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In resonant inelastic soft x-ray scattering (RIXS) from molecular and liquid sys-

tems, the interplay of ground state structural and core-excited state dynamical con-

tributions leads to complex spectral shapes that partially allow for ambiguous

interpretations. In this work, we dissect these contributions in oxygen K-edge

RIXS from liquid alcohols. We use the scattering into the electronic ground state as

an accurate measure of nuclear dynamics in the intermediate core-excited state of

the RIXS process. We determine the characteristic time in the core-excited state

until nuclear dynamics give a measurable contribution to the RIXS spectral profiles

to sdyn¼ 1.2 6 0.8 fs. By detuning the excitation energy below the absorption reso-

nance we reduce the effective scattering time below sdyn, and hence suppress these

dynamical contributions to a minimum. From the corresponding RIXS spectra of

liquid methanol, we retrieve the “dynamic-free” density of states and find that it is

described solely by the electronic states of the free methanol molecule. From this

and from the comparison of normal and deuterated methanol, we conclude that the

split peak structure found in the lone-pair emission region at non-resonant excita-

tion originates from dynamics in the O–H bond in the core-excited state. We find

no evidence that this split peak feature is a signature of distinct ground state struc-

tural complexes in liquid methanol. However, we demonstrate how changes in the

hydrogen bond coordination within the series of linear alcohols from methanol to

hexanol affect the split peak structure in the liquid alcohols. VC 2014 Author(s). All
article content, except where otherwise noted, is licensed under a Creative
Commons Attribution 3.0 Unported License. [http://dx.doi.org/10.1063/1.4897981]

I. INTRODUCTION

Soft x-ray spectroscopies are well-established electronic structure tools. Their ability to

probe local charge distributions in an element specific and symmetry resolved manner has been

demonstrated and exploited in numerous studies of molecules, solids, and surfaces to reveal

their structure and bonding as well as the dynamics of elementary chemical processes.1–3 In the

past decade, soft x-ray spectroscopies, furthermore, have been used increasingly to study the

structure of complex molecular and liquid systems. In particular, the fluctuating hydrogen bond

network in liquid water was investigated intensively.4–15

In x-ray emission (XE) spectroscopy and resonant inelastic x-ray scattering (RIXS) at the

oxygen K-edge of liquid water, a debate about ground state structural and core-excited state dy-

namical contributions to the measured spectra is ongoing.11,12,14,16,17 In particular, the origin of
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a splitting in the region of the 1b1 lone-pair derived emission feature is controversially dis-

cussed. On one hand, the two split components have been assigned to two distinct structural

motifs, denoted as high and low density liquid water, which coexist in the liquid phase. In this

picture, the splitting is primarily an intrinsic ground state feature of liquid water and originates

from an energy shift of the oxygen 1s core level between the two structural motifs.11,14 Here,

contributions from nuclear dynamics in the intermediate core-excited state of the RIXS process

are found to mainly cause an asymmetric broadening of the lone-pair emission line.18 On the

other hand, the splitting was interpreted fully as a dynamical effect resulting from nuclear

motion in the intermediate state.12,16,17 In this picture, the splitting is not a ground state prop-

erty of liquid water but induced by the core level excitation. Both interpretations have been

supported and challenged18–23 and no consensus seems to be found.

In this debate, surprisingly less attention has been given to the liquid alcohols, which also

show a splitting in the lone-pair region of the oxygen K-edge RIXS spectra.24–27 So far,

Kashtanov et al.26 performed the most detailed RIXS study of liquid methanol. With the help

of density functional theory calculations they assigned the two split components in the lone-

pair region to hydrogen bonded rings and chains, respectively, with a length of six or eight

molecules, which should dominate the structure of liquid methanol. Recent high-level molecular

dynamics simulations28,29 are at variance with this interpretation, and suggest that liquid metha-

nol consists mainly of hydrogen bonded chains with less than seven molecules, which may link

to branched aggregates. The core-excited state dynamical contributions in RIXS from liquid

alcohols have so far not been studied in detail.

