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Abstract 

X-ray absorption spectroscopy (XAS) is a powerful experimental tool to probe the local structure 

in materials with the core hole excitations. Here, the oxygen K-edge XAS spectra of the NaCl 

solution and pure water are computed by using a recently developed GW-BSE approach, based on 

configurations modeled by path-integral molecular dynamics with the deep-learning technique. 

The neural network is trained on ab initio data obtained with SCAN density functional theory. The 

observed changes in the XAS features of the NaCl solution, compared to those of pure water, are 

in good agreement between experimental and theoretical results. We provided detailed 

explanations for these spectral changes that occur when NaCl is solvated in pure water. 

Specifically, the presence of solvating ion pairs leads to localization of electron-hole excitons. Our 

theoretical XAS results support the theory that the effects of the solvating ions on the H-bond 

network are mainly confined within the first hydration shell of ions, however beyond the shell the 

arrangement of water molecules remains to be comparable to that observed in pure water.  

I. Introduction 

The interaction between hydrated NaCl ions and the hydrogen-bond (H-bond) network of water 

molecules in the salt solution is of fundamental importance for a broad range field such as 

biochemistry1,2, geologic processes3–5, and atmospheric chemistry6. For example, the Cl- anion 

belongs to the Hofmeister series of ions7–9, known for their important roles on the modulation of 

the H-bonding network among water molecules within protein aqueous solutions, which referred 

to as the ability to either salt out or salt in proteins. Moreover, the Na+ ion channel is a crucial 

cation-selective channel in the cell membrane, which allows for the passage of ions from one side 

of the membrane to the other1,2. All these various functionalities occur in the aqueous environments. 

Therefore, revealing the molecular structure of solvated ions is the central topic in understanding 
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these processes of interest10–15. It is generally thought that the presence of ions can modify the H-

bond network of water molecules, which are being intensively studied for decades by various 

experimental methods such as X-ray and neutron scattering10,16–19 as well as X-ray absorption (XAS) 

spectroscopies20–22. These scattering experimental techniques provide structural information about 

the hydration ions, such as the Cl-O and Na-O radial distribution functions (RDFs), gCl-O(r) and 

gNa-O(r). Based on these scattering and diffraction experiments, the referred structural information 

obtained at varying concentrations displayed a remarkable similarity to the behavior observed in 

pure water subjected to incremental pressure23–25. This seems to indicate that the H-bond network 

of water molecules in NaCl solution is distorted in a similar manner as it is in the pure water under 

high pressure23–25. In accordance with the aforementioned hypothesis, the presence of ions in salt 

solutions not only distorts the short-range ordering of the H-bond network but also alters the long-

range ordering, deviating from the H-bond network observed in pure water23–25. The interpretation 

of these scattering and diffraction experiments challenges the idea that NaCl ions have a small 

effect among the Hofmeister series26,27.  

     Complementary to the thermally averaged structural information obtained from the scattering 

experiments, the oxygen K-edge XAS measurement carries out an instantaneous local fingerprint 

of water structure, because the time scale of the electron-hole excitation process is much shorter 

than that of the molecular relaxation in the XAS process28. Since the different types of excitations 

associated with features at pre-edge, main-edge, and post-edge of the XAS spectra give the short-

range, intermediate-range, and long-range structural information29,30, respectively, XAS can probe 

the delicate change of the molecular structures of H-bond network induced by the additional ions 

pair in the NaCl solution31–33. The experimental XAS of salt solutions indeed shows specific 

enhancements in the pre-edge, main-edge peaks, and slight decrease in the post-edge peak 

compared with the XAS of pure water31–34. Therefore, the above controversy could be reconcilable 

through the XAS measurement and its interpretation. However, such a comprehensive elucidation 

regarding the interaction between the ions and their surrounding H-bond network as well as its 

connections to the spectral feature remain unclear31–33. 

The unambiguous assignments of the spectral feature and the underlying H-bond structures in 

the NaCl solution can be achieved by using theoretical XAS calculation, which requires the 

accurate modeling for both molecular structures and electron-hole interaction. By extracting the 
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representative snapshots from the equilibrated molecular dynamics simulation trajectories, one can 

calculate the XAS spectra with the knowledge of electronic structure of the excited holes and 

electrons. For many years, the accurate modeling of water and salt solution is a challenging task 

using ab initio molecular dynamics (AIMD) simulation, as it has been validated that the nuclear 

quantum effects (NQEs) accessed by using path-integral molecular dynamics (PIMD) simulation, 

the van der Waals interaction, and the exact exchange are the key factors35–43. To include such fine 

effects, one needs to adopt a non-local exchange-correlation functional which is in the high rung 

of the metaphorical Jacob’s ladder44. Recently, by using SCAN functional and including the NQEs 

in the simulation, we have reached a great accuracy in molecular structures of the water and NaCl 

solution compared to the experiment27,43,45,46. Moreover, by using the state-of-the-art molecular 

analysis with the SCAN functional, we have successfully reproduced the structure factors SOO(Q) 

of salt water, and discovered that the influence of solvated ions is mostly confined to the first 

hydration shells, beyond which the oxygen radial-distribution function remains relatively 

unchanged compared to pure water27.  

