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We present a combined x-ray absorption spectroscopy/computational study of water in hydrochloric
acid 共HCl兲 solutions of varying concentration to address the structure and bonding of excess protons
and their effect on the hydrogen bonding network in liquid water. Intensity variations and energy
shifts indicate changes in the hydrogen bonding structure in water as well as the local structure of
the protonated complex as a function of the concentration of protons. In particular, in highly acidic
solutions we find a dominance of the Eigen form, H3O+, while the proton is less localized to a
specific water under less acidic conditions. © 2006 American Institute of Physics.
关DOI: 10.1063/1.2199828兴

I. INTRODUCTION

One of the most fundamental chemical processes in
aqueous solutions is the acid-base reaction involving a solvated proton. The proton transport in aqueous media is
anomalously fast and forms an integral part of nearly all
biological and geochemical charge-transfer reactions as well
as, e.g., charge transport in modern fuel cells. In spite of
significant efforts, however, the detailed structure of the protonated water complex in terms of the limiting Zundel1
共H5O+2 兲 and Eigen2 共H3O+兲 structural motifs has remained
elusive.
Conversion between the Zundel and Eigen forms has
been proposed as part of the proton transport in water and
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from theoretical simulations fluxional intermediate structures
are indicated.3 A direct, experimental structure determination
based on vibrational spectra of liquid water with excess protons is complicated because the spectra are broad and featureless. In spite of this a recent combined experimental and
theoretical study indicated that both forms are present in a
1M solution of hydrochloric acid4 共HCl兲 while only the
Eigen form was found in a recent analysis of neutron diffraction data from a concentrated HCl solution.5 In this context
mass-selected protonated water clusters are of great current
interest since they form a bridge between well-defined molecular structures and disordered liquid water. They provide
strong structural information through their vibrational spectra as systematic changes between the Eigen and Zundel
forms are observed in the size range of 2–11 water molecules
as function of the symmetry of the clusters.6 However, the
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extension to bulk liquid water is nontrivial and a more direct,
local experimental probe of the coordination in acidic solutions is desirable.
Recently, it has been reported that oxygen K-edge x-ray
absorption spectroscopy 共XAS兲 as well as x-ray Raman scattering 共XRS兲 of pure liquid water7–9 are sensitive to the hydrogen 共H兲-bonded network. H-bonded O–H groups were
found to give a signal at 540– 541 eV 共denoted postedge兲
while unsatisfied H bonds are indicated through intensities at
535 eV 共pre edge兲 and 537– 538 eV 共main edge兲.8 In combination with density functional theory 共DFT兲 spectrum calculations, XAS/XRS provides precisely the local probe needed
to analyze the H-bonded network in the liquid.8
In the present work we extend our approach to a detailed
analysis of the H bonding in protonated water as a function
of the proton concentration. We observe spectral changes in
both the preedge and postedge regions that are clearly different at low and high concentrations indicating significant
changes in the nature of the protonated species and in the
H-bonding network of surrounding water.
II. METHODS
A. Experimental technique

The O共1s兲 x-ray absorption 共XA兲 spectra were collected
on beamline 8.0 at the Advanced Light Source 共ALS兲,
Lawrence Berkeley National Laboratory, CA, USA. The liquid solutions were held under atmospheric pressure and
room temperature in the Soft X-ray Endstation for Environmental Research 共SXEER兲, which separates the helium-filled
sample chamber from the vacuum in the synchrotron beamline. The XA spectra were measured indirectly via the fluorescence yield technique, which provides a reliable highresolution absorption spectrum of bulk water.10 Further
description of the experiment and data treatment can be
found elsewhere.11
The signal intensity I f is proportional to the linear absorption coefficient, x共h兲, which is the aim of XAS. However, if the sampling depth of the yield technique is not significantly smaller than the x-ray penetration length, as in the
case of fluorescence yield XAS of water, the proportionality
is not linear.10–12 The symptoms of this nonlinearity are compressed spectral features and saturation of the XA spectrum.
The saturated spectra, I f 共h兲, can in many cases be compensated to give x共h兲 through

x共h兲 = C⬘共 f 兲

I f 共h兲
I0

冒冉

1 − C⬙共 f 兲

冊

I f 共h兲
,
I0

共1兲

where I0 is the incident photon flux density, C⬘共 f 兲 is a scaling factor, and C⬙共 f 兲 is the saturation compensating factor
of the fluorescence with energy  f . Further details of the
correction procedure are given elsewhere.11 All XA spectra
in the present work have been compensated for saturation
effects.
B. Samples

