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probe, excess protons in water constitute complex
quantum objects with strong interactions with the
extended and dynamically changing hydrogen-bonding
network of the liquid. Proton hydration plays pivotal
roles in energy transport in hydrogen fuel cells and
signal transduction in transmembrane proteins. While
geometries and stoichiometry have been widely ad-
dressed in both experiment and theory, the electronic
structure of these specific hydrated proton complexes
has remained elusive. Here we show, layer by layer, how
utilizing novel flatjet technology for accurate x-ray
spectroscopic measurements and combining infrared
spectral analysis and calculations, we find orbital-specific
markers that distinguish two main electronic-structure
effects: Local orbital interactions determine covalent
bonding between the proton and neigbouring water
molecules, while orbital-energy shifts measure the
strength of the extended electric field of the proton. )
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Introduction

Aqueous proton transport, ubiquitous in chemistry and
biology, involves decisive roles of individual water mole-
cules, as demonstrated for cases as diverse as the von
Grotthuss mechanism,"! acid-base neutralization reactions,”
proton transport in hydrogen fuel cells,”! and transmem-
brane proteins controlling the proton gradient along bio-
logical membranes.) Numerous experimental® and theoret-
ical studies!"*** have provided compelling evidence for
structurally well-defined hydrated proton complexes with
specific stoichiometries that are understood to occur at
distinct stages of proton transport.

Conceptually, the most simple and smallest configuration
of an aqueous proton is the hydronium ion, H;O*, with its
tripyramidal arrangement of the O-H bonds and an
electron-deficient lone pair. H;O" is the central unit in an
Eigen cation, H;O " (H,0),,/"! with the O—H groups forming
medium-strong hydrogen bonds to three nearest water
molecules, with average heavy atom O--O distances of 2.5-
2.6 A® Alternatively, a proton can be shared between two
water molecules in a Zundel cation, H;O,*."! For this
configuration, a superstrong hydrogen bond has been
reported (with an O-H™--O distance of 2.4 A®'%) with
weaker hydrogen bonds to its first solvation shell (OO
distances of ~2.7 A, closer to the OO distance of 2.8 A in
bulk liquid water). While hydrogen bond length distribu-
tions and the impact of solvent shell fluctuations on ultrafast
time scales have now been well reported,P*™ 11 little is
known about the electronic structure of the hydrated proton
in solution as suitable experimental probes have only
recently become available. Soft x-ray absorption spectro-
scopy (XAS) is a powerful tool to monitor electronic
structure from a local atomic perspective and on an orbital
level via excitations of the 1s core electrons to the lowest
unoccupied molecular orbitals (LUMOs). Whereas the high-
est occupied molecular orbitals (HOMOs) are obviously
responsible for chemical bonding as described by wave-
function based occupied molecular orbitals, LUMOs are not
just the anti-bonding partner of its respective HOMOs, but
in addition LUMOs are more polarizable and so more
sensitive to changes in bonding caused by nearest neighbour
interactions. For instance, the impact of hydrogen bonding
on the electronic structure has been extensively studied
using XAS at the oxygen K-edge for water,!"” alcohols and
solutes.'! Here we report on our XAS measurements on
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hydrated proton complexes in acetonitrile solution. We
show that with this approach we can fully grasp the O K-
edge absorption spectra of these hydrated proton complexes
without major solvent contributions, whereas for oxygen
containing solvents essential spectral ranges would be
opaque and so become inaccessible. We provide with
supporting FT-IR measurements evidence for practically all
water molecules participating in proton hydration with the
average size of the hydrated proton complex determined by
the molar ratio between acid and water. A detailed
characterization of the possible stoichiometries (chemical
speciation) when using strong mineral acids in acetonitrile
solution is provided, and together with ab initio molecular
dynamics (AIMD) simulations we show which possible
structural hierarchies in the hydrated proton complexes
occur. Quantum chemical calculations of the XAS contribu-
tions of the individual water molecules in these hydrated
proton complexes then will elucidate to what extent the
electronic structure of the contributing water molecules are
modified when hydrating the excess proton, and to which
spatial range the positive charge of the proton can play a
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significant role in modifying the O K.edge XAS of water as
compared with those of unprotonated water.

