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ABSTRACT: The structure of the excess proton in liquid water
has been the subject of lively debate on both experimental and
theoretical fronts for the last century. Fluctuations of the proton are
typically interpreted in terms of limiting states referred to as the
Eigen and Zundel species. Here, we put these ideas under the
microscope, taking advantage of recent advances in unsupervised
learning that use local atomic descriptors to characterize environ-
ments of acidic water combined with advanced clustering
techniques. Our agnostic approach leads to the observation of
only one charged cluster and two neutral ones. We demonstrate that
the charged cluster involving the excess proton is best seen as an
ionic topological defect in water’s hydrogen bond network, forming
a single local minimum on the global free-energy landscape. This
charged defect is a highly fluxional moiety, where the idealized Eigen and Zundel species are neither limiting configurations nor
distinct thermodynamic states. Instead, the ionic defect enhances the presence of neutral water defects through strong interactions
with the network. We dub the combination of the charged and neutral defect clusters as ZundEig, demonstrating that the fluctuations
between these local environments provide a general framework for rationalizing more descriptive notions of the proton in the
existing literature.

■ INTRODUCTION
Proton transfer (PT) reactions are at the heart of acid−base
chemistry processes relevant for a wide range of phenomena in
physical, chemical, and biological systems.1−13 The thermody-
namics associated with PT are central to determining pH and
the protonation states of organic molecules in solution. The
mechanisms by which protons move through hydrogen-
bonded networks (HBNs), such as water, have attracted the
attention of experimentalists and theoreticians alike.10,14

Unlike other ions which diffuse in water via hydrodynamic
diffusion, protons migrate within the HBN through the
interconversion of covalent and hydrogen (H-)bonds,
commonly referred to as the Grotthuss mechanism.15,16

Textbook chemistry teaches us that the proton in liquid
water does not exist as an isolated entity as it does in the gas
phase but instead electronically interacts with water.17 Since
the mid 20th century, the structure of the proton in liquid
water has been discussed in terms of two apparently limiting
structures, namely, Eigen and Zundel.18,19 Eigen proposed that
the excess proton is localized on a single water molecule,
forming the (H3O)+ moiety. This species is bound via tight H-
bonds to three surrounding water molecules, resulting in the

(H5O9)+ complex.20 On the other hand, Zundel presented a
more delocalized form of the proton, suggesting instead that it
is more evenly shared between two flanking water molecules
forming the (H5O2)+ structure.19 This feature was invoked to
rationalize the broad absorption in the IR region between 2000
and 3000 cm−1, commonly referred to as the Zundel
continuum.21,22 Since the mid-20th century, these two
assignments of the proton structure have fueled intense and
lively debates regarding their relative importance in the
Grotthuss mechanism.23−27

In a seminal paper in 1995, Agmon showed, with very
elegant back-of-the-envelope type calculations, that proton
diffusion in water involves a rather low activation barrier of
approximately 2−3 kcal/mol and that this is essentially
coupled to changes in the local solvation of the excess
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proton,16 challenging previous ideas of a more collective
phenomenon.28 A lot of our modern understanding of the
proton structure in water has emerged from several decades of
atomistic molecular dynamics simulations using both first-
principles density functional theory (DFT)29−35 as well as
reactive potentials such as empirical valence bond.36−41

Quantum chemistry-type calculations in the gas phase and in
cluster environments, which typically ignore thermal and
entropic effects, have also played an important role in
understanding the structure of the proton and how it is
affected by hydration water.42−49

Different conclusions have been reached regarding the
dominant structure of the proton, including, besides the
canonical Eigen and Zundel complexes, descriptions such as
the distorted Eigen cation50 and the distorted Zundel
structure.51−53 These so-called limiting states also form part
of the inherent language used to rationalize the Grotthuss
mechanism, where proton diffusion is described in terms of the
interconversion between Eigen and Zundel.54,55 Since the
identity of the proton changes as it migrates through the HBN,
various types of chemically inspired criteria need to be used to
identify where the proton is instantaneously localized.33,34,38

