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ABSTRACT: Protons in low-barrier superstrong hydrogen bonds are typically delocalized
between two electronegative atoms. Conventional methods to characterize such superstrong
hydrogen bonds are vibrational spectroscopy and diffraction techniques. We introduce soft X-
ray spectroscopy to uncover the electronic fingerprints for proton sharing in the protonated
imidazole dimer, a prototypical building block enabling effective proton transport in biology
and high-temperature fuel cells. Using nitrogen core excitations as a sensitive probe for the
protonation status, we identify the X-ray signature of a shared proton in the solvated imidazole
dimer in a combined experimental and theoretical approach. The degree of proton sharing is
examined as a function of structural variations that modify the shape of the low-barrier
potential in the superstrong hydrogen bond. We conclude by showing how the sensitivity to
the quantum distribution of proton motion in the double-well potential is reflected in the
spectral signature of the shared proton.

Low—barrier hydrogen bonds (LBHBs) constitute a special work on shared proton studies has focused on the hydrated

type of chemical bond where the pK, of the two proton complexes.'”"” In particular, there is major relevance of
heteroatoms are closely matched, allowing the hydrogen to these shared proton motifs within the context of proton
be more equally shared.'™> Especially short superstrong transport (von Grotthuss mechanism) where Zundel and
hydrogen bonds result in a heavy atom distance of <2.55 Eigen motifs are considered to be key structural config-
A>* LBHBs are understood to occur under particular urations." """ Insights into the dynamics of proton exchange
circumstances, enhancing enzymatic catalysis,é’7 or in proton have been obtained from nuclear magnetic resonance
transport in hydrogen fuel cells.*'° Until now, major methods (NMR),"* revealing that the average proton hopping time in
for the characterization of LBHBs comprised vibrational water is 1 ps, and from ultrafast infrared (IR) spectroscopy,
spectroscopy, diffraction techniques, and quantum chemistry which has allowed sequential steps and corresponding time
calculations. The most important conclusion drawn from these scales as well as possible geometri?gl_ lc;)nﬁguration involved in
studies is that there is a major change in the charge distribution this process to be deciphered. Ab initio molecular

dynamics (AIMD) simulations have shown an interconversion
between Eigen (hydronium)-like geometries and Zundel-like
geometries, with the major impact on hydrogen bond
rearrangements of the hydration shells.'”~*' Fluctuations in
the surrounding hydrogen bond network strongly influence
LBHBs and effectuate proton transfer in aqueous solu-
tion. 192225

The electronic structural properties of shared proton motifs
have been less explored. In recent years, soft X-ray spectros-
copy has emerged as an effective technique in this field, which,
thanks to its element specificity, enables targeted probing of

around the shared hydrogen atom and the electronegative
atoms forming the superstrong hydrogen bond. There is a clear
increase in the covalent over the electrostatic contributions
compared to those of common hydrogen bonds (known as
“weak” hydrogen bonds) such as in water. Superstrong
hydrogen bonds are different with respect to the potential
well of the hydrogen stretching mode: as opposed to an
anharmonic (Morse-type) single-well potential, the nature and
dynamics of shared protons are characterized by a double-well
potential, which may be symmetric or asymmetric. The central
barrier accompanying such a double-minimum potential is in
many cases so low that the v = 0 state lies above the barrier,

with distinctive consequences for the vibrational signa- Received: December 21, 2023
tures”' "> and the location of the proton (the v = 0 wave Revised:  January 19, 2024
function has its maximum halfway between the two electro- Accepted: January 23, 2024

negative atoms). Shared proton complexes are a subgroup of Published: January 26, 2024

LBHBs, where the net charge of the two units forming the
superstrong hydrogen bond is positive. The majority of the
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the heteroatoms engaged in hydrogen bonding. .**™** In

particular, we have investigated the hydrated proton complex
in acetonitrile solution and concluded that orbital interactions
of the water molecules directly hydrating the proton change
significantly compared to those of water (as a monomer in
acetonitrile solution or as part of an aqueous solution) .*’

In this letter, we aim to elucidate the fundamental steps
behind the excellent proton conductivity of imidazole, a
molecule that, just like water, is amphoteric and can mediate
proton transport in a similar sequential von Grotthuss-type
fashion.””™** Technical applications such as high-temperature
proton exchange membrane fuel cells,’”” enzymatic cataly-
sis,*~** and biological signal transduction™ rely on the special
hydrogen bonding capabilities of imidazole for their function-
ality.