In this work, we dissect the ground state structural and core-excited state dynamical contri-

butions in RIXS from liquid alcohols. We present experimental RIXS spectra of liquid metha-

nol in its normal (CH3OH) as well as in its deuterated form (CD3OD) and analyze the spectral

changes as the excitation energy is tuned below the absorption resonance. The concept of

effective scattering time30 enables us to control the degree of nuclear dynamics in the interme-

diate core-excited state of the RIXS process. The vibrational progression of elastic scattering

into the electronic ground state (participator decay) serves as an “internal clock” to measure

the degree of nuclear dynamics. We determine the characteristic time in the core-excited state

until nuclear dynamics have a measurable contribution to the RIXS spectral profiles for liquid

methanol. We use an approximation to the generalized Kramers-Heisenberg scattering formal-

ism to model the strongly detuned RIXS spectra, where nuclear dynamics in the intermediate

state is suppressed to a minimum. This way we are able to extract the “dynamic-free” local

partial density of states (DOS) of liquid methanol and find that it is fully described by the elec-

tronic states of the free methanol molecule. From the comparison of normal and deuterated

methanol, we find evidence that the split peak structure in the liquid alcohols originates from

dynamics in the O–H bond in the core-excited state. We propose a mechanism based on quali-

tative potential energy curves of the hydrogen bond donating OH group that explains the for-

mation of the split peak structure. In the series of the liquid alcohols from methanol to hexanol

the hydrogen bond environment gradually changes and we show how this affects the split peak

structure.

II. EXPERIMENTAL

The experimental procedures are depicted schematically in Figure 1(a). We recorded the x-

ray absorption (XA) spectrum of liquid methanol in transmission mode using the specialized

sample holder described by Schreck et al.31 The measurements were performed at the dipole

beamline PM3 at the synchrotron radiation source BESSY II of the Helmholtz-Zentrum Berlin.

We measured RIXS spectra from a liquid microjet in vacuum using the setup described by

Kunnus et al.32 The setup uses a Grace XES 350 x-ray emission spectrometer, which is

mounted under 90� with respect to the incident x-ray beam, Figure 1(a). We used linearly

polarized x-rays with the polarization vector in the scattering plane. In addition, we used this

setup to measure total fluorescence yield (TFY) XA spectra from the liquid jet with a GaAsP

photodiode (Hamamatsu, model G-112704) for the alcohols from methanol to hexanol. The
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measurements were performed at beamlines U41-PGM and UE52-SGM at the synchrotron radi-

ation source BESSY II of the Helmholtz-Zentrum Berlin.

For energy calibration of the incident x-ray beam in the RIXS measurements we used the

sharp p* XA peak of liquid acetone at 531.5 eV.27 We calibrated the emission energy scale

using the elastically scattered light. The energy scale of the transmission mode XA spectrum

was aligned by overlapping it with the TFY XA spectrum of liquid methanol, which was

recorded in the same experimental run as the RIXS measurements.

Samples were purchased from Sigma-Aldrich, had a purity of 99.5% or higher and were

used as received. Deuterated methanol was handled in nitrogen atmosphere only.

III. RESULTS

A. XA and RIXS spectra from liquid methanol

In Figure 1(b), we present an overview of the experimental data from liquid methanol

(CH3OH). The oxygen K-edge XA spectrum measured in transmission mode is presented to-

gether with respective RIXS spectra for excitation energies tuned through the XA resonance.

The XA spectrum features a broad resonance between 534 and 544 eV with a maximum at

around 538 eV and a weak shoulder on the low energy flank around 535 eV. The shoulder origi-

nates from the O–H anti-bonding r* orbital, as was established by density functional theory cal-

culations and comparison to gas phase data.33 In the broad absorption maximum, the C–O r*

orbital as well as 3p type Rydberg states overlap.33

The RIXS spectra in Figure 1(b) agree with previously published data.24–26 However, the

data presented here exhibit significantly increased signal-to-noise ratio, a slightly enhanced

spectral resolution as well as a broader range of excitation energies as compared to all publica-

tions that are known to the authors.

The non-resonant XE spectrum at 550.9 eV excitation energy features three well-separated

emission lines at around 515, 521, and 523 eV emission energy as well as the split peak struc-

ture mentioned in the introduction at around 527 eV emission energy.

As the incident photon energy is tuned to resonant excitations and consequently detuned

below resonance, the main changes in the RIXS spectra occur in the split peak structure. This

FIG. 1. X-ray absorption and emission spectroscopy (XAS and XES) as well as RIXS from liquid methanol: (a) Illustration

of the experimental procedures for XAS in transmission mode and XES/RIXS from a liquid jet. The simplified energy

scheme shows how in the one electron picture XAS and XES/RIXS probe the unoccupied and occupied DOS. (b)

Experimental XA spectrum of liquid methanol (CH3OH) together with the corresponding RIXS spectra for excitation ener-

gies tuned through the XA resonance. The RIXS spectra are offset by their respective excitation energy. Grey lines indicate

the excitation energies in the XA spectrum.
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structure collapses into a single peak and at the same time reveals a shoulder on its low energy

flank around 525.5 eV (see also Figure 2(b)). After close inspection, this weak shoulder can

also be identified in the non-resonant spectrum. All emission features undergo Raman disper-

sion, as the excitation energy is tuned below resonance. For strongly detuned excitation ener-

gies (below 533.3 eV) the emission lines get significantly broadened and the RIXS spectra turn

into one broad feature with weak substructure. We analyze this effect in detail in Sec. III C.