On the other hand, the first-principles calculation for XAS spectra is computational formidable 

for decades as the difficulties for a large supercell in solving the Bethe-Salpeter equation (BSE), 

where the many-body effects of the electron-hole interaction are considered22,47. As such, many 

calculations31–33,48–57, to date, employ the frozen core-hole approximations, where the dynamic 

effects of core-hole are ignored, and the two-body correlated electron–hole excitation is simplified 

as an equivalent one-particle excitation process. By employing the density functional theory (DFT), 

Saykally and coworkers31,33,34 demonstrated that spectral change induced by the ions indicated the 

distortion of the H-bond network is confined within the first solvation shell of the ions. Galli and 

coworkers32 calculated the XAS spectra of salt water with the frozen core-hole methods to 

investigate the effects that Mg2+, Ca2+, and Na+ have on the XAS spectrum of the respective 

solutions and establish the correlation between molecular structures and spectral feature. Recently, 

we found that to accurately reproduce the XAS spectra of liquid water and its aqueous solution, 

the missing many-body effects29, including: 1) the quasiparticle wavefunctions treatment which 

beyond density functional theory approximations, accounts for the dynamics of quasiparticles, and 

2) the dynamic screening as well as renormalization effects due to the continuum of valence-level 

excitations are of notable importance. Therefore, despite the continuing theoretical efforts in 
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modeling XAS spectra of salt solution31–33, the investigation from an accurate spectroscopic view 

about the effects of the solvated ions on the H-bond network of water remains to be done.  

     To address the above issues, we will apply a newly developed GW-BSE approach to simulate 

the XAS spectra of salt solution. This efficient GW-BSE approach29 has been proven to allow us 

to calculate the XAS of liquid water from ab initio with unprecedented accuracy for both the 

relative energies of the pre-edge, main-edge, and post-edge features and their spectral line shape. 

In this approach29, sophisticated techniques are developed to address molecular structures by 

employing path-integral deep potential molecular dynamics (PI-DPMD) at the higher rung of the 

Jacob's ladder. Additionally, electronic structures are tackled by employing quasi-particle 

wavefunctions computed within the GW approximation, while also accounting for renormalization 

effects attributed to the continuum of valence-level excitations. By employing this approach, we 

have successfully replicated the subtle spectral variances observed in the pre-edge, main-edge, and 

post-edge peaks between the spectra obtained from the NaCl solution and pure water. These effects 

are typically ascribed to the presence of substituted ion pairs within the tetrahedral H-bond network 

of water molecules, resulting in the localized charge distributions of excitons. We gave a set of 

detailed assignments and explanations for the three pre-edge, main-edge, post-edge peaks and their 

molecular origins in this work.  

The rest of this paper is organized as follows. The computational details for MD simulation, 

the criteria for picking snapshots used for the XAS calculations, and the details of GW-BSE XAS 

calculation are given in Sec. II. The theoretical XAS spectra of NaCl solution, the impact of NQEs 

on XAS spectra, and the detailed analysis of the pre-edge, main-edge peaks are given in Sec. III. 

Finally, we conclude our work with a short summary in the Sec. IV. 

II. Methods 

A. Details of the Molecular Dynamics Simulation 

The molecular structures for NaCl solution and pure water used in our XAS calculation were 

extracted from the trajectories of PI-DPMD and DPMD simulations, where the neural network 

potential was trained by using DFT data based on the strongly constrained and appropriately 

normed (SCAN) XC functional27,58. Our PI-DPMD and DPMD simulations were performed in the 

canonical ensemble (NVT) at T = 300 K with periodic boundary conditions. In our simulated XAS 

spectra of NaCl solution, we consider 2 M solution as an example, which is corresponding to one 



5 

 

NaCl ion pair and 29 water molecules in our chosen cell size. 32 water molecules are contained in 

our simulation cell. The cell size is adjusted to have the same density as the experimental value, 

with 9.529 Å × 9.529 Å × 9.529 Å. We fixed the same cell size for pure water as the one used in 

the NaCl solution. The choice of the current concentration in simulation gives a reasonable ratio 

between ions and water molecules in a limited-size simulation cell. The temperature was controlled 

by using an eight-bead ring polymer with a color noise path-integral generalized Langevin 

equation thermostat (i.e. PIGLET)59 in PI-DPMD. All the PI-DPMD and DPMD simulations used 

well equilibrated ~500 ps long trajectories.  