Results and Discussion

In Figure 1 we compare the O K-edge absorption spectra of
H,O in the gas phase, of the H,O monomer in acetonitrile
solution and of the mineral acid/water/acetonitrile solution
for which 86 % of the water molecules are part of H,O;"
hydrated proton complexes. For details on these measure-
ments we refer to the Methods section and Supporting
Information Figures S1 and S2 in Supporting Information
Section 1. Details on how to disentangle in these measure-
ments possible contributions of additional water molecules
in larger hydrated proton complexes are discussed in the
Supporting Information Section 2 (see also Figure S3). For
this we make use of our findings on the clear distinctive
hierarchy of hydrogen bonding interactions of hydrated
proton complexes of particular sizes. This hydrogen bond
hierarchy enables us to discuss proton hydration in terms of
associated structural motifs, and in a distinction between
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Figure 1. O K-edge absorption spectra of a) H,O in the gas phase, b) H,O monomer in acetonitrile solution, and c) the hydrated proton complex
H,O;" prepared in acetonitrile prepared as 50% H,;0;" and 50% H,0;"-H,0, i.e. the H,0," moiety, equivalent to a [w1-H;O"-w2] complex,
contributes about 86 % to the experimental O K-edge spectrum, and w3 only with 14%. The gas phase result of H,O was taken from ref. [13b].
Snapshots of the 4a, LUMO, contributing to the pre-edge peak, for the water monomer (d) and H;O™ (e), both as isolated species and as solute
embedded in acetonitrile solution. The similar shapes of the LUMOs of H,0; ", reached upon oxygen 1s core excitation from the respective H,O

and H;O™" units, are also clearly apparent (f).

Angew. Chem. Int. Ed. 2022, 61, €202211066 (2 of 9)

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
~~

proximal and distal water molecules in the hydrated proton
complexes (vide infra). Figure 1 provides a direct indication
for how different the electronic structure is in the three
systems. The H,O monomer spectrum was measured with a
solution of 0.75 mM of H,O in acetonitrile. Instead of using
aqueous acid solutions,™ we prepared the hydrated proton
complexes in acetonitrile. Strong mineral acids are able to
protonate water in acetonitrile, forming hydrated proton
complexes with an average complex size depending on the
acid-to-water ratio. For (sub)molar concentrations of acid
and water, practically all water molecules are involved in
proton hydration, as previous IR-spectroscopy studiest™ "%
and our own IR measurements show (see Supporting
Information).

The spectrum of the isolated H,O molecule (Figure 1a)
is dominated by the two main peaks due to 1s to LUMO
(4a,) and LUMO+1 (2b,) single electron transitions.!* 16!
For the H,O monomer in acetonitrile (Figure 1b), we
observe a pre-edge peak at 534.6 eV, a main-edge peak at
536.4 eV and a broad post-edge band 538.6 eV, similar to
previous studies.'”’ For this measurement with a molar
fraction xy,0=0.038, hydrogen bonding is predominantly
between water and acetonitrile, through two weak hydrogen
bond interactions between H,O and acetonitrile solvent
molecules."® The spectral signatures of the H,O monomer
are therefore much akin to those of isolated H,O molecules
and we find in particular that the pre-edge peak also
corresponds to the 1s core to the 4a; LUMO transition. The
broadening of the post-edge, covering the spectral region of
transitions to Rydberg states in isolated H,O molecules,
indicates the impact of hydrogen bond donating interactions
by H,O to the acetonitrile solvent, with a smaller magnitude
than those in bulk water.” In contrast to bulk water, an
H,0 monomer in the aprotic solvent acetonitrile does not
have hydrogen bond accepting interactions. It is because of
the weak hydrogen bond donation, and the lack of hydrogen
bond accepting interactions that the O K-edge XAS of H,0O
monomer in acetonitrile reflect an electronic structure closer
to that of gaseous H,O, than that of bulk water.

