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The anomalously high mobility of the hydronium, H3O+(aq), 
and hydroxide, OH–(aq), ions solvated in water has fascinated 
scientists since the very beginning of molecular-based physi-

cal chemistry1,2. The two ions can be viewed as opposite topologi-
cal defects in the fluctuating hydrogen-bond (H-bond) network in 
liquid water. In this picture, both ions bind to three water molecules 
by donating or accepting H-bonds. Diffusion is not dominated by 
hydrodynamics, but by a structural process usually referred to as 
the Grotthuss mechanism3, in which a proton is transferred from a 
hydronium to a neighbouring water molecule or from a water mol-
ecule to a neighbouring hydroxide. In this process, a covalent O–H 
bond breaks while another forms as the topological defect jumps to 
an adjacent site in the network. Not surprisingly, proton transfer has 
been intensively investigated, both experimentally and theoretically, 
for almost a century since the early molecular models4.

Although the Grotthuss mechanism correctly identifies the ori-
gin of fast diffusion, some issues remain unresolved. Experimentally, 
diffusivity is obtained via the Nernst equation from the measured 
electrical conductivity of the ions. While the diffusivity describes 
the combined effect of hydrodynamic and structural processes, 
the jump frequency of the protons in the structural process can be 
extracted from nuclear magnetic resonance (NMR) relaxation times. 
Conductivity5–7 and NMR5,8 experiments indicate that hydronium 
diffuses roughly twice as fast as hydroxide. Predicting the transfer 
dynamics is difficult as it depends on the cleavage and formation of 
covalent bonds in a fluctuating liquid medium. Major progress in 
modelling proton transfer came with the advent of ab initio molecu-
lar dynamics (AIMD)9. In this approach, the forces on the nuclei are 
derived from the instantaneous ground state of the electrons within 
density functional theory (DFT)10,11, while the electrons adjust on 
the fly and can thereby access bond breaking and forming events. 

Importantly, the first AIMD study of hydronium and hydroxide in 
bulk water12 showed that classical thermal fluctuations easily induce 
proton transfer events on the picosecond time scale.

In the case of hydronium, the first molecular simulations con-
firmed the long-held view that transfer involves interconversion 
of two defect complexes, that is, the solvated H3O+(aq) or Eigen 
ion13,14, and the solvated H5O2

+(aq) or Zundel ion15–23. Even more 
notable were the results for hydroxide, OH–(aq), which appeared 
to alternate between two configurations: an unexpected hyperco-
ordinated form with four acceptor H-bonds and a nearly tetrahe-
dral form with three acceptor H-bonds and, occasionally, a weak 
donor H-bond. Proton transfer only occurred in the latter con-
figuration, suggesting a ‘presolvation’ mechanism, that is, access 
to the tetrahedral configuration, was necessary for proton trans-
fer in OH–(aq). Neutron diffraction24 and core-level spectros-
copy data25 were consistent with the hypercoordinated structure, 
indirectly supporting the presolvation picture. However, analysis 
of neutron scattering data24 suggested the solvation structure of 
OH–(aq) had a pot-like shape, differing from the planar structure 
predicted by the early AIMD simulations26, which employed the 
generalized gradient approximation (GGA) and treated nuclear 
dynamics classically. Subsequent path integral AIMD simula-
tions, which treated the nuclei quantum mechanically, refined 
the model by stressing the fluxional character of the defect com-
plexes, but did not change the basic picture as tunnelling was not 
found to be important26,27. In the latter scenario, proton transfer 
events occur randomly due to thermal and/or quantal fluctua-
tions. However, recent AIMD simulations added a new twist to 
the story: proton transfer events are highly correlated and hap-
pen in bursts consisting of multiple jumps closely spaced in time  
followed by periods of inactivity28,29.
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The hypercoordinated hydroxide form revealed by previous 
simulations breaks the mirror symmetry of the topological defect 
model between hydronium and hydroxide. Yet, it is not evident why 
hydroxide diffuses slower than hydronium.

