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We have conducted Monte Carlo simulations of polar solutions with a spherical hard core model by
properly taking into account the electronic polarizability of solvent molecules. We have calculated the free
energy curve as a function of the reaction coordinate of electron transfer reactions in cases where the
reactant is neutral and charged. From the analysis of the free energy curvature ratio between the two cases,
we have found that the electronic polarizability contributes to enhance the non-linear response of solvent
polarizations and that this enhancement is greatly strengthened if the translational motion of solvent
molecules is frozen.

KEY WORDS: Monte Carlo simulation of polar solution, free energy curve, curvature ratio, non-linear
response, electronic polarizability, density fluctuation.

1. INTRODUCTION

One of the most important topics in the study of electron transfer reactions has been
the energy gap (free energy difference between the initial and final states) dependence
of the activation energy of the reaction. This relation is called an energy gap law.
Experimentally it has been elucidated that the energy gap law for the charge recombi-
nation (CR) reaction (A*--B¥ — A--B) is nearly parabolic [1,2] but that the energy
gap law for the photoinduced charge separation (CS) reaction (A*-B — A*--B¥)is
not a simple parabolic form; the activation energy decreases very rapidly in the
normal region and that remains small until the large energy gap [3,4]. Therefore, this
experimentally apparent energy gap law differs between the two types of electron
transfer reactions. From a theoretical point of view, so far as the thermal equilibrium
is assumed in the initial state and a linear response approximation of the polarization
to the external field is adopted, the energy gap law becomes parabolic, irrespective of
the type of electron transfer reactions. This theorem was first proved by Marcus [5].
Recently, we made a theoretical proposal that if a non-linear response of solvent
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polarization around a charged reactant takes place, different energy gap laws between
the CS and CR reactions can be obtained [6-9], which are favorable to explain the
experimental data. However, many of the computer simulation studies for the motion
of solvent molecules around position-fixed reactants demonstrated that the non-
linearity of the solvent polarization is rather small [10-12]. Very recently we noticed
that there must be a certain distribution of the distance between the donor and
acceptor moiecules, and that this distribution might be different between the CS and
CR reactions [13]. From the analysis by taking into account the distance distribution
adequately for each type of the electron transfer reaction, we found that a consider-
able part of the difference of the apparent energy gap laws between the CS and CR
reactions as seen in the experimental data can be removed [13]. However, the residual
part of the difference must be ascribed to the other factors, such as the non-linearity
of the solvent polarization and/or the non-equilibrium effect [13].

On the other hand, we theoretically showed that when many-particle correlations
of solvent are strong, a non-linear response of polarization results. It is noticeable that
the electronic polarizability of solvent molecules can cause the many-particle inter-
action, and so it is expected to play a significant role in enhancing the non-linear
response effect.

Under such a situation, we conduct, in this paper, Monte Carlo simulations by
taking into account the electronic polarizability of solvent molecules explicity which
was not taken into account exactly in most of the former simulations. Finally, we shall
demonstrate that the electronic polarizability really contributes to enhance the non-
linear effect of the solvent polarization. We shall also demonstrate that if the trans-
lational motion of solvent molecules is frozen, the non-linear enhancement by the
electronic polarizability is greatly strengthened.

2. PROPERTIES OF REACTION COORDINATES

Before going to the Monte Carlo simulation, it will be worth noting what is the correct
reaction coordinate of the electron transfer reaction in polar solutions. We consider
the case that the interaction between the donor and acceptor is weak. Then, the
electron transfer reaction is possible only when the energy at a certain configuration
of solvent molecules in the initial state is equal to that at the same configuration of
solvent molecules in the final state. The overall reaction rate is obtained by collecting
all the solvent configurations satisfying the above condition with a suitable weight. In
other words, the reaction proceeds through the crossing curve between the hyper-
energy-surfaces of the initial and final states spanned over the multi-dimensional
space corresponding to the solvent configuration. Practically it is impossible to obtain
such hyper-energy surfaces exactly and integrate over the crossing curve. Recently the
alternative, powerful method was discovered to calculate free energy surfaces G (x)
and G” (x) along the reaction coordinate x as follows [15]:

e P %J“S(H’ — H' — x)e P qar 4))

P - %f(;(}[' — H' — x)e P r | (2)

where H" and H” are Hamiltonians of the solution except the electronic energy in the
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initial and final states, respectively, I' is the normalized phase space for solvent
molecules and § = 1/kzT. As seen from Equations (1) and (2), the crossing point
between G’ (x) and G? (x)-g, where ¢ is the electronic energy difference between the
initial and final states, represents a collection of all the possible solvent configurations
which satisfy the energy conservation for the same solvent configuration between the
initial and final states with a weight of Boltzmann distribution. Although such a
simple, analytical expression was first given by us [15], the similar representations
were also given by the others [16-19].

