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Abstract

The dynamics of solvation following an instantaneous reversal of the dipole moment, (e/2, —¢/2) — (—e/2,¢/2), of
diatomic solutes immersed in methanol-water mixtures is investigated through molecular dynamics simulations. We
study the solvation response functions for two different solute sizes in an equimolar methanol-water mixture and
compare them with the corresponding responses in pure methanol. The total response functions for the mixture are
separated into methanol and water contributions in order to identify methanol- and water-like features of the response.
Several equilibrium solute—solvent site—site pair distribution functions are also calculated to help elucidate the effects of

the solute size on the solvation response.

1. Introduction

Chemical reactions of charged or polar species,
such as those participating in electron and proton
transfers, are strongly affected by the presence of
polar solvents. Solvent effects on these reactions
have long been a subject of intense research activ-
ity in chemistry and biochemistry [1-5]. More
recently, attention has turned to the dynamic sol-
vent effects, 1.e. the time scale of the solvent’s
response to the change in the solute charge dis-
tribution. In intramolecular electron transfer
reactions, this step is often rate determining
[3-5]. Solvation dynamics on the subpicosecond
time scale has recently become experimentally
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accessible through time-resolved measurements in
the Stokes shift in the fluorescence spectrum of
dissolved probe molecules [6,7]. Considerable
efforts have been directed toward developing a
microscopic, molecular level understanding of
the solvent relaxation mechanisms observed in
these experiments and much progress has been
made (see, for instance, Ref. [7] and references
therein).

Molecular dynamics (MD) simulations have
been used with great success in the study of solva-
tion dynamics in polar liquids. Numerous simula-
tions [7-18] have been carried out on several
solute—solvent systems undergoing different excita-
tions, i.e. solute ground- to excited-state perturba-
tions, under different thermodynamic conditions.
Despite the fact that most MD simulations of
solvation dynamics user simpler model solutes
than the complex chromophores used in time-
dependent Stokes shift experiments, many new
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aspects of the problem have been understood by
means of computer simulations. In particular,
MD simulations have revealed the relative impor-
tance of inertial relaxation at the earliest stages of
solvation dynamics in fluids such as methanol
[14,19], water [9,19] and acetonitrile [13,19]. Direct
experimental evidence of an initial inertial compo-
nent to the solvation dynamics has been reported
[19] for methanol and acetonitrile in good agree-
ment with simulation results.

While the rate of decay of the inertial contri-
butions to the solvation response function at
short times depends essentially on the magnitudes
of the solvent molecular moments of inertia
[14,15,19], the subsequent, post-inertial decay is
strongly dependent on the solvent’s degree of asso-
ciation and on the rate of formation of solute—
solvent hydrogen (H) bonds [15,16,20]. These, in
turn affect the relative importance of inertial
decay to the total solvation response [15]. In
methanol [14—-17,19] and water [8—10,18], the two
H-bonding liquids studied by MD, the solvation
response functions also exhibit rapid oscillatory
motion due to H-bond (O---H—-O) libration.
Despite these common features, the solvation
responses of methanol and water are quantita-
tively very different from each other because the
relative importance of the inertial decay, the sub-
sequent librational regime, and the slow diffusional
relaxation are different in these solvents [14,15].
Specifically, methanol exhibits a smaller inertial
decay regime, less prominent oscillatory behavior,
and larger contributions from diffusional dynamics
than water does. The difference in the relative
importance of inertial decay can be ascribed to
the fact that all of water’s moments of inertia are
small, since they depend predominantly on masses
of the hydrogens, while in methanol only one out of
three moments of inertia is small. The librational
and diffusional regimes are likely to depend on
the connectivity, strength and persistence of the
H-bond network. However, an explicit connection
between solvation dynamics in H-bonding liquids
and these properties of the H-bond network has
not yet been established.

In view of the differences of the solvation
dynamics exhibited by water and methanol, their
importance as reaction media, and given the fact

that the structural, dynamic, and H-bonding
properties of these solvents change upon mixing
[21,22], it is interesting to investigate the solvation
dynamics in methanol-water mixtures, exploring,
as much as possible, the separate contributions
from both moieties to the total response. With
this aim, we have performed a series of MD simu-
lations of the solvation dynamics in methanol-
water mixtures of different compositions using
different types of probe solute molecules. In this
article, we report a preliminary account of the
results of these simulations, focusing on equimolar
mixtures. We report solvation responses following
a sudden reversal (or flip) of the dipole moments of
diatomic solutes of different sizes and compare the
results with those obtained by Fonseca and
Ladanyi for pure methanol [15]. Solute-solvent
pair distribution functions are also calculated in
order to aid our analyses of the solvation
responses.