Previous simulations have adopted different flavours of the GGA 
for the exchange–correlation functional26. However, such GGAs 
not only overestimate the molecular polarizability and H-bond 
strength in liquid water, but also tend to grossly underestimate the 
equilibrium density of the liquid30–32 by neglecting long-range van 
der Waals or dispersion interactions. More significantly, although 
the predicted diffusivities of H3O+(aq) are relatively stable from dif-
ferent GGA functionals, those for OH–(aq) can vary by more than 
one order of magnitude4,26,27,33 (Table  1). This large discrepancy 
inevitably hinders a proper comparison of diffusivities between the 
two ions.

Here we report AIMD simulations that adopt the hybrid func-
tional PBE034,35 and include long-range van der Waals interactions 
using a self-consistent implementation of the Tkatchenko–Scheffler 
(TS)36 scheme. The resulting PBE0-TS functional is less affected by 
the spurious self-interaction and better accounts for the molecular 
polarizability of water, greatly improving the overall description of 
neat water37. Our new data confirm the current picture of hydro-
nium diffusion, namely proton transfers are highly correlated and 
occur with relatively high frequency. The effects of the functional 
approximation are much more pronounced in OH–(aq), that is, 
hypercoordination increases, diffusivity decreases and the effect 
is accompanied by a strong suppression of multiple jumps. Double 
jumps are approximately four times more frequent than single 
jumps in the hydronium case, but they become slightly less frequent 
than single jumps for the hydroxide. We explain this behaviour as a 
consequence of the strongly amphiphilic character through a novel 
electronic structure analysis, making the lone pair side of OH–(aq) 
more strongly hydrophilic and its H side more strongly hydropho-
bic. The diffusion constants of the two water ions and their ratio are 
in reasonable agreement with experiment.

Results and discussion
Proton transfer via the hydronium ion. The electronic structure 
of H3O+(aq) comprises three bonding electron pairs and one lone 
electron pair, which are represented by the maximally localized 
Wannier functions39,40 in Fig.  1a. The protons of hydronium are 
positive and ready to be donated to neighbouring water molecules 
whereas the oxygen is likely to accept an H-bond from its neigh-
bouring water molecules due to the negative lone electron pair. 
Since the H-bond is mainly attributed to an electrostatic attraction, 
the ability of donating (accepting) H-bonds can be conveniently 
measured by the distance separating the negative electrons from 
the positive nucleus, roughly estimating how positive (negative) 
the local environment is for a specific proton (oxygen). The result-
ing distance between electron pairs with respect to the nuclei, as 
obtained by the PBE0-TS trajectory, are shown in Fig. 1b for sol-
vated ions and neat liquid water. Compared to liquid water, the 
proton of hydronium has a stronger ability to donate an H-bond, 
while the oxygen of hydronium has a weaker ability to receive one 
(Supplementary Section  2). Therefore, in the absence of proton 
transfers, the solvated hydronium is amphiphilic in nature with its 
proton (oxygen) site being hydrophilic (hydrophobic)41–45. Hence, 
H3O+(aq) forms the Eigen complex by stably donating three 
H-bonds to its neighbouring water molecules as shown in Fig. 1a. 
While supported by some experiments46,47, this conventional pic-
ture has been challenged by recent experiments17,21 suggesting that 
a long-lived Zundel complex plays a central role in proton solva-
tion and transport. In the Zundel complex (H5O2

+(aq)) the excess 
proton has two flanking water molecules, called the special pair, 
which contribute prominently to the observed vibrational spectra. 
In the dynamic picture of AIMD simulations, however, there is 
no sharp distinction between Eigen and Zundel configurations. 
While waiting for a proton transfer event the solvated proton 
remains associated with a particular O atom but the correspond-
ing complex keeps fluctuating through a continuum of structures 
including Eigen- and Zundel-like geometries. As demonstrated in 
a recent paper these structures contribute almost equally to the 
observed infrared and Raman vibrational signatures23. For illus-
trative purposes we adopt the conventional H3O+(aq) picture  in 
the figures.