To compute the XAS spectra of NaCl salt solution and pure water, we need to average over 

snapshots of the molecular dynamics simulation trajectories. However, due to the heavy 

computational cost of the GW-BSE calculation, we could only use a limited number of snapshots 

to calculate the spectra. In order to sample the most representative snapshots, we used a similar 

approach reported in the previous paper29, we assigned to each snapshot i as a score function f(i) 

that measures the deviation of the structure at snapshot i relative to the average structure in a 

trajectory. The score function f(i) defined as: 끫殦(끫殬) = ∑ �끫殖끫殰끫殬 − 끫殖�끫殰� |끫殖�끫殰|⁄8끫殰=1 . 

Here 끫殖끫殰끫殬 (끫殰 = 1, . . . , 8) are the descriptors of intra-molecular structures, structures of H-bond 

network, and thermodynamic properties at snapshot i. Specifically, 끫殖끫殰=1끫殬  is the average proton 

transfer distance 끫毾 = 끫殾(O⋯H) − 끫殾(OH), 끫殖끫殰=2끫殬  is the average covalent bond length 끫殾(OH), 끫殖끫殰=3끫殬  

is the average number of H-bonds, 끫殖끫殰=4끫殬 is the average H-bond length, 끫殖끫殰=5끫殬  is the average O-O 

nearest neighbor distance, 끫殖끫殰=6끫殬  is the average O-Na nearest neighbor distance, 끫殖끫殰=7끫殬  is the average 

O-Cl nearest neighbor distance, 끫殖끫殰=8끫殬 is the instantaneous temperature defined by the average 

kinetic energy of the atoms. The corresponding averages over the entire trajectory are denoted by 끫殖�끫殰. We picked two independent snapshots for PI-DPMD and 10 snapshots for DPMD for pure 

water, which are the same as we did in our previous paper29. At the same time, to make sure, we 

picked the most representative solution structure of NaCl ions, we computed the oxygen 

coordination number distribution function to add the criteria for the ions solution structures for 

both PI-DPMD and DPMD, shown in Fig.2 (c) and (d). Near the minimum of the score function, 

we selected two independent snapshots for PI-DPMD, where their oxygen coordination number 



6 

 

are 6 and 6 (in the first shell of Na+ cation), 6.75 and 7.75 (in the first shell of Cl- anion), and ten 

independent snapshots for DPMD, whose distribution of the coordination number distribution is 

similar to the distribution of the total trajectory.6029  

B. Details of the GW-BSE XAS Calculations 

As we adopted the same strategy as we reported in previous study29, we will briefly report the 

procedure to perform the GW-BSE XAS calculation here. We first computed the mean-field 

wavefunctions as the starting point for our GW-BSE calculation using the DFT at the level of the 

generalized gradient approximations (GGA) of Perdew, Burke and Ernzerhof (PBE)61, with 

Quantum ESPRESSO package62. The multiple-projector norm-conserving pseudopotentials that 

match the all-electrons potential for oxygen and hydrogen were generated by using the ONCVPSP 

package63. The DFT wavefunction was set to have a 200 Ry plane wave cutoff to converge the 

description of core electrons.  

For the GW-BSE calculation, we used a modified version of the BerkeleyGW package64–66. The 

GW calculation was done only at the Γ point and we used a 20 Ry cutoff (with 10000 bands 

included in the sum over empty bands) for the plane-wave components of the dielectric matrix. 

This number has been proven to be sufficient to converge the bandgap of liquid water67. A G1W0 

self-consistent calculation was firstly performed with the static COHSEX approximation in order 

to improve the quasiparticle wavefunction. In this step, we updated 160 occupied states, and 320 

unoccupied states according to the off-diagonal matrix elements of the self-energy operator. We 

have proven29 that these number of occupied states and unoccupied states were sufficient to 

describe the shape of XAS spectra in terms of the balance of computational cost and accuracy. 

After that, a standard one-shot G0W0 calculation was performed with 10000 bands (where the 160 

occupied states and the first 320 unoccupied states are from self-consistent COHSEX), the 

frequency dependence in the dielectric matrix is captured using the Hybertsen-Louie generalized 

plasmon-pole model (HL-GPP)64. The BSE calculation was done with 29 core states and 160 

unoccupied states, which are enough to cover the energy range in which we are interested. For all 

the calculations, we solved the electron-hole excitations within the GW-BSE approach in the 

Tamm-Dancoff approximation (TDA). We used the same screening parameter for the screened 

exchange term of electron-hole interaction kernel to include the transitions between valence band 

states and continuum conduction band states29. After constructed the electron-hole interaction 
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kernel, we obtained the optical transition matrix elements by diagonalizing the BSE Hamiltonian 

with the momentum operators29. 