For proton complexes prepared in a solution with 0.50 M
HI/1.75 M H,O in acetonitrile (stoichiometry [H"]:[H,O]=
1.0:3.5), we observe a spectrum that is markedly distinct
from the spectrum of the H,O monomer in solution with a
prominent absorption band centred at 539.6 eV and should-
ers at 535.2, 537 and 542.0 eV (Figure 1c). As no significant
absorption typical of water monomers occurs, in particular
of the 1s—4a, pre-edge peak at 534.6 eV, this result shows
that at this solution composition, all water molecules are
strongly associated with the proton as judged by the strength
of the electronic interactions. This observation is in
accordance with previous conclusions drawn from NMR and
FT-IR measurements. Shoulders frequency up-shifted by
0.6 eV with respect to the monomer spectrum may indicate
the positions of possible pre- and main-edge transitions of
the hydrated proton complex with substantial decrease in
relative absorption strength. Comparing H,O monomer and
the hydrated proton complex, the post-edge has a similar
absorption strength. It is shifted by 1.0 eV to 539.6 eV with
an additional contribution located near 542 eV. Based on
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these O K-edge XAS results we conclude that the electronic
structure for all water molecules involved is significantly
altered when a proton is hydrated by on average 3.5 water
molecules. Because the spectral shape is so different from
the H,O monomer in solution beyond just spectral shifts of
peaks, this experimental result directly shows that in
hydrating the proton the largest fraction of, if not all, water
molecules in the hydrated proton complex experience strong
orbital mixing.

With the aim to reveal how this proton complex is
further hydrated in acetonitrile solution, when the amount
of water in the complex is increased, we compare in
Figure 2a measurements with different stoichiometries
([H*]:[H,0]=1.0:3.5 and 1.0:8.0). By adding 8 times more
water than HI acid we observe marked increases in pre- and
main-edges and a decrease in the post-edge. Moreover, the
O K-edge spectrum still shows a shape clearly distinct from
that of the water monomer with a pre-edge at 534.8 eV, a
main-edge at 536.6 eV and a dominant post-edge with its
maximum at 539 eV. This shows that from the perspective of
oxygen K-edge XAS a full hydration of the proton in
acetonitrile involves a large number of water molecules even
with the higher water content.

To obtain further insight into how proton hydration
affects the electronic structure of the water molecules
involved, we have used the following approach: 1) determine
with ab initio molecular dynamics (AIMD) simulations
hydrogen bond strengths of hydrated proton complexes of
different composition in acetonitrile and aqueous solution,
both in nature of the hydrogen bond (superstrong, strong,

1.0 T T T 0.5
(a) (©)
o
2
c 05
0
v
v —H0:H =35:1
; —H,0:H=80:1 Pre
o 00 f + f f 0.0
H,0 ,
e [ ® main Z tiyaratonsnen | | (@)
S 10} Fost -—H,0;¢ |
‘é : F 10.5
o
v
=
Pre
8 0.5 J
3
vy
Pre
0.0 : L - n 0.0
530 540 550 534 535
Photon Energy (eV) Photon Energy (eV)

Figure 2. a) Measured O K-edge spectra scaled by oxygen number as
measured for [HI]:[H,0]=1.0:3.5 and 1.0:8.0 (0.5 M HI:1.75 M H,0
and 0.5 M HI:4.0 M H,0, respectively) in acetonitrile solution.

b) Comparison of the spectral signatures of 0.75 M (orange) water in
acetonitrile with those derived for the inner complex H,0;™ (purple)
and hydration shell water (dark cyan) around the inner complex H;0;™
in acetonitrile. Panels (a), (b) show the excitation frequency range
discussed in this study, and panels (c), (d) a blow-up of the pre-edge
transition spectral region, to indicate the significant frequency shift of
the pre-edge of hydration shell water around the inner hydrated proton
complex compared to that of water in acetonitrile.
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medium-strong and weak) and in possible distribution of
hydrogen bond strengths due to interaction with the
surrounding solvent; 2) estimate with quantum chemical
calculations the impact of hydrogen bond interactions on the
X-ray absorption bands of the individual water molecules
that constitute the hydrated proton complexes; 3) derive
from supporting FT-IR spectra possible complexation con-
stants of hydrated proton complexes with which the
stoichiometry and relative fractions of these complexes can
be determined. These supporting FT-IR spectra have been
recorded at 4°C, to enable a better comparison to the
oxygen K-edge measurements.

