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Local probes of the ground state potential are essential for understanding hydrogen bonding20

in aqueous environments, which influences a vast array of processes in chemistry, biology and21

atmospheric science. When tuned to the dissociative core-excited state at the O1s pre-edge,22

resonant inelastic X-ray scattering (RIXS) back to the electronic ground state exhibits a long23

vibrational progression due to ultrafast nuclear dynamics1–3. We show here how the coherent24

evolution of the OH bonds around the core-excited oxygen provides access to high vibrational25

levels in liquid water. The OH bonds stretch into the long range part of the potential energy26

curve (PEC), which makes RIXS more sensitive than IR spectroscopy to the local environ-27

ment. We exploit this property to effectively probe hydrogen bond (HB) strength via the28

distribution of intramolecular OH PECs extracted from RIXS measurements. Establishing29

how sensitive the RIXS spectrum is to HB rearrangements, and the underlying structural30

implications, is a hotly debated2,4–9 issue. There have also been attempts2,4–9 to investigate31

the local structure in liquid water using the RIXS channel, in which the decay transition hap-32

pens between the non-bonding 1b1 lone-pair and the 1sO core-hole. However, we show here33

that the splitting emerging for pre-edge core-excitation has a purely dynamical origin and is34

primarily sensitive to the short range part of the PEC since the splitting is formed at short35

time-scales before fragmentation. Thereby, we establish how RIXS spectroscopy can be used36

as a structural probe in aqueous solution2,4–9.37

There are competing conceptions of the local structure of liquid water; Either as a continuum38

of different H-bonding configurations10–12, or as a mixture of two structural motives4,9. For enhanced39

insight, we derive the distribution of PECs of OH bonds with broken and intact HBs as reconstructed40
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from experimental RIXS data. The method of reconstruction is inspired by the observed breakdown41

of the one-to-one correspondence between RIXS peak positions and vibrational quantum numbers1,2.42

The suggested approach is based on a solid theoretical foundation composed of classical ab initio43

MD simulations, calculation of local potential energy surfaces from the sampled configurations,44

and quantum wave packet modelling of the nuclear motion in relevant degrees of freedom.45

Vibrationally resolved RIXS measurements of gas phase and liquid water, presented here46

(Fig. 1), were performed at the Swiss Light Source13 (see Methods). The photon frequency ω47

was tuned near resonance with the lowest core-excited state and the decay back to the ground48

electronic state was studied. In gas phase, core-excitation to the |O1s−14a1
1〉 state leads to ultra-fast49

dissociation along the OH bonds3,14,15. The propagation of the nuclear wave packet3,14,15 results50

in the long vibrational progression seen in both theory and experiment. In the liquid, however, we51

observe a strong shortening of the vibrational progression in comparison to the gas phase (Fig. 152

(a) and (b)). Our simulations show that this shortening arise from fluctuations in the OH PECs,53

reflecting the local HB environments (Fig. 1 (c)). These fluctuations affect mainly the long range54

part of the OH PEC and result in a variation of the high vibrational levels, seen in the partial55

density of vibrational states of the n-th group ρn(ε) (see Fig. 1 (d) and Methods) . Each groups is56

characterised by the group number n = n1 + n2
3, where n1 and n2 are the vibrational quantum57

numbers for the stretching modes along the OH bonds (see Methods). In Fig. 1 (d), we notice for58

n ≥ 2 a strong overlap of the partial density of states ρn belonging to different groups. Hence, the59

adjacent density of states ρm−1(ε) and ρm+1(ε) can contribute to the m-th peak. The high-energy60

part of the spectrum (& 3 eV) is smeared (Fig. 1 (a) and (b)) by fluctuations in local environment61
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into a smooth background (Fig. 1 (e)). Thus ρn qualitatively explains the shortening of the spectrum62

and the increasing peak width (see insert in Fig. 1 (b)). Because of the shared core-excitation, the63