Within this context, chemical bias requires some form of
dimensionality reduction, which can lead to uncontrolled
information loss when examining fluctuations of the system in
a reduced space of coordinates. In the past decade, there has
been a tremendous spurt in the use of data-science techniques
to study complex molecular systems.56 These approaches offer
a framework in which patterns in the data emerging from the
atomistic models are used to derive structural hierarchies and
subsequently inform the underlying physics and chemistry.57

We have recently employed a battery of state-of-the-art data-
driven techniques to study the nature of the fluctuations in
liquid water at room temperature.58 Therein, using the smooth
overlap of atomic descriptors (SOAP) to characterize local
environments in liquid water and subsequently dimensionality
reduction and high-dimensional clustering, we showed that

liquid water at room temperature is characterized by a single
free-energy minimum that is effectively flat and broad, with no
evidence supporting the 2-state models of liquid water. In the
current work, we extend this protocol to the study of the free-
energy landscape of acidic water using previous ab initio
molecular dynamics (AIMD) simulations of HCl at various
concentrations reported by Markland and co-workers.59 The
unsupervised clustering of the high-dimensional SOAP space
of HCl yields three statistically dominant clusters, of which
only one corresponds to the excess proton. This charged
cluster contains both Eigen and Zundel moieties, and these
idealized structures do not emerge as limiting thermodynamic
states. We demonstrate that the excess proton is best seen as a
charged topological defect that enhances the concentration of
neutral defects close to it, which together can be chemically
interpreted as a mix of the Eigen and Zundel species, which we
refer to as ZundEig.

■ METHODS
Our protocol for performing unsupervised learning of the
molecular environments of protonated water follows closely
our recent work on studying the free-energy landscape of liquid
water at room temperature.58 Steps involved in our general
framework for performing the unsupervised learning approach
are summarized in Figure 1. First, we build up the SOAP
descriptors to characterize local environments.60 Subsequently,
the SOAP descriptors serve as input for computing the
intrinsic dimension (ID) using the Two-NN method.61 Finally,
this ID is used to perform high-dimensional free-energy
construction.62,63 A complementary dimensionality reduction
technique using UMAP64 provides a useful visualization of the
results obtained with this framework.

Ab Initio Molecular Dynamics. In this work, we analyzed
AIMD trajectories of HCl solutions that were previously
generated by Markland and co-workers.59 These simulations
were performed using the revPBE exchange−correlation DFT

Figure 1. Schematic protocol for the unsupervised learning that we perform on protonated water with the aim of determining whether the
dominant species is an Eigen or Zundel. Trajectories obtained from AIMD simulations of protonated water are used to build local atomic
descriptors (SOAP) (1) from which we extract the intrinsic dimension (ID) of the local solvation environment (2). This then serves as input for
performing high-dimensional clustering and the extraction of free energy (3).
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functional65,66 with D3 dispersion corrections.67 This set of
simulations includes a single excess proton in bulk water as
well as two other concentrations, namely, 2 and 4 M HCl. The
box size for the 2 and 4 M solutions was 14.91 Å, containing
106 H2O molecules and either 4 or 8 excess protons and Cl−
anions, respectively. The trajectory with only a single excess
proton was performed in a simulation box with a side length
equal to 12.42 Å and 64 water molecules. Unless otherwise
stated, we focus most of our analyses throughout the paper on
the trajectories stemming from the 2 M HCl aqueous solution,
as these are the ones where we had access to significantly more
statistics.

Smooth Overlap Atomic Positions (SOAP). Over the
past decade, SOAP has emerged as a powerful technique for
describing the local environments around atoms and
molecules, including organic and inorganic materials.68−71 In
addition, it has also recently been applied to investigate the
properties of liquid water.58,72,73 The SOAP starting point is
that of treating the local density of an atomic environment χ as
a sum of Gaussian functions with variance σ2, centered on all
species that are neighbors of the central atom
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The atomic density in eq 1 is then expanded in terms of
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Equation 3 defines the components of the SOAP features that
encode the information on the atomic environments that arise
in the simulations of the excess proton.