One proton of the hydronium can be transferred to a neighbour-
ing water molecule, which in turn is converted to a new ion12,48. 
Moreover, proton transfers are highly correlated in time evidenced 
by the preferred bursts of proton transfer events to single proton 
transfer events29. In Fig. 2a–c, we report the frequencies of proton 
transfers categorized by the number (single, double, triple and qua-
druple) of transfer events during one burst. In general, the proton 
transfers obtained from the three AIMD trajectories (PBE, PBE-TS 
and PBE0-TS) are all dominated by concerted events with largely 
preferred double jumps. By analysing the PBE0-TS trajectory, we 
illustrate the free energy map in Fig.  3a with the length of water 
wire being a function of the proton transfer coordinate. The analysis 
confirms the recent discovery that double proton transfers are asso-
ciated with the collective compression of a water wire29. This con-
certed behaviour enables the proton to diffuse rapidly through two 
or more water molecules within a single burst, which is enhanced 
when nuclear quantum effects (NQEs) are considered49,50. However, 
the H-bond network more physically modelled by the van der Waals 
interactions and exact exchange has non-negligible effects on the 
water wire compression and concerted proton transfers.

The van der Waals interaction, is an important effect causing 
denser water than ice under ambient conditions31,32. As in the case 
of pure water37, the structure of the solution with ions is softened 
under the influence of van der Waals interactions. The increased 
population of water molecules in the interstitial region weakens 
the H-bond network, while leaving the strength of the short-range 
directional H-bonds unchanged. As expected, water wires in the 

Table 1 | Computed ratios from the diffusion coefficients D 
(units: 10–9 m2 s–1) of H3O+(aq) (D+) and OH–(aq) (D–), the 
experimental diffusivity data are computed from the limiting 
molar conductivities λ (units: Ω​–1 cm2 mol–1) of H3O+(aq) (λ+) 
and OH–(aq) (λ–) measured at 28 (refs 5,7) and 25 °C (ref. 6)

D + D– D +/ D–

PW91 3.24 18.5 0.18

BLYP 2.83 1.92 1.47

HCTH/120 3.25 0.44 7.39

PBE 10.8±​2.7 18.2±​3.7 0.59±​0.27

PBE-TS 12.8±​1.9 8.3±​1.6 1.54±​0.53

PBE0-TS 8.3±​1.9 3.7±​0.4 2.24±​0.75

Exp. (H2O) 9.6a, 9.4c 5.4a, 5.2c 1.77a, 1.80c

Exp. (D2O) 6.9a, 6.7c 3.2a, 3.1c 2.15a, 2.15c

λ+ λ– λ+/ λ–

Exp. (H2O) 364.0a, 351c 206.0a, 195c 1.77a, 1.80c

Exp. (D2O) 261.6a, 252c 121.5a, 117c 2.15a, 2.15c

λ (H2O)/ λ (D2O) 1.39a, 1.39c, 1.364b 1.70a, 1.67c

The simulation data for six exchange-correlation functionals: PW9157, BLYP58,59, HCTH/12060, 
PBE, PBE-TS and PBE0-TS, are reported. The data for the first three functionals are from ref. 
26, those for the last three functionals are from the present simulation. We also show the standard 
deviations for computed D. The deuterium mass was used for both ions and water molecules in all 
AIMD simulations listed, while the experimental data (Exp.) based on both H and D are listed. See 
Supplementary Section 4 for more information on the procedures to compute diffusivities based 
on the AIMD simulations. The experimental diffusivity data were computed based on the Nernst 
equation λ=D RT

F2
, where R is the gas constant, T is the temperature, and F is Faraday’s constant.

afrom ref. 5; bfrom ref. 6; cfrom ref. 7.

Nature Chemistry | www.nature.com/naturechemistry

http://www.nature.com/naturechemistry


© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. © 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

ArticlesNATure CHemISTry

softer liquid structure described by PBE-TS can be compressed with 
a slightly shorter compression length of 0.487 Å compared with 
that of 0.502 Å in the PBE trajectory (Supplementary Section  3). 

