
Abstract. This paper provides an overview of the title
paper by Miertus, Scrocco and Tomasi, including the
impact that it has had on the theoretical description of
solvation by means of continuum models.
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Current continuum solvation models provide not only
qualitative insights into a wide variety of chemical
phenomena in condensed phases, but in most cases are
the best compromise between computational e�ciency
and reliability for the estimation of solvent e�ects.
Achievement of the present status has resulted from
tremendous research e�ort made by di�erent groups
around the world.

The initial attempts to account theoretically for sol-
vent e�ects were made in the 1930s [1], but the suitability
of these models for understanding chemical events in
condensed phases was limited by their intrinsic simplic-
ity. Thus, it was not until the 1970s, when continuum
models were implemented within the quantum mechan-
ical framework [2], that an accurate theoretical repre-
sentation of solvent e�ects became possible. The last
decade of this century has witnessed the spectacular
growth of this new area of research [3]. It is expected
that in the next century continuum methods will be the
most used approach for the study of solvent e�ects in
chemical systems.

The contribution made by Miertus, Scrocco and
Tomasi (MST) and published in their 1981 Chem Phys
paper [4] is one of those pioneering works in the devel-
opment of implicit solvation methods. The relevance of
this contribution in modeling and predicting chemical

processes in solution can be appreciated from inspection
of the citations received by this paper in the scienti®c
literature (Figs. 1, 2). Figure 1 shows that MST's paper
had achieved nearly 600 citations by 1997. More re-
markably, the number of citations has been increasing in
the last few years, showing that this a paper which will
have a large impact on future research. The citation
pro®le for the 1980s shows a slow increase in the number
of citations, while the increase is very sharply during the
1990s. The low slope of the plot in the period until 1990
is due to the fact that most of the work performed with
the polarizable continuum method (PCM) developed at
Pisa was necessarily aimed at testing and re®ning the
basic physical and mathematical assumptions of the
model. The fast growth in the number of citations shown
in the second half of Fig. 1 can be explained by two
di�erent factors. First, the availability of very e�cient
versions of the algorithm, which include treatments for
computing the dielectric reaction ®eld and also non-
electrostatic e�ects. Second, the formidable increase in
computer power and the implementation of the algo-
rithm in widely used quantum chemistry programs. This
has facilitated the application of the PCM to the study of
an increasingly large number of systems and processes
in diverse chemical ®elds.

The increasing acceptance of the PCM by the chem-
istry community is re¯ected in Fig. 2, which shows the
distribution by chemistry areas of the publications ref-
erencing MST's original article in 1988 and a decade
later. Inspection of Fig. 2 reveals a number of features
about the evolution of the PCM. In 1988 nearly 60% of
the studies were published in journals of quantum and
computational chemistry, and nearly 30% in journals of
physical chemistry. A decade later the contribution of
quantum and computational studies had sensibly di-
minished to around 25%, and that of physical chemistry
had increased to nearly 40%. More importantly, new
areas of applications have clearly emerged, especially inCorrespondence to: F.J. Luque or M. Orozco
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organic chemistry and biochemistry±medicinal chemis-
try. Overall, this can interpreted as the result of the
progressive impact of implicit continuum models in the
research conducted in very diverse areas of chemistry.

Let us now examine the signi®cance of MST's con-
tribution at the time of the publication of their paper
and in the following years. The article in Chem Phys
reported the basic features of the PCM for solving the

electrostatic problem in a homogeneous continuum
dielectric medium. This was accomplished by reformu-
lating the Poisson equation in terms of a boundary-
element problem related to the discretization of the
apparent charge density accounting for the solvent
reaction ®eld on the solute cavity surface. Compared to
other methods proposed to treat the dielectric response
in continuum calculations, the approach adopted by
MST is characterized by three di�erent features. First,
whereas simpler spherical or ellipsoidal cavities facili-
tated solving the Poisson equation, MST utilized a
cavity adapted to the molecular shape, which was built
up from a set of interlocking spheres centered on the
nuclei, allowing a more realistic treatment of the solute/
solvent interface. Second, the discretized set of apparent
surface charges was determined from the total electro-
static potential computed at selected points (tesserae) on
the cavity. As an observable, the computation of the
electrostatic potential [5] could be rigorously performed
without any approximation, whereas other methods at
that time utilized a truncated expansion of the solute
charge distribution. Finally, once the set of apparent
charges is known, their interaction with the solute is
treated by adding a perturbation operator to the gas-
phase solute Hamiltonian. Owing to the mutual depen-
dence between the solute wavefunction and the apparent
charges on the cavity, MST discussed a self-consistent
procedure to achieve self-consistency.