OH bonds are coherently excited in RIXS, as illustrated by the nuclear wave packet in Fig. 2 (a),64

also in asymmetric environments. Our ab-initio RIXS analysis does not support previous empirical65

analyses of single bonds1 (dashed line in Fig. 2c) or of normal modes2.66

It has been argued that the X-ray spectra are sensitive to the local structure of the liquid67

water4,9–11,16. We investigated the sensitivity of RIXS to hydrogen bonding based on the classification68

of “double-donor” (D2) and “single-donor” (D1) structures, in which either both OH groups in69

the water molecule donate a hydrogen bond, or just one OH group (see Methods). The pre-edge70

region in the X-ray absorption spectrum (XAS) of liquid water has been ascribed to excitation of71

molecules in asymmetric HB environments (D1), where the assumed selectivity depends on the72

XAS simulation method16–19. The employed excited core-hole (XCH) approximation18,20 yields73

enhanced transitions dipole moments for D1 structures. Hence, the partial RIXS cross sections σD174

and σD2 in Fig. 2 (b) contribute almost equally to the RIXS profile, even though the D1 structures are75

in minority (only 20%) in our MD simulation (see Methods). The progression in σD2 is red-shifted76

with respect to σD1, since the D2 structures on average experience shallower potentials than the D177

structures. This red-shift together with their intrinsic spread allow us to explain the formation of a78

background in the total profile σ = σD1 + σD2 (see Fig. 1 (e) and Fig. 2 (d)).79

The simulated RIXS spectrum of an individual D1 configuration (Fig. 2 (d)) differs very much80

from the one in gas-phase (Fig. 1). The asymmetric environment leads to a complicated spectrum81
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formed by single bond excitations ((n1,0) and (0,n2)) and mixed bond excitations (n1, n2). We see82

from Fig. 2 (e) that the eigenvalues of the steep potential (weak HB) approximately match the peak83

positions of the total sampled RIXS spectrum in contrast to the shallow potential (strong HB) which84

shows considerable deviations as even two eigenvalues may belong to the same peak (Fig. 2 (d)).85

Neglecting this effect we obtain an artificially narrow distribution of OH potentials (see below and86

Fig. 3 (a)) not capturing the broad distribution of the OH PECs of liquid water seen in Fig. 2 (e).87

Thus, a key insight from the simulations is that to extract potential information, we need88

to design a method that allows for more than one vibrational eigenvalue to be located within the89

energy range around a given m-th peak in the observed RIXS progression. In a conservative attempt90

to estimate the confidence interval, we define this energy range ∆εm as the spacing between two91

adjacent minima of this peak and introduce the distribution of the number of vibrational eigenvalues92

per peak ordered according to the peak’s number (123456). For example93

weak or no HB (111111), (111112), (1)

strong HB (112212), (112222), · · · (2)

Our simulations show that no more than two vibrational eigenstates can belong to a given peak in the94

spectrum. The variation of the local environment leads to a variation in the eigenvalue distribution,95

which depends on the shape of the OH PEC: There is only one vibrational level within each peak96

for the steep potentials (weak or no- HB), the only exception being the peaks with m ≥ 6 (see97

eq. (1) and Fig. 2 (d)). In contrast, two vibrational levels of a shallow potential (HB) can lie within98
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the m-th peak, except for m = 1 (see eq. (2) and Fig. 2 (d)). Since the eigenvalues belonging to99

the m-th peak are only confined to a ∆εm interval, the constraints (Eqs. (1) and (2)) generate a100

distribution of PECs which defines the confidence interval of the OH potentials. To extract the101

confidence interval we designed a procedure (see Methods) using a genetic algorithm21 which was102

validated for the theoretical RIXS spectrum of liquid water (Fig. 1 (a)) and then applied to the103

experimental RIXS spectrum (Fig. 1 (b)) to extract a distribution of PECs in liquid water with a104

minimal model dependence. The constraint given by eq. (1) alone results in a narrow confidence105

interval (Fig. 3 (a)) which is associated solely with the OH potentials weakly affected by HB (steep106

potentials). In contrast, the constraint defined in eq. (2) results in a much wider distribution (Fig. 3107