The facilitated water wire compressions encourage more concerted 
proton transfers as shown in Fig. 2b. Consequently, the diffusivity 
increases as compared with the PBE trajectory (see Table 1).
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Electrons, as appropriately described by quantum mechanics, 
cannot interact with themselves. Yet, all conventional DFT func-
tionals inherit self-interaction error, which artificially overesti-
mates the H-bond strength37. Including fractional exact exchange 
in our PBE0-TS trajectories mitigates this self-interaction error. 
Compared with the van der Waals interactions, the exact exchange 
directly improves the overestimated H-bond strengths, which 
also affects the compression of water wire. The H-bond strengths 
among neighbouring water molecules become weaker resulting 
in a less polarizable liquid towards the experimental direction37. 
The reduced polarizability is mainly provided by the less negative 
electric environment of oxygen lone pair electrons37. The H-bonds 
binding hydronium to its three neighbouring water molecules 
are also weakened, as evidenced by the shorter distances between 
protons of the ion and their bonding electron pairs (0.542 Å in 
PBE0-TS compared to 0.550 Å in PBE-TS trajectories) yielding 
a less positive electric environment for protons (Supplementary 
Section  2). As a result, the water wire compression with weaker 
H-bonding becomes less easy as evidenced by the longer compres-
sion length of 0.562 Å compared to 0.487 Å in the PBE-TS trajec-
tory (Supplementary Section  3). Consistently, slower hydronium 
diffusion in water is observed compared to that in the PBE-TS tra-
jectory in Table 1. Thermal fluctuations give rise to a continuum 
of Eigen-like and Zundel-like configurations in all our simulations, 
consistent with previous findings23,48. The more localized protons 
with the hybrid functional slightly favour Eigen-like configurations 
but the distinction between Eigen and Zundel should be further 
blurred by inclusion of NQEs48.

Proton transfer via the hydroxide ion. The OH–(aq) ion is also 
amphiphilic38 as determined by its electronic ground state in 
Fig. 1b. Based on the same criterion, we can conveniently determine 
the hydrophobicity and hydrophilicity of OH–(aq) in Fig. 1b. The 
oxygen site of hydroxide is hydrophilic and more electronegative 
than the oxygen site of water, whereas the proton site of hydroxide  

is hydrophobic and less electropositive compared to the proton 
site in water (Supplementary Section  2). Although both OH–(aq) 
and H3O+(aq) are amphiphilic, their electronic origins are differ-
ent. The hydrophilicity of H3O+(aq) provided by its protons enables 
it to donate three H-bonds in the absence of proton transfer. In 
contrast, the hydrophilicity of OH–(aq) provided by lone-pair elec-
trons enables it to accept either three or four H-bonds, and both 
three- and hypercoordination solvation structures normally occur 
in the aqueous solution of OH–(aq). The three-coordination solva-
tion structure is tetrahedral-like and encourages proton transfers 
via the presolvation mechanism; while hypercoordination strongly 
disfavours proton transfers. Therefore, the mirror symmetry of the 
proton transfer mechanisms between the two ions is broken, and 
the proton transfer via hydroxide cannot be simply considered as 
the reverse process of the proton transfer via hydronium by replac-
ing the proton with a ‘proton hole’26.

Interestingly, the proton transfers described by PBE0-TS not 
only become less frequent but also the relative contribution of mul-
tiple jumps is strongly reduced, as reported in Fig. 2f. This mecha-
nism differs from the traditional view29 based on GGA functionals, 
namely that proton transfers via OH–(aq) should follow a similar 
trend as H3O+(aq), shown in Fig.  2d. While the proton transfers 
become less concerted, the diffusivity of OH–(aq) also decreases 
relative to that of H3O+(aq), approaching a ratio that quantitatively 
agrees with the experimental value in Table 1.

