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Abstract 

The occupied and unoccupied electronic structure of imidazole (C3N2H4) and imidazolium (C3N2H5
+
) in 

aqueous solutions is studied by x-ray emission spectroscopy (XES) and resonant inelastic soft x-ray 

scattering (RIXS). Both systems show distinct RIXS fingerprints with strong resonant effects. A 

comparison with calculated x-ray emission spectra of isolated imidazole and imidazolium suggests only a 

small influence of hydrogen bonding in the aqueous solution on the electronic structure of Im and ImH
+
,
 

and allows the attribution of specific spectral features to the non-equivalent nitrogen and carbon atoms in 

the molecules. In the case of nitrogen, this can also be achieved by site-selective resonant excitation. 

Furthermore, we find spectator shifts and symmetry selectivity in the RIXS spectra, as well as indications 

for rapid proton dynamics on the femtosecond timescale of the RIXS process, and derive the HOMO-

LUMO gaps for the two molecules in aqueous solution. 

 

Introduction 

Imidazole (C3N2H4, Im) is of high biological relevance, in particular as a building-block of the amino acid 

histidine, a subunit of the nucleobase purine, and many more. In addition to its biological relevance, 

imidazole also shows interesting proton transfer properties, which are utilized, in particular, to increase the 

performance of Nafion®-based proton exchange membranes (PEM) in fuel cells
1
 and for the development 

of new anhydrous proton-conductive materials
2
. The protonated version of imidazole, imidazolium 

(C3N2H5
+
, ImH

+
) represents an intermediate state during the proton transport and recently attracted 

particular interest in context of imidazolium-based ionic liquids, which create a complete new class of 

materials with a variety of unique and tunable properties
3
. 

In aqueous solution, a rapid (picosecond) exchange of protons between the two nitrogen atoms of Im was 

reported
4
. Due to this rapid exchange, the two nitrogen atoms of Im become indistinguishable for nuclear 

magnetic resonance spectroscopy (timescale of ~10
-5

 s)
5
, while they can be clearly distinguished by 
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photoelectron spectroscopy (PES, timescale of ~10
-17

 s)
6
, allowing the corresponding N 1s and C 1s core 

level positions in Im and ImH
+
 to be measured

6
. Using PES, the occupied valence electronic structure has 

been investigated as well
7
, but the spectrum is strongly dominated by solvent (i.e., water) contributions. 

Additional options are provided by other soft x-ray core level spectroscopies, namely x-ray absorption 

spectroscopy (XAS), x-ray emission spectroscopy (XES), and resonant inelastic soft x-ray scattering 

(RIXS), which promise atom- and, for non-equivalent atoms of the same kind, even site-specific 

information about the unoccupied (XAS, RIXS) and occupied (XES, RIXS) valence states, respectively. 

Recently, XAS has been used to study the self-association of Im at high concentrations in aqueous 

solution
8
, comparing the XAS spectra of Im in gas and solid phase, as well as of aqueous Im solutions. 

In this study, we use XES and RIXS to study both the occupied and unoccupied electronic structure of Im 

and ImH
+
 in aqueous solution at high concentrations. As will be demonstrated below, this allows for an 

atom- and site-specific evaluation of the valence states and, additionally, gives us information about 

symmetry properties of the involved molecular orbitals and insights into ultra-fast proton dynamics.  

Experimental Section 

XES and RIXS experiments were performed at the roll-up port of beamline 8.0.1 at the Advanced Light 

Source (ALS), Lawrence Berkeley National Laboratory (Berkeley, USA), using the dedicated Solid And 

Liquid Spectroscopic Analysis (SALSA) experimental station
9
. This setup is equipped with a temperature-

controlled flow-through liquid cell, in which the liquid is separated from ultra-high vacuum by a thin SiC 

(~150 nm, NTT) or Si3N4 (~100 nm, Silson) membrane and constantly refreshed with a frequency of ~700 

Hz to avoid beam damage effects. The emitted x-ray spectra of the liquids are detected using a high-

transmission soft x-ray spectrometer with a variable line space (VLS) grating
10

. For the present work, the 

combined resolving power E/∆E (both x-ray spectrometer and beamline) was set to be better than 1000. 