A direct insight into hydrogen bond strengths can be
obtained by looking at the distances of the electronegative
atoms that constitute the hydrogen bonds. O--O distance
distribution functions d(r) estimated from our AIMD
simulations show (see Figure S4 and Table S1), that hy-
drated proton complexes in acetonitrile solution cover a
broad range, from superstrong to weak hydrogen bonds,
between the central H;O" and the surrounding water
molecules. Our results on H,O5;" in acetonitrile are in close
correspondence to earlier reported values obtained from
QM/MM MD simulations.!"! Importantly, a clear hierarchy
can be noted when comparing the close similarities of the
O--O distance distribution functions d(r) of H;O;" and of
H;;O¢" in acetonitrile and of the hydrated proton in
aqueous solution H*(aq) (see Figure S4, and Table S1),
validating the generality of our model for how protons are
hydrated. The architectural hierarchy, with concomitant
magnitudes for orbital interaction strengths and hydrogen
bond lengths, is thus similar for the hydrated proton
complex in acetonitrile with a first hydration shell, and for
the hydrated proton in bulk aqueous solution (cf. ref. [6b]).
We find that the inner hydrated proton complex consists of
a central H;O" sharing the proton with a first water
molecule w1 in a superstrong hydrogen bond (O--O distance
248 A; such a short distance is characterized by a low
barrier double well potential for the proton with distinct
signatures in FT-IR[" and 2D-IR spectra®-2***!), The central
H;O" forms a strong hydrogen bond with a second water
molecule w2 (O--O distance 2.57 A). It then takes at least
another five additional water molecules to form a hydrated
proton complex with a full first hydration shell around
H,0;* to reach H;;O4" in acetonitrile solution. Interest-
ingly, a clearly weaker hydrogen bond between H;O* and
the third water molecule w3 occurs (O--O distance 2.68 A),
closer to the hydrogen bond lengths to first hydration shell
water molecules around H;O0;" (O--O distances range from
2.67-2.86 A). From this important finding for hydrated
proton complexes in liquid solution, be it in acetonitrile or
in bulk solution, we can conclude that—in contrast to the
gas phase case of H;O"(H,O); that is equivalent to the
symmetric Eigen cation with equal hydrogen bond strengths
between H;O" and the three H,O molecules—we can
classify, from the hydrogen bond strength hierarchy perspec-
tive, w3 as rather being part of the first hydration shell water
molecules than a constituent of the inner hydrated proton
complex.
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Three remarks on the findings of the structural hierarchy
have to be made. Firstly, in the AIMD simulations all
electronic degrees of freedom of the hydrated proton
complexes and the surrounding solvent molecules have been
treated quantum mechanically, whereas all nuclear degrees
of freedom have been taken into account classically.
Secondly, for the superstrong hydrogen bond the proton is
shared between H;O™ and w1 in the so-called Zundel motif
(i.e. H;O,"), in such a fashion that it can only be properly
taken into account using a full quantum treatment of the
nuclear degrees of freedom of the shared proton,”? which
would be numerically too costly to implement considering
the sampling procedures that have to be used for oxygen K-
edge XAS calculations. Thirdly, as the hydrogen bond
length between H;O" and w3 is much closer in value to
those of w3 with its next hydration shell water molecules
wup (and to those of wl, or w2 with their respective first
hydration shell water molecules w,  for that matter) than
between H;O" and wl or w2, we argue that from a
structural point of view the larger hydrated proton com-
plexes in acetonitrile (and in aqueous solution) can be
regarded as H,O;" with a surrounding hydration shell. From
this it also follows that HyO," should be better treated as
(H,0;%)-(H,0), or alternatively as [(HsO,")-(H,0O)]-(H,0),
and definitely not as the analogue of a symmetric Eigen
cation in the gas phase. This structural hierarchy is not a
static one: the roles of the individual water molecules in the
hydrated proton complexes interchange upon ultrafast
structural rearrangements of the water molecules forming
the superstrong, strong, medium strong and weak hydrogen
bonds, with ultrafast bond formation and cleavage dynamics
of the hydrogen bonds with the hydration shell water
molecules taking place on picosecond time scales.

Importantly, we now find that the hierarchy as found in
hydrogen bond strengths and distances is also apparent in O
K-edge XAS in the distinctly different spectral contributions
of the 1s core excitations to the LUMOs of these water
molecules hydrating the proton (see Figures S5 and S6).
These spectra have been calculated using the half-core hole
approximation® and for the hydrated proton complexes a
classification has been defined based on the distance of the
probed O atom in the complex from the central H;O*
(starting from H;O" and identifying the first closest
neighbour water molecule w1, to the next closest neighbour
water molecule w2 etc.). A direct comparison of the
calculated spectra, averaged over molecular configurations
from our AIMD simulations, of H;O*, H;O,", H,O;" and
H,;;O5"* in acetonitrile with the calculated spectrum of the
water monomer in acetonitrile solution shows that a direct
relationship exists between average O--O distances and
frequency upshifts and ratio of pre-edge/post-edge cross
sections: the stronger the hydrogen bond the more upshifted
the O K-edge and the more intense the post-edge is
compared to that of the pre-edge. This result is much akin to
that observed for the O K-edge spectra of water measured
under different hydrogen bonding conditions,” yet—with
now the hydrated proton in place—with markedly larger
varying contributions in both spectral frequency shifts and
relative absorption strengths of pre-edge and main-edge