In this work, to build the SOAP descriptors, we used the
DScribe package.74 A total of 265 000 SOAP descriptors were
constructed from the 2 M HCl simulations. In order to employ
the SOAP descriptors, several hyperparameters must be set:
(1) the species whose density we would like to describe, (2)
the cutoff radius (rcut) that defines the region that is considered
as environment χ of an atom, (3) the σ value entering into eq
1, and (4) the number of radial and angular basis functions
employed in the description of the densities (nmax, lmax).

Thus, to build the SOAP environments, we used oxygen
atoms as centers, including both oxygen and hydrogen species
within a radial cutoff of 3.7 Å. The σ value chosen for the
Gaussian function was 0.25 Å, consistent with a recent study
by our group.75 This ensures that the SOAP descriptor
contains important information about the HBN structure.
Finally, nmax = 12 and lmax = 8 were set to build the descriptors.
Intrinsic Dimension (ID). High-dimensional data generated

from molecular systems is often characterized by correlations,
implying that the system of interest resides in a lower-
dimensional manifold.56 In the context of our analysis here, the
power spectra associated with the SOAP descriptors are made
up of high-dimensional vectors consisting of over 1000s of
elements. In previous studies, we have shown that this
corresponds to the number of independent directions needed

to characterize the fluctuations of the local atomic environ-
ments of water58 as well as in proteins.76

In this work, we determined the ID using the Two-NN
estimator61 which uses information on the first and second
neighbors of each data point. This method is based on the
assumption of local uniformity in the data set. It can be
demonstrated that, if this condition is satisfied, the ratio of the
first and second neighbor distances (r1 and r2, respectively) is
characterized by the following distribution

P d
( ) d 1= + (4)

with μ = r1/r2 and d being the ID. If the sampled μis are
independent, the ID can be calculated by eq 5.

d
N
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DPA Clustering. The calculation of the free-energy surface
(FES) of molecular systems involves knowing the relevant
coordinates capable of representing the different (meta)stable
states of the system. Usually, FES is estimated using a reduced
number of coordinates, assuming that these latter will suffice to
capture the relevant fluctuations of the system one wants to
represent. However, this dimensionality reduction unavoidably
leads to information loss. In this work, we use the point
adaptive k-nearest (PAk) estimator that has been shown to
correctly recover the high-dimensional free-energy surface
(FES) of different molecular systems.76−78 This method is an
extension of the standard k-nearest estimator, in which the
local density of every point i in the data set is calculated as

k
ri

i

i k
d
,

=
(6)

where d is the ID of the data set extracted from the Two-NN
estimator, and ki’s is chosen to be maximal under the
constraint that the density within ri,k can be considered
constant. As shown in ref 77, this selection provides a good
bias-variance trade-off in the density estimation. The free
energies are then calculated as Fi = −log(ρi). Once the point-
dependent free energies Fi have been determined, we then
employ the Density Peaks Advanced (DPA) algorithm to find
the minima on the FES, often referred to as clusters. This
method automatically determines the clusters and identifies
only those that are within a statistical confidence interval, Z,
which is an adjustable parameter. This parameter determines
when a density maximum can be considered a consequence of
a fluctuation due to limited sampling or a real cluster. In
practice, we set the Z parameter as the minimum value that
results in consistency between the results on two independ-
ently generated data sets.