The angle between the beamline and spectrometer was approx. 42º in the polarization plane of the 

undulator. Excitation and emission energy scales at the N and C K edges were calibrated using the 
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absorption spectra of N2 gas
11

 and HOPG
12

, and the elastically scattered (Rayleigh) lines at these energies, 

respectively, leading to an uncertainty of the absolute energy scale of about ±0.2 eV. 

Im was purchased from Alfa Aesar (purity >98%) and used without further purification. Two approx. 5M 

aqueous Im solutions were prepared with pH-values well above the equilibrium pKs of 7.05 (Ref. 
13

) and 

used for the N K (pH-value of 10.3) and C K (pH = 11.1) measurements, respectively. Furthermore, two 

approx. 2.8 M ImH
+
 solutions were prepared by adding HCl to aqueous Im solutions, and used for the N K 

(pH = 1.8) and C K (pH = 0.3) measurements, respectively. Note that at these concentrations, x-ray 

diffraction
14

 and molecular dynamics simulations
15

 suggest that some of the Im molecules directly interact 

with other Im molecules forming stacks and/or chains in aqueous solution. 

XES and XAS spectra of an isolated imidazole molecule and an isolated imidazolium ion were calculated 

using the StoBe-DeMon package
16

. For geometry optimization and single-point calculations, Becke and 

Perdew exchange and correlation functionals
17–19

 were used. To describe the valence electrons, we 

employed a double-zeta basis
20

 and effective core potentials (ECPs)
21

 with a 321/311/1 basis set for 

hydrogen and carbon, respectively. For nitrogen, a triple-zeta basis
20

 was used. The core-excited atoms 

were described using diffuse IGLO-III basis sets
22

. The transition probabilities were calculated by the half 

core-hole transition potential method for XAS
23

 and based on the ground-state Kohn-Sham eigenstates for 

XES, respectively. The energies of the transitions were determined using a ∆(Kohn-Sham self-consistent 

field) approach that includes differential relativistic effects associated with the removal of one electron 

from the 1s orbital
23

. This procedure leads to a reasonably appropriate description of the absolute emission 

energies and, thus, only small additional shifts are necessary to align the calculated emission energies with 

the experimental spectra. These additional shifts are given in Table 1 (the labels of the different atoms 

used in Tab. 1 are defined in Fig. 1). 
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Results and Discussion 

Non-resonant x-ray emission spectra 

The non-resonant N K emission spectra of Im and ImH
+
 are shown in Figure 1 a) and b), respectively. 

Thick black lines represent the experimental spectra, vertical bars the calculated positions and transition 

probabilities of specific XES features, and lines of corresponding colors the calculations after broadening 

with Gaussian profiles. The line shape of each individual transition is determined by its vibrational 

envelope, which depends on the strength of the vibronic coupling for this transition
24

, together with 

experimental and lifetime broadening. This complex line shape was approximated by Gaussians; their 

width was varied from 1.0 eV for the peak with highest emission energy to 2.0 eV for the lowest energy 

peaks. A good agreement between the calculation and the experiment with distinct differences in the case 

of ImH
+
 (see discussion below) is achieved, which allows us to use the calculation for the assignment of 

the individual spectral features. Furthermore, we note that the rather good agreement between calculated 

(gas phase) and experimental (solution) spectra also suggests at most a small influence of hydrogen 

bonding in the aqueous solution on the electronic structure of Im and ImH
+
. 

The spectrum of Im is comprised of the contributions of the two non-equivalent nitrogen atoms in the 

molecule, shown in red (N1) and blue (N3) in Figure 1 a). The spectrum of N1 is dominated by a peak at 

~394.0 eV, which is attributed to final states with holes in the HOMO-1
 
and HOMO-2 levels. In contrast, 

no appreciable intensity is observed for the HOMO level due to the small wave function overlap of the 

HOMO orbital of Im with the N1 1s orbital. This is visible in Figure 2, where calculated isodensity 

surfaces of the three highest occupied and three lowest unoccupied molecular orbitals of Im and ImH
+
 are 

shown for a selected isosurface value (see Figure S1 in the Supplementary Information for the data 

obtained with another isosurface value). Here, we find the HOMO orbital to be located almost exclusively 

around the carbon atoms. 
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Towards lower emission energies, two additional spectral features at ~390.1 eV and ~385.8 eV, each 

consisting of several transitions, are observed in the N1 spectrum. Similar to the N1 spectrum, the N3 

spectrum consists of three main spectral features. We find that transitions with the same final state appear 