Unlike the aforementioned frozen core hole methods31–33,48–56, in which the position of the 

excited hole is known for each excited state, current GW-BSE approach treats the excited states in 

terms of the band structure, therefore, the position of excited electron/hole is unknown. To connect 

the excited state and position of excited electron/hole, we use the average electron/hole densities 

method to identify the position of excited electron and core hole for each exciton, in which the 

average electron and hole densities for each exciton S are defined as:  끫欘끫殤끫殌(끫欦끫殤) = ∫|끫毲끫殌 (끫欦ℎ , 끫欦끫殤)|2d끫欦ℎ  and 끫欘ℎ끫殌(끫欦ℎ) = ∫|끫毲끫殌 (끫欦ℎ, 끫欦끫殤)|2d끫欦끫殤 , respectively. This method is 

quite useful to analysis the excitons in pre-edge and main-edge regions, as they are more localized 

compared the ones in the post-edge region, we will discuss the details later.  

III. Results and Discussion 

A. Theoretical XAS Spectra of NaCl Solution and Pure Water  

We present our theoretical XAS spectra of NaCl solution and pure water at room temperature, 

as shown in Fig. 1(a), the corresponding experimental spectra are given for references3129. As one 

can see, a good agreement is reached between theory and experiment in terms of spectra width and 

spectral intensity in Fig. 1(a). Especially, we reproduced the experimental observed pre-edge 

(~535 eV), main-edge (~538 eV), post-edge (~541 eV) features by using the rigorous treatment of 

electron-hole dynamics. Notably, compared to the XAS spectra of pure water, we can find a 

specific enhancement in the experimental XAS spectra of NaCl solution for the pre-edge, main-

edge peaks, while a slight reduced feature for post-edge peak.  

To confirm that our GW-BSE XAS calculation can capture these changes, here, we show the 

differential XAS spectra of NaCl solution and pure water as presented in Fig. 1(b). There is a good 

agreement between theory and experiment. Upon solvating NaCl ion pairs in pure water, the ideal 

tetrahedral H-bond network of water molecules within the first hydration shell undergoes 

distortion. Consequently, the exciton centered at the water molecule becomes more localized, 

leading to heightened prominence of both the pre-edge and main-edge features. In comparison, the 

change observed in the post-edge feature is less pronounced, suggesting that the long-range 

ordering remains relatively unaffected by the introduction of NaCl salt ions into the water. This 

finding aligns with the results from our previous study27. It is worth noting that the slight 
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overestimation of the post-edge change in our theoretical spectra can be attributed to the limited 

cell size employed in our calculations. Due to the heavy computational cost to compute GW-BSE 

XAS spectra, the cell we used is 9.529 Å × 9.529 Å × 9.529 Å, this indicates that we only include 

the water molecules of 2nd shell of ions. Therefore, the excitons in the post-edge region are strongly 

constrained in the space which leads to the lower level of agreement between simulation and 

experiment. This limitation can be addressed by employing a larger simulation cell that contains a 

greater number of ion pairs, thus mitigating the size effects. Nonetheless, the successful 

reproduction of these alterations induced by solvated ions attests to the reliability of our GW-BSE 

XAS approach as a theoretical tool for interpreting XAS experiments involving salt solutions.  

B. Impact of Nuclear Quantum Effects on the XAS Spectra 

In this section, we will investigate the impact of NQEs on the XAS spectra of NaCl solution. The 

hydrogen is the lightest atom, whose NQEs cannot be neglected in water and aqueous solutions. 

Under the NQEs, there are two competing effects that either strengthen or weaken the H-bond68. 

The fluctuations of protons in the O-H covalent bond's stretching direction can aid in the formation 

of H-bonds. Conversely, the fluctuations in the proton's librational direction tend to weaken the 

strength of the H-bond network. It has been found that an approximately broadening effect has 

been induced by the delocalized protons, which slightly softens the water structure35,43,45,69. In the 

salt solution, there are three different interactions, water-cation, water-anion, and water-water, the 

latter two interactions contain two different H-bonds. Previously, we have reported45 that NQEs 

are shown to weaken H-bonding between the chloride anion and the water molecules in the 

solvation shell, and the disruptive influence of the anion on the structure of the water solvent is 

notably reduced when NQEs are taken into account, in contrast to the scenario where NQEs are 

absent.  

Therefore, it is worth investigating how the XAS spectra of NaCl solution and water react to 

the presence of NQEs. To be more specific, how important is the NQEs in terms of the ion’s effects 

on water molecules, does it change the nature of ions and water molecules? To answer such 

question, here, we show the theoretical XAS of NaCl solution and liquid water from PI-DPMD 

and DPMD simulation in Fig. 2 (a) and (b), respectively. Compared to the spectra obtained from 

the classical simulation, the spectra based on quantum simulation show a broader line shape, which 

is consistent with the previous reported PES spectra43. By including the NQEs, the theoretical 
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spectra are closer to the experimental data. Moreover, the slight enhancement of the spectra 

obtained from quantum simulation compared with the one from classical simulation can be seen 

in the pre-edge region in both NaCl solution and pure water, it is a signature of the slightly more 

disordered proton configuration due to the NQEs. This is consistent with previous report53. Notably, 

we find compelling evidence that the absence of NQEs does not alter the characteristics of ions 

and their surrounding water molecules. This is evident from the enhanced pre-edge and main-edge 

peaks, along with the diminished post-edge peak observed in both quantum and classical scenarios. 