2. Solvation response and computational details

In time-dependent Stokes shift experiments, the
most commonly reported quantity is the normal-
ized response function of the frequency, v(¢), at the
maximum of the fluorescence band [1-7]:

_ hu(t) = hv(oo)
" h(0) — hv(oc) (n)

where the electronic excitation occurs at time ¢ = 0,
and 1 = oo corresponds to the time at which equi-
librium solvation of the excited state solute has
been reached. In MD simulations, the solvation
response function C(¢) is obtained by monitoring
the time evolution of the energy difference AE
between the solute—solvent interaction energies
for the ground (G) and excited (E) electronic states
[11]. In our case, where the electronic excitation
means just an internal redistribution of the solute
atomic charges, AF is given by the electrostatic
solute—solvent interactions:

AE = UE - US (2)

where US and UeGl are the excited- and ground-state
solute—solvent electrostatic potential energies
which are readily obtained in the course of
the simulation. The response function is then

C(1)



M.S. Skaf, B.M. Ladanyi/Journal of Molecular Structure ( Theochem) 335 (1995) 181-188 183

Table 1
Site parameters for the diatomic solutes used in the simulations.
The site-site separation is 1.40 A for both solute types

Solute €oa/kn (K) O (A) q, (@) m, (a.u.)
Small 87.9 3.083 +0.5 30
Large 87.9 4.20 +0.5 30
calculated from

AE(t) — AE(co
e = 22U 2He) o)

AE(0) — AE(o0)

where the overbar indicates an average over non-
equilbrium trajectories. The system is equilibrated
in the presence of the ground state solute, whose
charge distribution is instantaneously changed at
t = 0, and the trajectory is then propagated in the
presence of this new distribution. The sudden
change in the charge distribution corresponds to
the solute electronic transition which according to
the Franck-Condon principle, happens essentially
instantaneously on the time-scale of nuclear
motions. In order to gain access to the dynamic
effects of the methanol and water molecules separ-
ately, we have calculated AE in terms of the
solute—methanol, AEy;, and solute—water, AFEy,,
interaction energies. The normalized total response
function reads then

C(1) = Cm(t) + Cw(?) (4)
where

_ AEy(t) = AEy(c0)
w0 = XF0) — 2k 2)
and
Cw(t) — AEW(t) - AEW(OO) (Sb)

AE(0) — AE(co)

We have simulated dipole flips (—e/2, ¢/2) —
(e/2,—e/2) in diatomic solutes in which the two
sites differ only by their partial charges (+e/2),
immersed in an equimolar methanol-water
mixture. We have considered two different sizes
of solute molecules whose site interaction poten-
tials are given by Lennard-Jones plus Coulomb

terms:

() = B [("“") ”_("_09)1 LS RS

r r dregr

The solute site Lennard-Jones potential param-
eters, €,, and o,,, partial charges, ¢,, and
masses, m,, are given in Table 1. We refer to the
solutes as ‘“small” (o,, = 3.083 A) and “large”
(04e = 4.20A). The small solute site diameters
are the same as those of solvent oxygens, while
the large site diameter exceeds the size of the
methyl group. The solute molecular bond length
is fixed at 1.40 A. The model used for methanol is
the H1 [23] and for water for TIP4P [24]. Both are
described by the site—site potentials of Eq. (6). The
corresponding site parameters and molecular
geometries may be found in Ref. [22]. The
Lennard-Jones interaction parameters between
unlike sites have been evaluated via the usual
Lorentz—Berthelot combining rules (see, for
instance, Ref. [26]).

The simulated equimolar mixture consists of
500 particles (250 methanol molecules, 249 water
and one solute) in a box, whose dimensions
(L = 28.66 A) correspond to the experimental den-
sity of an equimolar methanol-water mixture at
298 K and atmospheric pressure. The simulations
were performed in the NVE ensemble using the
generalized method of constraints [25] to keep the
molecular geometries fixed and the leap-frog algo-
rithm (see, for instance, Ref. [26]) to integrate the
equations of motion with a time step of 4 fs.
Periodic boundary conditions and % box length cut-
off were applied to Lennard-Jones interactions
while the long-range forces were handled by the
Ewald summation technique [26]. The nonequi-
librium simulations were performed as follows.
First, a set of statistically independent initial con-
figurations was extracted from equilibrium trajec-
tories of the mixture with the solute in its ground
state. Then, an instantaneous switch of the solute’s
atomic charges was performed and the system was
allowed to relax to equilibrium. During this pro-
cess, the energy differences AFEy and AEy were
recorded for later analysis. About 240 indepen-
dent trajectories of 1.2 ps duration were recorded
for each solute type and used to calculate the
average AFE values entering Eqs. (4) and (5).
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Fig. 1. Non-equilibrium response functions for a dipole flip
(e/2,—e/2) — (—e/2,e/2), of the large solute in an equimolar
methanol-water mixture (solid line) and pure methanol (broken
line) [15).