Hydrochloric acid, HCl共aq兲, 37% in weight in water, was
purchased from Sigma-Aldrich. The concentrated solution

was diluted using de-ionized water without any further
preparations to give the concentrations 0.1, 1, 4, and 6M.
C. Theoretical details

The XA spectra were generated within a DFT framework
using the STOBE-DEMON program13 with the gradientcorrected exchange and correlation functionals developed by
Becke14 and Perdew,15 respectively. The core hole was simulated by applying Slater’s transition-potential approach.16–18
This is obtained with the core orbital having half an electron
removed, which represents a good balance between initial
and final state effects in the case of water.19 The half-corehole potential used in the DFT spectrum calculations has
been critically evaluated by Cavalleri et al.19 and shown to
be accurate and superior in the case of water to the alternative full-core-hole approach.20
The core-excited oxygen was described using the IGLOIII all-electron basis set of Kutzelnigg et al.21 Effective core
potentials22 共ECP兲, which eliminate the O共1s兲 level, were
used on all oxygen atoms but the core-excited one in order to
simplify the definition of the core hole. The hydrogen was
described with the Huzinaga 共5s兲 basis set extended with one
p function and contracted to 关3s , 1p兴.23 The calculations
were performed using a double-basis set technique where, in
the spectrum calculation, the normal molecular basis was
augmented by a large diffuse basis 共⬇150 functions兲 in order
to improve the description of the Rydberg and continuum
states.24
An XA calculation results in a discrete set of energy
levels, each associated with an oscillator strength and a line
broadening. The experimental broadening of a transition depends on instrumental, lifetime, and vibrational effects,
which can be mimicked by convoluting the obtained oscillator strengths in the theoretical spectra with Gaussians of linearly increasing full width at half maximum 共FWHM兲. The
method has been shown to give a reliable description of XA
spectra for water in its condensed phases7,8,25,26 as well as for
gas-phase molecules such as pyridine27 and methanol.25 The
effects on the spectra from H-bond formation have been
studied and compared with experiment for the ordered 共3
⫻ 2兲 overlayer of glycine on Cu共110兲28 as well as for bulk
methanol.29 We have furthermore shown that a fully periodic
plane-wave calculation of the XA spectra using the CarParrinello molecular dynamics30 共CPMD兲 approach is in
complete agreement with the localized basis set cluster
model calculation once the unit cell and cluster sizes are
large enough.31
The total spectra from the molecular dynamics configurations were obtained by summing the spectra of all selected
structures using a constant 0.5 eV broadening of all peaks;
the variations in energy resulting from variations in structure
provide an effective broadening of the higher peaks which
results in smooth spectra also with this smaller broadening.
The use of a half-occupied core hole takes care of relaxation effects up to second order16,17 and reproduces the excitation energy of the core level to within 2 eV of the experimental value on the absolute energy scale. The final absolute
energy scale is obtained with precision of the order of 0.5 eV
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TABLE I. Optimized bond lengths and angles of the H3O+ and H5O+2 clusters in this work. MP2 calculations described in Ref. 34.