The rationale behind this observation is as follows: despite the weakening of the H-bond between 

the Cl- anion and water molecules caused by NQEs45, the influence of solvating ions on the 

modification of molecular structures outweighs the impact of NQEs. NQEs can be considered as 

a perturbation to the interaction between ions and water molecules. Here, we show the coordination 

number of oxygen atom in the first hydration shell of Cl- and Na+ ions in Fig. 2(c) and 2(d), one 

can find that they are sharing similar patterns. Therefore, we can discuss the impact of ions on the 

XAS spectra by theoretical spectra based on liquid water structures generated from classical 

DPMD simulations, as it takes less computational cost to calculate the XAS spectra and gives more 

information for the solvated structures.  

C. Influence of Ions on the Pre-edge of XAS Spectra 

In this section, we will demonstrate how the solvating ions change the pre-edge feature of XAS 

spectra. The excitations associated with pre-edge feature of the XAS spectrum has been identified 

as the Frenkel-like excitons, which are sensitive to the short-range structural information about the 

H-bond network of water22,70. The electron-hole excitons in the pre-edge region have a strong 

intra-molecular character. The excited electron, with 4a1 symmetry is primarily located at the same 

molecule has the core hole22,70. In the experiment, the pre-edge peak is slightly enhanced in the 

spectra of the salt solution compared with the one from pure water. Previously, Saykally and 

coworkers have shown a correlation between the H-bond network for each water molecule in the 

first solvation shell of cations and the resulting XAS spectra34. Nevertheless, how the solvating 

ions change the electronic structure of water and result the enhancement of pre-edge peak is not 

clear. To examine it, we calculated the charge distribution of the excitons where the excited hole 

located in the first hydration shell of Na+ and Cl- ions, compared them with the ones from pure 

water. The excitons within the pre-edge region are included. The radius of the first hydration shell 
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of Na+ and Cl- ions is defined as the position of the first minimum of the gNaO(r) and gClO(r), which 

are 3.2 Å and 3.8 Å, respectively. The data is shown in Fig. 3(a). One can see that the clear 

enhancement of charge distribution at around 0.5 Å and 1.7 Å, which are corresponding to the 

charges of the excited 4a1 electron which located in oxygen and hydrogen atoms in the same 

molecule, respectively. This indicates that the enhancement of the pre-edge peak in the salt solution 

comes from the slightly localized excitons due to the solvated ions.  

We now turn our attention to the detailed roles of Na+ cation and Cl- anion in changing the 

localization of excitons in the pre-edge region. As we have argued that there are two different 

interactions between ions and water molecules: the Cl- anion is interacting with surrounding water 

molecules through H-bond, while the Na+ cation has no H-bond interaction with water molecules. 

Here, we show the two-dimensional contour plot of the electron density |ΨCl−|2 and  �ΨH2O�2 for 

excitons in the pre-edge peak, where the hole located in the molecules within the 1st hydration shell 

of Cl- anion and pure water, in Fig. 3(b) and 3(c), respectively. The cutting plane is defined as the 

plane of H2O with a hole. The major difference between Fig. 3(c) and 3(d) is that asymmetric 

feature observed in the plot of |ΨCl−|2, compared with the one of �ΨH2O�2. The perturbative effects 

of a Cl- ion in a H-bond “acceptor” position, with respect to the central water molecule. The excited 

electron trends to be more localized along the water-water H-bond instead of Cl--water H-bond 

directions, because of the gap between water and Cl anion in term of electronic structure. This is 

consistent with the findings of the less hybridization of the p orbitals between O atom and Cl atom 

observed in the PES spectra43. Therefore, one can expect a more localized exciton within the first 

hydration shell of Cl- anion compared with the one from the pure water. Next, let us focus on the 

effects of Na+ cation on the pre-edge peak. Here, we also show the two-dimensional contour plot 

of the electron density |ΨNa+|2 and  �ΨH2O�2 for excitons in the pre-edge peak, where the hole 

located in the molecules within the 1st hydration shell of Na+ anion and pure water, in Fig. 3(d) 

and 3(e), respectively. The cutting plane is defined as the bisector plane of H2O with a hole. Instead 

of serving as a H-bond "acceptor," the Na+ cation is situated in the "donor" position. As one can 

see, the excited electron does not extend to its neighbor atoms due to the presence of Na+ cation. 

The resulting 4a1 excited electron is more localized along the direction of the donor H-bonds. 