(b)) related to various HB configurations. The total reconstructed confidence interval (Fig. 3 (c))108

comprises both narrow and shallow PECs. Thus, in spite of the inherent chaotic nature of liquid109

water, RIXS data provides the possibility to, within confidence intervals, separately determine PECs110

for OH groups involved in weak and strong HBs.111

The local HB enviroment has also been probed in electronically inelastic processes2,4–9; Decay112

channels in which the 1sO core hole is filled by a transition from the occupied lone-pair orbital113

1b1. This transition forms a split peak (Fig. 4) which has been attributed either to two distinct114

ground state structural motifs4,9 or to nuclear motion after core excitation2,5–8. Here, we investigate115

the very onset of the splitting by looking at the evolution of the RIXS spectrum as a function of116

detuning Ω, from below the pre-edge into the main edge of XAS. The extend of nuclear dynamics117

can be controlled via the effective scattering duration22 τ = 1/
√

Ω2 + Γ2, which monotonously118

approaches Γ−1 = 8 fs from <1 fs.119
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The experimental RIXS spectra shown in Fig. 4 display the striking quantitative coincidence120

of the ω-dependence of the 1b1 splitting in liquid and gas phases. This indicates the same dynamical121

origin of the splitting as recently established for the gas phase15 associated with the different122

dispersion laws of the pseudo-atomic and molecular peaks. The pseudo-atomic peak is formed due123

to the similar non-bonding characters of 1sO and lone-pair 1b1 orbitals which make the potential124

surfaces of core-excited and final states almost parallel already at moderate distortions (see Fig. 4125

(e)). Since both molecular and pseudo-atomic 1b1 peaks arise from decay near the equilibrium, the126

splitting is insensitive to HB fluctuations6. Environment-dependent fluctuations in emission energy127

near equilibrium can be characterised by a distribution function ρ(ω′1 − ω′). We can reconstruct the128

liquid spectrum σliquid(ω′, ω) by convolution of the experimental gas-phase spectrum σgas(ω
′, ω)129

with ρ(ω′1− ω′) (see Methods). In Fig. 4, the reconstructed spectrum σliquid(ω′, ω) is shown to be in130

good agreement with the experimental spectrum of liquid water.131

In conclusion, we show that both OH bonds are coherently excited in RIXS, also for hydrated132

water molecules. Fluctuation of the OH potentials with strong HB results in a shortening of the133

vibrational progression of RIXS in liquid water. The PECs for OH bonds with weak and strong HB134

are derived from RIXS to characterise HB strength. We show that the lone-pair (1b1) peak splitting135

is of dynamical origin, corroborating previous experimental observations of the large isotope effect136

on the 1b1 peak5,8 and contradicting a structural interpretation4,9 of the splitting.137
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Methods204

Experiment. The experimental RIXS spectra presented here were measured with the SAXES205

spectrometer13 at the RIXS end station of the ADRESS beam line23 at the Swiss Light Source.206

We utilised a flow-cell separating the sample from the vacuum by a Si3N4 window of 150 nm207

thickness with a ∼10 nm Au coating. The energy calibration was based on the O2 spectrum24. Due208

to breakdown of the windows in irradiation, the cell was moved every 10 min. To avoid errors209

from this procedure, the event lists of these individual scans were shifted to same energy scale210

by using a fit to the elastic line before joining them for a single one for further data processing.211

The experimental RIXS spectra shown here were measured for the photon energy tuned in the212

pre-edge peak (ω ≈ 535 eV for liquid water and ω ≈ 534.1 eV for gas phase water, respectively).213

The resonantly scattered photons were detected at a 90◦ angle from the incoming photons with a214

combined experimental resolution of 40 meV for liquid water and 75 meV for gas phase water,215

respectively.216

Quantum-classical theory of RIXS. The simulations of the RIXS spectrum of liquid water were

carried out employing a two level classical-quantum approach. First, the liquid phase was simulated

using ab-initio molecular dynamics MD of a 64-molecule system subject to periodic boundary

conditions. On the second step, cuts through the ground and core-excited potential energy surfaces

along both OH bonds were sampled over all 64 water molecules in a snapshot from the MD

simulation. These potentials energy curves (PEC) were used in quantum simulations of the partial