R共O – H兲
R共O . . H + 兲
RHB共OW . . H兲
°共O . . H + . . O兲

Eigen H3O+

Zundel H5O+2

1.01 Å
1.01 Å
1.55 Å
174.98

1.0 Å
1.2 Å
1.7 Å
175.68

by correcting the spectral energy scale through the ⌬ KohnSham approach proposed by Triguero et al.,18,27,32 where the
XA spectrum is uniformly shifted by matching the lowest
oscillator strength to the energy difference between the total
Kohn-Sham energies of the first resonant core-excited and
the ground state parent cluster.
Relativistic effects can be rather small but yet significant
for core-ionization energies of the first-row elements, such
that it is a good approximation to add these effects as a
perturbation based on atomic calculations. The revised value
of +0.33 eV for the relativistic correction for the oxygen
atom has been proposed very recently by Takahashi and
Pettersson33 and is applied in the present work to all theoretical spectra.
Geometrical data of selected model clusters for H3O+
and the H5O+2 used for the spectrum calculations are shown
in Table I. They were obtained at the Møller-Plesset secondorder 共MP2兲 perturbation method level of theory as described in Ref. 34. The aug-cc-pVTZ triple-valence basis set
augmented with diffuse basis functions on the oxygen was
used in the geometry optimization.
Nonprotonated 共“pure”兲 water is modeled using clusters
based on the tetrahedral configuration of ice Ih with the nearest neighbor O–O distance taken to be 2.75 Å as experimentally determined.35 These clusters include up to the second
solvation sphere of the excited central water molecule and
provide XA spectra in agreement with those from bigger
clusters8 and periodic calculations.31 Although model clusters based on the tetrahedral local structure of ice Ih are not
representative of the liquid phase and will result in XA spectra dissimilar to that of water,8 they are used here with various distortions around the central unit to compare with the
protonated species in the same H-bond configuration.
DFT spectra were computed using the transitionpotential approach.16,18 In each of the spectrum calculations
based on the CPMD structures the excited molecule was
placed in the center of a cluster containing 24 water molecules and one proton. The selected configurations were,
based on simple geometrical criteria,36 categorized as Eigen
共11 structures, 11 excited oxygen atoms兲 or Zundel species
共14 structures, 28 excited oxygen atoms兲. The spectrum for
each of the categories was obtained by summing the individual spectra of all the structures in the category convoluted
with Gaussian line profiles of constant full width at half
maximum of 0.5 eV.
D. Molecular dynamics simulations

The CPMD simulations30 employed the gradientcorrected exchange-correlation density functional BLYP,14,37

periodic boundary conditions, a plane-wave basis set with a
plane-wave cutoff of 70 Ry, and Troullier-Martins norm conserving pseudopotentials.38 The fictitious electronic mass
was fairly low, i.e., 400 a.u., which ensured that the properties of the system are reasonably converged with respect to
this mass.39 The time step was 0.1 fs. The temperature was
kept at 298 K by a Nosé-Hoover thermostat.40 The CPMD
program41 was used.
The periodic cubic box contained 32 water molecules
and one extra proton. The side lengths of the box were
9.862 Å. The total charge of the unit cell was +1 with a
uniform compensating background charge42 in the simulations of the solvated proton. Initially a liquid water
analytical-potential simulation using a flexible version43 of
the MCY potential44 was performed. In the last frame the
proton was placed near a water molecule that at that instant
accepted only one H bond and thus had a free electron pair
suitable for accommodating the proton. Then a MD simulation of the proton plus liquid system was run for 12 ps using
the proton-transfer water potential OSS2.34,45 Subsequently a
CPMD simulation was performed during an equilibration period of 5 ps followed by a production period of 4 ps, from
which atomic coordinates were extracted at regular intervals.
Selected molecular configurations around the center at the
hydrated proton complex were then used in the spectrum
computations which were performed using the STOBE-DEMON
program.
III. RESULTS AND DISCUSSION

