
A ‘clusters-in-liquid’ method for calculating
infrared spectra identifies the proton-transfer
mode in acidic aqueous solutions
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In liquid water the transfer of an excess proton between two water molecules occurs through the Zundel cation,
H2O...H1...OH2. The proton-transfer mode is the asymmetric stretch of the central O...H1...O moiety, but there is no
consensus on its identification in the infrared spectra of acidic aqueous solutions. Also, in experiments with protonated
gas-phase water clusters, its position shifts with cluster size, which makes its relationship with solution spectra unclear.
Here we introduce a ‘clusters-in-liquid’ approach for calculating the infrared spectrum from any set of charges, even single
protons. We apply this procedure to multistate empirical valence-bond trajectories of protonated liquid water and to
ab initio molecular dynamics of the protonated water dimer and hexamer in the gas phase. The calculated proton-transfer
mode is manifested in both systems as a peak near 1,740 cm21, in quantitative agreement with a band of similar
frequency in the experimental infrared spectrum of protonated water clusters.

H
ydrogen cations (Hþ) play an important role in fundamental
processes in biology1, chemistry and materials science2. They
participate in enzymatic catalysis, protein folding and numer-

ous acid–base reactions. Of particular interest is the abnormally fast
proton mobility in liquid water3 via a charge-transport mechanism
named in honour of Grotthuss4,5.

How is such a mechanism realized? The excess proton does not
remain as an independent particle. It binds to a water molecule6 to
form hydronium, H3Oþ. Even this cannot be considered as the
simplest stable structure in protonated water, which is rather the
triply hydrated hydronium, H3Oþ(H2O)3, called the Eigen
cation7, and held together by extra-strong hydrogen bonds8.
According to Zundel9,10 the dominant species is rather the proton
dihydrate, H5O2

þ, often called the Zundel cation.
Modern pictures of the Grotthuss mechanism suggest that the

Zundel cation is an intermediate in the conversion of one distorted
Eigen cation into another11–14, driven by the reorganization of two
hydration shells15,16. Therefore, if H2O...Hþ...OH2 is perceived as
the proton-transferring complex, the antisymmetric stretch of the
central O...Hþ...O moiety is the ‘proton-transfer mode’ (PTM). It
is thus imperative to identify this mode in the infrared spectrum
of protonated liquid water. However, there is no consensus on
its assignment.

An early measurement of the infrared spectrum of aqueous acids17

showed a broad continuous absorption in the range �1,000 to
3,400 cm21. This ‘proton continuum’ was attributed by Zundel to
proton tunnelling between the two flanking water molecules in
H5O2

þ, modulated by its fluctuating environment9,10. This was a
rather bold proposition, because chemical species composed of only
a few atoms typically give rise to discrete infrared bands. Other
infrared studies identified some features superimposed on the conti-
nuum18–24. The Supplementary Information shows experimental and
theoretical infrared spectra of pure water (Supplementary Figs S1 and
S2) and of acidified water (Supplementary Fig. S3). The experimental
difference spectrum (Supplementary Fig. S3, inset) shows bands near
1,200, 1,700 and 3,000 cm21. Although some researchers assign
the 1,200 cm21 band to the PTM21–23, molecular dynamics (MD)

simulations indicate that the Zundel cation is a minority species13,
so the experimental spectra originate mainly from distorted Eigen
cations. Thus, the PTM should be sought in protonated clusters
and simulations.

MD simulations of the infrared spectrum of protonated liquid
water24–28 that used the multistate empirical valence bond (MS-
EVB) model25,28 demonstrated that the Zundel cation does not
absorb between 2,000 and 3,000 cm21, in contrast to Zundel’s infra-
red continuum assumption. However, they did not locate the PTM,
except for in one work27 that could “confidently conclude that the
broad absorption between 1,000 and 1,500 cm21 in acid solutions
can be attributed to the asymmetric stretch and the two bending
modes of the O...Hþ...O”. This, however, was deduced predomi-
nantly from the experimental spectra of gas-phase protonated
water clusters29,30.