We observe elastic scattering, where the emission energy equals the excitation energy, for

incident photon energies below 536.3 eV. For higher excitation energies, the probability for the

excited electron to fill the core hole gets relatively small and we detect no elastic scattering

(not shown in Figure 1(b)). For the lowest excitation energies, the elastic peak is symmetric,

whereas it develops a low energy tail for higher excitation energies. This low energy tail is

related to nuclear dynamics in the intermediate state of the RIXS process, and we analyze this

in detail in Sec. III B.

B. Vibrational progression as a measure for nuclear dynamics in the core-excited state

We now concentrate on excitation energies in the low energy flank of the XA resonance

between 533.1 and 536.3 eV, where the major changes in the RIXS spectra occur. In Figure 2,

we present a zoom into the corresponding region of the XA spectrum (Figure 2(a)), the split

peak emission feature (Figure 2(b)) as well as the elastic scattering (Figure 2(c)).

We subdivide the spectral intensity around the elastic scattering (Figure 2(c)) into contribu-

tions from three distinctly different decay processes of the core-excited state. These decay proc-

esses are depicted schematically in Figure 2(e). First, the high-energy tail of decay into

electronic valence-excited states extends into the region of elastic scattering (light blue area in

Figure 2(c)). We model this intensity by interpolation between the high energy flank of the split

peak feature and the zero intensity at emission energies higher than the excitation energy.34

Second, there is purely elastic scattering at zero energy loss (green area in Figure 2(c)), which

corresponds to decay into the vibrational and electronic ground state. This intensity is modeled

by fitting a symmetric Gaussian peak centered at zero energy loss to the high energy flank of

the elastic scattering. The remaining spectral intensity (orange area in Figure 2(c)) corresponds

FIG. 2. Excitation energy detuning and control of nuclear dynamics in RIXS. (a) Low energy flank of the XA resonance.

(b) Split peak emission feature of the RIXS spectra excited in the XA flank and below the resonance. (c) Region of elastic

scattering for excitation in the XA flank and below the resonance. The spectral intensity is subdivided into the three decay

channels from the core-excited state, which are depicted in (e) of the figure. See main text for details. The experimental

data in (a)-(c) are the same as in Figure 1. (d) Probability for nuclear dynamics in the core-excited state as determined from

the intensities in (c). See main text for details. (e) Schematic illustration of how nuclear dynamics are manifested in the

vibrational progression.
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to decay into vibrational excited states of the electronic ground state, the vibrational progres-

sion. At very high spectral resolution, individual vibrational states are observed in the progres-

sion also for liquid systems.15,27,35 This is not the case in the present study. However, we

observe a significant decrease of intensity in the progression when the excitation energy is

detuned below the absorption resonance.

The vibrational progression and its collapse for detuned excitation energies are connected

to nuclear dynamics in the intermediate core-excited state of the RIXS process and to the con-

cept of the effective scattering time of RIXS.30,36,37 In a quantum mechanical picture, nuclear

dynamics in the intermediate state correspond to the propagation of the nuclear wave packet on

the core-excited state potential. The XA process projects the electronic and vibrational ground

state nuclear wave packet onto the core-excited state potential (Figure 2(e)). The ground state

wave packet will propagate on the excited state potential, since it is, in general, not an

Eigenstate of this potential. The propagated wave packet reaches Franck-Condon overlap with

vibrational excited states of the electronic ground state, and hence decay into these vibrational

excited states is possible. This gives rise to the vibrational progression. On the other hand, the

purely elastic scattering corresponds to the case, where the nuclear wave packet has not propa-

gated significantly on the excited state potential. That is, it results from decays immediately af-

ter the XA process.