Imidazoles and their hydrogen bonding interactions have
been the subjects of previous X-ray spectroscopic studies*’™**
utilizing the high sensitivity of core-level spectroscopy to the
local chemical and structural environment. Two well-separated
N K-edge resonances were observed due to the promotion of
an N, core electron either from the N—H side or from the N
lone-pair side of the imidazole molecule into the unoccupied
7% orbital. Both of these pre-edge transitions were also found
to undergo chemical shifts when comparing isolated imidazole
in the gas phase to the crystalline or solution phase, which can
be attributed to the formation of intermolecular hydrogen
bonds between the imidazole moieties and/or with solvent
molecules.*'

Here we demonstrate a joint experimental and theoretical
investigation of the solvated protonated imidazole dimer,
which represents the quintessential subunit of proton-
conducting imidazole chains. Under conditions where two
imidazole molecules have to accommodate a shared excess
proton, we scrutinize the formation of an LBHB and
characterize the associated double-well potential between the
two imidazole moieties. Starting with a IR spectroscopic
analysis where the peculiarities of various shared proton
species have already been benchmarked, we continue with
nitrogen K-edge absorption spectroscopy and aim at
identifying the electronic fingerprint of the protonated dimer.
With the help of theory, we address the question as to how the
degree of localization of the proton and thus the barrier height
and the symmetry of the potential are imprinted into the X-ray
signatures. To this end, we have explored the influence of
structural changes in the geometry of the dimers as well as the
role of the solvation shell and discuss the two limiting cases of
a rather localized proton and a quasi-barrier-free shared
proton. As a result, we are able to draw a conclusion on the
sensitivity of the X-ray probe as a novel method for
characterizing shared proton motifs and outline the implica-
tions for possible future studies. Complementary experimental
and computational data are presented in Figures S1—S12 and
Tables S1—S3 in the Supporting Information.

Figure 1 shows the IR absorption spectra of imidazole,
imidazolium, and a mixture of both in ethanol at multimolar
concentrations, providing the first insight into the effect of
excess protons on imidazole-containing solutions and allowing
conclusions to be drawn about the chemical speciation. The
spectra of pure HIm and HImH® consist of molecular
vibrations in the fingerprint region below 1700 cm™ and a
broader progression of peaks from the N—H stretching region
from 3200 to 2500 cm™'. In comparison, the spectrum
containing a 1:1 mixture of HIm and HImH" (ie, with a
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Figure 1. FTIR spectra of a mixture of imidazole with imidazolium
bromide (green; ¢ = 6 M each), pure imidazolium iodide (red; ¢ = 2.5
M), and imidazole (blue; ¢ = 6 M) in ethanol (light gray). Colored
bars indicate transitions of the pure compounds. Inset: ground-state
potential energy surface along the proton displacement coordinate of
the solvated HIm-H*-ImH dimer in its asymmetric (blue) and
symmetric (gray) geometries.

nominal excess of half a proton per imidazole molecule)
exhibits a peak at 2050 cm™" and a broadband offset over the
entire range of the spectrum from 600 to 3000 cm™}, not
observable in the spectra of the pure compounds. Similarly
broad absorption bands were previously observed for protons
solvated by H,O and attributed to the proton -transfer mode in
Zundel motifs and to combination modes and overtones of the
proton-transfer mode.*’ This so-called Zundel continuum was
attributed to the presence of a characteristic double-minimum
potential along the proton-transfer coordinate of the Zundel
cation, which is highly sensitive to fluctuating local electric
fields caused by the rapidly moving solvent environment.'®
Accordingly, we interpret the appearance of a broad absorption
continuum in the IR spectra of the imidazole/imidazolium
mixture as indicative of a superstrong Zundel-like hydrogen
bond between neighboring imidazole molecules sharing an
excess proton, namely, the HIm-H"-ImH dimer.