In all of these simulations nuclear dynamics was propagated
classically. However, the infrared spectrum of pure liquid water
was also calculated using quantum nuclear dynamics, so one may
assess the probable quantal effects from Supplementary Fig. S2.

The Ar predissociation spectra of cold gas-phase Hþ(H2O)n clus-
ters30,31 represent a significant challenge for the interpretation of the
liquid-phase spectrum. A portion of this data is reproduced in Fig. 1.
Rather than a continuum, sharp peaks are observed that vary signifi-
cantly with cluster size n. A symmetric Zundel cation is expected for
n¼ 2 and 6, with a strong peak near 1,080 cm21 assigned to the
PTM30. Also, the n . 2 clusters exhibit a sharp peak at 1,620 cm21,
assigned to the HOH bend of the flanking water molecules. This
leaves an unassigned peak near 1,740 cm21 (green, denoted Z). We
show that it actually carries most of the infrared intensity of the trans-
ferring proton, which gives rise to the PTM band in liquid water.

Our conclusion may seem surprising in view of the high-
dimensional quantum calculations that reproduce accurately the
experimental gas-phase spectrum of the protonated water dimer32,33.
Here the doublet near 1,000 cm21 was assigned to the PTM. This
is supported by quantum-chemistry calculations for larger gas-
phase clusters. To verify this, we calculated optimized geometries
and infrared spectra for n¼ 2–6 clusters using density functional
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theory (DFT) at the B3LYP/aug-cc-pVTZ level. For n¼ 3–6 the
global minima are Eigen conformations, in agreement with their
dominance in liquid-phase simulations13, which exhibit strong
peaks in the 2,000–3,000 cm21 range (not shown). Except for n¼ 2,
Zundel conformations (Supplementary Information, pages 11–18)
are local (not global) minima. They all have high symmetry, with
a strong doublet near 1,000 cm21 and a peak near 1,740 cm21,
which are not seen for the Eigen structures. Hence both features
probably originate from the PTM, with the low-frequency doublet
disappearing for the less-symmetric complexes.

Where is the PTM in liquid water? In view of the perplexing data
described above, and their often contradictory interpretation, it may
be surprising that a simple answer to this question exists. In this
work we propose a new approach to calculating the infrared
spectrum from any set of charges within the simulated system.
This approach is used to obtain the infrared spectrum of protonated
clusters embedded in liquid water. In particular, we find that the
signal from the shared proton in liquid water (dashed orange lines
in Fig. 1) coincides with the previously unidentified peak of the
n¼ 2 and 6 Zundel clusters at 1,740 cm21, and thus occurs above
rather than below the water bend frequency.

Results
Clusters-in-liquid approach. Molecules absorb infrared radiation
at frequencies that are at resonance with the periodic motion of
charges that changes the molecular dipole moment. Of particular
interest is the mid-infrared range (400–4,000 cm21) where the
fundamental vibrations occur. Water, a highly polar molecule, is a
particularly strong mid-infrared absorber. Room-temperature
liquid water exhibits a strong and wide absorption band centred

around 3,340 cm21 (OH stretch), a sharp band near 1,640 cm21

(HOH bend) and a wide band near 700 cm21 (librations; see
Supplementary Figs S1 and S2).

Protonated water molecules absorb infrared radiation, but their
signal is masked by that of the water solvent, which has to be sub-
tracted. The difference spectrum (Supplementary Fig. S3) is thus
noisy and, moreover, requires pretty high acid concentrations, in
which the structure of the solvated proton may already differ
from that in dilute solutions34. These problems, common to both
experiment and theory, hamper the spectroscopic study of
protons in liquid water.

Furthermore, the resultant spectrum needs to be interpreted by
assigning specific molecular motions to the infrared absorption
bands. This is commonly done by normal mode analysis (NMA),
which assumes that the interaction potential is harmonic.
Unfortunately, the harmonic approximation is rather poor, particu-
larly for hydrogen-bonded liquids35. Thus it would be useful to
develop a computational approach that is liberated from subtraction
and NMA procedures.