The boundary-element solution adopted by MST
made it necessary to solve two computational problems
inherent to the physical model in the PCM. First, since
the solvent reaction ®eld originates from the total elec-
trostatic potential, including both solute and solvent
contributions, the self-polarization between the solvent
apparent charges also had to be considered in deter-
mining the solvent reaction ®eld. This question was
addressed by introducing a second iterative procedure
coupled to the self-consistent procedure mentioned
previously. The second problem is related to the escape
of tails of the solute electron density from the solute
cavity. This lost electron density throws the solvent re-
sponse originating from the continuous electron distri-
bution and the discrete set of nuclei out of balance,
leading to a completely biased description of the reaction
®eld. It was then necessary to introduce a charge com-
pensation factor to balance properly the polarization
due to nuclei and electrons.

The original PCM has been further re®ned by the
Pisa group over the years. Some of the recent modi®-
cations of di�erent physical and mathematical features
of the model are examined in the following lines. One
focus of interest has been the building up of the solute/
solvent interface, which has been reformulated to obtain
a ®ner description of the cavity [6]. Another point that
has deserved particular research e�ort has been the
treatment of charge compensation, and di�erent cor-
rection procedures have been examined [7]. The model,
which was originally formulated considering exclusively
the solution to the electrostatic problems, was later ex-
tended to include nonelectrostatic contributions to sol-
vation [8]. The iterative procedure adopted to solve the
problem of using the self-consistent procedure has been

Fig. 1. Pro®le of citations in the scienti®c literature of ``Electro-
static interactions of a solute with a continuum. A direct utilization
of ab initio molecular potentials for the prevision of solvent e�ects''
by Miertus, Scrocco and Tomasi (1981) Chem Phys 55: 117

Fig. 2. Distribution by chemistry areas of the publications refer-
encing Chem Phys 55: 117 (1981) in 1988 (top) and 1998 (bottom).
Chemistry areas are de®ned according to the main scope of the
journal where the citation was made
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reformulated using other procedures, such as matrix-
inversion or closure approaches [9]. Another relevant
focus of interest has been the implementation of ana-
lytical expression for the free-energy derivatives [10], and
their implications for geometry optimization or calcu-
lations of polarizabilities. It is also worth noting the
e�orts made to reformulate nonequilibrium solvation in
the computational scheme of the PCM [11]. Finally, very
recently many e�orts have been devoted to the extension
of the PCM, initially devised to deal with an isotropic
homogeneous medium, to more complex systems, in-
cluding anisotropic dielectrics and/or ionic solutions
[12]. Even though these topics comprise just a fraction of
the research developed in the framework of the PCM in
the last few years, they su�ce to illustrate how implicit
solvation methods can be further elaborated in order
to obtain a more precise description of solvation and to
extend these methods to the study of chemical systems
of increasing complexity.

Several groups have also made relevant contribution
to the evolution of the original PCM. A related model
based on conductor-like screening (COSMO) has been
developed recently by Klamt and SchuÈ uÈ rmann [13].
Likewise, another approach to the PCM has been pro-
posed in which the cavity surface is determined in terms
of an electronic isodensity surface [14]. Olivares del Valle
and coworkers [15] have focused their attention on as-
pects such as the inclusion of correlation e�ects in the
PCM, or on the role of nonadditive e�ects in solute±
solvent interactions. Pascual-Ahuir et al. [16] have paid
most attention to the problem of the de®nition of the
cavity surface. The work done in Barcelona has focussed
mainly on the parametrization of the PCM to treating
aqueous and nonaqueous solvents, as well as the appli-
cation of the PCM to the study of biochemical systems
[17, 18]. Finally, we and others have made new meth-
odological developments to allow the implementation of
the PCM in molecular dynamics or in Monte Carlo
calculations [19].

The list of topics mentioned above is far from being
complete, and the reader is addressed to several reviews
[3, 18] that o�er a comprehensive view of solvation
models and their applications; however, the preceding
lines su�ce to illustrate well the evolution and re®ne-
ment of the original PCM, and how it has been refor-
mulated and improved as new chemical challenges have
been considered. Nowadays, the PCM-based versions
are powerful tools for understanding a variety of
chemical phenomena in condensed phases, and the ac-
curacy achieved in determining solvent-related proper-
ties permits quantitative predictions to be formulated in
some cases. These encouraging features, in conjunction
with the exploration of new methodological advances,
allows us to envisage that the method will be applied to
an increasingly large number of chemical ®elds, covering
more complex systems and chemical processes in con-
densed phases.
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