Finally, in order to visualize the features of the data set as
well as the results of the PAk-DPA algorithms, we used the
Uniform Manifold Approximation and Projection
(UMAP).64,79 The UMAP method gives a low-dimensional
projection of a high-dimensional data set (similar to t-SNE80),
preserving its topography as much as possible and therefore
allowing the visualization of the main features of the high-
dimensional FES.
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■ RESULTS
Free-Energy Landscape of 2 M HCl. We determined the

SOAP descriptors centered on all of the oxygen atoms with a
cutoff of 3.7 Å, including both oxygen and hydrogen in the
environment. Such a choice ensures that the first solvation
shell of each putative molecule or ion in the system is included
in the atomic environment. We subsequently computed the ID
of the SOAP descriptors, obtaining a value of ∼33. With these
two inputs (i.e., the SOAP descriptors and their ID), we then
performed the Density Peaks Advanced (DPA) clustering with
a confidence interval of Z = 3.0, obtaining two major clusters,
one enclosing 91% of all data points and the other 8% of all the
data points. The remaining 1% of the data does not belong to
any of the two clusters. The presence of two clusters is
consistent with our intuitive expectation that in water with an
excess proton, there are likely to be at least two, broadly
speaking, chemical topologies: one corresponding to neutral
water molecules and another to the excess proton.

In order to build our intuitions and visualize the underlying
topography and high-dimensional free-energy landscape, we
projected the SOAP descriptors using UMAP. Figure 2 shows
a contour plot of the resulting 2D-projection, where we

observe the presence of three distinct minima. Each of these
minima essentially corresponds to different molecular patterns
present in the system. Upon visual inspection of the atomic
environments associated with each minimum, one of these
patterns corresponds to neutral, on average tetrahedrally
coordinated, water molecules (bottom left), another one to
charged water environments including the excess proton (top),
and finally, the third minimum involves neutral defect-looking
water molecules (middle left).

To better quantify the structural origins of the different
minima, we constructed a standard coordination number using
a switching function defined as n i

N
r rH 1

1
exp ( ) 1

H

c
= = [ ] + (see,

e.g., ref 81), which counts the number of hydrogen atoms
around every oxygen atom within a given radial cutoff. This
allows for quick identification of the oxygen atoms having
either two or three covalently bonded hydrogens, allowing for
an initial assignment of the clusters. Figure 3a shows the same
UMAP projection, colored as a function of nH. We observe a
gradient in the coordination number starting from ∼3 and
approaching ∼2 as one moves from the top to the bottom.
This analysis confirms the results obtained from visual

Figure 2. Two-dimensional contour plot obtained from the projection of the SOAP space onto two UMAP variables. Three distinct minima are
observed, and some of the representative molecular structures associated with them are reported.

Figure 3. Two-dimensional UMAP projection coloring data by coordination number (a) and by cluster labels obtained with DPA clustering
analysis (b,c). Two confidence levels are displayed: Z = 3.0 (b) and Z = 2.5 (c).
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inspection of the trajectories, which are shown in the snapshots
of Figure 2. The minimum observed associated with higher
coordination numbers (∼3) corresponds to the typical
molecular environments that would be associated with the
excess proton, while the other two minima�which exhibit a
lower coordination number (∼2)�are those associated with
neutral water molecules.

Although the UMAP projection seems to suggest the
presence of three distinct minima, our DPA analysis shows
the existence of only two clusters using Z = 3.0. The
granularity of the underlying free-energy landscape�and
therefore the number of clusters�depends on the choice of
the confidence parameter Z. Although lowering the value of Z
leads to the emergence of more clusters, the confidence in their
statistical significance is reduced77 and, thus, has to be
combined with a chemical and physical interpretation. To
examine how our results depend on the Z parameter, we
compared the outcomes of the clustering obtained for Z = 3.0
and Z = 2.5. We observe that with Z = 2.5, we obtain three
distinct clusters, which include 67, 19, and 8% of all data
points. Subsequently, we have used the same reduced
representation of UMAP, coloring the data points with the
labels obtained from the clustering, as shown in Figure 3b,c,
which compare the results for Z = 3.0 (middle panel) to those
for Z = 2.5 (rightmost panel), respectively.