The H-bond length in aqueous solutions depends
strongly on the charge state of the involved molecule.5,34,35,46
In pure water the donating and accepting H bonds of the
neutral molecules have on the average the same strength
whereas for a negative OH− species in water the accepting H
bonds will be much stronger,47 the reverse holds with stronger donating H bonds for a protonated water molecule H3O+
with a local positive charge.
It has been demonstrated long ago that the resonance
energy in an XA spectrum is sensitive to the local bond
length, denoted “bond length with a ruler.”48 The postedge
resonance at 540– 541 eV in the oxygen K-edge absorption
spectra of water and ice is attributed to the donating H bonds
and is due to excitation into antibonding states localized
along the H bond.25 Since these states are antibonding not
only in terms of the intramolecular OH  bond but also with
respect to the intermolecular H-bond, the energy position of
the postedge becomes sensitive to the H-bond distance. This
has been demonstrated for water by Odelius et al.49 and is
shown in Fig. 1 to be true also for Zundel and Eigen species,
where we systematically vary the donating H-bond distance
in the cluster models. We observe that both the Eigen and
Zundel forms at the same donating H-bond distance show
very similar spectra and that the protonated clusters present a
nearly linear upward shift of ⬃0.6 eV in the postedge position for each reduction of 0.1 Å in the donating H-bond distance.
High level ab initio calculations34 have demonstrated
that the H bonds between the protonated Eigen species and
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FIG. 1. Computed spectra of the protonated oxygen in the Eigen 共solid
lines兲 and Zundel 共dotted lines兲 cations as a function of the donating H-bond
distance to neighboring water molecules. The broad conduction band center
共postedge peak兲 shows a downward shift of ⬃0.6 eV with each 0.1 Å
H-bond elongation. 共The preedge peak is absent due to the double-donor
configuration used in the cluster model, c.f. Fig. 5兲.

its first hydration sphere are substantially shorter than the
usual H bonds in bulk water and ice while the hydrated
H5O+2 共H13O+6 兲 in solution is H bonded at only somewhat
shorter distance than bulk water. For a protonated water
complex the donating H-bond length will thus be shorter if
the proton, as in the Eigen form, is localized on one molecule
instead of being shared between two or several molecules as
in the Zundel form. Based on this we could thus expect to
use changes in the postedge resonance energy in acidic solutions compared to pure water to characterize in more detail
the structure of the protonated complex. Note that this interpretation is very different from that of Cappa et al.50 who
have very recently reported on studies of HCl and NaCl solutions and discuss in terms of the change in ionization potential 共IP兲 due to the charge. However, XAS is not an ionization spectroscopy and for the states in the low energy part
of the spectrum the difference in electrostatic potential for
the electron in the initial 1s and excited state has negligible
effects. This is clearly shown in Fig. 5 in Ref. 50 where a
spread in IP of more than 6 eV leads to no variation in the
onset and general shape of the displayed spectra 共the particular case of Cl− will be discussed below兲. We furthermore
note, in contrast to what is stated in Ref. 50, that their 4m
NaCl spectrum is at strong variance with their earlier published spectrum of NaCl at a similar concentration,51 which
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FIG. 2. O1s XAS of 共a兲 6M HCl共aq兲, 共b兲 4M HCl共aq兲, 共c兲 1M HCl共aq兲, 共d兲
0.1M HCl共aq兲, and 共e兲 pure water. The 0.1M HCl共aq兲 spectrum and the 1M
HCl共aq兲 spectrum show small changes compared to the pure water spectrum
共dotted兲, including an increase of the intensity in the preedge and main-edge
regions. These intensities decrease with increasing concentration and the
whole spectrum is shifted upward in energy. All spectra are intensity normalized at 550 eV.