To corroborate this initial assumption, we performed DFT
calculations on the ground-state potential energy surface
(PES) of the HIm-H*-ImH dimer in which we account for
the solvent environment using a polarizable continuum model
and explicit solvation of the outer N—H groups. (See Figure S5
for a full overview of the calculated structures, optimized in the
Gaussian 16 software package.44_46) Similar to a previous
study of the isolated dimer,”” we find a global minimum
structure in which the planes of the heteroaromatic rings are
rotated by 90.6° with respect to each other and where the
central proton is found to be significantly closer to one side of
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the dimer with a N—H bond length of 1.097 A. This results in

two unequal rings, one of which has more imidazolium-like 150042) — Him .
character and the other that has an imidazole-like structure — HImH

(Figure S6). As a consequence, a rigid scan of the PES along
the N--H-'N coordinate with the dimer frozen in its global
minimum geometry yields an asymmetric double-well potential
shown in the inset of Figure 1. Notably, we obtain a barrier
height of 0.17 eV (~1400 cm™) from the optimized minimum
which is above the harmonic zero-point energy (ZPE) of 0.13
eV of the N—H stretch normal mode (v = 2160.54 cm™"). This
suggests a higher degree of localization of the excess proton on
one side of the dimer. In contrast, the geometrically relaxed
saddle point, where the shared proton is in the middle of the
dimer, yields a much reduced barrier height of 0.04 eV (i.e.,
well below the ZPE). The latter finding coincides qualitatively
with earlier gas-phase studies’’~*’ and, with its more
delocalized description of the shared proton, is in line with
the experimentally observed broad Zundel-like IR absorption
bands. Since the rigid scans are restricted to changing only one
parameter, the N—H distance, it is important to point out the
intrinsic multidimensionality of the system: additional degrees
of freedom of the imidazole moieties as well as fluctuations in
the solvation shell are known to influence the 6potential energy
landscape, experienced by the shared proton,'® and thus would
require the sampling of a whole range of structures via AIMD
simulations. However, as this is beyond the scope of this study,
we focus on the description of the asymmetric and symmetric
model potentials, which we also refer to as Asymm*” and
FlatSymm (Figure SS). In doing so, we take into account the
particularly important coordinate of the central N---N distance,
which shrinks from 2.660 to 2.561 A from the asymmetric to
the symmetric structure. From the Zundel water model, it is
known that the shape of the potential along the proton
displacement coordinate is strongly dependent on the
separation between the hydrogen bonding atoms, effectively
modulating the barrier height.19 In this respect, the two
presented structures are to be considered as limiting cases and
form the starting point for the ensuing discussion of the
experimental X-ray results.

Utilizing the capability of soft X-ray spectroscopy to report
on the protonation state of molecules from an electronic
structural point of view,”””" we have explored the impact of
sharing a proton in the HIm-H"-ImH complex on the nitrogen
core excitations. As depicted in Figure 2a, nitrogen K-edge
absorption spectra of imidazole, imidazolium, and their 1:1
mixture in ethanol were measured in transmission mode using
a liquid flatjet setup at the BESSY II synchrotron.’* >* Note
that the background of nonresonant contributions from the
solvent, counterions, and imidazole atoms other than nitrogen
was subtracted in a least-squares fitting routine based on
tabulated atomic absorption cross sections.”® In good agree-
ment with a previous study performed in H,O in total
fluorescence yield mode,"* our measurements reveal X-ray
absorption bands at 400.1 and 401.7 eV for HIm and at 401.5
eV for HImH". Owing to the two chemically different nitrogen
sites (N—H and N lone pair), these transitions with N, — 7*
character split into two peaks 1.6 eV apart for HIm, while the
symmetric HImH" gives rise to only a single transition.
Remarkably, the spacing between the two HIm resonances in
the condensed phase is significantly smaller than the value of
2.4 eV observed in the gas phase for isolated HIm.** This
observation underlines the ability of X-ray absorption spec-
troscopy to detect changes in the local charge density and
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Figure 2. a) Nitrogen K-edge absorption spectra of HIm and HImH"*
at c = 1 M in ethanol. b) Spectrum of a mixture of HIm and HImH (¢
= 0.5 M each) versus the arithmetic mean of the spectra for the
separate components and c) the difference between them (shaded
area: 68% confidence intervals). d) Spectrum derived for the HIm-H*-
ImH dimer.