Interestingly, for Z = 3.0, we observe that one of the clusters
obtained by means of DPA partially overlaps with the
minimum involving a higher coordination number (∼3),
while the other cluster is dominated by a coordination number
of 2. Based on these features, the two clusters can be assigned
as the protonated and neutral water clusters, respectively.
Figure 3c, instead, shows that the effect of reducing the Z
parameter and recoloring the UMAP landscape with the labels
of the three clusters is that of splitting the large neutral water
cluster into two regions, which essentially cover the two
minima associated with neutral water. This third cluster,
located in the middle of the UMAP projection, is characterized
by a coordination number of 2, indicating that it has the local
topology of a neutral water molecule.

With the aim of characterizing the origins of this cluster, we
studied the H-bond patterns associated with these environ-
ments. Interestingly, water molecules in the new third cluster
exhibit a deficiency in the number of donating and accepting

H-bonds, implying that they are neutral water coordination
defects.82,83 Specifically, relative to neutral water, these defects
have a reduced tendency to accept H-bonds (see Supporting
Information Figure S1). In order to understand whether these
defect water molecules have a tendency to form in close
proximity to the excess proton, we determined the pair-
correlation function between the oxygen atom centers of the
protonated and the two neutral water clusters. We find that
these neutral defective water molecules prefer to lie closer to
the excess proton compared to waters coming from the other
neutral basin (see Supporting Information Figure S2).

In a nutshell, these results demonstrate that the
unsupervised approach going from the SOAP descriptors to
free-energy clustering allows for an automatic identification of
local environments in protonated liquid water, a feature that is
consistently reproduced in path-integral simulations, different
concentrations of the HCl, and also more accurate treatment
of the electronic structure (see Supporting Information Figure
S3). The existence of a defect neutral water pattern as a cluster
forming close to the excess proton is fully consistent with the
“special-pair dance” proposed by Voth and co-workers, where a
strong interaction is formed between the excess proton and its
nearest neighbor water molecule.84 Within our unsupervised
framework, it can be rationalized as the highly fluxional
protonated cluster interacting and creating the neutral defect.
However, we do not find any evidence of the existence of two
different clusters that correspond to Eigen and Zundel species.
Although reducing the confidence parameter to Z = 2.0 leads
to the formation of more clusters inside the protonated basin,
these inner clusters do not segregate into any statistically
significant minima resembling either the Eigen or the Zundel
moiety (see Supporting Information Figure S4).

Eigen or Zundel? The extent to which the proton
delocalizes in the H-bond network is sensitive to factors such
as temperature, zero-point energy fluctuations, and hydration.
At low temperatures and in isolated (gas-phase) clusters, the
idealized Eigen and Zundel geometries have been proven to be
more easily distinguishable.47−49,85,86 Agmon and co-workers
have shown that in the gas phase, a proton added to the water
tetramer yields (H3O)+, while for the water dimer, it yields
(H5O2)+.10 Similarly, Johnson and co-workers have shown that
the excess proton with 20 water molecules, often referred to as
magic number protonated clusters, involves the Eigen cation

Figure 4. 2D density plot showing the SOAP distance to the idealized Eigen and Zundel references for the protonated and neutral clusters. The
protonated cluster is characterized for smaller distances (structures are more similar to the references) than the neutral cluster, although a big
overlap is observed between both of them. Coloring the distribution by coordination number shows that the protonated configurations have a
coordination number ∼ 3.0 whereas the neutral ones ∼ 2.0.
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(H3O)+ on the surface.87 Pipelining these low-temperature
configurations through the same protocol (Figure 1) leads to
the identification of two statistically significant clusters
corresponding to Eigen and Zundel (see Supporting
Information Figure S5).

To provide a more agnostic characterization of the similarity
of the condensed phase proton structures to Eigen or Zundel
geometries, we identified relevant milestone structures sampled
from simulations in the gas phase, where the structures can be
identified as Eigen or Zundel without any ambiguity similar to
the geometries illustrated in Figure 1. For more details on how
the reference structures are chosen and built, the reader is
referred to Supporting Information. In summary, this is a
postprocessing procedure where we recompute the SOAP
descriptors using the Eigen and Zundel configurations
obtained from 20 randomly chosen configurations in the
magic number protonated simulations. Using these new SOAP
vectors, we have computed the similarity measure d(χ, χ′)
between the protonated and neutral clusters obtained with Z =
3.0 (χ) at 2 M HCl with respect to these reference
configurations (χ′). d(χ, χ′) is chosen to be the minimum
distance obtained from the 20 configurations. This yields two
distances, namely, deigen and dzundel.