at 2.0 eV higher emission energy for N3 than for N1, which is predominantly attributed to the higher 

binding energy of the 1s orbital of N3 compared to N1. The respective binding energy shift (~1.7 eV) was 

directly observed in the photoelectron spectra of aqueous Im
6
. The difference between these values is 

attributed to the difference in the involved states (e.g., a core hole in the photoemission final state, 

interacting with the outgoing electron, vs. a valence hole in the final state of XES). Furthermore, the 

emission intensities of some transitions with the same final state differ significantly for N1 and N3. In 

particular, in the case of N3, no intensity is observed for HOMO and HOMO-1, while, compared to N1, a 

higher emission intensity is observed at the low energy peak (at ~387.7 eV for N1). This is caused by the 

corresponding wave function overlap, as can exemplarily be seen in Figure 2: HOMO and HOMO-2 are 

quite symmetric with respect to N1 and N3, and thus the corresponding lines have similar intensities for 

both these atoms, while the HOMO-1 orbital only overlaps considerably with N1 and not N3. 

For the protonated ImH
+
, the molecule has a C2v symmetry and the two nitrogen atoms N1 and N3 become 

equivalent, which leads to significant changes in the spectrum. The corresponding N1/N3 calculation 

(green in Fig. 1 b) broadly reproduces the main features of the experimental spectrum (thick black line). 

We assign the dominating peak at 395.3 eV to final states with a hole in the HOMO-1 orbital, while the 

small foot at ~397.1 eV is attributed to the HOMO orbital. The broad feature at 391.2 eV can be assigned 

to HOMO-2 through HOMO-4 with a prominent shoulder at ~390 eV, which we attribute to the HOMO-5 

orbital. Finally, we find a well-separated emission feature at ~386.7 eV (HOMO-6 to HOMO-8) and some 

weak intensity around 382.5 eV (HOMO-9). At ~393.8 eV, the experimental spectrum shows a distinct 

feature, which is not reproduced by the calculation. Possible origins for this feature are the interaction of 

ImH
+
 with the surrounding water molecules or ImH

+
 ions and/or nuclear dynamics on the timescale of the 

x-ray emission process, both of which are not included in the calculation, while beam damage effects can 

be excluded due to the high flow rate in the liquid cell. For aqueous ammonia, we have in fact shown 
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previously that a weak spectral signature of hydrogen bonding orbitals, which are formed by a wave-

function overlap with the neighboring water molecules, can be observed in-between the emission lines of 

the dissolved molecule
25

. However, similar to the case of aqueous ammonia, we expect the wave function 

overlap to be small. Hence, it appears more likely to assign the intensity at ~393.8 eV to nuclear dynamics 

(i.e., the removal of a proton on the timescale of the x-ray emission process). In a simple approximation, 

we “simulate” this effect by adding the calculated N1 spectrum of Im (called “N1
*
” in Figure 1 b) to the 

calculated ImH
+
 spectrum. The theoretical spectra were weighted such that a reasonable agreement of the 

sum (shown with a black thin line) with the experimental spectrum is obtained. Similar ultra-fast proton 

dynamics on the timescale of the x-ray emission process have been observed for a number of small 

molecules, both in solution
25–35

, as well as in gas phase
25,36–38

. Its occurrence highly depends on the 

potential energy surface in the excited state, which in turn can be influenced by the interaction with the 

surrounding molecules
25,27,28,31,39

 (e.g., hydrogen bonding in a solution environment) or salt ions
40–42

. For 

the investigated ImH
+
 solution, neighboring molecules of ImH

+
 can be both water molecules as well as 

other ImH
+
 ions. Following the approach in Ref. 

43
, the ratio ������� between the spectral intensity of 

intact molecules and the total intensity, together with the N 1s core-hole life time τ of ~6.4 fs
44

, can be 

used to give an estimate for the dissociation time �� = −� ∙ 	ln	(1 − �������). We derive a value of ~13 fs. 

Complementary to the N K measurements, the valence electronic structure at the location of the carbon 

atoms is probed by the C K emission spectra depicted in Figure 1 c) and d) for Im and ImH
+
, respectively. 