RIXS cross sections σk(ω, ω′) for each k-th molecule in the configuration. The total RIXS cross-

section of the scattering from the ground state (0) via the core-excited state (c) to the final electronic
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state (f) was calculated as the sum over these partial contributions

σ(ω′, ω) =
64∑
k=1

σk(ω, ω
′). (3)

In order to compute the vibrationally resolved RIXS, we use a quantum description of the OH

vibrations in liquid water. The Hamiltonian, in valence coordinates, on the electronic state i = 0, c, f

for each molecule

hik = − 1

2µ

(
∂2
R1

+ ∂2
R2

)
− cos θ0

mO

∂2
R1R2

+ V i
k (R1, R2), (4)

is approximated by assuming an independent bond approximation, V i
k (R1, R2) ≈ V i

k (R1, R
eq
2 ) +217

V i
k (Req

1 , R2)− V i
k (Req

1 , R
eq
2 ), with a frozen local environment, where R1 and R2 are the OH bond218

lengths of the k-th molecule; the label (eq) marks the equilibrium position; µ = mHmO/(mH+mO)219

where mH and mO are the masses of the hydrogen and oxygen atoms; θ0 is the equilibrium ∠HOH220

angle; and V i
k is the molecular potential along a OH bond of the k-th molecule in the configuration221

on the electronic state |i〉. The ground state vibrational spectrum of molecule k is then given by222

the time independent Schrödinger equation h0
k|φn1,n2〉 = εn1,n2|φn1,n2〉, where φn1,n2 is the 2D223

vibrational eigenstate with the respective energy εn1,n2 .224

The single molecule cross-sections were computed using the quantum wave packet formal-225
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ism3,14, as the half-Fourier transform of the auto-correlation function226

σk(ω, ω
′) =

|dkf,cdkc,0|2

π
(5)

×Re

∫ ∞
0

dt eı(ω−ω
′−ωk

f0+εk0,0+ıΓ)t〈Ψk(0)|Ψk(t)〉,

defined by the nuclear wave packets227

|Ψk(0)〉 =

∫ ∞
0

dt eı(ω−ω
k
i0+εk0,0+ıΓ)t|ψk(t)〉, (6)

|ψk(t)〉 = e−ıh
c
kt|φk0,0〉, |Ψk(t)〉 = e−ih

f
kt|Ψk(0)〉, .

Here dki,j is the transition dipole moment, at the equilibrium geometry, between the electronic228

states i and j for the k-th molecule. In liquid phase, the scattered X-ray photons are very likely to229

be reabsorbed by nearby molecules. We account for this effect by carrying out a self-absorption230

correction in the same fashion as in previous work14,25.231

In parallel with the RIXS cross section we use also the density of vibrational states

ρn(ε) =
64∑
k=1

∑
n1+n2=n

Φ(ε− εkn1,n2
+ εk0,0), (7)

where Φ(x) = exp(−x2/δ2)/δ
√
π, δ = 0.01 eV, n1 and n2 are the vibrational quantum numbers232

for the stretching modes along the OH bonds in the k-th water molecule.233

To reconstruct the liquid spectrum σliquid(ω′, ω) from the one in gas phase we convolute the
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experimental gas-phase spectrum σgas(ω
′, ω) with the distribution function ρ(ω′1 − ω′)