By conducting the further manipulation of Equations (1) and (2), the following
relation can be derived [15,20]:

AG* (— Ag) = G'(AG — AG) - G, 3

where AG” is the activation free energy of the reaction, — AG the energy gap, — AG,
the solvation energy of the reactants due to the charging up and G” a constant defined
by G" = j G' (x) dx. Equation (3) is useful because the energy gap law is readily
obtained once we know the form of G” (x). Then, the relation of the energy gap laws
between CS and CR reactions is equivalent to the relation of G" (x) and G” (x) (We
consider the case that the reactants are neutral in the initial state and ionized in the
final state). Therefore, the difference between G” (x) and G? (x) represents the dif-
ference of the energy gap laws between the two types of electron transfer reactions.
On the other hand, it was demonstrated that if the non-linear response takes place,
the free energy curvature k, (= 8° G” (x)/6x*) is much smaller than k. (= & G” (x)/(0x?)
at their minima [15]. Therefore, the curvature ratio k, /k, can be a relevant quantity,
representing that the more deviates &,/k, from unity, the larger is the non-linear
response effect and correspondingly the larger is the difference of the energy gap law
between CS and CR reactions.

3. METHOD OF MONTE CARLO SIMULATIONS

In this section, we examine whether the free energy curves representing the non-linear
response is obtained or not by the Monte Carlo simulation. For this purpose, we
adopt a rather simple model. We fix a reactant with a spherical hard core (radius r,)
at the center of the spherical vessel with a radius R. We consider only one reactant
for simplicity. We put N solvent molecules with a spherical hard core (radius a) into
this vessel and allow to move. The reactant has a point charge ze. The solvent
molecule has a point dipole moment g and the electronic polarizability (denoting a,,
o, and a, for each principal axis).

" In the actual calculations, the values of the electronic polarizability are chosen by
refering to the experimental values of acetonitrile o, = a, = 3.85A° and
a, = 5.74 A*[21]. Nis usually chosen as 100 in the present calculations. This number
is considerably smaller than the previous calculations without the role of the elec-
tronic polarizability. We shall discuss the effect of the small number of solvent
molecules later. The radius a of solvent molecules is always 2.2 A. The dipole moment
u is 2.0 Debye. R is chosen as 13.4 A, and the packing fraction is 0.45. Temperature
is 300K.

Since the electronic motion is much rapider than that of molecules, we solve the
following simultaneous equations selfconsistently in each solvent configuration of the
simulation:
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P =pu +&F 4)
F, = E - ;’—I:UP, ®)
where
TP = l G = 3574, @B = xy.¥) ©)
E = f—g Iy ™)

with r; being the distance between the two dipoles and r the distance between the
dipole and the central reactant. Equations (6) and (7) are solved by the iteration
method. The number of the iteration is usuaily 5. The Hamiltonian of the solvent is
given by [22]

H = Z _I‘/Tijl‘j - ZI‘:‘E:"
i i

i

M| —

~ 3T FaE - I Tim) ®)
and H’ and H” are obtained from H by substituting the pertinent value of z in Ef. We
conduct 10 Monte Carlo steps (10° configurations in the case N = 100). We use the
latter 9000 steps for statistics. For the calculation of the free energy curve, we make
a histogram in such a way that the number of configurations for the energy difference
being x is g (x). Then, the free energy curve is obtained from G (x) = — kT In g (x).
Therefore, G (x) is easily calculated by the Monte Carlo simulation method.

4. RESULTS

We have calculated the free energy curves for z = 0 and z = 1 for some cases of the
electronic polarizability. An example is shown in Figure 1. It should be noted that the
position of minimum of the free energy curve for z = 0 is shifted from x = 0. Such
a shift never occurs when the electronic polarizability is zero, as proved in our
previous theoretical study [15]. The curvatures &, and k, are obtained from such free
energy curves, by calculating 8°G (x)/éx? at the minima for z = 0 and z = 1,
respectively.

The calculated results of the curvatures and the ratio &k /k, are listed in Table 1.
From this Table 1, it is found that when the translational and rotational motions are
in thermal equilibrium, the value of the ratio is about 1.7, nearly irrespective of the
value of a, for «. > 5 A’ and its ratio is somewhat larger than the case of
a, = a, = «, = 0. Even when the values of o, @, and o, become as large as 8 A3, the
ratio does not increase but rather decreases. In the case that the radius of the solute
is decreased to 1.6 A, the ratio increases a little. When the translational motion is
frozen and rotational motion is in thermal equilibrium, the ratio increases consider-
ably in all the cases. Furthermore, the ratio can change in some cases depending on
the fixed positions of solvent molecules. Due to the imitation of the computation time,
we did not calculate all the cases. But, it appears to be a general tendency that the ratio
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Free energy G x107*eV)

Reaction coordinate X (eV)

Figure 1 The calculated free energy curve as a function of the reaction coordiante forz = 0and z = 1

inthecase o, = o, = Oand a, = 5 A%, Relative heights of the free energy curves are arbitrary.

Table 1 The curvatures and ratios as obtained by the Monte Carlo simulation calculations for some cases

of the electronic polarizabilities and radius r, of the solute molecules.