Again, the calculated spectra were broadened with Gaussian profiles. Here, the widths were varied from 

0.7 eV for Im (1.0 eV for Im
+
) for the peak with highest emission energy to 1.3 eV for Im (2.0 eV for Im

+
) 

for the lowest energy peaks for best spectral agreement. In contrast to the N K emission, strong intensity 

from transitions resulting in final states with a hole in the HOMO level can be observed in the C K 

emission spectrum of Im, caused by the strong overlap of the HOMO with the 1s orbitals of all carbon 

atoms. The calculated spectra of the three non-equivalent carbon atoms are shifted with respect to each 

other by 0.8 eV (C4 vs. C2) and 1.2 eV (C5 vs. C2), which correlates with the analogous shifts observed 

for the C 1s photoelectron spectra of aqueous Im
6
. In the experimental C K spectra, the HOMO levels give 
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rise to two emission lines at ~283.2 eV (C2) and ~282.1 eV (C4 and C5 combined). Furthermore, a weak 

line at 280.5 eV, an intense and broad feature around 276.9 eV, and another broad feature around 273.3 

eV are found. In addition to these emission lines, a weak feature at ~286.0 eV is observed, which is not 

reproduced in the calculated spectrum. We tentatively attribute this feature to emission from a core-

excitonic state
45

. 

Compared to the N atoms, the C atoms are much less affected by the protonation of the Im molecule. 

Consequently, the C K emission spectra of ImH
+
 and Im show only small differences. In detail, we find a 

small shift of the HOMO → C 1s (C2) transition to lower emission energies, and the feature at ~280.5 eV 

in the spectrum of Im is less pronounced for ImH
+
. 

RIXS data 

After the detailed assignment of the spectral features in the non-resonant emission spectra, the RIXS maps 

of Im and ImH
+
 at the N K and C K edges will be discussed in the following. In these maps, presented in 

Figure 3, the intensity is color-coded as a function of emission and excitation energies. The maps can be 

divided into the participant and spectator regions. The participant region is located at higher emission 

energies, and the respective electronic final states correspond to the electronic ground state. The most 

prominent feature in this region is the Rayleigh line (i.e., the elastically scattered photons), which is 

visible as a diagonal line at equal excitation and emission energies. For excitation around the lower-lying 

absorption resonances (N K: at ~400.1 eV for Im and ~401.7 eV for ImH
+
; C K: at ~286.9 eV for Im and 

ImH
+
), a resonant increase in the Rayleigh line intensity is observed. This can be attributed to the 

formation of core-excitonic intermediate states, which enhances the probability for this specific decay 

channel
45

. At the same excitation energies, we find intensity extending from the elastic line to lower 

emission energies. This intensity can be attributed to emission with both, core-excitonic intermediate 

states, as well as vibronically-excited final states
46

. A closer look at all four maps reveals that the 

resonances of the Rayleigh line appear at slightly lower excitation energies than the inelastic tails of this 

Page 8 of 25Physical Chemistry Chemical Physics



9 
 

line, which can be explained by the interplay between wave packet dynamics in the intermediate state and 

the reduced duration time of the x-ray emission process for detuned excitation
27,46

. 

Below the absorption edge (Im and ImH
+
) and at an excitation energy of ~403.2 eV (ImH

+
), a loss feature 

is found in the N K RIXS maps that shifts parallel to the Rayleigh line. This is indicated by the dashed 

yellow line in Figure 3. Taking into account the vanishing transition probabilities for HOMO (Im and 

ImH
+
) and HOMO-1 (Im), we attribute this loss feature to a HOMO-2 to LUMO transition for Im, and 

HOMO-1 to LUMO transition for ImH
+
. This allows us to estimate the "optical“ HOMO-LUMO gap (i.e., 

including a valence exciton). For Im, the loss feature appears 7.0 eV below the Rayleigh line, which, 

together with the calculated separation between HOMO and HOMO-2 from Table S1, where the 

calculated orbital energies for Im and ImH
+
 are presented, gives a HOMO-LUMO gap of 5.9 eV. This 

value is about 13% larger than our calculated gas phase HOMO-LUMO gap for Im (5.2 eV), and can also 

be compared to calculated values from literature (using a B3LYP functional) of 6.05 eV for gas phase and 

6.53 eV for aqueous Im
47

. Note that a detailed study comparing the results of different functionals
48

 found 

that the HOMO-LUMO gaps calculated with DFT using Becke and Perdew functionals, as in the present 

work, are usually close to the experimental value. In contrast, calculations using a B3LYP functional 

slightly overestimate this gap. We thus attribute the difference between our calculated and experimental 

values to the difference between Im in gas phase and aqueous solution. For ImH
+
, the loss feature is found 

at 7.2 eV below the Rayleigh line. Together with the separation between HOMO and HOMO-1 from 

Table S1, we derive a value of 5.4 eV. This is slightly larger than our calculated value of 5.2 eV. Again, 

the difference might be attributed to the influence of the aqueous environment.  