σliquid(ω′, ω) ≈
∞∫

−∞

σgas(ω
′
1, ω)ρ(ω′1 − ω′)dω′, (8)

where ρ(ω′1 − ω′) = exp
(
−4 ln 2(ω′

1−ω′)2

γ2

)
. The employed structural inhomogeneous broadening234

γ(FWHM) = 0.35eV is in reasonable agreement with the 0.45 eV value obtained using molecular235

dynamics simulations9.236

Computational details. For consistency of analysis, the wave-packet simulations were performed237

on the same configuration as our previously classical spectrum simulations6,7 of liquid water, which238

was obtained from ab initio MD simulations with periodic boundary conditions in the CPMD239

program26 using the gradient-corrected BLYP functional27,28 (See Ref.6,7 for further details).240

The dissociative 4a1 band was modelled with the excited core-hole method (XCH)18, based241

on density functional theory (DFT) in which the lowest lying core-excited state forms the pre-edge242

peak in both gas phase and liquid water. This level of theory has already been shown to accurately243

reproduce the pre-edge feature of XAS7,18 of liquid water which is the main focus of this article.244

The molecular potentials of and transition dipole moment between the ground state and the lowest245

O1s core-excited state were computed for each one of the 64 molecules in the sampled configuration.246

These unrestricted all-electron DFT calculations were performed using the GAPW method in247

CP2K20,29,30, employing the BLYP functional27,28, Ahlrichs-def2-QZVP basis sets31 and a plane248

wave cut-off of 300 Ry for the soft part of the density.249
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Extraction of confidence interval for OH potentials using a genetic algorithm. The potential

reconstruction procedure was based on a genetic algorithm (GA) and implemented with the help of

the deap python library21. The individuals were chosen to be a set of parameters which define the

model potential along the OH bond. To obtain the confidence interval for the OH potentials, from

the experimental RIXS data, we fitted the parameters (B, β, α, D) of the modified Morse potential

V (R) = VM(R) +BeβR, VM(R) = D
(
1− eαR

)2
, (9)

using the GA21 to search for potentials that satisfy the constraints defined by Eqs. (2) and (3) of the250

main text and described in the surrounding text.251

A random initial population (distribution of potentials) is then generated at the initial step252

and the evolutionary operations are applied to the population until convergence is reached as it is253

illustrated in Extended Data Fig. 1. The fitness criterion of our GA was based on the concept of a254

“vibrational eigenvalue distribution”, by which we consider whether a given eigenvalue lies within255

the width of a given peak ∆εm in the RIXS spectrum (Extended Data Fig. 2), we consider the first 6256

peaks (m=1,· · · , 6) of the experimental RIXS spectrum (which are the most relevant according to257

our analysis).258

Proof of principle. To verify the suggested reconstruction technique it is natural to apply it to the259

theoretical RIXS spectrum and to compare the obtained potentials with the original ones used to260

compute RIXS. The results of this test calculations depicted in Extended Data Fig. 3 shows a good261

agreement between the extracted confidence interval and true distribution of the OH potentials.262

16



Apparently, the method should not give exactly the same potential distributions as the input ones.263

This leads to some small differences between the discussed distributions.264

Local structure classification. Even though we recognise that hydrogen bonding is not universally

defined10–12,32–36, we employ a definition based on geometrical criteria16,33 In our article we use a

geometrical classification of the HB (Extended Data Fig. 4) which is similar to ref.16. The set of

structures which satisfy the constrain

ROO < 3.3 Å, Θ < 30◦ (10)

only for one OH bond we refer to as D1 (single donor) structures while the rest of the structures265

with both OH bonds forming HBs are referred to as D2 (double donor) structures.266

It is has been suggested that excitation at the pre-edge region of liquid water leads to the267

selection of OH bonds with a broken HB16,17,37, this motivates us to understand the role that this268

subset of structures alone plays in the formation of the RIXS spectrum of liquid water.269

Role of the method used for the transition dipole moment calculations on the relative con-270

tribution of D1 and D2 structures. There is a widely discussed problem of extraction of local271

structure information from RIXS measurements of liquids. Within the used MD simulations we272

obtained a proportion of 20% D1 structure and 80% D2 structures using the geometrical constraint273

introduced in the previous section. To check whether our combined theoretical/experimental analy-274

sis of RIXS can shed light on the relative contribution of these structures, we performed simulation275

of the RIXS profile for excitation at the pre-edge region, related to the dissociative core-excited state,276
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of the studied configuration using different techniques for computing transition dipole moments.277