is indicative of experimental artifacts due to saturation
effects.10,52
The measured oxygen K-edge x-ray absorption spectra
of 0.1, 1, 4, and 6M aqueous solutions of HCl are compared
in Fig. 2 with the corresponding spectrum of pure water. The
spectra are normalized to equal intensity at 550 eV in order
to facilitate visual comparison of the contributions from protonated species in the difference spectra in the postedge region. The difference spectra in Fig. 3 enhance the effects due
to the solvated ions 共Cl−, H3O+ and/or H5O+2 兲. Note that the
normalization only affects the base line; with the chosen normalization the differences do not need to integrate to zero.
At low concentration, 0.1 and 1M HCl共aq兲, the pre-and
main-edge peaks increase compared to pure liquid water
关compare the difference spectra in Figs. 3共d兲 and 3共c兲兴 while
at high concentration, 4 and 6M HCl共aq兲, the intensity in the
postedge region is increased while the pre-and main-edge
regions decrease 关Figs. 3共b兲 and 3共a兲兴; there thus seem to be
at least two processes affecting the H-bond network in acid
solution dominant at low and high concentrations, respectively. In addition we observe a shift of the postedge peak
from 540 to 541 eV at low concentration 共0.1M兲 to
541– 542 eV at high concentration 共6M兲.
The increased pre-and main-edge peaks at low proton
concentrations 共0.1 and 1M兲 indicate that, in spite of the
enhanced strength of the H bonds in the immediate vicinity
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FIG. 3. Difference spectra between the acidic solution XA spectra and the
pure water spectrum for 共a兲 6M HCl共aq兲, 共b兲 4M HCl共aq兲, 共c兲 1M HCl共aq兲,
and 共d兲 0.1M HCl共aq兲. In the 0.1M HCl共aq兲 spectrum and the 1M HCl共aq兲
spectrum the positive peaks at 535 and 536.5 eV and the negative peak
around 539 eV are indications of an increase of SD configurations 共Ref. 8兲.
The loss of intensity around 539 eV is, however, to some extent compensated by the broad feature at 538– 550 eV that originates from protonated
species. The reverse trend is observed for the higher concentrations.

of the protons, the average number of donating H bonds per
molecule is reduced as compared to pure liquid water. The
expected decrease in the low energy part of the postedge
region 共538.5– 540 eV兲 corresponding to the decrease of
fully coordinated, double-donor 共DD兲 species is to some extent compensated by an intensity increase in the same energy
region originating from species arising upon adding protons.
The spectra of highly concentrated HCl共aq兲 共4 and 6M兲,
on the other hand, are instead characterized by enhanced
intensity in the high energy region around 542– 543 eV of
the postedge and with an intensity decrease at the preedge.
Furthermore, we note a small shift of the preedge peak towards higher energies in comparison with pure water. In Fig.
4 we show the difference spectra in the postedge region for
the 1, 4, and 6M HCl共aq兲 normalized by the proton concentrations, i.e., multiplied by a factor 1, 1 / 4, and 1 / 6, respectively. We note that, in this region, the peak shapes and
heights of the 4 and 6M difference spectra are very similar,
while the 1M difference spectrum is substantially broader
and has a peak height that is close to twice as large as for the
other two. The close similarity of the 4 and 6M difference
spectra after normalization with the proton concentration indicates that similarly bonded species dominate in the 4 and
6M cases, i.e., the number of water molecules affected by a

FIG. 4. The region 538– 550 eV shown with the 6M 共solid兲, 4M 共dotted兲,
and 1M 共dashed兲 difference spectra scaled by a factor 1 / 6, 1 / 4, and 1,
respectively.
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FIG. 5. Computed O1s x-ray absorption spectra of the protonated molecules
in 共a兲 the Eigen 共H3O+ . . . H2O兲, and 共b兲Zundel 共H5O+2 . . . H2O兲 cation, and of
共c兲 pure water 共H2O兲. Configurations in which the excited water molecule is
fully coordinated 共DD兲 or with an unsaturated donating hydrogen bond 共SD兲
were considered.