The spectator region, at emission energies below 397 eV (N K) and 284 eV (C K), corresponds to valence 

hole final states. Strong changes in peak positions and their relative and absolute intensities are observed 

upon variation of the excitation energy. For the detailed discussion of this region, we will also use the 

spectra presented in Figures 4 and 5. In Figure 4, partial fluorescence yield XAS spectra, derived from the 

maps in Figure 3 by integrating the emission intensity of the entire spectator region for each excitation 
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energy, are shown as thick black lines. Calculations are depicted below the experimental spectra using the 

same color code as in Figure 1. Calculations were broadened with Gaussians with full-width-of-half-

maximum values of 0.8 eV (LUMO and LUMO+1 transitions) and 2.0 eV (all other transitions) for N K 

XAS and 0.6 eV (LUMO and LUMO+1 transitions) and 2.0 eV (all other transitions) for C K XAS.  

Overall, a reasonable agreement between experiment and theory is achieved. The most prominent 

discrepancy occurs for the N K XAS spectrum of Im, where the calculation exhibits the LUMO+1 

resonance in the N1 spectrum at 401.0 eV, whereas, in the experimental spectrum, no such peak is 

observed. This discrepancy can likely be attributed to the differences between Im in the gas phase 

(corresponding to isolated molecules as calculated) and in aqueous solution (experimental spectrum). In 

fact, the experimental electron energy loss spectrum (EELS) of gas-phase Im does exhibit a distinct peak 

around 401 eV
49

 like in our calculation, while the experimental XAS spectrum of aqueous imidazole and 

the calculated spectrum of a small imidazole-water cluster do not exhibit this feature
8
. In fact, the 

influence of hydrogen bonding on the N K XAS spectra of a variety of small molecules in aqueous 

solution has been studied previously
8,25,35,50,51

. In particular, it was found that the hydrogen bonding 

environment can lead to energetic shifts of the peaks as well as to changes in relative emission intensities 

and an inhomogeneous broadening in the spectra. Based on these considerations and the comparison 

between experiment and calculations, the two resonances at 400.1 eV and 401.7 eV can be predominantly 

associated with transitions from the 1s levels of N1 and N3 to the LUMO, respectively. The weak feature 

at 403.3 eV can be assigned to the N3 1s � LUMO+1 transition. Note that the intensity of this feature is 

overestimated in the calculation, which again might be attributed to differences between gas and liquid 

phase. For ImH
+
, both nitrogen atoms are protonated and thus the first peak in the XAS spectrum 

vanishes. This is reproduced by the gas-phase calculation and in accordance with both the experimental 

and calculated N K spectra of fully protonated histidine, which contains nitrogen atoms in very similar 

environments
35

.  
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The C K spectra of both molecules are quite similar and are dominated by a broad peak at ~287 eV. For 

Im, this peak contains transitions from the 1s levels of all carbon atoms to the LUMO, while only C5 

exhibits a strong matrix element for transitions to LUMO+1 (compare also the overlap between the 

calculated molecular orbitals in Figure 2 with the respective 1s orbitals). In the case of ImH
+
, the main 

peak can be assigned to C2 1s � LUMO as well as C4/C5 1s � LUMO and LUMO+1 transitions. 

The XAS spectra discussed above are reflected in the RIXS maps in Figure 3 as intensity variations in the 

excitation energy direction (i.e., vertical cuts). Taking horizontal cuts from the maps, we can now 

investigate the RIXS spectra at specific absorption resonances, which allows us to probe specific atomic 

sites and selected unoccupied molecular orbitals of the molecules. Figure 5 a) and b) shows N K RIXS 

spectra taken at selected excitation energies, which are also marked with white dashed lines in Figure 3, in 

comparison with the non-resonant spectra with an excitation energy of 424.0 eV (taken from Fig. 1).  

