potential well for a proton in a complex with a
hydrogen bond
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A − H … B

If the reaction proceeds along the path (𝑛 − 1) → (𝑛 + 1), then in scheme (2)
𝑋𝑛 should be deleted and 𝑝𝑛−1,𝑛 and 𝑝𝑛,𝑛−1 replaced by 𝑝𝑛−1,𝑛+1 and 𝑝𝑛+1,𝑛−1,
respectively.

Solving the system of kinetic equations corresponding to scheme (2) in the
quasi-stationary approximation (8) and using relation (3), it is easy to obtain
the following expression for the rate constant of the reaction along the path
(𝑛 − 1) → 𝑛 → (𝑛 + 1):

𝑘 = 𝑘1 [1 + 𝑘−1
𝑝10

𝑒𝐸10/𝑘𝑇 + … + 𝑘−1
𝑝𝑛,𝑛−1

𝑒𝐸𝑛,0/𝑘𝑇 + 𝑘−1
𝑝𝑛,𝑛+1

𝑒𝐸𝑛,0/𝑘𝑇 + 𝑘−1
𝑘2

𝑒𝐸𝑛+1,0/𝑘𝑇 ]
−1

.
(4)

From the theoretical point of view, the most interesting case is that in
which, in reaction (1), the limiting stage is the proton transition from A to
B. Then, under the sufficient condition that 𝑘−1/𝑝𝑖,𝑖−1 ≫ 1 (𝑖 = 1, 2, … , 𝑛),
𝑘−1/𝑝𝑛,𝑛+1 ≫ 1, and assuming that dissociation of the ion pair occurs rapidly
(1/𝑝𝑛,𝑛−1 + 1/𝑝𝑛,𝑛+1 ≫ 1/𝑘2𝑒(𝐸𝑛−𝐸𝑛+1)/𝑘𝑇 ), from (4) we find

𝑘 = 𝑘1
𝑘−1

𝑝𝑛,𝑛−1𝑝𝑛,𝑛+1
𝑝𝑛,𝑛−1 + 𝑝𝑛,𝑛+1

𝑒−𝐸𝑛,0/𝑘𝑇 . (5)

The reaction path considered passes over a potential barrier. If the condition
𝑝𝑛−1,𝑛+1 ≫ 𝑝𝑛−1,𝑛 is fulfilled, the reaction proceeds along the tunneling path
(𝑛 − 1) → (𝑛 + 1). Then, analogously to (5), we obtain

𝑘 = 𝑘1
𝑘−1

𝑝𝑛+1,𝑛−1𝑒−𝐸𝑛+1,0/𝑘𝑇 . (6)

Formulas (5) and (6) are also valid in the case when there is an arbitrary number
of levels in the second well, provided that relaxation down these levels occurs
sufficiently rapidly and the possibility of parallel proton transitions under the
barrier is excluded.

Let us now consider the probabilities of proton transitions between two levels,
which occur under the influence of random forces acting on the complex AH … B
from the solvent. With the most—

these transitions will most probably take place as a result of energy exchange
between the complex and those molecules (Y) of the medium which have a vibra-
tional frequency Ω close to 𝜔. The resonance defect |Ω−𝜔| can be compensated
at the expense of other degrees of freedom of the medium. Let us denote by
𝐻1(𝑥) the Hamiltonian for the motion of the proton in the double well along the
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coordinate 𝑥, and by 𝐻2(𝑦) the Hamiltonian corresponding to the vibration of
the molecule Y with frequency Ω. Then the total Hamiltonian of the system can
be written in the form 𝐻 = 𝐻1(𝑥) + 𝐻2(𝑦) + 𝑉 (𝑥, 𝑦, 𝑡), where 𝑉 (𝑥, 𝑦, 𝑡) is the
energy of interaction of the complex with the molecule Y and with the medium,
representing a time-dependent random function. Without loss of generality one
may put 𝑉 (𝑥, 𝑦, 𝑡) = 0 and 𝑉 (𝑥0, 𝑦0, 𝑡) = 0, where 𝑥0 and 𝑦0 are the equilibrium
values of 𝑥 and 𝑦. Restricting ourselves to the case in which Δ𝑥 = 𝑥 − 𝑥0 and
Δ𝑦 = 𝑦 − 𝑦0 are small, we find the corresponding perturbation term:

( 𝜕2𝑉
𝜕𝑥 𝜕𝑦 )

00
Δ𝑥 ⋅ Δ𝑦 = 𝑓(𝑡)Δ𝑥 ⋅ Δ𝑦. (7)

For the probability per unit time of the transition 𝑖 → 𝑗 of the proton one may
write (see, for example, (9))

𝑝𝑖𝑗 = 2
ℏ2 ∣(Δ𝑥)𝑖𝑗∣

2 ∑
𝑎,𝑏

𝜌𝑎 |(Δ𝑦)𝑎𝑏|2 Re ∫
∞

0
𝑒𝑖(𝜔𝑖𝑗+Ω𝑎𝑏)𝜏𝐾(𝜏) 𝑑𝜏. (8)