3. Results and discussion

We begin our discussion by showing in Fig. 1 the
nonequilibrium normalized response functions
C(t) for a dipole flip of the large solute in the
equimolar mixture and the corresponding func-
tion for pure methanol, obtained by Fonseca and
Ladanyi [15]. The most conspicuous features of
both curves are their overall nonexponential
shapes, and the fact that the responses are about
90% relaxed within a time scale of a few hundreds
of femtoseconds. In the early stages of solvation in
methanol (from 0 to 20 fs), the decay is essentially
inertial or Gaussian and is dominated by the free
rotation of the hydroxy hydrogen around the C—O
axis, as shown elsewhere [14,15]. During roughly
the same time interval the mixture’s response
exhibits a faster decay due to the presence of the
lighter (in terms of moments of inertia) water mol-
ecules surrounding the solute. The librational oscil-
lations, occurring in mainly the 20-80 fs time
interval, are also more pronounced in the mixture
than in pure methanol. This is due to the fact that
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Fig. 2. Total response function for large solute in the equimolar
mixture (solid line) and its contributors, Cy(¢) (broken line) and
Cw(t) (long and short dashes) from solute-methanol and
solute—water interaction energies.

l
0.3 0.4

water molecules form, on average, a larger number
of H-bonds than methanol [20,21] and their
presence thus enhances the amplitude of libra-
tional oscillations. An interesting feature of the
mixture’s response shown in Fig. 1 is the fact that
it resembles that of pure methanol at longer times,
and actually relaxes somewhat more slowly. This is
consistent with the MD analysis of the dynamics of
methanol-water mixtures carried out by Ferrario
et al. [22], who show that water—water and water—
methanol H-bonds have longer lifetimes in the
equimolar mixture than in pure methanol, and
that methanol has longer reorientational times
when water is added to the system.

The separate contributions from methanol,
Cy (1), and water, Cw(?), to the total response for
the large solute are displayed in Fig. 2. There, it can
be noticed that Cy/(?) exhibits more pronounced
librational oscillations than Cy(¢), being able,
therefore, to sustain a relatively higher degree of
correlations in the time interval (20-80 fs) due to
the water molecules’ better efficiency at hindering
the inertial rotations by means of their H-bond
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Fig. 3. Same as Fig. 1, but for the small solute.

restoring forces. The data shown in Fig. 2 also
indicate that, for this solute, methanol contributes
60% to the total response at ¢ = 0. The average
equilibrium values of the contributions to AE from
the two solvents are (AEy) = —29.4 kJ mol™' and
(AEw) = —18.8 kI mol ™', where (...) denotes the
equilibrium ensemble average for the system in its
initial or final state. (Here these correspond to the
same solute—solvent interactions, so the charge
state of the solute need not be specified.) These
values of the contributions to (AE) indicate that
this solute is solvated primarily by methanol. This
is not surprising, given the large size and, conse-
quently, the low charge density of the interaction-
sites of this solute. Water molecules are thus much
less electrostatically attracted to it than to other
solvent molecules and are largely absent from the
first solvation shell. We shall illustrate this below in
terms of solute—solvent pair distribution functions.

Before doing that, we examine the behavior of
C(1) for the dipole flip of the small solute. Fig. 3
displays the comparison of the response functions
for the mixture and pure methanol [15]. As in the
large solute case, both curves show the character-
istic rapid initial decay, with the mixture relaxing
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Fig. 4. Same as Fig. 2, but for the small solute.

faster than pure methanol. The main differences
between the solvation responses for the large
(Fig. 1) and small (Fig. 3) solutes are the larger
inertial component, and the less pronounced libra-
tional oscillations for the smaller solute in both
solvents. Fonseca and Ladanyi [15] showed that
the early decay of C(#) for this solute in pure
methanol was primarily due to the rapid destruc-
tion of a solute—solvent H-bond. Judging from the
similarity in the mixture response on this time scale,
this is the likely cause for the rapid initial decay of
the mixture C(¢) as well. A closer inspection of
Figs. 1 and 3 reveals that at longer times, pure
methanol relaxes more slowly in the presence of
the small solute, whereas the mixture relaxes
more rapidly. We are not yet able to completely
explain this behavior, but it is likely be linked to
structural differences in the solvation shells
surrounding the two types of solutes and the
structural changes needed to attain equilibrium
solvation.