The N K emission spectrum of Im with excitation at the first absorption resonance (400.1 eV, Figure 5 a, 

bottom) exhibits three main spectral features in the spectator region at 384.6, 390.1, and 393.1 eV, as well 

as the Rayleigh line at 400.1 eV. On the low emission-energy side of the Rayleigh line, a broad shoulder is 

observed that can be attributed to the excitation of vibrations in the final state. As discussed above, 

exclusively N1 is excited at the first absorption resonance. Taking this into account, the calculated N K 

emission spectrum for N1 (red) is shown for comparison after shifting it by 1.0 eV to lower emission 

energies with respect to non-resonant excitation, to account for the spectator shift
52

. It reproduces the 

experimental spectrum quite well, which suggests that in this case the spectral changes are mainly caused 

by the selective excitation of only this particular nitrogen site (N1). Similarly, the spectrum at the second 

absorption resonance (401.7 eV) strongly resembles the calculated spectrum for N3 only (shown in blue 

after shifting by 1.5 eV to lower emission energies), while as discussed above, the non-resonant spectrum 

is a superposition of the contributions from N1 and N3. 

In the case of ImH
+
, only the elastic line and no spectator emission is observed for excitation at 400.1 eV 

(Figure 5 b, bottom), in full agreement with the RIXS map (Figure 3 b). Comparing the spectrum excited 
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at 401.7 eV with the non-resonant one, we observe a shift of the main spectral features to lower emission 

energies, which can be attributed to spectator shifts. Furthermore, significant changes of the relative peak 

intensities are observed. While the center region of the spectrum (around 391.0 eV) becomes more 

prominent, we find reduced relative intensities of the features at approx. 396.0 eV and 393.9 eV. This can 

be attributed to symmetry selection
53

 for excitation into the LUMO, reducing the intensity of emission 

involving the HOMO-1. In a simplified picture, which approximates the symmetry of the LUMO level by 

an ungerade symmetry and HOMO and HOMO-1 by a gerade symmetry, the corresponding transitions 

become forbidden. The fact that the corresponding emission line is still present and only reduced in 

intensity with respect to non-resonant excitation is likely due to the oversimplified nature of the 

gerade/ungerade approximation. Furthermore, nuclear dynamics will influence the symmetry restrictions, 

and, in case of ultrafast dissociation, might cause an additional redistribution of spectral weight.  

Selected resonantly excited C K RIXS spectra of Im and ImH
+
 are shown in Figures 5 c) and d), 

respectively, along with the reference non-resonant spectra taken at an excitation energy of 322.0 eV (also 

taken from Fig. 1). To improve the signal-to-noise ratio, the spectra for several excitation energies (ranges 

marked by A and B in Figures 3 c and d, resp.), were added up (within these ranges, no significant 

variations of the RIXS spectra were observed). For both Im and ImH
+
, a strong resonance of the Rayleigh 

line occurs for excitation at A and B (note the multiplication factors of the participant energy region in 

Figs. 5 c and d). This indicates a strong interaction between the core hole and excited electron, i.e., the 

formation of a core exciton, which favors the elastic decay channel
45

. The intensity of the elastic line is 

strongest for excitation at A. For excitation at B, the core-excitonic state is still partly populated by the 

tails of the excitation giving rise to the spectral feature at ~286 eV, which is then also visible as a weak 

peak in the non-resonant spectra, as discussed above. 

In the spectator region, strong spectator shifts of the emission lines can be found, which are marked for the 

two highest-energy peaks in Figures 5 c) and d). Furthermore, these two peaks are strongly reduced in 

intensity when exciting at A and B for both Im
 
and ImH

+
. In the case of ImH

+
, the highest energy peak 
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nearly fully vanishes for excitation at B. The latter can be explained by the fact that at B, predominantly 

C4/C5 are excited (compare Figure 4 d), while the highest energy peak in the ImH
+
 spectrum originates 

from emission involving C2. The overall reduction of the two HOMO-related high-energy peaks for both 

Im and ImH
+
 is again attributed to symmetry selection for resonant excitation into the LUMO and 

LUMO+1 levels (approximately ungerade). 