Apparently, the relative contributions of D1 and D2 structures are very sensitive to the model used278

to compute the transition dipole moments.279

To show sharply this problem let us imagine that the transition dipole moment associated with280

D1 structures is much bigger than the ones for D2 structures, in this case we would arise to the281

erroneous conclusion that D1 structures dominate liquid water, when in fact it would only mean that282

RIXS would not “see” D2 structures. One should mention that similar questions are raised in XAS283

studies of liquid water7,16,17,38. Extended Data Fig. 5 displays this problem more accurately. We284

have used three techniques of calculation one of which exaggerates the transition dipole moment of285

D1 structures, namely the half core-hole (HCH) method20, and two which have a more balanced286

distribution, the full core-hole (FCH)20 and XCH methods. These three different techniques give the287

following relative contribution D1-D2 to the total RIXS profile: HCH 86%-14%, FCH 53%-47%288

and XCH 57%-43%. We see that 86% of D1 contribution in RIXS does not reflect the actual289

20% fraction of D1 structures in the configuration obtained from the MD simulations. In spite of290

that, Extended Data Fig. 5 shows that the total RIXS spectra for these three DFT-based techniques291

is almost the same. Thus we can not draw definite conclusions about the overall local structure292

configuration of liquid water from RIXS data, but we can clearly conclude that the configurations,293

which are actually probed at the XAS pre-edge, have a broad distribution of ground potential shapes.294

Role of the single bond approximation on RIXS . Now let us turn our attention to the single295

bond approximation usually used in analysis of RIXS of liquid water. In earlier studies1,2, it is296

suggested that the vibrational progression seen in RIXS may be understood simply in terms of a297
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Morse potential along a single OH bond, namely the one with a broken HB, which exists only in the298

D1 subset. As one can see from Extended Data Fig. 6a this approximation σsb
D1 does not match with299

the strict theoretical RIXS profile, σ.300

The single bond approximation which include all OH bonds (broken and intact) as well as301

all structures D1 and D2 gives even worse agreement (Extended Data Fig. 6b). The reason for this302

discrepancy is that the single bond approximation neglects that the both OH bonds are excited in303

scattering process coherently (this is seen in Fig. 2a and is accounted in strict RIXS profile) resulting304

the manifold of mixed excitations.305
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Figure 1: RIXS spectra of water in gas and liquid phases under 4a1 and pre-edge core excita-
tions, respectively. a) Theoretical RIXS spectra of gas phase and liquid water vs the energy loss
(ω − ω′). The insert shows energy of resonant excitation in the XAS of free water molecules and
liquid water. b) Experimental RIXS spectra of gas phase and liquid water. The insert compares
experimental (circles) and theoretical (squares) peak widths in meV as a function of the peak
number m. c) ab initio potential energy curves along the OH bonds for each of the 64 sampled
water molecules in liquid water d) Partial densities of the vibrational states ρn (see eq. (7)) and the
total density of states ρ =

∑
n ρn together with the RIXS profile σ. e) Overlap of the partial RIXS

cross sections results in the formation of a background shown in yellow (Compare with the overlap
of the partial densities of vibrational states (d))
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Figure 2: Role of coherent excitation of both OH bonds. a) The nuclear core-excited wave
packet squared shows coherent excitation of both OH bonds in a D2 configuration. b) Partial RIXS
cross sections σD1 and σD2. c) Partial contributions to the RIXS peak m = 1. The dashed curve
shows the result from the single bond approximation σsbD1