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
=

bands the for hydrated proton complexes. This is in
particular the case for the wl and w2 molecules involved in
a superstrong or strong hydrogen bond with the central
H;O*. To determine how the XAS contributions of H;O*
and wl change by having the proton fully shared between
w0 and w1 in the low barrier superstrong hydrogen bond,
we have investigated how the respective XAS contributions
vary upon displacement of the proton along the superstrong
O--H"--O proton transfer coordinate (see Figure 3). As
anticipated the XAS contributions become basically identi-
cal for both acetonitrile and aqueous solutions when the
proton position is within 0.1 A from the central position of
the superstrong O--H™"--O proton transfer coordinate, with
its relative magnitudes and spectral positions of pre-, main-
and post-edge bands halfway between those of H;O" and
w1 (see Figure 3). Starting from w3 and the next hydration
shell water molecules, the spectral contributions are similar
in spectral position and shape. This is also apparent for the
hydrated proton H"(aq) in aqueous solution, underlying the
large correspondence between proton hydration in
acetonitrile and in aqueous solution.

We note that roles and interactions of the different water
molecules in and around the hydrated proton complexes are
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Figure 3. Structural correlations in the H;O,™ (H;0™ and w1) species
and associatived sensitivity in the O K-edge XA spectra. Panels (a) and
(b) display the correlation between the RO,-O, distance and the
proton-asymmetry parameter “d=RHO,-RHO,,” in the Zundel species
for the simulations of H;O, " in acetonitrile solution and H* (aq),
respectively. Panels (c) and (d) contain the sampled O K-edge XA
spectra for the central H;O,* (H;0" and w1) species from simulations
of HsO,™ in acetonitrile solution and H* (aq), respectively, decomposed
into classes of varying O—H"-O & asymmetry from the symmetric
species near ~0 A to highly asymmetric species with §~0.5 A.
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subject to rapid solvent fluctuations and proton motions. We
therefore use distance criteria to describe structural hierar-
chies of ensemble averages where each snapshot in the
ensemble results from a particular ordering of the oxygen
atoms. Importantly, we emphasize that the few femtosecond
lifetimes and concomitant transverse dephasing times of 1s
core excitations to the unoccupied molecular orbitals of the
water molecules are orders of magnitude shorter than those
of the solvent fluctuations associated with hydrogen bond
rearrangements,**" electric field fluctuations imposed on
the inner proton®™" and von Grotthuss-type proton
hopping between water molecules in the hydrated proton
complexes.-***=*?2 The x-ray snapshots that make up the
measured x-ray absorption spectra are thus taken faster than
solvent fluctuations and proton motions driven by these
solvent fluctuations can affect the electronic transition
coherences through spectral diffusion. Our experimental x-
ray absorption results represent snapshots of a dynamically
changing system that hydrated proton complexes are and
can therefore be directly compared to ensemble averages
from our calculations. It follows that the calculated O K-
edge contributions of an individual water molecule in a
hydrated proton complex will directly reflect the instanta-
neous hydrogen bond length distribution functions as
estimated with the AIMD simulations. In addition, because
the probe is local due to the localized O 1s core orbital, our
probe provides information on the spatial extent over which
the proton affects electronic structures.