 

 

Conclusion  

The electronic valence structure of Im and ImH
+
 in aqueous solution has been studied using XES and 

RIXS at the N and C K edges. A detailed spectral interpretation is presented and supported by calculated 

spectra of the isolated molecules. By comparison with the calculated spectra, the spectral contributions of 

the non-equivalent nitrogen and carbon atoms, as well as of specific molecular orbitals, can be identified 

in the XES and XAS spectra. The rather good agreement between calculated and experimental spectra 

suggests only a small influence of the hydrogen bonding environment in the aqueous solution on the 

electronic structure of Im and ImH
+
. In the case of ImH

+
, we find evidence for nuclear dynamics on the 

timescale of the x-ray emission process, ultimately leading to an ultrafast dissociation of the molecule. 

Upon resonant excitation, significant changes in both the N and C K spectra are observed. We find that, in 

the case of the N K emission of Im, the contributions of the two non-equivalent nitrogen atoms can be 

separated experimentally by excitation at the specific absorption resonances. Furthermore, we find 

spectator shifts in all resonant spectra (N and C K), as well as the suppression of HOMO and HOMO-1 

related emissions caused by symmetry selection according to the symmetry of the LUMO state. Based on 

the presented RIXS maps, we derive values for the HOMO-LUMO gaps of both molecules in aqueous 

solution (5.9 eV for Im and 5.4 eV for ImH
+
, respectively). 
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The results paint a detailed picture of the electronic structure of this important molecule and its solutions, 

and form the basis for the study of Im and ImH
+
 in their various applications and as a building block of 

histidine or larger biologically relevant molecules. 
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Imidazole N1 N3 C2 C4 C5 

XES 0 +0.45 +0.75 +0.55 +0.57 

XAS +0.75 +0.74 +0.64 

Imidazolium      

XES -0.70 -0.30 

XAS -0.40 -0.20 -0.60 

 

Table 1: Energy shifts (in eV) used to align the calculated XES and XAS spectra with the experimental 

data. 
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Figure 1: Non-resonant N K XES spectra of Im (a) and ImH
+
 (b), and C K XES spectra of Im (c) and 

ImH
+
 (d), shown as black thick lines. The labels of the individual atoms are given in the depicted 

molecular structures. Below each spectrum, calculated XES line intensities are shown as vertical bars, 

color-coded for the non-equivalent nitrogen and carbon atoms. The correspondingly colored lines give the 

calculated spectra after Gaussian broadening, and the sums of the individual contributions are depicted by 

black thin lines. N1
*
 denotes the calculated spectrum for N1 in Im, and represents spectral contributions in 

the spectrum of Im
+
 caused by nuclear dynamics. 
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Figure 2: Calculated isodensity surfaces of the three highest occupied and two lowest unoccupied 

molecular orbitals of Im (top) and ImH
+
 (bottom), respectively (isosurface value: ±0.07 

�

��
�). 
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Figure 3: N K RIXS maps of Im (a) and ImH
+
 (b), as well as C K RIXS maps of Im (c) and ImH

+
 (d). The 

RIXS intensity is color-coded and displayed as a function of excitation and emission energy. Excitation 

energies and ranges corresponding to specific XAS resonances are marked by white dashed lines (a and b) 

and white brackets and labels “A” and “B” (c and d). The yellow line indicates the HOMO-2 to LUMO 

(Im) and HOMO-1 to LUMO transition (ImH
+
). 
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Figure 4: Black thick lines represent the partial fluorescence yield N K XAS spectra of Im (a) and ImH
+
 

(b), as well as C K XAS spectra of Im (c) and ImH
+
 (d). The intensity was derived from the RIXS maps in 

Fig. 3 by integrating the entire spectator region at each excitation energy. Below each spectrum, calculated 

XAS line intensities are shown as vertical bars, color-coded for the non-equivalent atoms. The 

correspondingly colored lines give the calculated spectra after Gaussian broadening, and the sums of the 

individual contributions are depicted by black thin lines.  
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Figure 5: N K RIXS spectra of Im (a) and ImH
+
 (b), as well as C K RIXS spectra of Im (c) and ImH

+
 (d). 

The excitation energies and energy ranges (“A” and “B”, defined in Figure 3) are specified next to the 

respective spectra. In a), calculated non-resonant spectra are given for comparison in red (N1) and blue 

(N3). For the C K RIXS spectra, the intensity in the participant region was scaled by the stated factors. 
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The electronic structure of aqueous imidazole and imidazolium solutions is studied in an atom- and site-

specific fashion using x-ray spectroscopy. 
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