To calculate an infrared spectrum from dynamics, we take the
Fourier transform of the autocorrelation function (ACF) of the
dipole moment or, rather, of its time derivative. This is commonly
done for the whole system. Here we introduce a ‘clusters-in-liquid
approach’ (CLA), which calculates a ‘partial infrared spectrum’
from the dipole moment of part of the system, such as a group of
atoms or even a single charged atom. We apply this approach to cal-
culate the infrared spectrum of protonated clusters of various sizes
and types (Zundel versus Eigen) within a liquid-water sample, and
to different classes of protons within each cluster. Of particular
interest here is the signal from the excess shared proton, which
can be determined directly without the need for subtraction or NMA.

Why was such a simple procedure not implemented before? First,
the excess proton hops from one water molecule to another11–14, so
that its ACF is discontinuous (Supplementary Fig. S4). However,
these hops occur at a lower frequency than that of the vibrational
motion, so they do not disrupt the Fourier transform. Second, the
infrared spectra from various parts of a system do not add to the
overall spectrum. Imagine a system (AB) consisting of two parts,
A and B. Its dipole moment is the vector sum of the two partial
dipole moments at any time t: mAB(t)¼mA(t)þmB(t). Hence its
trajectory averaged ACF can be written as:

kmAB(0)·mAB(t)l = kmA(0)·mA(t)l+ kmB(0)·mB(t)l
+ kmA(0)·mB(t)l+ kmB(0)·mA(t)l

This is a sum of the autocorrelations of the two parts, which we
calculate herein, plus cross-correlations.

The CLA is particularly straightforward for simulation protocols
that output partial charges every time step. The MS-EVB algor-
ithm36,37 is of this type. Although semi-empirical, it has been used
previously with considerable success8,13,24,28. As compared with
ab initio MD26,27, MS-EVB allows large systems to be simulated
for long periods (an excess proton with 216 water molecules for
8 ns here, versus 65 water molecules for 10 ps in Iftimie and
Tuckerman27). To obtain the spectra of transient species, such as
the Zundel cation, the probability of which is rather low (6.5% of
our trajectory), the ability to run long trajectories becomes crucial.

The CLA is also useful for interpreting the ACF obtained from
ab initio molecular dynamics (AIMD) trajectories in conjunction
with methods for assigning point charges to atoms. This allows us
to identify the signal from the excess proton in protonated gas-
phase clusters, and so make a clear connection between the PTM
in clusters and the liquid phase.

Clusters-in-liquid spectra. MS-EVB3 trajectories37 of 8 ns in total
were run for liquid water plus an excess proton under the
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Figure 1 | The infrared spectra of protonated gas-phase water clusters,

H1(H2O)n. The spectra show discrete bands that depend on the cluster size

(here n¼ 2, 3, 4, 5 and 6). Black lines show experimental data of Ar-tagged

protonated water clusters at 50 K (from Fig. 3 of Headrick et al.30, courtesy

of M. A. Johnson). The bands attributed30 to the PTM of the shared proton

in highly symmetric Zundel (Z) and Eigen (E) conformers are highlighted in

pink and cyan, respectively, whereas the Zþ bands (green) were assigned to

the shared proton in highly non-symmetric clusters (n¼ 3 and 5). The green

bands for n¼ 2 and 6 were unassigned. The dashed orange lines show the

calculated infrared signal from the shared proton in liquid water (see Fig. 4

below), and it agrees with the previously unassigned Z bands (green) of the

n¼ 2 and 6 clusters. a.u.¼ arbitrary units.

ARTICLES NATURE CHEMISTRY DOI: 10.1038/NCHEM.1503

NATURE CHEMISTRY | VOL 5 | JANUARY 2013 | www.nature.com/naturechemistry30

© 2013 Macmillan Publishers Limited.  All rights reserved. 