FT-IR spectroscopy provides valuable information on
the stoichiometries and hydrogen bonding characteristics of
hydrated proton complexes in acetonitrile
solution.F*#11:20021 The hydrogen bonding hierarchy is
evident from IR spectral marker bands. In particular the
inner Zundel motif, H;O," (i.e. wl--H"--w0), has its inner
proton transfer mode transition at 1250 cm™, its OH
bending vibration located at 1725 cm™" and its OH stretching
mode band located in the spectral range of 2900-3400 cm ™.
These transitions are superimposed on a broad background
known as the Zundel continuum that has its origin in the
hyperpolarizability of the proton along the low barrier
potential P 1119201 The additional water molecules w2,..,w7
provide further contributions to the FT-IR spectrum with its
OH bending and OH stretching bands centred at 1635 cm™
and 3450-3480 cm ™!, respectively. While the OH bending
transitions of these water molecules in the hydrated proton
complexes are close to those of H,O molecules themselves
in acetonitrile solution (with a somewhat reduced oscillator
strength®l), the markedly frequency downshifted OH
stretching transitions observed for [HI]:[H,O] ranging from
1:3.5 to 1:14 compared to the OH stretching band of H,O
in acetonitrile solution under similar concentration condi-
tions provide conclusive evidence that the additional water
molecules are essential parts of the larger hydrated proton
complexes embedded in the acetonitrile solvent environ-
ment.

Based on the insights of the close correlation between
hydrogen bond strengths/distances and O K-edge XAS
features obtained from our AIMD simulations and the fact
that a well-defined stoichiometry occurs for hydrated proton
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complexes in acetonitrile (see FT-IR spectroscopic analysis
in Supporting Information; Figures S7 and S8 and Table S2),
we are now in the position to decompose our experimental
O K-edge spectra of the [H*]:[H,0]=1.0:3.5 and
[H"]:[H,0]=1.0:8.0 solutions in acetonitrile: We deduce
spectra for the average inner H,O;" moiety (equivalent to a
[W1-H;O"-w2]/[HsO,*-w2] complex), and for the average
first hydration shell water molecules around it (made up by
w3 - w7, approximating that of [ H,O;"-(H,0); ]) (Fig-
ure 2b, see also Figure S3). We follow here the notion that
the electronic structure of w3, the water molecule forming
the third hydrogen bond with H;O* has its characteristics
inbetween that of w2 and to those of the next four hydration
shell molecules w4--w7, but closer to that of w4 than that of
w2. This means that from an electronic structure perspec-
tive, all three water molecules w1, w2 and w3 closest around
H,O0", appear to follow the trend: the smaller the maximum
value of the O--O distance distribution functions d(r), the
more frequency upshifted the respective calculated O K-
edge XAS contributions. We compare these to the H,O
monomer in acetonitrile solution in Figure 2b. We conclude
here that, in contrast to the symmetric Eigen complex H;O*
(H,0); in the gas phase,”**" solute-solvent interactions in
acetonitrile and in aqueous solution make the hydrogen
bond configuration around the central H;O" to typically
exhibit a large variation in hydrogen bond lengths/strengths.
Our findings are fully consistent with calculated distance
distribution functions reported before,'l and also with FT-
IR studies of hydrated proton complexes in acetonitrile,
where the absence of the O—H stretching spectral signature
of a symmetric Eigen complex H;O*(H,0); has been
demonstrated.

We find that orbital interactions and hydrogen bonding
in the inner H,O;" moiety are markedly different compared
to those of its hydration-shell water and the water monomer.
In addition to that, it is also clear that these interactions are
different in the first hydration shell water molecules
compared to those of H,0O monomer with significantly
reduced pre- and main-edge intensities and a significantly
shifted pre-edge peak. The spectral features of the hydra-
tion-shell water molecules appear to be intermediate
between those of the inner H,O;* complex and those of the
water monomer. The pre-edge peak energy in particular
turns out to correlate with the degree of interactions with
high energy for strong interactions and low energy for weak
interactions (see Figure 2d, an effect clearly observable in
the measured spectra in Figure 2c). We observe a substantial
frequency up-shift of the pre-edge peak of 0.2eV for the
hydration shell water compared to the water monomer
(along with an up-shift of 0.1 eV for the main-edge and
diminished scaled cross sections of ~30 % for both pre- and
main-edges). These spectral differences and pre-edge peak
shifts cannot be explained by increased water-water hydro-
gen-bonding interactions in the hydrated proton-complex
sample alone as we estimate such interactions to result in a
pre-edge up-shift of only 0.05 eV (see Figure S9).

To explain the measured spectral differences and the
pre-edge peak shifts in Figure 2, we compare calculated
spectra averaged over molecular configurations from our
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AIMD simulations of H;O;* and H;;O4" in acetonitrile (as
corresponding to concentrations of our two hydrated proton
complex measurements) with the calculated spectrum of the
water monomer in acetonitrile solution in Figure 4.