The concept of effective scattering time determines for Raman-type scattering processes,

like RIXS, the time the system spends in the intermediate state. This time shortens upon detun-

ing the excitation energy from the scattering resonance and is given by30

sscat ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

X2 þ C2
ch

q : (1)

Here, X is the detuning and Cch is the core level lifetime broadening, which is directly con-

nected to the natural core hole lifetime sch¼ 1/Cch. Atomic units are used. The oxygen 1s core

hole lifetime is �4 fs.38

For a shortened effective scattering time, the nuclear wave packet has less time to propa-

gate on the excited state potential, and hence reaches overlap with less vibrational excited states

of the electronic ground state; the vibrational progression collapses.

We now use the relative intensity of the vibrational progression as a measure for the degree

of nuclear dynamics in the core-excited state. We define the probability Pdyn that the core-

excited state decays after significant nuclear dynamics give rise to vibrational progression in

the spectra. This probability can be determined from the experimental data in Figure 2(c) for

each excitation energy

Pdyn ¼
Avib

Avib þ Aelast

: (2)

Avib corresponds to the spectral intensity of the vibrational progression (orange area in

Figure 2(c)) and Aelast to the elastic scattering (green area in Figure 2(c)).

We depict Pdyn as a function of the excitation energy in Figure 2(d). Comparing the trend

of Pdyn to the evolution of the split peak structure in Figure 2(b), we find that the splitting starts

to appear at excitation energies, where also Pdyn gets significant. This is a first indicator that

the split peak structure in liquid methanol is related to nuclear dynamics in the intermediate

core-excited state of the RIXS process.

Within a “core hole clock”39–41 type of approach, we can now retrieve the characteristic

time sdyn until dynamics in the core-excited state have a measurable impact on the RIXS spec-

tral profiles. For simplicity, we assume an exponential rate Cdyn¼ 1/sdyn that describes nuclear

dynamics in the excited state. This is a good approximation as long as sdyn and sscat are on the

same order of magnitude (see Br€uhwiler et al.41 as well as references therein for a detailed dis-

cussion). Pdyn is connected to Cdyn and to the scattering rate (core hole decay) Cscat¼ 1/sscat by
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Pdyn ¼
Cdyn

Cscat þ Cdyn

: (3)

The scattering rate Cscat depends on the detuning X (Eq. (1)) and hence on the excitation

energy with respect to the resonance energy. A precise definition of the position of the lowest

scattering resonance is difficult for the broad XA spectrum in liquid methanol. However, the

resonance will be slightly below 535 eV close to the shoulder on the XA flank. For these excita-

tion energies, Pdyn has its maximum and is almost constant. For an isolated scattering resonance,

Pdyn should peak at the resonance position. We determine sdyn¼ 1.2 6 0.8 fs (see also Ref. 34)

using a scattering rate on resonance of Cscat¼ 1/4 fs–1 and an averaged value for Pdyn from excita-

tion energies around the resonance position (534.6, 534.8, and 535.0 eV). The relatively big uncer-

tainty in sdyn can be reduced by higher signal-to-noise ratio as well as by higher spectral resolu-

tion. Resolving single vibrational peaks in the vibrational progression would, e.g., allow for a

more accurate separation of purely elastic scattering and the vibrational progression.

We note that sdyn should not be associated with a dissociation time that characterizes the

breaking of a molecular bond. It rather quantifies the time after which nuclear dynamics in the

core-excited state have a measurable contribution to the RIXS spectral profiles. In that sense,

sdyn may decrease for higher spectral resolution, but the value determined here provides an

upper limit. Dissociation times were determined by other groups40,42 for different molecular

systems from Auger electron spectroscopy using a similar approach.

C. “Dynamic-free” DOS of liquid methanol

For a detuning of X� 1.5 eV, which corresponds to the lowest excitation energy used in

this work (533.1 eV), the effective scattering time is reduced to 0.2 fs. At this excitation energy

contributions from nuclear dynamics in the intermediate state are basically absent, which can

be seen directly from the absence of the orange shaded intensity in the corresponding spectrum

in Figure 2(c). Furthermore, the selectivity in the excitation process is lost at such detuned exci-

tation energies, since the excitation is into the Lorentzian tails of all excited states with almost

the same probability.43 This clears out resonance effects such as the enhancement of particular

chemical species. Accordingly, the strongly detuned RIXS spectra should give the best (free of

effects from nuclear dynamics and resonant excitation) measure of the local partial (oxygen p-

type) occupied DOS. However, a direct detailed analysis of these spectra is hindered due to the

broadening introduced at detuned excitation energies. This broadening has been observed before

in different systems and the corresponding spectra can be modeled by

IRIXS Ein;Eoutð Þ /
ðEloss

0

dEe

qu Eeð Þqo Eloss � Eeð Þ

X� Eeð Þ2 þ Cch

2

� �2
: (4)

This formula is based on the generalized Kramers-Heisenberg scattering formalism intro-

duced by Tulkki and Åberg.44,45 Jim�enez-Mier et al.46 followed an approach from Cowan47 and

were the first who presented Eq. (4) in the form used here. Other groups used a Green’s func-

tion approach48 or considered energy conservation in the scattering process49 to develop a very

similar expression.