Here (Δ𝑥)𝑖𝑗 and (Δ𝑦)𝑎𝑏 are matrix elements, while 𝑎 and 𝑏 are the initial and
final states of the molecule Y, respectively; 𝜌𝑎 = 1

𝑄 𝑒−𝐸𝑎/𝑘𝑇 , where 𝑄 is the
statistical sum for Y; 𝐾(𝜏) = 𝑓(𝑡)𝑓(𝑡 + 𝜏) = 𝑓2𝑒−|𝜏|/𝜏𝑐 is the time correlation
function for a stationary Gaussian–Markov process. Carrying out the integration
in (8) and retaining only the term with |Ω − 𝜔| ≲ 1/𝜏𝑐 and with maximal 𝜌𝑎,
we obtain

𝑝𝑖,𝑖−1 = 8𝜋2 ∣(Δ𝑥)𝑖,𝑖−1∣2 |(Δ𝑦)01|2 𝑓2𝜏𝑐

1 + (𝜔𝑖,𝑖−1 − Ω10)2 𝜏2𝑐
(9)

(here it is assumed that the energy is expressed in sec−1).

Let us now estimate the rate constant of reaction (1). In the harmonic-oscillator
approximation (Δ𝑦)01 ≃ 0.2 Å. For an over-barrier transition (Δ𝑥)𝑛,𝑛−1 ≃
(Δ𝑥)𝑛,𝑛+1 ≃ 0.3 Å, and for tunneling (near the top of the barrier) (Δ𝑥)𝑛−1,𝑛+1 ≃
0.03 Å (10). Further, 𝜔 ≃ 3⋅1013 sec−1, 𝜏𝑐 ≃ 10−12 sec, 𝑘−1 ≃ 𝜔1𝑒−𝜀/𝑘𝑇 , where 𝜀
is the hydrogen-bond energy, 𝜔1 ≃ 6 ⋅ 1012 sec−1 is the frequency of longitudinal
vibrations (AH) . . . B. An estimate of 𝑓2 from the averaged energy of dipole–
dipole interaction of molecules at a distance 𝑅 ≃ 5 Å and with derivatives of
the dipole moments (𝜕𝜇1/𝜕𝑥)0 ≃ 4 ⋅ 10−10, (𝜕𝜇2/𝜕𝑦)0 ≃ 10−10 CGSE gives
𝑓2 ≃ 1056 cm−4 sec−2. Substituting the estimates given above into formulas (5),
(6), and (9), we obtain

𝑘over ≃ 𝑘1 ⋅ 10−1𝑒−(𝐸𝑛,0−𝜀)/𝑘𝑇 , (10)
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𝑘tunn ≃ 𝑘1 ⋅ 10−3𝑒−(𝐸𝑛+1,0−𝜀)/𝑘𝑇 . (11)

For |Ω−𝜔|𝜏𝑐 ≫ 1, formula (9) is inapplicable. In this case it should be assumed
that the transfer of energy from the molecule Y occurs simultaneously from
two degrees of freedom (𝑦, 𝑧); formulas (7)—(9) are correspondingly changed. In
particular, instead of formula (7) one should write (𝑑3𝑉 /𝑑𝑥 𝑑𝑦 𝑑𝑧)000Δ𝑥⋅Δ𝑦⋅Δ𝑧.
As a result, the rate constants turn out to be two orders of magnitude smaller
than those given in (10) and (11).

In a study of the kinetics of bromination of 2-carbethoxycyclopentanone (11)
and acetone (12) in aqueous solutions, it was shown that the slowest

the stage is the transfer of a proton from the protonated form of the reagent
to the catalysts CH2ClCOO−, F− (11) and Cl− (12), or to water molecules
(depending on the experimental conditions). In the temperature interval 10—70∘

(11) and 15—35∘ (12), the corresponding reaction-rate constants were determined.
In all the reactions studied, the preexponential factors (𝐴) of the constants fall
in the interval 104—107 sec−1 M−1, with the exception of the case with F− (11),
where 𝐴 is of the order of 109—1010 sec−1 M−1. The effective activation energies
of the indicated reactions (11,12) are 11—17 kcal/mol.

According to Eigen (13), in aqueous solutions 𝑘1 ∼ 1010—1011 sec−1 M−1. Sub-
stituting this value into formulas (10) and (11), we obtain 𝐴nadb ≃ 109—1010,
𝐴tunn ≃ 107—108. If several degrees of freedom take part in the transfer of
energy, these values decrease; for example, in the case of one additional degree
of freedom 𝑧, calculation gives 𝐴nadb ≃ 107—108, 𝐴tunn ≃ 105—106. Taking into
account the approximate character of the theoretical calculations, the agreement
with the experimental data may be regarded as satisfactory.

Institute of Chemical Physics
Academy of Sciences of the USSR

Received
26 V 1964
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