In good agreement with our [H*]:[H,0]=1:3.5 experi-
ment (Figure 2a), the calculated spectra in Figure 4a of the
different water molecules in H;O;" clearly show that the
contributions of the central H;O™" and the two coordinated
water molecules wl and w2 exhibit a dominant peak at or
above 540 eV (as the main- and post-edge contributions
merge into one peak) and comparably weak pre-edge peaks,
in marked difference to the water monomer spectrum. For
H;O" the main and post-edge peaks are caused by internal
orbital hybridization within the H;O* unit and by hybrid-
ization between H;O™ and the closest water molecules w1
and w2. The pre-edge in H;O" is strongly reduced with
respect to the water monomer by internal hybridization
associated with changes in molecular symmetry. Going from
C,, in the monomer to C,;, in H;O" reduces the amount of
p-character of the LUMOs probed by O 1s core
excitations!™)). Going to the next layer of water molecules,
the orbital interactions of wl and w2 due to their super-
strong and strong hydrogen bonds with the central H;O™"
unit, respectively, causes the large differences of their
spectra with respect to the water monomer. For a proper
Zundel motif the hybridization of the two most inner water
molecules sharing the proton in a superstrong hydrogen
bond likely are identical, as calculations using a quantum
treatment of the inner proton nuclear coordinate are
expected to confirm. This directly supports our experimen-
tally derived conclusion that all three water molecules in
H,0;" experience strong orbital mixing. Because the
spectral changes in the H;O"-wl-w2 sequence are largely
retained for the H;O;* inner moiety in the H;;Og*
simulation as shown in Figure 4b, strong orbital mixing also
dominates in the contribution of the H;O;" moiety in the
experimental spectrum measured at increased water content
(Figure 2b).

For the hydration shell water molecules w3 and beyond,
the H;,O4" simulation now enables us to explain and
quantify the longer distance electronic structure effect of
proton hydration beyond strong orbital mixing of those
water molecules that are not in direct vicinity. Interestingly,
the spectra of w3 and beyond are similar in shape to the
monomer spectrum but pre- and main-edge intensities are
not as large and the pre-edge peak is markedly shifted to
higher energies.

Regarding, first, the spectral shape, we observe, both in
experiment (Figure 2) and theory (Figure 4), that the further
away a given water molecule is from the proton, the more
closely its spectrum resembles that of the water monomer.
Hydration shell water w3, w4, ... obviously are hydrogen-
bonded to the inner H;O;" moiety via their lone pairs and
to the surrounding acetonitrile solvent through their respec-
tive O—H groups, but, given their spectral shape, the orbital
interactions this entails are markedly weaker than those for
wl and w2. We note that the calculated spectra of w6 and
w7 are nearly identical to that of the water monomer in
acetonitrile because our H;;Og* AIMD simulations fre-
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Figure 4. Theoretical O K-edge spectra sampled over AIMD simula-
tions, calculated using the half-core hole approximation, decomposed
by the respective contributions of the inner H;O" (dashed lines), first
closest neighbour H,O (solid lines), second neighbour H,0 (dash-
dotted lines) and water molecules at further distances (solid lines) for
(a) H,O monomer (orange) and H,O;" (purple), and (b) H,;0," (red,
yellow and orange), all dissolved in acetonitrile. The magnitudes are
scaled to each other. Panel (c) shows how for the individual water
molecules of H,,0;" in acetonitrile the change in dipole interaction
energy AU and the pre-edge frequency shift compares to the water
monomer as a function of the distance from H;0™.

quently contains an intact H;;04™ complex with w6 and w7
as two monomers with their lone pairs not involved in
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hydrogen bonding during the AIMD trajectories. From our
analysis of the experimental FT-IR spectra (see Figure S8c
and Table S2) we derive that intact hydrated proton
complexes contain water molecules at least up to w6, for an
average of 7.5 water molecules complexed with the proton
for [HI]:[H,O0]=1:8.

