Viewpoint

Ion-induced long-range orientational correlations in water: Strong or weak,
physiologically relevant or unimportant, and unique to water or not?
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There is an ongoing discussion in the literature about the spatial extent of the influence of
dissolved ions on the structure and dynamics of the surrounding water molecules in solution.1–12
This is not just a narrow academic issue, since it has a strong influence on how we perceive the
role of the aqueous solvent in biological processes, where salt ions are ubiquitous 13, 14. The three
key questions pertinent to this issue may be formulated as follows: How strong is the influence of
dissolved ions on water structure beyond the short-range solvation shell effects? What is the effect
of increasing salt concentration, particularly when approaching physiological conditions? And,
finally, how special in this respect is water as a solvent?
A recent paper published in this Journal

15

brings a much-needed fresh look at these

questions. The authors show how reviving well-established theories of liquids and electrolytes
developed more than 40 years ago can provide a valuable contribution to this debate. The effect
induced by a solute – e.g. an ion – on the structure of an aqueous solvent can be usefully
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characterized by its influence on the water-water pair distribution function16, 17. The angular part
of this correlation can be expanded on spherical harmonics, with the leading term reporting on the
mean value of cos(ϕ) – where ϕ is the angle between the dipole moment vectors of a pair of water
molecules18 – which is accessible experimentally9, theoretically12,
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and numerically9, 11. The

authors opportunely remind us that long-range limiting laws for this orientational correlation can
be obtained by a diagrammatic expansion of the pair function, where the total correlation between
two solvent molecules is decomposed into a direct correlation and a sum of indirect correlations
propagated via chains of intermediate particles17. This approach shows15 that the long-range waterwater orientational correlation measured by <cos[ϕ(R)]> scales with the distance R between the
water molecules as exp(-DR)/R. Here, 1/D is the Debye screening length, which amounts to
approximately 10 nm at a 1 mM ionic strength, but shortens to about 0.8 nm at physiological
conditions of 150 mM 19. At long distances, the presence of ions thus replaces the direct dipoledipole interaction in 1/R3 with the screened electrostatic interaction in exp(-DR)/R.
With this brief introduction, the three questions posed in the first paragraph can now be
answered. We see from the above expression that the range of the salt-induced water-water
correlations is due to a combination of two factors – a concentration-independent 1/R decay,
together with a concentration-dependent exp(-DR) exponential attenuation. This immediately
addresses the question about the influence of the salt concentration. Namely, at physiological (and
higher) concentrations the strongly attenuating exponential term exp(-DR) dominates at distances
above ~1 nm, effectively making all long-range water-water correlations vanish. Only at
significantly lower (millimolar) concentrations, where the Debye screening length 1/D extends to
~10 nm, does the more slowly decaying term proportional to 1/R dominate the correlations in the
longer-range region of several nanometers, i.e., beyond the immediate ionic solvent shells.
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Nevertheless, if one takes into account the amplitude of the orientational correlation function 15,
the correlations in this region still remain orders of magnitude smaller than the short-range
correlation in the immediate solvation shells of the ions at sub-nanometer separations 9, 11, 15.
Measuring these very weak long-range correlations present in dilute salt solutions is thus
challenging, but it was recently done in a tour de force second harmonic scattering experiment9.
In this technique, the signal is summed over all pairs of water molecules. This means that the
contribution from individual solvent pairs at large separations R is drastically amplified by the
Jacobian factor pertinent to spherical coordinates, proportional to R2, leading eventually to a
detectable experimental signal. However, this changes little on the fact that locally the long-range
ion-induced water-water correlations remain very weak even in dilute solutions. Note that the
deviation of <cos[ϕ(R)]> with respect to the zero value expected in absence of correlations can be
interpreted as resulting from an effective potential biasing the water molecules’ orientation, whose
amplitude is on the order of <cos[ϕ(R)]> times the thermal energy, i.e. ~10-4 kBT at separations of
several nanometers 11. Due to random thermal motions of water molecules such a negligible bias
can hardly induce any significant long-range order and structuring of the solvent. This is also
manifested in numerical simulations11, where extensive averaging is required before the residual
correlation can be distinguished from statistical noise.
Finally, the quantitative agreement in the long-range solvent orientational correlations
between the recent study based on a general theory of polar liquids and molecular dynamics
simulations of specific aqueous salt solutions

9, 11, 15

demonstrates that in this respect there is

nothing special about water or, as a matter of fact, hydrogen bonding in general. Indeed, the
commented study
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shows that any dipolar solvent exhibits such ion-induced orientational
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correlations, the spatial extent of which is dictated primarily by the salt concentration and the
corresponding Debye screening due to the dissolved ions.
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