electric potential caused by hydrogen bond donation and
acceptance via characteristic core-level shifts.

Turning now to the spectrum of the imidazole—imidazolium
mixture shown in Figure 2b, deviations from the arithmetic
mean of the individual spectra are observable. This becomes
most evident when looking at the difference spectrum (Figure
2c), where a new feature centered at 401 eV can be found,
accompanied by a reduced intensity at the peak positions of
HIm and HImH". In order to obtain a pure spectrum of the
HIm-H"-ImH dimer from the recorded spectra, knowledge of
the relative abundance of dimers in the investigated mixture is
required. Toward this end, the equilibrium constant for the
formation of the HIm-H*-ImH dimer was derived from a series
of FTIR measurements as a function of sample concentration
(Figure S1). We infer that a fraction of roughly 40% of the
imidazole molecules forms HIm-H'-ImH dimers at the
concentrations employed in the soft X-ray study (c(HIm) =
¢(HImH") = 0.5 M). Accordingly, we derived the pure dimer
spectrum in Figure 2d from the measured spectrum of the
mixture by subtracting a 60% contribution of the monomer
spectra. The main characteristic of the obtained spectrum is an
increased absorption strength in between the two N, — 7*
transitions, accompanied by a slight shift of the former N lone
pair peak to higher photon energies by 50 meV, while the
position of the second peak matches well with the value found
for the N—H side in HImH" at 401.5 eV.

The same experiment was also performed in water as solvent
and yielded a similar new absorption resonance right between

https://doi.org/10.1021/acs.jpclett.3c03576
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Figure 3. Computed XA spectra for a) HIm, b) HImH", and c) the HIm-H*-ImH complex in aqueous solution. Contributions of the individual N
sites to the spectra (black) are color-coded. Experimental data (green) were measured in water (monomers) and ethanol (HIm-H*-ImH dimer).
Solid bars mark the orbital character of excitations: red (z}), yellow (7§), green (6*), and black (other).

the known HIm and HImH" absorption features, albeit with a
lower magnitude (Figure S4). This can be rationalized by the
higher self-concentration of water (55.3 M) compared to that
of ethanol (17.1 M) and its higher polarity as a solvent, both of
which lead to a stronger solvation of the monomers® and a
lower proportion of HIm-H*-ImH dimers.

With the objective to explore how the sharing of the excess
proton in the HIm-H*-ImH dimer is reflected in the core
excitations at the chemically distinct nitrogen sites, we
simulated nitrogen K-edge spectra using time-dependent
density functional theory (TDDFT) in the ORCA-5.0.3 suite
of programs.*™*’"°° Various geometries, including the
asymmetric and symmetric dimer structure with or without
implicit solvation by water or ethanol, have been tested (Figure
S7). In general, our analysis did not reveal any relevant change
to the calculated spectral features when the polar solvent was
switched from ethanol to water (Figure S8). Thus, in all
further theoretical investigations presented, water was used as
the solvent. Lists of tabulated excitation energies can be found
in the Supporting Information (Tables S2 and S3).