The revised proton transfer mechanism for OH–(aq) implies 
drastic changes brought by the van der Waals interactions and 
the hybrid functional, rather than perturbed water wires com-
pression observed in the H3O+(aq) solution. Indeed, changes in 
the solvation structure of OH–(aq) in Fig. 4d suggest substantially 
stabilized hypercoordination configurations. The PBE functional 
overestimates the polarizability, yielding over-structured water, 
and this over-strengthened tetrahedral H-bond network ener-
getically favours the tetrahedral-like three-coordination, that 
is, the presolvated structure of OH–(aq). Fig. 4d shows that PBE 
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predicts 51% three-coordination and 49% hypercoordination. 
With the van der Waals interactions considered, the H-bond 
structure of liquid water is softened and facilitates the stabili-
zation of hypercoordination of OH–(aq). As a result, the per-
centage of hypercoordination increases from 49% in the PBE 
trajectory to 65% in the PBE-TS trajectory. The hypercoordina-
tion is further stabilized to 84% in the PBE0-TS trajectory. The 
additional amount of hyper-coordination (~19%) is attributed to 
two physical effects. As far as the H-bond network of the liq-
uid solution is concerned, the exact exchange yields a weakened 
directional H-bond strength, and generates a further softened 
liquid water structure, which again helps to stabilize the hyper-
coordination structure. In the above, the weakened directional 
H-bond strength is mainly provided by a less negative environ-
ment of the lone pair electrons of liquid water, which is reduced 
by 2.9% (as measured by the distance between maximally local-
ized Wannier centres and oxygen in Fig. 1). At short-range scale, 
the H-bonding between OH–(aq) and the neighbouring waters 
is much less affected by the exact exchange than that of liquid 
water. The negative environment due to the lone pair electrons of 
the hydroxide is only reduced about 1.1%. As a result, the amphi-
philic propensity of the solvated hydroxide is promoted, which 
enables the hydroxide to attract more water molecules further 
favouring the hypercoordination structure.

Conventional AIMD theories based on the GGA functionals 
repeatedly predicted a planar-like solvation structure of hyper-
coordinated OH–(aq), that is, the four hydrogen-bonded water 
molecules accepted by OH–(aq)  roughly stay within a plane. We 
confirm in Fig.  4a that the distribution of water molecules sur-
rounding OH–(aq) is relatively flat from the PBE trajectory. The pla-
nar structure can be clearly demonstrated by the planarity (defined 
as the distance from one water to the plane formed by the other 
three water molecules) analysis shown in Fig. 4e, where the distri-
bution of planarity centres at around zero indicating the dominant 
planar structure of hypercoordination. However, the experimental 
evidence based on the neutron scattering data24 yields a non-planar 
solvation pattern.

In the PBE-TS and PBE0-TS trajectories, the H-bond network is 
modelled more accurately and the hypercoordination is stabilized. 
Therefore, more water molecules acquired by hypercoordination, are 
attracted to the first coordination shell. These additional water mol-
ecules are closer to the oxygen atom of OH–,(aq) that is, a strongly 
hydrophilic site, and filling in the space close by. Consequently, the 
hypercoordination in the PBE0-TS trajectory exhibits a non-planar 
structure with its planarity distribution centered significantly away 
from zero in Fig. 4e. Furthermore, the surrounding water molecule 
density has a pot-like structure, shown in Fig. 4c, as found in the 
neutron scattering experiments24. The agreement strongly suggests 
that an accurate H-bond description, which has been achieved via 
PBE0-TS, is crucial to understand the proton transfer mechanism 
of OH–(aq).