Figure 4a shows the distribution of distances to the Eigen
(deigen) and Zundel (dzundel) reference structures for both the
protonated and neutral clusters. A substantial overlap in the
proximity of the protonated cluster to Eigen- and Zundel-
looking geometries is observed. Figure 4b illustrates the
distribution of deigen and dzundel colored now as a function of
coordination number nH. In this manner, we see clearly that
neutral water molecules are dominated by a coordination
number close to 2, while that of the protonated cluster involves
an enhanced coordination number of 3. A continuous
transition between the neutral and protonated environments

following the deigen and the dzundel coordinates is observed,
resulting in a large overlap between the neutral and protonated
clusters. This arises from the fact that since the excess proton is
a highly fluxional topological ionic defect, it strongly distorts
the HBN so that water molecules in close vicinity to the excess
proton can be classified as either a charged or neutral cluster.

The scatter plots and contour lines of Figure 4a are slightly
skewed in favor of Eigen-like configurations, as observed by the
fact that the density peak in the protonated cluster of Figure 4a
is closer to zero along the deigen coordinate rather than along
the dzundel. This is illustrated more clearly in Figure 5a, which
shows the one-dimensional distributions of the deigen and dzundel
distances. The deigen and dzundel distributions of Figure 5a are
one-dimensional projections from a high-dimensional distri-
bution and, therefore, cannot be used to infer the dominance
of Eigen vs Zundel. In order to understand the impact of this
projection, we have determined the high-dimensional free
energies, as described earlier from Fi = −log(ρi), of the
protonated and neutral clusters as a function of deigen and
dzundel. These free energies are illustrated in Figure 5b. In order
to construct these curves, we computed the average of the
point free energies for the core points of each cluster along the
deigen and dzundel coordinates. The neutral environments lie in a
free-energy basin located about 2−3 kBT lower than the
protonated ones. Interestingly, this free-energy difference is
fully consistent with the small activation energy required for
proton migration.16 Examining the free-energy changes for the
protonated cluster along the deigen and dzundel coordinates
essentially confirms the findings obtained from the clustering
analysis presented earlier. Within the statistical errors of our
simulations, the free energy along these two variables is
essentially flat. Furthermore, by measuring the proximity of the
excess proton using deigen and dzundel, it is clear that the free
energies along these variables are also within statistical error of

Figure 5. (a) Density distributions for deigen and dzundel calculated from all structures in the protonated cluster. (b) Free energies calculated in the
SOAP space from the DPA clustering algorithm. Only the energies of the core points of the protonated (squares) and neutral (triangles) clusters
are considered. The coordinates deigen and dzundel were divided into bins, and each point in the plot represents an average of free-energy values in
each bin. Bars indicate the standard error of the sample in each bin. Horizontal lines follow the average free energy of the points in the protonated
and neutral clusters as a function of deigen and dzundel. Shaded areas display the standard error.
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each other. This evidence implies that fluctuations of the
excess proton in water occur on a f lat free-energy landscape,
where transformations between Eigen- and Zundel-like
configurations occur. Eigen- and Zundel-like geometries are,
however, neither limiting nor stable thermodynamic states on
the free-energy landscape.