Moreover, we can find the orbitals located on oxygen is slightly distorted, which reflects the 

presence of the positively charged Na+ cation. In short, the enhancement of the pre-edge peak can 
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be explained as the presence of Cl- anion and Na+ cation, which tend to localize the exciton electron 

wavefunction located at the same molecule has the core hole.   

D. Influence of Ions on the Main-edge of XAS Spectra 

Now let us discuss the influences of ions on the main-edge of XAS spectra. Unlike the excitons in 

the pre-edge region, whose excited electrons are primarily located at the same molecule has the 

core hole, reflecting the information of the short-range H-bond network. The excitons in the main-

edge peak region, are primarily categorized as intermolecular electron-hole excitations, as the 

excited electron is distributed on both the water molecule where the core hole is localized and the 

H-bonded water molecules in the coordination shell22,70. Let us reconcile the theory mentioned in 

the above, the influence of solvated ions is confined to the first hydration shell surrounding the 

ions, beyond which the H-bond network of water molecule remains similar as the ones in the pure 

water. If the aforementioned hypothesis holds true, it is anticipated that the presence of extra ions 

in the solution will alter the localizations of the main-edge excitons due to their influence on the 

H-bonding network of water molecules in the first hydration shell of ions, while the spectral 

contributions beyond the shell are likely to remain comparable to those of free water molecules.  

First, we calculated the averaged intensity ratio between NaCl solution (끫歸NaCl) and pure water 

(끫歸H2O) in the main-edge region: 끫歸NaCl 끫歸H2O⁄ = 1.21. Note that the excitons whose energies are 

within 1.5 eV window of main-edge peak are identified as the main-edge excitons. The 

corresponding spectra and absorption cross sections are shown in Fig. 4(a). Then, we decomposed 

the contributions of the excitons which are located within the first hydration shell of Na+ (끫歸Na+) 

and Cl- ( 끫歸Cl−) ions, the ones outside these shells (끫歸free). The contributions within the first hydration 

shell of Na+ ion is 끫歸Na+ 끫歸H2O⁄ = 1.38, the ones within the first hydration shell of Cl- anion is 끫歸Cl− 끫歸H2O⁄ = 1.48, and the free water contribution is 끫歸free 끫歸H2O⁄ = 1.01. It is clear that the observed 

enhancement of the main-edge peak primarily come from the water molecules within the first 

hydration shell, while the water molecules outside the shell show similar as the ones in the pure 

water. This is consistent with the findings from the virtual scattering methods reported in the 

previous study27. 

To further illustrate the effects of the ions altering the localizations of the excitons in the main-

edge peak, we show the representative schematic as well as the charge distributions of the excitons 
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where the excited holes are placed at the oxygen atoms from pure water and within the first shell 

of Na+ and Cl- ions, in Fig. 4(b,e), 4(c,f) and 4(d,g), respectively. The radial distribution functions 

of gOO(r), gNaO(r), and gClO(r) are shown for comparisons. In the pure water, the excited electrons 

of the main-edge exciton, with b2 symmetry, are extended to the neighbor water molecules through 

H-bonds. These orbitals have larger lobes protruding from the covalently bonded hydrogens and 

have smaller lobes on the lone pair side of oxygen, which gives a peak feature at around 2 Å in 

Fig. 4 (e). The resonance states at the H-bond connecting water molecules give the peak feature at 

around 2.7 Å, shown in Fig.4(e), as it is the position of first peak of radial distribution function of 

gOO(r). Now let us focus on the Na+ case, the Na+ cation replaces the water molecules in the H-

bond acceptor side with a shorter O-Na distance, and resonance exciton wavefunction won’t be 

found at Na atom due to the interrupted H-bond network and the energy mismatch between Na 

and O. Therefore, the charge distribution shows a reduced amplitude at around 2.4 Å. The exciton 

orbitals of the molecules within the first hydration shell of Na+ cation are more localized in the 

direction of the lone pair of the water molecule has the core hole, which contribute to a higher 

main-edge peak. After discussions of the effects of Na+ cation, we discuss the effects of the Cl- 

anion. The Cl- anion forms a H-bond with the water molecules in the donor side, with a larger Cl-

O distance. As such, we cannot find a peak in Fig. 4(g) at around 2.7 Å, which is existed in Fig. 

4(e). The exciton wavefunctions within the first hydration shell of Cl- anion are more localized 

along the covalent O-H bond, compared with the ones in pure water, contribute to a higher main-

edge peak. In summary, the effects of the solvating ions on the main-edge peak can be summarized 

as the ions intrude the water and disrupt the H-bond network so that the exciton wavefunctions 

would not be able to extend to the neighbor molecules due to the missing H-bonds.  