In Eq. (4), Ein and Eout are the energy of the incident (excitation) and outgoing (emission)

photon. The integration is over all possible energies Ee of the excited electron in the intermedi-

ate state, which can take values between zero and Eloss¼Ein � Eout. X is the detuning of the

incident energy from the resonance energy Eres: X¼Ein � Eres. Cch is the natural core level

lifetime broadening. The spectral shape resulting from Eq. (4) is mostly determined by the

occupied (qo) and unoccupied (qu) local partial DOS and the detuning X. For excitation ener-

gies below resonance (X< 0), the Lorentzian in Eq. (4) has its maximum at negative Ee, i.e.,

outside the integration boundaries. For strong detuning (X � –Cch) only the Lorentzian tail is
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included in the integration, and Eq. (4) turns into a convolution of occupied and unoccupied

DOS.

In the hard x-ray regime, the approach from Tulkki and Åberg44,45 is used as an established

technique to retrieve (single shot) XA spectra from detuned RIXS spectra for, e.g., time

resolved XA spectroscopy.50–53 In the soft x-ray regime, the model was applied to describe

RIXS spectra of metals excited above and below threshold.43,49,54

We will use Eq. (4) to retrieve the “dynamic-free” occupied DOS from the RIXS spectra at

strong detuning. For this, we approximate the unoccupied DOS qu by the measured XA spec-

trum. To account for the core hole induced shift of the XA spectrum, we align qo and qu rela-

tive to each other.34 For the comparably broad and featureless XA spectrum of liquid methanol

core hole induced effects should mainly cause an energy shift and affect the shape of the spec-

trum marginally.1,55

To model the occupied DOS qo, we use a sum of five peaks with pseudo-Voigt profiles.

This five peak approach is motivated by the calculated non-resonant XE spectrum of the free

methanol molecule (Figure 3(a), dark green line), which shows five peaks corresponding to the

occupied valence orbitals of the methanol molecule in CS symmetry 4a0; 5a0; 1a00; 6a0; 7a0, and

2a00, where the 1a00 and 6a0 orbital are energetically almost fully degenerate and hence form

one peak.34,43 Details on the spectrum calculation can be found in the supplementary material.34

We fit the result of Eq. (4) to the experimental spectrum at 533.1 eV excitation energy by

numerically optimizing the peak amplitudes in our model for qo. The peak positions and widths

are approximated from the measured non-resonant XE spectrum. The resulting occupied DOS

qo, fit is depicted in Figure 3(a) together with the calculated non-resonant spectrum of the meth-

anol molecule as well as with the experimental non-resonant spectrum of the liquid.

We compare the fitted spectrum (qo¼qo, fit) to the experimental data in Figure 3(b). Here,

we also include the result of Eq. (4) when using the experimental non-resonant XE spectrum

for qo. The fitted spectrum reproduces the broadening as well as the weak substructure in the

experimental spectrum well. Minor deviations are present around 519 and above 526.5 eV emis-

sion energy. In contrast, the spectrum resulting from the non-resonant XE spectrum for qo

shows major deviations in particular in the spectral region that develops into the split peak

structure for higher excitation energies. The latter mismatch is a manifestation of nuclear dy-

namics in the core-excited state, which are present in the non-resonant XE spectrum used for

FIG. 3. Retrieving the “dynamic-free” DOS of liquid methanol. (a) Unoccupied DOS and the two models for the occupied

DOS as well as the calculated electronic states of the free methanol molecule on an energy scale relative to the onset of the

unoccupied states as used for application of Eq. (4). The orange Lorentzian peaks indicate the excitation energies used for

detuned (b) and non-resonant (c) excitation. (b) Experimental RIXS spectrum of liquid methanol at detuned excitation to-

gether with the fitted spectrum resulting from Eq. (4) with qo¼qo, fit as well the result of Eq. (4) when using the non-

resonant XE spectrum for qo. See (c) for the legend. (c) Same as (b) but for non-resonant excitation. (d) Comparison of ex-

perimental spectra and the results of Eq. (4) with qo¼qo, fit for all measured excitation energies.
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qo but suppressed in the experimental spectrum at detuned excitation. We can therefore, on the

other hand, denote qo, fit that resulted from the fit to the detuned spectrum as the occupied

“dynamic-free” DOS of liquid methanol. This “dynamic-free” DOS is solely based on the elec-

tronic states of the free methanol molecule. There is no need for additional states in qo, fit to

account for, e.g., distinct hydrogen bonded structural complexes in the liquid phase.