Up to this point, we have mainly focused on examining the
structural similarities between the charged protonated cluster
with respect to the Eigen and Zundel species. On the other
hand, this ionic and highly fluxional topological defect strongly
perturbs the nearby environment. It is hence interesting to
investigate the extent of the similarity to the Eigen and Zundel
species of the atomic environments in the proximity of the
charged protonated cluster. To do so, we construct the deigen
and dzundel coordinates for the 4 nearest neighbors (NNs) of
the charged cluster. For every snapshot of our trajectory, we
identify the 4 closest oxygen atoms to the charged protonated
cluster, extracting the deigen and dzundel coordinates for those
selected oxygen centers. Figure 6 shows the density plots for
deigen (x-axes) and dzundel (y-axes) for the first, second, third,
and fourth NNs of the protonated cluster. The first NN
(1NN), which essentially corresponds to the special pair
discussed in the literature,84 exhibits a sizable overlap in the

deigen and dzundel distributions. This further corroborates the
idea that within the special-pair, a sharp distinction between
Eigen and Zundel molecular structures does not adequately
describe the fluctuations of the proton. Furthermore, the fact
that the 1NN displays substantial similarity to the Zundel is
also fully consistent with vibrational spectroscopy measure-
ments of HCl.51−53

Going beyond the 1NN, we find that for both 2NN and
3NN (Figure 6b,c), the deigen and dzundel distributions also
exhibit a significant overlap. Thus, in addition to the special-
pair atomic environment that resides close to the charged
cluster (1NN), proton delocalization to other neighbors
involves a substantial overlap between the Eigen and the
Zundel configurations. The picture that emerges from the
current analysis is in good agreement with previous character-
izations of the PT mechanisms associated with the special-pair
dance, where the excess proton dynamically fluctuates between
forming H-bonds between three different atomic environ-
ments.38 Finally, Figure 6d displays the distributions obtained
for the 4NN, where the deigen and dzundel coordinates essentially
converge to those obtained for the neutral cluster (shown as a
shaded area).

Figure 6. deigen (x-axes) and dzundel (y-axes) density maps refer to the first (a), second (b), third (c), and fourth (d) nearest neighbors of the
molecules in the protonated cluster.

Figure 7. UMAP projection of the SOAP vectors colored as a function of proton sharing coordinate (PTC) δ1 (a). Distances of the first-neighbor
oxygen atom from the protonated oxygen atom dOO1 as a function of the PTC δ1 and colored by the SOAP distances deigen (b) and dzundel (c).
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Combining SOAP and Chemical Descriptors. Due to
the fact that the Grotthuss mechanism involves the
interconversion of hydrogen and covalent bonds in a highly
cooperative process,38 identifying the relevant degrees of
freedom that describe the proton hopping phenomenon is
challenging. The extent of PT along the H-bond is typically
quantified through the proton transfer coordinate (PTC),
which is measured by the difference in distance between the
proton and the oxygen atoms along which the transfer occurs.
In order to enhance the chemical interpretability of the SOAP
projections in UMAP, we begin by showing in the left panel of
Figure 7 the original UMAP projection colored as a function of
the PTC. To construct the PTC, we sit on the oxygen atom of
each of the three clusters identified with the confidence
parameter Z = 2.5, identify the 1NN, and then compute the
PTC as d dO H HOC 1NN

, where OC is the oxygen atom
associated with the charged protonated cluster. In the bulk
neutral water cluster, the PTC coordinate is randomly
distributed, meaning that it takes on both positive and
negative values that correspond to water molecules involved
in accepting and donating H-bonds, respectively.

Honing in on the charged protonated and neutral defect
minima, the PTC is on average negative (−0.4) and positive
(0.5), respectively. The interconversion between Eigen and
Zundel species has typically been rationalized through the
PTC: values close to zero are often interpreted as the creation
of a Zundel cation, while deviations from this are interpreted as
the formation of the Eigen. The neutral water defect structure
forming the minima in the middle of the UMAP projection
appears to be dominated by PTC values that are on average
greater than zero, consistent with the notion of a molecular
structure that is most likely to accept a proton through PT.