With more stabilized hypercoordination structures in OH–(aq) 
from the PBE0-TS trajectory, the presolvated structure (three-
coordination) of hydroxide becomes relatively rare. Therefore, 
the largely suppressed proton transfers in Fig.  2f are expected. 
However, it is intriguing that the majority of the suppressed proton 
transfers are of concerted types, while the frequency of single jump 
events is marginally influenced. The feature cannot be understood 
by the presolvation mechanism alone without considering the 
water wire compression. In this context, it is useful to compare the 
free-energy landscapes in Fig. 3a,b for the water wire compression 
as a function of the concerted (double) proton transfers coordi-
nate. Consistently, it is found that the energy barrier for a double 
proton transfer to occur by the water wire compression in OH-(aq) 
is about 1.9 kBT larger than the similar energy barrier in H3O+(aq) 
(Supplementary Section 3). The significantly suppressed concerted 
proton transfers can be attributed to the energetically stabilized 
hypercoordination of OH–(aq). Fig.  4f illustrates the changes of 
coordination number of OH–(aq) with respect to the time before 
(t < 0) and after proton transfers (t > 0). Consistent with the pre-
solvation mechanism, all simulations show OH–(aq) relaxes from 
three-coordination back to the hypercoordination after each pro-
ton transfer event and vice versa. However, the more energetically 
stabilized hypercoordinated OH–(aq)  in the PBE0-TS trajectory 

a f

ed

PBE

Three-coordination
Hyper-coordination

80

60

0.6

3.8

3.6

3.4

3.2

3.0
–0.2 –0.1 0.0

Proton transfer time (ps)
0.1 0.2

0.4

0.2

0.0
0 1 2 3 4 5

40

R
el

at
iv

e 
fr

ac
tio

n 
(%

)

D
is

tr
ib

ut
io

n

Planarity (Å)

N
um

be
r 

of
 a

cc
ep

te
d 

H
-b

on
ds

20

0
PBE

PBE

PBE-TS

PBE-TS

PBE0-TS

PBE0-TS

PBE

PBE-TS

PBE0-TS

b

PBE-TS

c

PBE0-TS

Fig. 4 | Solvation structures of OH–(aq) with three functional approximations (PBE, PBE-TS, and PBE0-TS). a–c, Isosurfaces representing the spatial 
distribution of the oxygen sites of the solvating molecules in the hypercoordinated structure of OH–(aq) with three functionals. The hydroxide ion has the 
hydrogen (cyan sphere) pointing upward and the oxygen (red sphere) pointing downward. d, Relative fraction of three- and hypercoordinated solvation 
structures with three functionals. In the three-coordinated structure OH–(aq) accepts three H-bonds, in the hypercoordinated structure it accepts four 
H-bonds or more. e, Planarity distribution of the hypercoordinated structures with three functionals. The planarity order parameter is defined by the 
distance between a coordinating oxygen atom and the plane formed by three other coordinating oxygen atoms. f, Coordination number (number of 
acceptor H-bonds) of OH-(aq) before (t < 0) and after (t >​ 0) a proton transfer event. Proton transfer events are very fast (~0.005 ps) on the time scale of 
the plot. Thus OH–(aq) is always unambiguously defined and we can follow its evolution by adopting the Lagrangian point of view.

Nature Chemistry | www.nature.com/naturechemistry

http://www.nature.com/naturechemistry


© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved. © 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

Articles NATure CHemISTry

enables a much faster relaxation than that obtained from the PBE 
and PBE-TS trajectories. On average, the timescale of such relax-
ation in PBE0-TS trajectory is about 0.3 ps shorter than that of 
the typical water wire compression (~0.5 ps)28. The observed fast 
relaxation back to the hypercoordinated OH–(aq) is a key to hinder 
the concerted proton transfer.