T o, o, o, Thermal equilibrium Thermal equilibrium
(A) { /‘fj ) Sfor the translation for the rotation
and rotation of solvents and frozen for the
translation of solvents
k, k, k.jk, k, ke k./k,
(eV=!) (eV=') (eV=') (eV=')
2.2 0 0 0 0.33 0.48 1.45 0.32 0.64° 2.00°
0.30 0.58° 1.93°
0 0 5 0.33 0.58 1.76
0 0 10 0.33 0.57 1.73 0.30° 0.86 2.87¢
0.24° 0.86° 3.58°
8 8 8 045 0.70
1.6 0 0 10 0.32 0.56 0.23° 0.89° 387
0.25° 0.95° 3.80°

*The position of solvent molecules is fixed to the configuration which was realized at the 10*th Monte Carlo
step conducted by the condition of thermal equilbrium around the neutral reactant for each value of a.
®The position of solvent molecules is fixed to the configuration which was realized at the 10*th Monte Carlo
step conducted by the condition of thermal equilibrium around the charged reactant for each value of a.
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is 3 ~ 4 when the translational motion is frozen. This value is a comparable magni-
tude to the one expected from the analysis of the experimental data of the energy gap
laws by taking into account the distance distribution of reactants [13].

5. DISCUSSIONS

According to our results from Monte Carlo simuiation using simple model systems
of polar solutions, the curvature ratio is enhanced by considering the electronic
polarizability of solvent molecules but it never exceeds 2.0 when the translational and
rotational motions are in thermal equilibrium. This enhancement effect by the elec-
tronic polarizability is greatly strengthened, sometimes the ratio exceeding 3.0, when
the translational motion of solvent molecules is frozen. The physical meaning of the
translational motion being fixed might be as follows: The longitudinal relaxation time
7, of the rotation of solvent dipoles is very small, ca. 0.2 ps for acetonitrile and the
preexponential factor for the electron transfer rate will be comparable to or smaller
than 1/, . So, the rotational motion will always look like in thermal equilibrium for
the electron transfer. In contrast to this, the translational motion is generally much
slower than the rotational motion, ca. by two orders of magnitude. So, it may happen
that the translational motion does not proceed so much at the time of the electron
transfer. In order to see it in more detail, it is necessary to solve the diffusion-rate
equation for the translational motion. This task is in progress.

We conducted the Monte Carlo simulation using a rather small number of solvent
molecules N = 100. If we consider that the dipole—change and dipole-dipole inter-
actions are long-ranged, the above solvent number appears to be too small to discuss
quantitatively. In order to check this point, we conducted the similar Monte Carlo
simulation without taking into account the electronic polarizability for a system of
N = 360. The curvature ratio obtained for the thermal equilibrium of translational
and rotational motions of solvent molecules was 1.20, which is rather smaller than
1.45 for a system of N = 100 in Table 1. When the translational motions of solvent
molecules are frozen at the configurations surrounding the neutral and charged
reactants, curvature ratios were 1.68 and 1.70, respectively, which are slightly smaller
than 2.00 and 1.93 for N = 100 in Table 1. From those results, it may be expected
that the non-linear effect in the presence of the electronic polarizability is somewhat
decreased when N is large. But, even in this case, our qualitative result that the
non-linearity of the solven polarization is enhanced by the electronic polarizability
and its enhancement is greatly strengthened by the freezing of the translational
motion of solvent molecules would remain valid.

As we discussed in the Introduction, the physical reasoning of the enhancement of
the non-linearity by the electronic polarizability should be ascribed to the many-
particle interaction produced by the electronic polarizability. Theoretically it was also
shown that if the two-particle correlation length is not much larger than all the other
many-particle correlation lengths, the anharmonic free energy curve is obtained,
representing a strong non-linear response of the polarization [14]. So, it is an interest-
ing problem to calculate the many-particle correlation lengths in an appropriate way
using the ensemble of the present Monte Carlo simulation. This work will be made
elsewhere.

The physical reasoning of the stronger enhancement of the non-linearity by the
freezing of translational motions of solvent will be as follows: When the translational
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motion is allowed, a large electrostatic energy which arises from interactions between
a charged reactant and solvent dipoles can be effectively optimized (or minimized) by
the density fluctuation of solvent, without causing a strong dielectric saturation
of the solvent around the charged reactant in each iteration step. However, if the
translational motion is frozen, this energy optimization route is closed, and the
strong dielectric saturation (large non-linear response) of solvent would inevitably
result.

In the present calculation, the temperature was fixed at 300K. In our previous
calculations, however, we found that the free energy curvature contributed from the
first shell around the charged reactant where the non-linear response is nearly in-
dependent of the temperature but that the free energy curvature contributed from the
outer shells where the linear response is proportional to the temperature [23].
Therefore, it may be expected that the curvature ratio increases with the temperature
if the saturation shell remains the same. This problem will be investigated in a
forthcoming paper.

As a conclusion of this paper, it is found by the Monte Carlo simulation that the
electronic polarizability and the freezing of the density fluctuation affect the free
energy curve considerably, enhancing the non-linear response effect.
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