Besides the special-pair dance which emerges from our
analysis, PT has also been shown to be strongly coupled to the
lower-frequency vibrational modes of the heavy atoms that
sandwich the proton.30,33,88 Figure 7b,c show the distributions
of the first-neighbor oxygen atom distances from the
protonated oxygen dOO1 obtained along the PTC, which
reproduce the banana-like profiles observed in many previous
studies (see, e.g., ref 33). On each banana-shaped profile, we
color the plot with the deigen (Figure 7b) and dzundel (Figure 7c)
distances. Interestingly, the asymmetric nature of the Eigen
cation with respect to the location of the proton is consistent
with its position on the banana plot, i.e., asymmetrically
populated basins at short (blue dots) and long (orange dots)
deigen distances (Figure 7b). At the same time, however, PTC
values close to zero can also resemble Eigen-like species. The
banana-plot of the centrosymmetric Zundel complex, displayed
in Figure 7c, shows that there exists a very diffuse basin
accessible to the excess proton across the full landscape. In fact,
the proton rattling phenomenon along the H-bonds is always
characterized by short dzundel coordinates. In other words, the
Zundel cation remains a Zundel complex even when the PTC
departs from zero, confirming once again that the discretiza-
tion of the excess proton into two species does not adequately
account for the underlying relevant fluctuations. These
observations are fully consistent also with the delocalized
nature of the excess proton as a distorted Zundel cation
presented by Tokmakoff and co-workers.51−53

■ CONCLUSIONS
In the current work, we exploited the smooth overlap of atomic
descriptors (SOAP) along with advanced clustering techniques
to characterize local environments in acidic water. Using
previous AIMD simulations of HCl aqueous solutions at
various concentrations reported by Markland and co-work-
ers,59 we show that the unsupervised clustering of the high-
dimensional SOAP space yields three statistically dominant
clusters, of which only one corresponds to the excess proton.
This charged cluster contains both Eigen and Zundel
configurations, although the idealized structures do not emerge
as limiting thermodynamic states. By exploiting the definition
of metrics allowing for the evaluation of the distance d from
well-defined Eigen (deigen) and Zundel (dzundel) gas-phase
milestone structures, we also have determined the free-energy
changes for the protonated cluster along the deigen and dzundel
coordinates. Interestingly, the free energy along these two
variables is flat while the free-energy difference between the
Eigen and the Zundel moieties is nonexistent, implying that
fluctuations of the excess proton in water take place on a flat
free-energy landscape, where transformations between Eigen-
and Zundel-like configurations easily occur.

Another relevant feature emerging from our unsupervised
analyses of the global free-energy surface of the system is that
the protonated and neutral clusters are separated by a peculiar
basin associated with nontetrahedrally coordinated water
molecules. In fact, the charged protonated cluster enhances
the concentration of a specific type of neutral defect that tend
to lie in the proximity of the proton. In particular, this neutral
defect is characterized by a H-bond topology that is defective, a
feature that is enhanced in HCl solutions compared to that of
bulk water with excess protons. Conversion between the
charged and neutral clusters essentially describes the
fluctuations of the proton involved in the Grotthuss
mechanism, where structural interconversions of a wide
spectrum of molecular structures form part of a broad
spectrum of fluctuations of a charged topological defect.
Eigen and Zundel, as originally conceived, form just one of
many different structures, and perhaps it is time to let go of
very specific assignments based on two-state type descriptions.

Finally, when our clustering analysis is combined with the
SOAP distance metrics and previously used chemical-based
coordinates, a clear scenario emerges. There exists a very
diffuse basin accessible to the excess proton associated with a
highly fluxionally charged defect whose chemical identity is
fuzzy. In other words, the proton rattling phenomenon along
the H-bonds is always characterized by moieties that are
simultaneously Eigen- and Zundel-like. Instead, fluctuations
between protonic and neutral defects�that we dub as
ZundEig�is a more appropriate representation for studying
PT mechanisms. We believe our results provide a general
framework for examining the evolution of the structure of the
proton in more complex environments, such as at inter-
faces,89,90 under confinement,91,92 and also in the presence of
external electric fields where the extent of proton delocalization
can be modulated.35,93,94
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