The calculated spectra are shown in Figure 3 and are highly
consistent with the experimental results, as they correctly
reproduce all of the main pre-edge features. As discussed in the
Supporting Information, a constant energy shift of 12.238 eV is
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applied to all TDDFT transitions for alignment with the
experimental data. First, the monomer spectrum of HIm can be
disentangled into the contributions of its two nitrogen sides,
with the lower-energy pre-edge peak originating from N, with
the electron lone pair and the higher-energy core excitation
being assigned to N, in the N—H group. On the other hand,
the single intense peak in the pre-edge region of the HImH"
spectrum results from core excitations at the two, in this case,
equivalent nitrogen centers. Besides the characteristic large
core-level shift that accompanies protonation at the N, side,
the excitation energy at the N—H bonded N, side is also
affected and moves to lower photon energies (exp.: 0.25 eV/
calc.: 0.20 eV). Confirming the viability of our solvation model,
our simulations successfully account for the solvent-induced
narrowing in the separation of the pre-edge resonances in HIm
compared to the gas phase, which was also observed
experimentally (exp.: 1.65 eV/calc.: 1.48 eV) .*!

On turning to the HIm-H"-ImH dimer, the experimental
spectrum in the lower panel exhibits two strong peaks on the
pre-edge, the second of which is almost 2 times higher than the
first. There is also significant intensity in the region in between
both resonances. As we spectrally break down the computed
spectrum for the asymmetric HIm-H*-ImH model in Figure
3¢, the second resonance is found to originate from core

https://doi.org/10.1021/acs.jpclett.3c03576
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excitations of three different nitrogen atoms. The major
contribution stems from the N, and Nj sites forming the outer
two N—H groups, which act as hydrogen bond donating
centers to the surrounding solvent. Energetically, the two
associated transitions shown by the blue shaded areas are
barely separated at 401.43 and 401.53 eV and fall right in
between the calculated transition energies of the N—H group
in HIm (401.58 eV) and HImH" (401.38 eV). By contrast,
nitrogen centers N, and N, sharing the excess proton in the
dimer exhibit more distinct spectral signatures. N, is
responsible for the lowest-energy resonance at 400.23 eV
(red shaded area), coming close to the value of 400.1 eV for
the N lone pair side in HIm. Finally, the contribution of the N,
side, which is the one with the shorter N—H distance in the
asymmetric dimer, is intermediate in energy at 401.06 eV
(yellow-shaded area) and appears as a shoulder to the
resonances of the outer N—H groups in the calculated N K-
edge spectrum. Overall, the spectral simulations for the
asymmetric dimer paint the anticipated picture of a more
localized proton in which the inner nitrogen on one ring
largely retains its imidazole-like character while the hydrogen
bond on the other inner nitrogen is weakened compared to
HImH", leading to a significant red shift in core excitation
energy.

In our analysis, we have also assigned orbital character to the
major core-to-valence transitions in terms of both canonical
and natural transition orbitals (NTO) .°"%* In doing so, we go
beyond a previous combined X-ray fluorescence and
theoretical study of the HIm and HImH" monomers.”” We
find that the first three excitations from each N center (N and
N,) in the imidazole sample solutions correspond to equivalent
core excitations to valence orbitals with z§, #z¥, and o*
character in the HIm and HImH" moieties. The transitions in
the dimer species follow the equivalent core excitations of its
constituting monomers, where the four dominant features of
the pre-edge all have N, — #f character, as displayed in
Figures S9 and S10.