 

http://www.nature.com/doifinder/10.1038/nchem.1503
www.nature.com/naturechemistry


conditions described in the Methods section. At each time step the
Hþ(H2O)n cluster was constructed anew. First, the hydronium
oxygen (denoted O0) was selected as that closest to the centre of
excess charge, and then its three hydrogens were found by a
shortest-distance criterion. The cluster was then completed by
adding the n 2 1 closest water molecules.

Figure 2 shows clusters-in-liquid spectra calculated as described
in the Methods section. The spectrum for n¼ 26 is essentially that
of bulk water, because most of its water molecules reside in the
H3Oþ third (and second) solvation shells, where the effect of the
excess charge becomes marginal8. Shown are the ubiquitous water
bands for librations (Fig. 2a), HOH bending (Fig. 2b) and OH
stretching (Fig. 2c). These are compared with experiment in
Supplementary Fig. S1. The splitting of the OH band into symmetric
and antisymmetric modes is gas-phase like because of the underlying
water model38, which is harmonic. This is of little consequence in
the present work, in which the focus is at lower frequencies.

As n decreases, bulk water molecules are eliminated, which
enhances the signal from the hydronium and its nearest neighbours.
Thus, the n¼ 4 spectrum is attributed predominantly to the Eigen
cation H3Oþ(H2O)3, whereas n¼ 1 represents the bare hydronium.

In the low-frequency region (Fig. 2a) the libration band, centred
around 800 cm21 in our calculations, is replaced gradually by a
sharper band near 1,100 cm21. This is not the pink Zundel band
from Fig. 1, because in the MS-EVB trajectory distorted Eigen con-
formations dominate. Owing to the extra-strong hydrogen bonds in
the first shell8, the hydronium loses its librational amplitude in
favour of a H3Oþ vibrational mode. Falk and Giguère18 identified
the broad band near 1,205 cm21 in aqueous solutions of mineral
acids as the n2(A1) symmetric bending mode of H3Oþ. This
pyramidal motion is an analogue of the inversion mode of NH3.
A high-resolution gas-phase infrared study “supports the earlier
n2 assignments in the 1,000–1,200 cm21 region”39.

The mid-frequency region (Fig. 2b) is characterized by the water
HOH bending mode, which is calculated as 1,460 cm21 (as com-
pared with the experimental value of 1,640 cm21). As the cluster
size decreases, another peak grows at its red edge. It is at
1,720 cm21 for n¼ 6, red shifting as n further decreases. A

central goal of the present discussion is to show that this is actually
the signal from the excess proton.

The high-frequency part of the spectrum (Fig. 2c) is dominated
by the OH stretching modes. It has long been recognized that as a
hydrogen bond, OH...O, becomes stronger and shorter, the adjacent
covalent bond becomes weaker and longer, so that the OH stretch
frequency shifts to the red40. As n decreases, the infrared absorption
is caused by solvation shells progressively closer to the hydronium
core. In the second hydration shell the hydrogen bonds are slightly
shorter than those in the bulk, whereas in the first shell they
undergo a substantial contraction8. This is manifested in the OH
stretch band that shifts gradually to the red with decreasing n,
and then jumps to 2,800 cm21 for n¼ 1. In addition, a continuous
absorption emerges with decreasing n in the range 2,000–3,200 cm21,
in qualitative agreement with experiment.

Spectra of the Eigen and Zundel cations. To obtain the spectra of
the Eigen and Zundel cations in liquid water, we first identified
trajectory segments that are Eigen or Zundel dominated13. For each
time step, we determined the identity of the three oxygen atoms in
the first solvation shell of O0. These are denoted, in order of
increasing distance, by O1x (the ‘special partner’14), O1y and O1z
(Fig. 3a). Next, the ‘identity criterion’ exemplified in Fig. 3b was
applied to determine the Eigen and Zundel segments. Eigen
segments (Fig. 3b, green) were defined as periods of time (not
shorter than 100 fs) in which the identity of O0 (black) does not
change, but that of O1x (blue) changes between two or three
different oxygen atoms. Zundel segments (magenta) are periods of
at least 100 fs during which O0 and O1x interchange their identities,
so that the excess proton rattles between two water molecules.