Conclusions
The origin of the different diffusion mechanisms of the hydrated 
water ions resides in their electronic ground states. Hence, an accu-
rate theory of the solvent H-bond network is crucial. By utilizing 
state-of-the-art ab initio molecular dynamics, we confirmed pro-
ton transfers via the H3O+(aq) are frequent, with mostly concerted 
jumps. By contrast, proton transfers via the solvated hydroxide ion 
are more rare, with much fewer concerted jumps, due to the for-
mation of (and rapid relaxation to) a stable non-planar and hyper-
coordinated solvation structure. This unique solvation shell, which 
is structurally consistent with neutron scattering experiments, 
actively discourages proton transfer in aqueous hydroxide solutions. 
Because the Stokes diffusions of these two water ions are roughly the 
same at the level of PBE0-TS theory, which are (0.76 ±​ 0.22) ×​ 10–9 
and (0.66 ±​ 0.08) ×​ 10–9 m2 s–1 for H3O+(aq) and OH–(aq), respec-
tively, their differences in the nature of concerted proton transfers 
against simple proton transfer provide a rational explanation as to 
why hydroxide diffuses slower than hydronium in water. The differ-
ent roles played by concerted proton transfer dynamics in H3O+(aq) 
and OH–(aq) have direct bearing on the interpretation of the NMR 
experiments, which mostly assumed so far a simple Markovian pro-
cess to extract the proton transfer rates5,8. NQEs play an important 
role in the dynamics of these two water ions; the concerted pro-
ton transfers will be further enhanced by the delocalized protons50. 
Our main conclusion is expected to be intact since previous stud-
ies suggested NQEs do not qualitatively affect the energetics of the 
solvation structures of the water ions. In this context, the extra sta-
bilization of the hypercoordination structure of OH–(aq) suggests 
a likely explanation for the large reported difference in the isotope 
effect on the transfer rates of the two aqua ions8, as the deeper free 
energy well associated to OH–(aq) in our simulation should trans-
late in a comparatively larger quantum zero-point motion effect in 
OH–(aq) than in H3O+(aq).

Methods
We used the Quantum ESPRESSO51 software to perform simulations based on 
density functional theory. We used a method35 based on Wannier functions to 
compute efficiently exact exchange in PBE0 calculations, and evaluated self-
consistently37 the TS dispersion contribution. The pure water system is composed 
of 128 H2O. The hydronium system consists of 63 H2O with one excess proton 
(127 H atoms and 63 O atoms) whereas the hydroxide system consists of 63 H2O 
with one hydroxide ion (127 H atoms and 64 O atoms). In order to reproduce the 
experimental density of liquid water at ambient conditions, the cubic cells used for 
ion and pure water simulations have the cell lengths 12.4 and 15.7 Å, respectively. 
Only the gamma point was used to sample the Brillouin zone of the supercell.  
The periodic boundary conditions were utilized with the energy cutoff of plane 
wave basis being 72 Ry. Troullier–Martins52 norm-conserving pseudopotentials 
were employed.

We performed the Car–Parrinello molecular dynamics9 with the standard 
Verlet algorithm to propagate nuclear and electronic degrees of freedom.  
We used a fictitious electronic mass of 150 a.u. to ensure the adiabatic separation 
between the nuclear and electronic degrees of freedom, and the mass pre-
conditioning with a kinetic energy cutoff of 6 Ry was applied to all Fourier 
components of electronic wave functions53. All simulations were performed in 
the NVT ensemble at 330 K (ref. 37). The ionic temperature was controlled using 
the Nosé–Hoover chain thermostats54 with one Nosé–Hoover chain per atom 
and four thermostats in each chain. The time step was set to be 3.5 a.u. (~0.08 fs). 
The nuclear mass of deuterium (2.0135 a.m.u.) was set for each hydrogen atom 
to accelerate the convergence, while the nuclear mass of oxygen was set to 
15.9995 a.m.u. We generated 28-, 45- and 32-ps trajectories for the hydronium 
systems using the Perdew–Burke–Ernzerhof (PBE)55; PBE with the van der Waals 
interactions in the form of Tkatchenko and Scheffler36 (PBE-TS); and PBE-TS 
with a mixing of 25 per cent exact exchange34 (PBE0-TS) functionals, respectively; 
we also generated 54-, 55- and 38-ps for the hydroxide systems using the PBE, 

PBE-TS, and PBE0-TS functionals, respectively. For the pure liquid water system, 
we have trajectories of 14, 14 and 25 ps for PBE, PBE-TS, and PBE0-TS trajectories, 
respectively. We defined the H-bond within a cutoff of 3.5 Å for O–O distance  
and an H–O–O angle less than 30° (ref. 56). We also used a cutoff of 1.24 Å for the 
O–H covalent bond.

Data availability. The data that support the findings of this study are available 
from the corresponding authors upon reasonable request.
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