simulated including only the single OH
stretches with a broken HB. The vertical green bar shows the theoretical peak position of the RIXS
in gas phase water. Current DFT(BLYP) description gives a slight red-shift of the peaks relative to
experiment and to high-level calculations3,14,15. d) Total RIXS profile(blue) and assignment of RIXS
spectrum (yellow) of a single asymmetric D1 structure. e) All OH potentials(blue) of the sampled
configurations. Solid red and dashed green curves show the steep (no HB) and shallow (HB) OH
potentials of the D1 structure in (d). Subsets of eigenvalues εn1,0(solid red) and ε0,n2(dashed green)
in panels (d) and (e) assign the single bond excitations associated with potentials of corresponding
color while the subset εn1,n2 (blue) displays the mixed excitation overtones.
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Figure 3: Confidence intervals for OH potentials extracted from the experimental RIXS spec-
trum (Fig. 1 (b)) using a genetic algorithm. a) confidence interval for the PECs in the case of
weak HB, corresponding to the constraint in eq. (1); b) confidence interval for PECs of OH bonds
in the case of stronger HB (eq. (2)). c) The whole set of the PECs obtained by combining a) and b).
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Figure 4: Dynamical origin of the splitting of the 1b1 peak. Comparison of the dispersion of the
split components in experimental RIXS spectra of liquid (b) and gas phase water (c) at the pre-edge
region. The panels a) and d) indicating the corresponding excitation energies in the XAS pre-edge
region for liquid and gas phase water. Panel c) include theoretical gas-phase RIXS spectra (solid
lines). Solid lines in the panel b) show liquid spectra σliquid(ω′, ω) calculated by convolution of
the experimental gas phase spectra σgas(ω

′, ω) with the structure function ρ(ω′1 − ω′) (see eq.(8))
with FWHM=0.35 eV. Both liquid b) and gas phase c) spectra display a nondispersive component
(pseudo-atomic peak) and a molecular band following the Raman dispersion law. Panel e) illustrates
schematically how the pseudo-atomic peak is formed near (R = 3 a.u.) equilibrium as the PECs of
core-excited Uc(R) and final Uf (R) states become almost parallel: ∆U = Uc(R)−Uf (R) ≈ const.
The parameter ∆ ≈ 0.45 eV is the splitting between molecular and pseudo-atomic peaks on top of
the XAS resonance.
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Extended Data Fig. 1: Explanation of the reconstruction of the potentials through the genetic
algorithm (GA). Left panel shows that randomly generated initial distribution of the potentials
(without any constraints) leads to a quasi-continuum spectrum. Right panel displays the distribution
of the OH potentials selected by GA for two individual constraints: (111111) and (112212),
contained in eq.(2) and (3) of main text, respectively.
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Extended Data Fig. 2: Division of the spectrum into intervals, ∆εm. Experimental RIXS spectrum
and its Gaussian fit are shown by blue and orange, respectively. The division into intervals was
performed using the Gaussian fit.
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Extended Data Fig. 3: Validation of the confidence interval extraction. a) Distribution of the ab
initio potentials. b) Confidence interval reconstructed from the theoretical RIXS spectrum based on
the potentials shown in the panel (a).
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Extended Data Fig. 4: Hydrogen bond classification. a) schematic depiction of the local HB
classification employed. b) and c) Illustration of possible D2 and D1 structures, respectively.

Extended Data Fig. 5: The role of the method of calculations of transition dipole moment on
the RIXS profile. a) Comparison between the total RIXS profile and the theoretical ones computed
using transition dipole moments yielded by the HCH, FCH and XCH methods20. Total and partial
theoretical RIXS cross-sections for different local structure subsets computed with XCH (b) and
HCH (c) dipoles. The percentages show the contributions of D1 and D2 structures in the total RIXS
profile. Different quantum chemical methods result in different numbers because they give different
transition dipole moments. We omit here the FCH partial analysis because its almost identical to
the XCH case shown in panel (b).
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Extended Data Fig. 6: Non-validity of the single-bond model. (a)( comparison of total theoretical
RIXS spectrum σ (dark blue) and the RIXS composed only the non-hydrogen bonded potentials
σsbD1 (red) for all D1 structures (single bond calculations). (b) RIXS spectra considering a single
bond model for all OH bonds and all structures in the configuration σsb (green) alongside σsbD1.
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