An alternative criterion hinges on the asymmetry coordinate14,41:

d = rH∗O1x
− rH∗O0

where rH∗O1x
and rH∗O0

are the distances between the excess proton,
H∗, and O1x or O0, respectively. An Eigen cation is defined by
|d|. 0.2, whereas for the Zundel cation |d|, 0.1 (perfectly
symmetric Eigen and Zundel cations would have |d|¼ 0.53 and
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d¼ 0.0, respectively). The asymmetry coordinate is plotted at the
bottom of Fig. 3b, which demonstrates a strong correlation
between the two criteria. The identity criterion, which is based
on the heavy-atom dynamics, is preferable for the present analysis
because it does not fluctuate as wildly between Eigen and Zundel
regimes as d(t) does.

Having separated the trajectory into Eigen and Zundel parts
(plus some segments that remain unclassified), we can calculate
clusters-in-liquid infrared spectra for each one. These are shown
in Supplementary Figs S5 and S6. Here we focus on one cluster
from each part: the spectrum of the Eigen cation (n¼ 4) from the

Eigen part, denoted E:H3Oþ(H2O)3, and the spectrum of the
Zundel cation (n¼ 2) from the Zundel part, Z:H5O2

+. These
spectra are shown in Fig. 4a,b (black).

The two clusters contain several classes of protons (Fig. 4c,
coloured spheres): (1) the three protons of the hydronium, which
form hydrogen bonds with O1x , O1y and O1z , are denoted by E0x
(orange), E0y (green) and E0z (cyan), respectively; (2) the central
proton in the Zundel complex, Z0 (orange); (3) the protons of the
first solvation-shell water ligands, E1 and Z1 (purple). The dipole
ACF of each proton class was calculated separately and then
Fourier transformed to yield the coloured spectra in Fig. 4a,b.
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E1 protons, which are hydrogen bonded to second-shell water
ligands, have OH stretch peaks that resemble those of bulk water. Z1
protons, which are closer to the positive core, have their OH stretch
red shifted to about 3,200 cm21. E0x, E0y and E0z are more strongly
red shifted. As the Eigen cations in liquid water are highly
asymmetric13, their absorptions are distributed between 2,000 and
3,000 cm21. Hence these protons, and not the Zundel cation, con-
tribute most strongly to the apparent continuum in this regime28.

Most interestingly, the infrared signal coming from the excess
proton in the Zundel ion, Z0, appears as a band near 1,740 cm21

(orange, Fig. 4b). The ‘special pair’ E0x band peaks at 1,720 cm21

(orange, Fig. 4a) and exhibits a broad shoulder towards
higher frequencies.

As a check on our assignments, we evaluated, from the corre-
sponding E and Z portions of our trajectories, the hydrogen-bond
lengths in which these protons are involved. It is well established
(for example from crystal structures) that the infrared frequency
of the OH stretch red shifts almost linearly with increasing hydrogen-
bond strength40. Figure 4c shows that a similar correlation holds
for the E and Z protonic bands, even though they correspond to
transient configurations from molecular simulations. The bulk-
water peak also falls on the same correlation. Of particular interest
is Z0, which falls nicely on the line, whereas a frequency of
1,200 cm21 for the PTM21–23 corresponds to an unrealistically small
O–O distance of 2.306 Å. This, then, corroborates the assignment of
the PTM to the 1,740 cm21 band in our MS-EVB3 simulations.

Comparison with gas-phase clusters. The signal from the excess
proton in the liquid simulations is compared with the gas-phase
experiments in Fig. 1, where the Z0 and E0x bands from Fig. 4 are
superimposed on the experimental spectra of the clusters with
n¼ 2, 6 and 4 (dashed orange lines). For n¼ 2 and 6, the Z0
band agrees nicely with the previously unassigned bands near
1,740 cm21, whereas the E0x band agrees with two unidentified
bands of similar frequency for the Eigen cluster n¼ 4. The larger
peak denoted by E in Fig. 1 corresponds to our E0y and E0z bands.