Considering that the spectral simulations at the global
minimum in the asymmetric dimer can provide insight into the
experimental reality only from the perspective of one particular
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limiting case, we computed soft X-ray spectra as a function of
the central N—H distance. Toward that end, we calculated the
potential energy surfaces of the ground state and lowest core
excited states for a rigid one-dimensional scan along the proton
displacement coordinate r in the HIm-H"-HIm complex,
basically mimicking the motion of the shared proton in an
asymmetric potential between the two inner nitrogen atoms.
Shown in Figure 4a (bottom) are the energy profiles of the first
four core excited states CES,_,, which are representative of the
pre-edge features in the X-ray absorption spectrum of the
HIm-H"-ImH complex and correspond to the Ny, — xf
excitations from the four chemically distinguishable nitrogen
sides. Notably, the PESs of CES, and CES, associated with the
excitations on the two inner nitrogen atoms exhibit vastly
different shapes and are well separated at both minima of the
ground-state PES. As the shared proton approaches the barrier,
the energy difference between them gradually decreases.
Ultimately, at the one-dimensional saddle point, the states
become nearly degenerate. On the contrary, CES; and CES,,
originating from excitations at the outer two nitrogen atoms of
the dimer, remain nearly degenerate along r and are similar in
shape to the ground-state potential. This entails immediate
consequences for the respective excitation energies plotted in
Figure 4a (top) and for the N—K edge spectra derived at
selected locations of the shared proton (Figure 4b). Because of
their similarity, the curves of core excitation energies for CES;
and CES, are almost identical and virtually flat, resulting in a
single peak at a constant energy of about 401.5 eV in the X-ray
spectra. Essentially, the two outer nitrogen atoms in the N—H
groups act more like local spectators and are not very sensitive
to the whereabouts of the shared proton. Most of the details
about the electronic structure of the LBHB complex lie in the
spectral X-ray signatures of CES; and CES, directly probing
the hydrogen-bonded inner nitrogen atoms. In the global
minimum geometry of the asymmetric dimer (solid black line,
r=1.1 A), the lowest-energy peak can be assigned to CES, and
corresponds to the core excitation on the “lone pair” nitrogen
side N, whereas the intermediate feature originates from CES,
(i.e., the nitrogen side N, where the shared proton is closer).
Upon movement of the proton along the N---H:--N axis toward
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the central barrier, the core excitation energies and thus also
the two peaks in the X-ray spectrum converge. CES; shifts to
higher energies as the N, side partially loses its imidazole
character due to the proton getting closer and vice versa for
CES, and the N, side. At r = 1.3 A (dashed line), the proton is
located exactly in the middle of the two inner nitrogen atoms
which become virtually identical from an X-ray spectroscopic
perspective. Evidently, an evenly shared proton generates a
spectrum with only two pre-edge transitions originating from
the two doubly degenerate core-level excitations at the inner
and outer nitrogen sides, respectively. A further movement of
the proton to the second, local minimum of the double
potential at 1.6 A results in a spectrum which resembles the
one obtained in the global minimum. However, since the sides
for the shared proton in the HIm-H*-ImH dimer have been
switched, the low-energy CES, is now localized at N, while
CES, now belongs to N,.

For comparison, we also computed the PES for the core
excited states in the symmetrically optimized dimer geometry
(Figure S11). We find that the core excitations acquired along
the proton-transfer coordinate are barely affected by the overall
geometry of the complex, mostly because the ground and core
excited states exhibit similar (a)symmetries which in all cases
lead to a quite equivalent progression of core excitation
energies and thus pre-edge peak positions. Deviations thereof
are mainly observable in the direct vicinity of the saddle point
of the central barrier in the asymmetric dimer.