proton scales simply with the proton concentration. From the
similarity in shape and the sensitivity to H-bond distance
observed in Fig. 1 we furthermore conclude that the structure
around the protonated species is similar in the 4 and 6M
solutions. The 1M difference spectrum, on the other hand,
indicates that for the lower proton concentration more than
one oxygen are affected per added proton; this follows from
the excess intensity after normalizing by the proton concentration. Furthermore, the larger width of the 1M difference
spectrum in the postedge region suggests protonated species
that are less well defined in terms of H-bond distances compared to the 4 and 6M cases. Hence, Fig. 4 suggests a larger
fraction of distorted Zundel-type species contributing two
perturbed oxygens per proton in the case of 1M HCl共aq兲,
while at higher concentration the Eigen form with only one
perturbed oxygen per proton dominates. This qualitative
change occurs in the interval 1 – 4M concentration.
We now turn to theory to analyze the observed changes
in terms of specific H-bond situations. In particular, the energy shift of the postedge will be used to characterize the
structure and bonding of the protonated complexes. The
spectra of water molecules in the first solvation sphere of the
protonated species in different bonding situations resemble
in shape those obtained for the first solvation shell of a water
molecule 共not shown兲. Changes with proton concentration
are thus due to changes in H bonding and to the presence of
protonated water. Both the Eigen and Zundel cationic forms
of the excited oxygen directly bonded to the proton are considered in the selected examples of computed spectra in Fig.
5. The structures were taken from a quantum chemical optimization giving H-bond distances of 1.55 and 1.7 Å for the
Eigen and Zundel forms, respectively.34 Furthermore, both
the Eigen and Zundel species give spectra that are quite similar in intensity for all characteristic features, in the case of
both saturated and asymmetric H-bond configurations 共DD
and SD, respectively, see Fig. 5兲. However, the spectra for
the Eigen and Zundel species differ markedly in energy: the
H3O+ spectra present an upward shift in the order of 1 eV
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FIG. 7. Simulated spectrum of 共a兲 the protonated Eigen form in the vicinity
of the Cl− counterion and 共b兲 the protonated Zundel cluster in the vicinity of
the Cl− counterion.
FIG. 6. Summed computed spectra for Eigen 共H3O+, 11 structures兲 and
Zundel 共H5O+2 , 14 structures, 28 excited oxygens兲 forms of protonated water
using configurations from the CPMD simulation. A constant Gaussian convolution 共0.5 eV兲 is used. The vertical bars in the spectra indicate the standard deviations in the sets of computed spectra in a given point.

compared to H5O+2 and bulk water. This shift occurs for both
the postedge and the preedge and is in agreement with the
experimental observations in Fig. 2共a兲 and 2共b兲. The nature
of this shift can be understood in terms of differences in the
donating H-bond distances in the two cases, as shown in
Fig. 1.
In order to investigate how this carries over to the liquid
we have computed the spectra of selected configurations extracted from an ab initio CPMD simulation30 of one excess
proton in a 32 water molecules simulation box. The spectra
in Fig. 6 were computed only for the protonated water molecules and thus only show this specific contribution.
We first note in Fig. 6 that the consistent shift of the
postedge peak to higher energy for the H3O+ species indicates that the origin of the enhanced intensity at high energy,
characteristic of concentrated acid solutions, can be related
to the presence of H3O+ species, consequently suggested to
be the dominant protonated form in solution at high proton
concentration. Note that the lack of significant preedge intensity in the spectra is due to the predominance of DD species
in the simulation.8,49
The energy shift between the two protonated species in
Fig. 6 can be explained by the shorter donating H-bond
length of the smaller and more polarizing H3O+ cation; in the
optimized structures the average donating H-bond distance is
considerably longer in the H5O+2 than in the H3O+ case 共1.7
and 1.55 Å, respectively兲, which accounts for the shift between the calculated spectra for the two protonated species in
Fig. 5. The structures used to obtain the composed spectra in
Fig. 6 reflect the same trend with an average H-bond length
of 1.55 Å in the Eigen cases and 1.64 Å for the Zundel-type
configurations. With the approximate relation of about
0.6 eV energy shift per 0.1 Å H-bond length change the
0.1– 0.2 Å H-bond shortening corresponds well with the observed shift of about 1 eV in the postedge peak. The analysis
of recent diffraction data by Botti et al.5 also provides experimental evidence of the very short H bond formed by the
H3O+ species in concentrated acid solutions, with a resulting

