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AQUEOUS ION TRANSPORT

Sticky when wet
The aqueous hydronium cation diffuses about twice as fast as the aqueous hydroxide anion in liquid water,
but the origin of this behaviour has been unclear. Now, state-of-the-art simulations provide an explanation for this
long-standing conundrum.
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n liquid water, H2O molecules are in
equilibrium with their dissociation
fragments hydronium (H3O+) and
hydroxide (OH–) and the motion of these
ions is at the heart of chemical reactions in
aqueous solution. How they are solvated
by, and diffuse within, water’s hydrogenbonded network has been studied since the
beginning of the nineteenth century, and our
contemporary understanding is that their
motion is boosted by proton jumps between
the ions and water molecules; hydronium
diffuses roughly twice as fast as hydroxide
(see for example, refs 1–3). However, why
diffusion of the positively charged ion is
speedier than that of its negative counterpart
has remained a mystery. Now, however,
writing in Nature Chemistry, Roberto Car,
Xifan Wu and colleagues provide an
explanation4. They suggest, on the basis
of state-of-the-art computer simulations,
that hydronium diffusion occurs through
concerted proton-transfer events, whereas
hydroxide diffusion happens mainly in a
slower step-wise manner.
Aqueous ion diffusion has been studied
by some of the greatest minds in chemistry:
Debye, Hückel, Onsager, Pauling and Slater,
to name but a few. One of the earliest
concepts to emerge is the idea from von
Grotthuss that proton conduction involved
the hopping of protons along hydrogenbonded water wires1. Such a process involves
the formation and cleavage of covalent
bonds and is generally regarded as structural
diffusion, in contrast to Stokesian diffusion,
in which molecules are considered as
unsplit units.
Fully understanding the intimate details
of the Grotthuss process is an immense
challenge. From a simulation perspective,
one must accurately describe the complex
and dynamic hydrogen-bonding network
of water, the dynamic solvation structures
of the ions, and the bond-making and
bond-breaking events of the proton-transfer
processes. Ab initio molecular dynamics
(AIMD) is a powerful computational
approach that is capable of tackling all
of these issues5. In AIMD the nuclei are
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Fig. 1 | Aqueous ion transport. a, Hydronium ion diffusion benefits from multiple simultaneous proton
hops such as the triple jump shown. b, Hydroxide diffusion occurs mainly through single jumps. Oxygen
and hydrogen atoms are shown in red and blue respectively. Hydronium ions are highlighted with a halo
in (a) and hydroxide ions are highlighted in (b). Credit: RooM the Agency / Alamy Stock Photo

propagated according to forces obtained
from an ab initio electronic structure
theory; generally, this is density functional
theory (DFT)6. In practice, approximations
are made for how the electrons in a DFT
calculation interact with each other and
(perversely) with themselves. Standard
approximations — so-called generalized
gradient approximations (GGAs) — that
have generally been used to study aqueous
ions have suffered from this artificial
‘self-interaction’ error and have also omitted
long-range London dispersion forces. These
are two issues that are known to have an
impact of the structure of liquid water
itself7. A key advance in the study from Car,
Wu and colleagues is that it uses a DFT
methodology that — to a large extent —
addresses both of these shortcomings.

A proton can jump from a hydronium
ion along a hydrogen bond to a
neighbouring water molecule, converting
that water into a hydronium. The net effect
of this proton transfer is that the hydronium
has diffused. From earlier work, we also
know that multiple proton jumps can
occur simultaneously along a hydrogenbonded water chain8, with the effect that
the hydronium ion diffuses across several
water molecules at once (Fig. 1a).
The simulations from Car, Wu and
colleagues support this picture and show
that double and triple jumps are preferred
over single jumps. Overall, for this ion,
remedying the self-interaction error and
accounting for London dispersion forces
does not alter the essence of the previously
established mechanism.
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More interesting are the insights
into hydroxide ion motion. In water,
hydroxide generally forms two hydration
states with either three or four hydrogen
bonds, with the latter state referred to as
‘hypercoordinated’. Proton transfer is facile
when hydroxide is forming three hydrogen
bonds, but not when it is accepting four. The
calculations made by Car, Wu and colleagues
using the traditional GGA methodology
find a roughly 50–50 distribution of the two
hydration states and rapid proton hopping
involving single and multiple hopping
events. However, when London dispersion
forces and self-interaction errors are
accounted for, the hypercoordinated state is
strongly favoured; with the more accurate
calculations, the distribution of states is
about 80–20 in favour of hypercoordination.
This, in turn, significantly reduces the
frequency of multiple hopping events,
favouring single jumps (Fig. 1b) and
considerably reducing the overall hydroxide
ion mobility.
The AIMD simulations reported by
Car, Wu and colleagues are the most
sophisticated of their type that have
been performed on hydroxide and
hydronium in liquid water. The diffusion
rate of hydronium, estimated from their
calculations using the Einstein relation, is
about twice that of hydroxide, which agrees
well with experimental observations. The
predicted hypercoordinated structure is
also consistent with suggestions of a nonplanar structure from neutron scattering