Having benchmarked the sensitivity of soft X-ray spectros-
copy with respect to the exact positioning of the shared proton
in the double-minimum potential of the HIm-H*-ImH dimer,
it is further necessary to consider the relative contributions of
the various calculated spectra to the overall experimental result.
While a complete quantum dynamical description of the
nuclear wave function over a freely relaxed potential would be
desirable, this is beyond the scope of the current study.
Instead, with an estimation based on a numerical solution,®>**
we assessed the ground-state vibrational eigenfunction for the
central proton based on the symmetric and asymmetric
ground-state potentials, respectively (Figure Sa). The more
localized nature of the shared proton in the asymmetric case is
clearly reflected by the shape of the respective eigenfunction,
while the highest likeliness to locate the proton in the
symmetric case is right in between the two central nitrogen
atoms. To include this degree of localization and delocaliza-
tion, we have computed weighted X-ray absorption spectra
based on the density of the eigenfunctions. Each absorption
spectrum from Figure 4b is scaled according to its
corresponding contribution from the ground-state nuclear
eigenfunction and finally summed to generate an overall
spectrum for both the asymmetric and symmetric dimer
geometries. Results of this procedure are shown in Figure Sb
and compared to the single spectrum where the proton is
located in the global minimum of the asymmetric dimer. For
the asymmetric case, the analysis demonstrates that the shape
of the pre-edge features does not undergo significant changes
when the entire weighted distribution of the spectra is taken
into account instead of considering only the spectrum at the
global minimum. On the other hand, the spectrum in the
symmetric potential has a major contribution from core
excitations near the saddle point of the double-minimum
potential. In accordance with Figure 4b, this results in a single
broad peak which originates from the core excitations at both
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Figure 5. a) Ground-state potentials of the asymmetric (Asymm®")
and symmetric (FlatSymm) complex along the proton displacement
coordinate r and their corresponding nuclear eigenfunctions. b) XA
spectra calculated by weighting the distribution of spectra (Figure 4b)
by the amplitude of the eigenfunction in the asymmetric potential
(blue) and symmetric potential (dashed blue). For comparison, XA
spectrum at the minimum of the asymmetric structure (green).

of the inner nitrogen atoms, as a signature of the delocalized
nature of the equally shared proton.

Ultimately, in comparison to the measurement results, it has
to be taken into consideration that the theoretically
distinguishable level of detail is beyond reach experimentally,
not only for reasons of energy resolution but also because of
the proportion of complex formation and flat jet operating
stability at high molar concentrations. What can be inferred
from the experimental data, however, is that the spectrum of
the dimer retains the substantial character of the HIm and
HImH" monomers. The more subtle difference lies in an
increased absorption cross section halfway between those of
the N;; — 7 transitions indicative of the imidazole monomer
N lone pair and N—H functionalities. This would render the
scenario of a fully delocalized shared proton less likely, as the
HIm spectral signature is partially lost in the symmetric
structure, while a description that implies a certain degree of
localization leads to higher agreement between experiment and
theory (Figure Sb and Figure S12).

In summary, we show with this study how nitrogen core
excitations can be used to grasp the impact of the proton on
the electronic structure of protonated imidazole dimers, where
the proton is shared by two imidazole units in a superstrong
low-barrier hydrogen bond. As a main spectroscopic finding,
we identify an increased absorbance right in between the
known nitrogen K-edge transitions of pure imidazole and
imidazolium. DFT-based spectral calculations confirm the
assignment of the new feature as an electronic fingerprint of
the proton in a double-well potential. Instead of interrogating
the proton directly, we observe that the chemically distinct
nitrogen sites involved in the hydrogen bonding show a strong
dependence on the double-well potential energy of the proton-
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transfer mode. An asymmetric proton sharing potential with a
higher barrier for proton transfer results in a rather localized
proton with X-ray signatures reminiscent of the monomers. On
the other hand, with an increasingly symmetrical potential, the
spectroscopic characteristics of the internal nitrogen com-
pounds become more similar and finally are indistinguishable
in the state of a low-barrier superstrong hydrogen bond with a
fully delocalized proton. Proceeding from the two-case
scenario presented here, where the central N---N distance is
found to dictate the shape of the potential energy landscape for
the shared proton, further simulations could consider a wider
variety of geometries occurring in the fluctuating solvent
environment and incorporate the role of quantum phenomena
such as proton tunneling. Future exploration of the ultrafast
transient response of these nitrogen K-edge transitions would
lead to valuable information on the nature of the electronic
structural dynamics of the protonated imidazole dimer, be it
through inner hydrogen bond modulation of the two imidazole
units or the impact of the fluctuating solvent electrical field on
the positively charged inner proton.
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