average H-bond distance between the protonated species and
the neighboring water molecules of 1.50 Å. The broad postedge for the 1M solution, on the other hand, indicates that
we have protonated species with a broad distribution of
H-bond distances. This could be related to a mixture of Zundel and Eigen forms or fluctuating intermediate structures as
proposed by MD simulations.3
The amount of H bonds as defined through the intensity
of the pre-and main-edge also undergoes a large change in
the range 1 – 4M HCl共aq兲. In highly acidic solution the presence of the Eigen species, where the proton is localized on
one particular water molecule, leads to strong donating H
bonding to the surrounding water molecules. Since the concentration of Eigen species is rather high, nearly all water
molecules will be in the first or second solvation shell of the
H3O+ species resulting in an overall increase in total H bonding. At lower proton concentration the proton is less localized on one particular water molecule and the presence of the
solvated ions 共Cl−, H3O+ / H5O+2 兲 in the solution leads to a
reduced number of H bonds compared with pure water.
We note that XAS studies of NaCl and KCl show an
increased amount of SD species compared to water in a similar manner as HCl solutions at low concentration.11 The difference spectra for HCl共aq兲 with concentration up to 1M
resemble that of 1M NaCl 共or KCl兲; the only difference being that the enhancement below 536 eV is somewhat larger
for 1M KCl while 1M HCl shows a slightly larger enhancement above 542.5 eV. We have investigated the influence of
the chloride counterion by explicitly including the Cl− ion in
the theoretical model; in the highly concentrated HCl共aq兲
solution we can expect one or more Cl− to be in close vicinity of the protonated cluster as also suggested by both molecular dynamics53 and Monte Carlo5 simulations and consistent with diffraction data.
In Fig. 7 we show the computed spectra for the Eigen
and Zundel protonated forms in which one Cl− ion is inserted
in the solvation shell of the excited oxygen. The internal
O–H distances were taken as 1.01 Å 共Eigen form兲 and 1.0 Å
共Zundel form兲, respectively. As is seen from comparing spectra in Fig. 1 with the spectra in Fig. 7 the coordination to Cl−
does not affect the overall appearance of the spectra. In particular, the significant shift of both postedge and preedge to
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higher energy for the Eigen form is preserved also in the case
of coordination to chloride. Again this conclusion is very
different from that of Cappa et al.50 who, as in their earlier
publication,51 argue for a charge-induced electronic structure
effect on neighboring water molecules due to the Cl− ion in
contrast to the case of Na+. This is in spite of the fact that
both ions are singly charged and should polarize the environment to a similar extent. The effect of the Cl− is rather due to
the significant difference in H-bond distance, ⬃3.15 Å,
rather than ⬃2.75 Å as in water. Indeed, computing the XA
spectra of water in either SD or DD coordination with one of
the H-bonds to a solvated Cl− or water at 3.15 Å leads to
near-identical spectra.54 There is thus no specific effect of the
field. The Cl− simply generates a different and significantly
longer H-bond distance when a water molecule coordinates
to Cl− rather than to water.54
IV. CONCLUSIONS

XAS shows great sensitivity to the local environment of
the hydrated proton and with the aid of DFT-based spectrum
calculations it is possible to characterize specific spectral features, in particular, the increasing intensity in the region
⬎541 eV in acid solution spectra, as direct signature of the
short H bonds formed by the H3O+ cation in water. Experimental x-ray absorption spectra of aqueous HCl solutions
show different behavior at low and high concentrations of
protons. The nonlinear increase in the intensity at higher energy when increasing the concentration of protons suggests a
concentration-dependent conversion of the structure of the
protonated water from less well-defined Zundel-type 共H5O+2 兲
structures to the Eigen 共H3O+兲 form. This behavior of highly
concentrated acidic solutions is not unexpected based on stoichiometric considerations 共the ratio of excess protons per
oxygen atom naturally increases with proton concentration兲
but it is the first time that spectroscopic evidence for a
concentration-dependent balance between the two species is
obtained. This result reconciles conflicting data where a recent Monte Carlo simulation,5 based on neutron diffraction
data on highly concentrated HCl solutions, found no evidence for the existence of the H5O+2 cation in seeming contradiction to studies at lower proton concentration.4 We find
the effects of the proton on the water H-bonding network to
be strongly sensitive to the concentration where a high proton concentration reduces the amount of SD species in comparison with pure water while at lower concentrations this is
instead increased.
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