For the smaller solute, the methanol and
water contributions to the total response are
shown in Fig. 4. Unlike the solvation of the large
solute, both methanol and water contribute
approximately equal shares to the 1 = 0 value of
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Fig. 5. Solute-solvent site—site pair distribution functions,
g_u(r), between the negative solute site and the hydroxy hydro-
gens of methanol (M, solid line) and water (W, broken line). The
results for the large solute are in the top panel and those for the
small solute in the bottom panel.

the response, with Cy(0) being slightly smal-
ler than Cy(0). Specifically, the equilibrium
excited-ground-state energy gaps are (AFEy) =
—53.7 kJ mol™" and (AEw) = —59.4 kJ mol .
Although there are differences in early decay
rates, the time evolution of Cy(r) and Cw(1),
shown in Fig. 4, indicate that the methanol and
water molecules in the mixture solvate the dipole
flip in this solute within similar time scales. As we
shall discuss next, the number of water and metha-
nol molecules in the first solvation shell is more
nearly equal for this solute than for the larger
one, which correlates well with the observed solva-
tion dynamics.

In order to help identify some of the reasons for
the differences in the solvation dynamics of the
large and small solutes in methanol-water mix-
tures, we study the average equilibrium distribu-
tion of solvent molecules around each solute.
This is best accomplished via solute—solvent

site—site pair distribution functions, which can be
obtained from the equilibrium MD data. We pre-
sent here a few of these site—site functions. Of
course, the temporal evolution of the structure as
the system relaxes to equilibrium after the pertur-
bation has been applied [15,16], is also of interest
and will be reported elsewhere [17].

The equilibrium pair distribution functions, g_y,
between the negative solute site and the hydroxy
hydrogens of methanol (M) and water (W) are
shown in Fig. 5. The results for the large and
small solutes are displayed, respectively, in the
top and bottom panels. The results for the large
solute exhibit a small first peak at r=2.6A.
According to geometric criteria for H-bond forma-
tion [21,22], a peak at this location corresponds to a
solute—solvent H-bond. The small intensity of this
peak is a sign that the tendency to form such a
bond is low. Indeed, the coordination numbers,
obtained from integrating the peaks, are equal to
about 0.11, a small number. In contrast, the first
peaks of g_y for Hyy and Hy with the small solute
(bottom panel of Fig. 5) are well defined and much
more intense because the smaller solute site diam-
eter allows stronger electrostatic attraction to the
Hy and Hy sites. The corresponding coordination
numbers are about 0.5 for Hy and 0.6 for Hy,. This
indicates that this solute is likely to be H-bonded to
about one solvent molecule. Dipole flip should lead
to a rapid destruction of this bond, consistent with
the observed faster initial decay of the responses for
the small solute as we have discussed above. Fig. 5
indicates that at longer ranges the Hys show more
structuring with respect to the negative solute site
than do the Hys. The implications of this for the
dynamics of solvation remain to be investigated.

In Fig. 6, we show the distribution functions
between the negatively charged solute site and the
methyl group site of methanol, g_c, and between
the positive solute site and the oxygen site of water,
g+0,,» for the large (upper panel) and small (lower
panel) solutes. The curves shown in the upper panel
Fig. 6 indicate that the large solute is indeed
preferentially solvated by methanol. More specifi-
cally, since we know from Fig. 5 that the hydroxy
hydrogen is not likely to be close to this site, it is
solvated most favorably by the solvent site of
lowest charge density. Because of the low charge
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Fig. 6. Site-site pair distribution functions for the solute—
solvent pairs —C (solid line), and +OQy, (broken line) where C
stands for the methyl group of methanol (centered at the carbon
atom, and treated as a unit in the H1 model [22]) and Oy, for the
oxygen site of TIP4P water. The results for the large solute are in
the top panel and those for the small solute in the bottom panel.

density of this solute, solvent molecules interact
electrostatically less favorably with it than they
do with other solvent molecules. The coordination
numbers of methanol and water molecules around
the large solute sites are approximately 11 and 6,
respectively. These numbers were obtained by inte-
grating the first peaks of g_c and g0, shown in
Fig. 6, but similar numbers are obtained from the
first peaks of g,s(r) functions involving other
solute—solvent site pairs like +C, 4Oy, etc. Now,
for the small solute, for which g_¢ and g o are
shown in the bottom panel of Fig. 6, these pair
distributions have nearly equal first peak intensi-
ties, with the corresponding coordination numbers
being 8.5 for —C and 7 for +Oy site pairs.
Comparing the solute—solvent pair distribution
functions associated with the large and small
solutes, we conclude that the small solute is sur-
rounded by nearly equal numbers of methanol

and water molecules, as would be predicted on
the basis of random mixing in an equimolar mix-
ture, whereas the large solute is preferentially sol-
vated by methanol, the less polar of the two
cosolvents. Even in the case of the small solute,
which shows no preferential solvation, the solva-
tion dynamics is more methanol like than water
like. This reflects the fact that the dynamics of the
equimolar mixture [22] are closer to the methanol
than to the water time scale. Evidently, this will not
be the case for solvation in water-rich mixtures [27].
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