In Figure 3(c), we depict the results of Eq. (4) for the two approaches for qo together with

the experimental data, but now for non-resonant excitation. In this case, the Lorentzian in Eq.

(4) has its maximum inside the integration boundaries, and therefore, the unoccupied DOS qu

has only minor impact on the resulting spectrum. Consistently, the spectrum resulting from the

non-resonant XE spectrum for qo reproduces the experimental data at non-resonant excitation

almost fully. The spectrum resulting from the “dynamic-free” DOS qo, fit is lacking the domi-

nant split peak structure of the experimental spectrum. This confirms our tentative assignment

from Sec. III B that the split peak structure is mostly related to nuclear dynamics in the inter-

mediate state.

Finally, we apply Eq. (4) to all measured excitation energies using qo, fit for the occupied

DOS. We compare the results to the experimental data in Figure 3(d). The modeled spectra

reproduce the general trend of Raman dispersion up to the resonance position and development

of sharp spectral features for excitations above the resonance. However, for excitation energies,

where Pdyn becomes significant (around 533.7 eV—compare Figure 2(d)), the modeled spectra

clearly deviate from the experimental data. Most significant is the fast increase of the spectral

component that develops into the low energy split peak component as well as an energy shift

of the complete spectrum. For excitations around the O–H r* shoulder the intermediate state

has anti-bonding character with respect to the O–H bond. This enhances nuclear dynamics and

their effect on the RIXS spectra. In addition, screening effects23,56,57 from the excited electron

result in energy shifts (spectator shift) for resonant excitation energies.

D. Normal vs. deuterated methanol

To further investigate the impact of dynamics in the O–H(D) bond on the RIXS spectral

profiles, we compare now normal and deuterated methanol (CH3OH and CD3OD). For the

heavier isotope, these dynamics will be significantly slower.

In Figure 4, we present RIXS spectra of the two methanol forms for three characteristic ex-

citation energies: 535.3 eV (low energy flank), 538.3 eV (absorption maximum), and 549.8 eV

(non-resonant). We find a clear difference in the split peak structure between the two isotopes.

The low energy component is significantly reduced for deuterated methanol. The remaining

spectral features seem to be not sensitive to isotope substitution. This suggests that dynamics in

the O–H(D) bond are the main response to the core-excitation and are responsible for formation

of the split peak structure.

IV. DISCUSSION

A. Dynamics of the O–H bond and formation of the split peak structure

In this section, we propose a scenario that explains the formation of the split peak structure

due to dynamics in the O–H bond of the hydrogen bond donating OH group in the core-excited

state.

In Figure 5, we present qualitative one dimensional potential energy curves of a hydrogen

bond donating OH group along the O–H � � � O hydrogen bond coordinate. We depict those

states involved in the formation of the split peak structure at non-resonant excitation (ioniza-

tion): initial ground state, intermediate core-ionized state, and the 2a00 lone-pair-ionized final

state. We limit the discussion here to the 2a00 lone-pair-ionized final state, since this state gives

the biggest contribution to the split peak structure. However, also the 7a0 ionized final state will

contribute to some extent. The potential energy curves in Figure 5 are qualitative in the sense

that they are not the result of a quantum mechanical ab initio theory. But they are based on the

results of extensive calculations for the hydrogen bond donating OH group in the water
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dimer.18,58 Quantitatively methanol and water exhibit distinctly different potential energy curves

in ground and excited states, especially because of only one hydrogen bond donating OH group

in methanol. Yet, the characteristic features of the potentials will be the same for all hydrogen

bond donating OH groups, in particular, along the hydrogen bond coordinate. These characteris-

tic features are (see Figure 5): The ground state potential has a single minimum close to the

hydrogen bond donating oxygen atom. In the core-ionized state, the potential is repulsive with

respect to the initial covalent O–H bond, but bound by the hydrogen bond accepting oxygen

atom. The lone-pair-ionized state features a shallow double well potential with a minimum

close to each of the oxygen atoms.