measurements9. Overall, the methodology
used has proved to be necessary and looks
promising. London dispersion forces tend
to compress the hydrogen-bond network,
hence enhancing coherent Grotthuss
processes. Ameliorating self-interaction
errors improves the electronic structure
of the ions and the inherent structure
of the liquid water that solvates them.
The calculations, however, highlight
that these improvements can have quite
different consequences for two seemingly
similar processes; underscoring just
how challenging accurate and realistic
simulations of aqueous systems can be. With
this in mind it is important to recognize
that the DFT methodology used is still not
the exact solution, and it remains to be seen
if with further DFT improvements or with
accurate wave-function-based methods the
reasonably good agreement with experiment
will be retained. For the diffusion of
hydronium and hydroxide, nuclear quantum
effects (tunnelling and zero-point motion)
have not previously had a very significant
impact on the diffusion mechanism when
examined at the DFT–GGA level. However,
given the sensitivity of this system to subtle
changes in solvation structure it might be
worth revisiting the question of nuclear
quantum effects in these systems.
Finally, experimentally detecting the
hypercoordination solvation structure of
hydroxide as predicted by Car, Wu and
colleagues would be valuable. Recent
experimental progress in ultrafast infrared

spectroscopy has resulted in various gaps in
our understanding of hydronium solvation
and diffusion being filled (see ref. 10 for
example), giving hope that we might not
have to wait too long. Nevertheless the
calculations of Car, Wu and colleagues
show how improved theoretical
methodology can provide new insights
into old problems.
❐
Ji Chen1* and Angelos Michaelides2*

Max Planck Institute for Solid State Research,
Stuttgart, Germany. 2Thomas Young Centre,
London Centre for Nanotechnology, Department of
Physics and Astronomy, University College London,
London, UK.
*e-mail: jichen@fkf.mpg.de; angelos.michaelides@
ucl.ac.uk
1

Published online: 12 March 2018
https://doi.org/10.1038/s41557-018-0024-9
References

1. Marx, D., Chandra, A. & Tuckerman, M. E. Chem. Rev. 110,
2174–2216 (2010).
2. Knight, C. & Voth, G. A. Acc. Chem. Res. 45,
101–109 (2012).
3. Agmon, N. et al. Chem. Rev. 116, 7642–7672 (2016).
4. Chen, M. H. et al. Nat. Chem. https://doi.org/10.1038/s41557018-0010-2 (2018).
5. Car, R. & Parrinello, M. Phys. Rev. Lett. 55, 2471 (1985).
6. Kohn, W. Rev. Mod. Phys. 71, 1253 (1999).
7. Gillan, M. J., Alfè, D. & Michaelides, A. J. Chem. Phys. 144,
130901 (2016).
8. Hassanali, A., Gibertia, F., Cuny, J., Kühnec, T. D. & Parrinello, M.
Proc. Natl Acad. Sci. USA 110, 13723–13728 (2013).
9. Botti, A., Bruni, F., Imberti, S., Ricci, M. A. & Soper, A. K.
J. Chem. Phys. 119, 5001 (2003).
10. Dahms, F., Fingerhut, B. P., Nibbering, E. T. J., Pines, E. &
Elsaesser, T. Science 357, 491–495 (2017).

SYNTHETIC BIOLOGY

Foldamers wave to the ribosome
Ribosomes have now been shown to accept certain initiator tRNAs acylated with aromatic foldamer–dipeptides thereby
enabling the translation of a peptide or protein with a short aromatic foldamer at the N-terminus. Some foldamer–
peptide hybrids could be cyclized to generate macrocycles that present conformationally restricted peptide loops.

Alanna Schepartz

I

n 1907 Leo Henry Baekeland synthesized
the first chemical polymer in his basement
in Yonkers, New York, USA. Working
alone, Baekeland mixed formaldehyde
with phenol and baked the mixture at
140 degrees in a sealed tube. The resulting
material was “insoluble in all solvents,
does not soften. I call it Bakalite [sic]”.
Since the days of Baekeland, chemists
and polymer scientists have innovated to
develop molecular building blocks and

elongation chemistries that can specify
polymer length, composition, branching,
size distribution and much more.
The impact of these chemical polymers
on our everyday life is profound. And the
number of potential building blocks is
virtually limitless.
Yet despite this enormous impact
and potential, it is still impossible to
synthesize a non-α-peptide chemical
polymer whose monomer sequence is

truly defined in the same manner as
proteins, RNA or DNA. Sequence-defined
chemical polymers could, in theory,
store molecular-level data, define
anti-counterfeiting tags, fine-tune bulk
materials and even accelerate drug
discovery. But the reality is that nobody
really knows what transformative properties
and applications could emerge from
polymers with protein-like sequence
definition, because molecules of this type
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