A more meaningful comparison can be made with the calculated
infrared spectra of the gas-phase Zundel-centred n¼ 2 and 6 proto-
nated water clusters at 50 K. We carried out Fourier transformations
of the ACF from both MS-EVB3 and AIMD simulations of
gas-phase clusters at 50 K. Supplementary Fig. S7 shows the
MS-EVB3 spectra of the two clusters. (These are somewhat different
from the spectra obtained using another MS-EVB code35.)
Significantly, a strong band near 1,000 cm21 is observed for n¼ 2,
which essentially disappears for n¼ 6.

Figure 5 compares the AIMD infrared spectra for the Zundel-
centred n¼ 2 and 6 clusters at 50 K (green) with the experimental
spectra (black). We find a remarkable agreement for both clusters,
except for the stretching bands for n¼ 2 (which in experiment
are affected by the Ar atoms attached to the cluster) and the
1,000 cm21 band, which is again nearly absent for n¼ 6. Previous
dipole ACF calculations of the infrared spectra of protonated
water clusters42, although more qualitative than the present CP2K
results, also lack a band near 1,000 cm21, but exhibit a band near
1,750 cm21. Hence the 1,000 cm21 band obtained from classical
simulations is fragile, and does not survive in the larger clusters.

To identify the signal from the excess proton, we also calculated
the dipole ACF of the n¼ 6 cluster using Mulliken charges
(Supplementary Fig. S8). We identified the excess proton peak,
using CLA, at 1,740 cm21, in agreement with our liquid-phase Z0
band. The comparison shown in Fig. 5 thus makes a strong case
for a PTM above the water-bend frequency, for both the liquid
phase and protonated water clusters with n . 2.

The Z1 band agrees with the experimental peak near 3,150 cm21,
and is thus assigned to “the OH stretches bridging the Zundel ion to
the first hydration shell”30. Hence, besides the water bend, this
cluster shows peaks attributed to the three classes of protons: Z0,
Z1 and second-shell dangling protons.

Conclusions
An outstanding puzzle of aqueous acidic solutions is the ‘PTM
enigma’, namely locating the infrared signal from the asymmetric
mode of the Zundel cation. A related question concerns the connec-
tion between the liquid-phase spectrum, in which the major obser-
vation is an ‘infrared continuum’ plus a few diffuse bands, and the
plethora of sharp peaks observed in the gas-phase spectra of proto-
nated water clusters (Fig. 1).

Our solution is based on the CLA, in which only contributions
from specified parts of the system are included in the calculation
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Experimental spectra30 are taken from Fig. 1. The CLA-assigned Z0
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bands for a Zundel core in protonated liquid water are taken from Fig. 4b.

MS-EVB3 simulations analogous to the results in (b) are shown in

Supplementary Fig. S9. Exp.¼ experimental.
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of the dipole–dipole ACF. This allows us to extract the infrared
signal that comes from particular fragments or sets of charges.
We could thus construct spectra for protonated clusters embedded
in the liquid phase (Fig. 2), and even for specific classes of protons,
such as the three non-equivalent protons of hydronium (Fig. 4a).

CLA was utilized to extract the infrared signal of the excess
proton of an aqueous Zundel cation, which showed a well-defined
peak at 1,740 cm21 (Fig. 4b). This corresponds to an unidentified
peak at that frequency in the infrared spectra of protonated
gas-phase water clusters30 with n¼ 2 and 6, as verified by the
CP2K calculations in Fig. 5 and Supplementary Fig. S8.

Our assignment seemingly contrasts with the impression from
accurate quantum calculations of gas-phase H5O2

þ that exhibit a
doublet near 1,000 cm21, often assigned to the PTM. This
doublet seems to persist for larger protonated water clusters in
Gaussian-type calculations (Supplementary Information), which
nevertheless also exhibit a peak near 1,740 cm21. Such calculations
are static and invoke the diagonalization of a harmonic force-
constant matrix, which may be in error for hydrogen-bonded
systems. Dynamic ACF calculations, using both state-of-the-art
MS-EVB3 and CP2K simulations of Newtonian nuclear dynamics,
suggest that the 1,000 cm21 doublet fades away in clusters with
n . 2, whereas the 1,740 cm21 band becomes the dominant PTM
signature for both protonated water clusters and liquid water.