IV. Conclusions 

In summary, we have calculated the XAS spectra of NaCl solution by using the newly developed 

GW-BSE approach. Our theoretical XAS spectra of salt solution and pure water successfully 

reproduced the experimental observed the enhancement of the pre-edge, main-edge peaks, and a 

slight reduced feature for post-edge peak in the spectra of salt solution respect to the one of pure 

water. Our XAS results furthermore supports the theory that the influence of solvated ions is 

limited to the first hydration shell surrounding the ions, beyond which the H-bond network of 

water molecule remains similar as the ones in the pure water. We have provided detailed 
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explanations for the spectral differences induced by the additional NaCl ions, which are typically 

attributed to the replacement effects of ion pairs within the tetrahedral H-bond network of water 

molecules. In the pre-edge region, the presence of additional ions distorts the wavefunctions of 

excitons located in the same water molecule as the core hole, leading to the enhancement of the 

pre-edge peak. Conversely, in the main-edge region, the resonance exciton wavefunctions are 

unable to extend to neighboring water molecules through the H-bond network due to the presence 

of ion pairs, resulting in a higher main-edge peak. In future work, it would be intriguing to explore 

whether our GW-BSE approach can accurately capture the delicate XAS features of various ice 

phases30.  

Acknowledgments  

We thank Dr. Chunyi Zhang for helpful discussions. This work was supported by the 

Computational Chemical Center: Chemistry in Solution and at Interfaces funded by The DoE 

under Award No. DE-SC0019394. The work of K.S. was supported by National Science 

Foundation through Award No. DMR-2053195. The computational work used resources of the 

National Energy Research Scientific Computing Center (NERSC), a U.S. Department of Energy 

Office of Science User Facility operated under Contract No. DE-AC02-05CH11231. And this 

research includes calculations carried out on Temple University’s HPC resources and thus was 

supported in part by the National Science Foundation through major research instrumentation grant 

number 1625061 and by the US Army Research Laboratory under contract number W911NF-16-

2-0189. 

 

References: 

1 F. Bezanilla, “How membrane proteins sense voltage,” Nat Rev Mol Cell Biol 9(4), 323–332 (2008). 

2 S. Iijima, W. Dalemans, P. Barbry, G. Champigny, S. Jallat, S. Jallat, K. Dott, D. Dreyer, R.G. Crystal, A. 

Pavirani, J.-P. Lecocq, and M. Lazdunski, “Altered chloride ion channel kinetics associated with the ΔF508 
cystic fibrosis mutation,” Nature 354, 526–528 (1991). 

3 M.J. Lakin, and D.J. Tobias, “Experiments and Simulations of Aerosols,” Science (1979) 288(April), 301–

306 (2000). 



14 

 

4 C.W. Spicer, E.G. Chapman, B.J. Finlayson-Pitts, R.A. Plastridge, J.M. Hubbe, J.D. Fast, and C.M. 

Berkowitz, “Unexpectedly high concentrations of molecular chlorine in coastal air,” Nature 394(6691), 

353–356 (1998). 

5 K.L. Foster, R.A. Plastridge, J.W. Bottenheim, P.B. Shepson, B.J. Finlayson-Pitts, and C.W. Spicer, “The 

role of Br2 and Brcl in surface ozone destruction at polar sunrise,” Science (1979) 291(5503), 471–474 

(2001). 

6 H.E. Beekman, H.G.M. Eggenkamp, and C.A.J. Appelo, “An integrated modelling approach to 

reconstruct complex solute transport mechanisms - Cl and δ37Cl in pore water of sediments from a 
former brackish lagoon in The Netherlands,” Appl. Geochem. 26(3), 257–268 (2011). 

7 F. Hofmeister, “Zur Lehre von der Wirkung der Salze - Zweite Mittheilung,” Archiv Für Experimentelle 

Pathologie Und Pharmakologie 24(4–5), 247–260 (1888). 

8 W.J. Xie, and Y.Q. Gao, “A simple theory for the hofmeister series,” J. Phys. Chem. Lett. 4(24), 4247–

4252 (2013). 

9 Y. Zhang, and P.S. Cremer, “Interactions between macromolecules and ions: the Hofmeister series,” 

Curr Opin Chem Biol 10(6), 658–663 (2006). 

10 S. Cummings, J.E. Enderby, G.W. Neilson, J.R. Newsome, R.A. Howe, W.S. Howells, and A.K. Soper, 

“Chloride ions in aqueous solutions,” Nature 287(5784), 714–716 (1980). 

11 H. Ohtaki, and T. Radnai, “Structure and Dynamics of Hydrated Ions,” Chem Rev 93(3), 1157–1204 

(1993). 

12 R.M. Leberman, and A.M. Soper, “Effect of high salt concentrations on water structure,” Nature 

378(6555), 364–366 (1995). 

13 S. Ghosal, J.C. Hemminger, H. Bluhm, B.S. Mun, E.L.D. Hebenstreit, G. Ketteler, D.F. Ogletree, F.G. 

Requejo, and M. Salmeron, “Electron spectroscopy of aqueous solution interfaces reveals surface 

enhancement of halides,” Science (1979) 307(5709), 563–566 (2005). 

