
Abstract. Born's simple derivation of the free energy of
hydration of ions is classic. It connects the microscopic
atomic properties with the macroscopic thermodynamics
in a transparent fashion.
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Born's paper [1] in the ®rst volume of Zeitschrift fuÈr
Physik holds importance in many regards for my
thoughts on the subject of hydration and the way in
which many solvation calculations, new and routine, are
now performed. The subject of calculating the thermo-
dynamics, and in particular the free energies of hydra-
tion for species in aqueous solution, owes much to this
rather brief (only three pages) work of Born. Whether by
thermodynamic integration, thermodynamic perturba-
tion or by a dressed quantum mechanical calculation,
modern attempts to calculate equilibrium solvation
e�ects are common in the literature [2±4]. Solvation
e�ects are now often calculated for molecules as
complicated as peptides and oligonucleotides in e�orts
to correlate experimental observations with our current
understanding of the various phenomenological compo-
nents of hydration [5].

With this work Born took the step of using atomic
concepts and parameters, mixing them with continuum
ideas (implicit solvent models) to make correlations with
bulk thermodynamics. Not only was this a successful
calculation but it remains a common theme in much
current work on the subject some 80 years later. Born's
theoretical understanding still underpins the ®eld today,
whether approached by many-body approximations [6]
or by computer simulations [7].

Born's work on this paper evidently began when he
read a pair of articles in which Fajans [8] had attempted
to calculate the Born-cycle component of the work or
free energy (there is some confusion in the works of the
time using the words energy and free energy somewhat
indiscriminantly as there is even today on occasion) for

taking ions from an aqueous salt solution to a vacuum
by using lattice energies calculated earlier by Born [9].
The calculations were regarded with some doubt by
Born because of the need for ionization energies and
electron a�nities which were not available at the time.
This produced ``heats'' with the wrong sign. Indeed
Fajans had used hydrogen at a platinum electrode as a
reference and in his ®rst paper had omitted the ``heat of
evaporation of the electrons from the platinum'' or the
ionization energy. Even with an ad hoc correction, the
calculation's accuracy still did not impress Born.

Born was, however, taken with the fundamental idea
Fajans had about the process of hydration. Fajans rec-
ognized that the polarization of water in the presence of
an ion and not the formation of stoichiometric hydrates
was the dominating characteristic of ionic hydration.
The idea that the dipole moment of water in proximity
to the ions would be partially aligned was noted in the
writings of Fajans [8] and Born [1]. Born utilized the
concept of Nernst, by then familiar, that the dissolution
of salts is correlated with solvent dielectric or solvent
polarity. Born sought to quantify the idea.

Born then decided to neglect the explicitly detailed
structure of water molecules and replace them with
a continuous electrically polarizable medium. This ap-
proximation is the same as that made in any Poisson±
Boltzmann calculation, but unlike the Debye±HuÈ ckel
approximation, the ions in Born's calculation retained
®nite size. Thus, the Born treatment had the possibility
of seeing chemically relevant di�erences due to ionic size.
It should be remarked that Fajans was also looking for
the chemically interesting dependence on ionic size in his
less successful calculations.

Utilizing the relation between the integral of the ®eld
strength squared and the energy in the ®eld, Born simply
set the ®eld contribution on the interior of ions to zero
by integrating from the ionic radius to in®nity. Sub-
tracting the result in water (or any dielectric e) from
the result in air (e = 1) gave his famous equation for the
work of charging an ion in a dielectric continuum.
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From this, Born ®t ri to the experimental numbers for
W. He was able to deduce that reasonable numbers for
the ionic radii could be found. In addition, he found that
the numbers for the positive ions were universally
smaller than the then accepted atomic values (from
crystal densities) and those for the anions were bigger.
This he correctly interpreted in terms of the size change
of the atom with the state of ionization long before the
quantum mechanics of such systems was worked out.

This simple calculation, of which Born was quite
skeptical, was the beginning of a quantitative under-
standing of ionic solutions in terms of atomic para-
meters. This would not be signi®cantly improved in a
systematic way until the work of Mayer in 1950 [10].
Building upon Mayer, Freidman [11] in the 1960s fol-
lowed by a ¯ood of researchers succeeded in increasing
the level of correlations in the solution and the details of
molecular structure in the solvent. With the rediscovery
of ®nite-di�erence calculation methods for di�erential
equations, the popularity of Born's method utilizing the
Poisson±Boltzmann equation for irregularly shaped ob-
jects has allowed the extension of the method to large
proteins and nucleic acids [12] in dilute saline solution.
Theories to bring such macromolecular system calcula-
tions up to the level of Mayer have been in progress for
the last decade or more.

Born's short paper brought the best ideas of the time
together. It produced a work of lasting signi®cance in

terms of the ideas and concepts. Born ®rst took the step
of connecting atomic ideas with simple solvent ®eld
models to calculate bulk thermodynamics. It is still often
cited as a fundamental intellectual source for ionic
hydration theories and therefore must rank as one of
the seminal contributions to theoretical chemistry in the
twentieth century.

Acknowledgements. I wish to thank Michael Feig for help with the
original German text. I thank A.D.J. Haymet for helpful comments
on the manuscript.

References

1. Born M (1920) Z Phys 1: 45
2. Levy RM, Gallicchio E (1998) Annu Rev Phys Chem 49: 531
3. Beveridge DL, DiCapua FM (1989) Annu Rev Biophys Chem

18: 431
4. Kollman PA (1996) Acc Chem Res 29: 461
5. Marlow GE, Perkyns JS, Pettitt BM (1993) Chem Rev 93:

2503
6. Perkyns J, Pettitt BM (1994) Biophys Chem 51: 129
7. Smith PE, Pettitt BM (1994) J phys Chem 39: 9700
8. (a) Fajans K (1919) Verh Dtsch Phys Ges 21: 549; (b) Fajans

K(1919) Verh Dtsch Phys Ges: 21: 709
9. Born M (1919) Verh Dtsch Phys Ges 21: 13
10. Mayer JE (1950) J Chem Phys 18: 1426
11. Friedman HL (1962) Ionic solution theory Wiley New york
12. Nicholls A, Honig B (1995) Science 268: 1144

172