Based on these potentials we can understand the formation of the split peak structure as

follows: In the core-ionized state, the nuclear wave packet delocalizes between the two oxygen

atoms. Hence, the wave packet reaches Franck-Condon overlap with vibrational states in both

minima of the lone-pair-ionized final state. Decays into the two minima result in emission at

different photon energies. The difference in emission energy depends on the exact shape of the

potential and the corresponding vibrational levels. Ljungberg et al.18 applied the full Kramers-

Heisenberg scattering formalism (in particular, including interference effects in the scattering

process38,59) to the quantitatively calculated potentials of the hydrogen bond donating molecule

in the water dimer. They found indeed a significant effect on the lone-pair emission line from

dynamics in the O–H bond. In their calculations, the vibronic transitions group into two regions

separated by about 0.5 eV in emission energy. After adding environmental as well as instrumen-

tal broadening, this two peak structure turned into one asymmetric peak for the simple model

water dimer. Ljungberg et al.18 interpret the split lone-pair peak in liquid water by the presence

of a second peak originating from differently hydrogen bonded species next to the lone-pair

peak in liquid water. The asymmetry of the lone-pair peak lifts the second peak, which explains

also the isotope effect in liquid water according to these authors.

Ljungberg et al.18 used a comparable short O–O distance of 2.75 Å, as found in water ice

to model a typical strong hydrogen bond. Using the O–O distances of liquid methanol as well

as including the methyl group in the calculations could increase the asymmetry of the lone-pair

emission line more towards a split peak structure as observed in our experimental data. We

note that the 7a
0

peak close to the lone-pair peak is lifted in intensity by the asymmetry of the

lone-pair peak similar to what Ljungberg et al.18 describe for liquid water. The 7a
0

state

FIG. 4. RIXS spectra of normal and deuterated methanol (D-Methanol) for three characteristic excitation energies.
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therefore partly contributes to the low energy component of the split peak. However, we can

not exclusively assign the low energy component to the 7a
0

state, since for excitation energies

between 534.8 and 535.5 eV (see Figures 1 and 2(b)), the 7a
0

state is well resolved next to the

two components of the lone-pair peak.

Within the, here, described mechanism, the collapse of the split peak structure into a single

emission line when detuning the excitation energy is analog to the collapse of the vibrational

progression for decay into the electronic ground state (compare Sec. III B). This narrowing of

emission features from electronic excited final states with detuning has been recently described

for liquid acetone and isopropanol.27,35

B. The effect of hydrogen bonding

The scenario for the formation of the split peak structure described in Sec. IV A applies

solely for hydrogen bond donating OH groups, since they just feature the repulsive but bound

potential in the core-ionized state and the double well potential in the lone-pair-ionized state.

For hydrogen bond accepting or non-hydrogen-bonded OH groups, the scenario will be quite

different. Felic�ıssimo et al.58 have calculated the O–H and O–O potentials of the geometry

FIG. 5. Proposed mechanism for the formation of the split peak emission feature: Shown are qualitative potential energy

curves along the O–H coordinate of a hydrogen bond donating OH group in the ground state, the oxygen 1s core-ionized

state and the lone-pair-ionized state.
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optimized water dimer for ionization at the donor and acceptor oxygen site. From the calculated

potentials it follows that ionization at the hydrogen bond accepting molecule does not result in

significant dynamics in the O–H bond. Instead, the O–O potential is slightly repulsive resulting

in a weakening of the hydrogen bond after core level ionization. Similar results have been

obtained by Odelius et al.10 For an OH group, that is accepting and donating a hydrogen bond

at the same time (as it is the case for most of the molecules in liquid alcohols28,29), the situa-

tion will be different again. Ultimately changes in the hydrogen bond configuration and strength

can influence the dynamics in the core-exited state and hence also affect the split peak structure

in RIXS spectra.