Regarding, second, the measured and calculated pre-
edge peak energies, we find that the further away a water
molecule is from the proton, the lower in energy the pre-
edge peak is. The calculated pre-edge peak shifts of H;O™,
wl, and w2 in H,O;™ of 0.4-0.8 eV (with respect to the water
monomer) and the measured shift of the experimental
H,0;* spectrum of 0.6 eV (with respect to the monomer
spectrum) agree well. Moreover, w4 and w5 in the H;,O4"
simulation correspond to the hydration-shell water contribu-
tions in experiment, and their calculated shifts of 0.3 eV and
0.2 eV with respect to the monomer, respectively, show
satisfactory agreement with experiment (hydration shell
spectrum with respect to monomer). These observations
motivate plotting in Figure 4c the calculated pre-edge shift
for the various water molecules of our H;;O3" AIMD
simulation as a function of distance to the central H;O*
unit. We find a clear trend that suggests that the magnitude
of the average pre-edge frequency shift for a given class of
water molecule w1, w2, ... in the hydrated proton complex
directly depends on the proximity of that class of water
molecule to the central H;O™ unit. At short distances the
spectrum is dominated by spectral changes due to orbital
interactions, whereas at larger distances the spectral shape is
constant but the trend of the pre-edge peak shift with
distance to the proton appears to prevail. Because for
distant molecules the influence of orbital interactions on the
spectrum is strongly decreased, the pre-edge peak frequency
position indicates a correlation due to an additional
electronic structure effect caused by the proton.

The pre-edge band is due to transitions of the oxygen 1s
core level to the strongly oriented and far-out reaching 4a,
orbital (see also Figure 1d,e,f). Our calculated spectra
indicate that the energy of this orbital as we probe it with
XAS shifts to higher energies the closer the given water
molecule is to the proton. We find that, the more a given
class of molecules is exposed to the electro-static field of the
proton, the larger this shift is. To confirm this observation
we evaluated the change in dipole energy AU, due to pre-
edge excitation in a water monomer (isolated gas-phase-
like). We placed this monomer in the electric field of a
proton charge and calculated AU, for varied distances to
the proton. We thus use this monomer as a test dipole to
estimate the effect of the proton electric field onto the pre-
edge orbital energy. We now plot the calculated values of
AU, as a function of distance to the proton for those water
molecules belonging to the different classes wl, w2, ..., in
our H;,O4" simulation in Figure 4c (AU, is set to zero for
the isolated case; “distance to the proton” and “distance to
H;0"” are used synonymously for simplicity). Apparently,
this simple model qualitatively reproduces the trend of the
calculated pre-edge shifts of wl, w2, etc. and the resulting
correlation lets us conclude that the observed pre-edge shift
is a measure of the electric field strength of the proton (with
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estimated values varying between 10 to more than
200 MV cm ™, see Figure S10 for electric field strengths as a
function to distance to the proton). The fields imposed by
the dipoles of the surrounding acetonitrile solvent molecules
amount to 20-30 MV cm~.[" The electrical fields due to the
positive charge of the proton clearly exceed the solvent-
induced fields by a factor of 2 for the hydration shell water
molecules to 7 for the two water molecules bound to H;O™
in the H;O;™ inner proton complex). With this finding we
conclude that the impact of the proton in modifying the
electronic structure of water extends to at least one
hydration shell around the H,O;" inner moiety. While the
hydration-shell water molecules are not significantly altered
by orbital interactions, they are mostly affected by the
Coulomb potential and the associated electric field of the
proton via a shift of their LUMO-4a, orbital energy. The
gradual transition we find for hydrated proton complexes
from dominant orbital interactions in defined molecular
geometries close to the proton to orbital energy shifts due to
the electric field of the proton at larger distances will
influence the way we quantify and control the interactions
of water molecules with protons in nature, ultrafast proton
transfer reactions in solution and in technological devices
based on proton transfer processes.

Conclusion

We have shown how, layer by layer, with soft x-ray
spectroscopy we can reveal to what extent the orbitals of
water molecules are affected by hydrating a proton. In a
combined experimental and theoretical study we find
orbital-specific markers that distinguish two main electronic-
structure effects: Local orbital interactions determine cova-
lent bonding between the proton and neigbouring water
molecules, while orbital-energy shifts measure the strength
of the extended electric field of the proton. The ensemble
average provided by the oxygen K-edge spectroscopic snap-
shots, as measured by the local core-excitations, provides a
direct insight into proton hydration beyond the conventional
Eigen and Zundel pictures of particular geometries, H;O*
(H,0); and H;0,", respectively. Our study provides a new
approach highlighting a gradual transition from strong
orbital interactions of the hydrated proton with proximal
water molecules to orbital-energy shifts induced in distal
water molecules, that will be of much use in steady-state
investigations of hydrated protons and time-resolved studies
of the underlying mechanisms of aqueous proton transport.
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