Finally, the CLA is quite generic and could be applied to any
simulation protocol that generates a charge distribution. Therefore,
we expect it to be useful for probing other systems, such as the
signal from specified protons in mixed solvents, interfaces, proton
conducting polymers, membranes and proteins.

Methods
Infrared spectrum calculations. The infrared absorption spectrum can be
computed from the ACF of the system’s dipole moment time derivative kṁ(0)·ṁ(t)l,
by taking its temporal Fourier transform24–27

I(v) ≈ (1− e−h−v/kT )
∫1

0
dte−ivtkṁ(0)·ṁ(t)l

Here h− = h/2p, k and h are the Boltzmann and Planck constants, respectively, T is
the temperature of the system and v the angular frequency.

Within the point charge approximation, qi(t) and Ri(t) describe the charge and
position vector, respectively, of the ith atom. The system’s dipole moment (relative
to the origin) is then defined by m(t)¼

∑
i
Nqi(t)Ri(t). Hence its time derivative is

ṁ(t) =
∑N

i

[qi(t)Ṙi(t) + q̇i(t)Ri(t)]

The first term is a nuclear contribution from the atomic velocities, and is usually
dominant. The second term is an electronic contribution caused by a changing
charge distribution. MD codes such as MS-EVB3 output Ri(t), Ṙi(t) and qi(t) every
time step, whereas q̇i(t) has to be evaluated numerically.

Simulation details. The MS-EVB methodology utilizes a fast semi-empirical
algorithm to calculate the lowest eigenvalue of the quantum mechanical
Hamiltonian for the excess proton, by selecting a set of diabatic states that assign the
excess proton to different water molecules25,35–37. The nuclei are then moved
classically on this potential energy surface by integrating Newton’s equations. Here
we utilized the MS-EVB3 code developed by the Voth group37, and implemented in
a modified version of the DL_POLY 2.13 software43.

For liquid water, the cubic simulation box (length 18.62 Å) contained 216
SPC/Fw (ref. 38) water molecules and a single excess proton in a volume that
corresponds to a density of about 1 g cm23. For each of eight uncorrelated initial
configurations, a 0.5 ns equilibration run was performed in an NVT ensemble with a
target temperature of 300 K and pressure of 1 atm, maintained by a Nosé–Hoover
thermostat. After equilibration, each trajectory was continued for 1 ns in an NVE
ensemble (production run), to yield a total of 8 ns of trajectory. The time step was
0.5 fs, and the coordinates, velocities and charges were saved at each time step to
avoid distorting the high-frequency bands in the spectrum. This gave nearly 1.5 TB
of data for analysis.

Periodic boundary conditions were applied in all three directions. Lennard-Jones
interactions were truncated at an atom–atom distance of 9.0 Å, and the electrostatic
interactions were treated by using the particle-mesh Ewald method with a
precision of 1026.

In simulating gas-phase clusters with MS-EVB3, the same protocol was applied,
except that the periodic boundary conditions and Ewald summation were turned off,
and the simulation times were 2 ns (after 0.5 ns of equilibration). For ab initio MD
we employed the CP2K/Quickstep software package44. This code describes the
electronic structure using DFT with a mixed Gaussian and plain-wave basis. We
used the BLYP functional combined with the DZVP basis set and the GTH-type
pseudopotential45. The plain-wave energy cutoff was set to 300 Ry. Hydrogen masses
were 2 AMU, which required a scaling of the frequencies by 1.37. Each simulation
started from a Gaussian03 optimized cluster (Supplementary Information) that was
pre-equilibrated for 7 ps in a canonical (NVT) ensemble at T¼ 50 K. Subsequently,
a 10 ps production run was performed in a microcanonical (NVE) ensemble.
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