To verify this expected influence of the hydrogen bond environment on the RIXS spectral

profiles, we compare in Figure 6 RIXS spectra of the linear alcohols from methanol to hexanol

in the liquid phase. All alcohols feature a well-resolved split peak structure around 527 eV

emission energy for excitation at the absorption maximum (Figure 6(a)) as well as for non-

resonant excitation (Figure 6(b)). However, we observe variations in the relative intensities of

the two split peak components as a function of carbon chain length. We quantify these varia-

tions for both excitation energies in Figure 6(c), where the ratio of the two split peak compo-

nents (peak heights of the experimental data are divided) is shown as a function of the carbon

FIG. 6. Impact of the hydrogen bond network on the split peak structure. RIXS spectra for (a) resonant and (b) non-

resonant excitation of linear alcohols in the liquid phase with one to six carbon atoms (methanol to hexanol). The spectra

are offset for clarity. The corresponding XA spectra measured in total fluorescence yield are shown in the supplementary

material34 (c) Mean number of hydrogen bonds per molecule29 (red line) as a function carbon chain length together with

the ratio of the two split peak components (high-energy/low-energy). Thick and thin blue lines correspond to the ratio at

resonant and non-resonant excitation. A description of the error estimate is given in the supplementary material.34 All val-

ues are normalized to the value for methanol (left y-scale). The y-scale on the right gives the number of hydrogen bonds.
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chain length. We also include the mean number of hydrogen bonds per molecule in the liquid

as determined by Lehtola et al.29 We find a weak but clear correlation between the variation in

the split peak intensities and the mean number of hydrogen bonds. In particular, the anomalous

behavior of propanol (C3H7OH) of having the fewest hydrogen bonds per molecule is also

found in the RIXS spectra: The relative intensity of the high emission energy split peak is

smallest for propanol.

Accordingly, the split peak structure is also affected by the hydrogen bond environment,

even though it has a local molecular origin (dynamics of the O–H bond in the core-excited

state). Therefore, we expect that changes in the hydrogen bond environment induced by, e.g.,

temperature changes also affect the split peak structure.

V. SUMMARY AND CONCLUSIONS

We have performed an experimental RIXS study of liquid methanol in its normal (CH3OH)

and deuterated form (CD3OD) as well as of the liquid alcohols with longer carbon chains up to

hexanol. All liquid alcohols feature a split peak structure in the lone-pair emission region of the

non-resonant XE spectrum.

The high quality of the data from liquid methanol in terms of signal-to-noise ratio, spectral

resolution, and excitation energy range allowed for a detailed analysis of the vibrational pro-

gression of the decay into the electronic ground state and the connected nuclear dynamics in

the intermediate core-excited state.

We determined the characteristic time in the core-excited state until nuclear dynamics give

a measurable contribution to the RIXS spectral profiles to sdyn¼ 1.2 6 0.8 fs for liquid metha-

nol. By detuning the excitation energy from the absorption resonance, we reduced the effective

scattering time well below sdyn and hereby suppressed nuclear dynamics in the RIXS process to

a minimum.

From the RIXS spectra at strong detuning we retrieved the “dynamic-free” local partial

DOS of liquid methanol. The “dynamic-free” DOS is fully described by the electronic states of

the free methanol molecule and it features, in particular, no split peak structure in the lone-pair

region. This, together with the comparison of normal and deuterated methanol gave evidence

that the split peak structure in liquid alcohols originates from dynamics in the O–H bond in the

core-excited state.

We proposed a mechanism for the formation of the split peak structure that is based on

qualitative potential energy curves of the hydrogen bond donating OH group in the core- and

lone-pair-ionized state. In this picture, the splitting originates from the local dynamics of the

O–H bond in the core-excited state. At the same time, we showed that the splitting is also sen-

sitive to changes in the hydrogen bond network since the specific hydrogen bond configuration

has influence on the O–H bond dynamics.

We conclude that the split peak structure in RIXS spectra from liquid alcohols originates

from local dynamics of the O–H bond in the core-excited state of hydrogen bond donating OH

groups. The splitting is not a signature of distinct structural motifs in the liquid alcohols. This

finding is at variance with the study of Kashtanov et al.,26 where the two split components in

the lone-pair region have been assigned to hydrogen bonded rings and chains, respectively.

However, we note that our analysis does not exclude the existence of different structural motifs.

Our findings contribute to a better understanding of local molecular, dynamical, as well as

structural contributions in RIXS from the liquid phase. We expect that the detuning approach

and the retrieval of the “dynamic-free” DOS will find broader application in the investigation

of complex molecular and liquid systems.
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56H. Ågren, Y. Luo, F. Gel’mukhanov, and H. J. A. Jensen, “Screening in resonant x-ray emission of molecules,”
J. Electron Spectrosc. Relat. Phenom. 82, 125–134 (1996).

57P. Skytt, P. Glans, K. Gunnelin, J. Guo, J. Nordgren, Y. Luo, and H. Ågren, “Role of screening and angular distributions
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