14 Y. Marcus, “Effect of ions on the structure of water,” Pure and Applied Chemistry 82(10), 1889–1899 

(2010). 

15 L. Piatkowski, Z. Zhang, E.H.G. Backus, H.J. Bakker, and M. Bonn, “Extreme surface propensity of halide 

ions in water,” Nat Commun 5, 4083 (2014). 

16 A.P. Copestake, G.W. Neilson, and J.E. Enderby, “The structure of a highly concentrated aqueous 

solution of lithium chloride,” Journal of Physics C: Solid State Physics 18(22), 4211–4216 (1985). 

17 M. Yamagami, H. Wakita, and T. Yamaguchi, “Neutron diffraction study on chloride ion solvation in 

water, methanol, and N,N-dimethylformamide,” J Chem Phys 103(18), 8174–8178 (1995). 

18 T. Megyes, S. Bálint, T. Grósz, T. Radnai, I. Bakó, and P. Sipos, “The structure of aqueous sodium 

hydroxide solutions: A combined solution x-ray diffraction and simulation study,” J. Chem. Phys. 128(4), 

(2008). 



15 

 

19 K. Amann-Winkel, M.C. Bellissent-Funel, L.E. Bove, T. Loerting, A. Nilsson, A. Paciaroni, D. Schlesinger, 

and L. Skinner, “X-ray and Neutron Scattering of Water,” Chem Rev 116(13), 7570–7589 (2016). 

20 A. Tongraar, J. T-Thienprasert, S. Rujirawat, and S. Limpijumnong, “Structure of the hydrated Ca2+ and 

Cl-: Combined X-ray absorption measurements and QM/MM MD simulations study,” Physical Chemistry 

Chemical Physics 12(36), 10876–10887 (2010). 

21 L.X. Dang, G.K. Schenter, V.A. Glezakou, and J.L. Fulton, “Molecular simulation analysis and X-ray 

absorption measurement of Ca 2+, K+ and Cl- ions in solution,” Journal of Physical Chemistry B 110(47), 

23644–23654 (2006). 

22 T. Fransson, Y. Harada, N. Kosugi, N.A. Besley, B. Winter, J.J. Rehr, L.G.M. Pettersson, and A. Nilsson, 

“X-ray and Electron Spectroscopy of Water,” Chem Rev 116(13), 7551–7569 (2016). 

23 M.F. Kropman, and H.J. Bakker, “Dynamics of water molecules in aqueous solvation shells,” Science 

(1979) 291(5511), 2118–2120 (2001). 

24 R. Mancinelli, A. Botti, F. Bruni, M.A. Ricci, and A.K. Soper, “Perturbation of water structure due to 

monovalent ions in solution,” Physical Chemistry Chemical Physics 9(23), 2959–2967 (2007). 

25 R. Mancinelli, A. Botti, F. Bruni, M.A. Ricci, and A.K. Soper, “Hydration of sodium, potassium, and 

chloride ions in solution and the concept of structure maker/breaker,” Journal of Physical Chemistry B 

111(48), 13570–13577 (2007). 

26 M.G. Cacace, E.M. Landau, and J.J. Ramsden, “The Hofmeister series: Salt and solvent effects on 

interfacial phenomena,” Q Rev Biophys 30(3), 241–277 (1997). 

27 C. Zhang, S. Yue, A.Z. Panagiotopoulos, M.L. Klein, and X. Wu, “Dissolving salt is not equivalent to 

applying a pressure on water,” Nat Commun 13(1), 8–13 (2022). 

28 J.J. Rehr, and R.C. Albers, “Theoretical approaches to x-ray absorption fine structure,” Rev Mod Phys 

72(3), 621–654 (2000). 

29 F. Tang, Z. Li, C. Zhang, S.G. Louie, R. Car, D.Y. Qiu, and X. Wu, “Many-Body Effects in the X-ray 

Absorption Spectra of Liquid Water,” Proc Natl Acad Sci U S A 119(20), e2201258119 (2022). 

30 J.S. Tse, D.M. Shaw, D.D. Klug, S. Patchkovskii, G. Vankó, G. Monaco, and M. Krisch, “X-ray Raman 

spectroscopic study of water in the condensed phases,” Phys Rev Lett 100(9), 095502 (2008). 

31 C.D. Cappa, J.D. Smith, B.M. Messer, R.C. Cohen, and R.J. Saykally, “The electronic structure of the 

hydrated proton: A comparative X-ray absorption study of Aqueous HCl and NaCl Solutions,” Journal of 

Physical Chemistry B 110(3), 1166–1171 (2006). 

32 H.J. Kulik, N. Marzari, A.A. Correa, D. Prendergast, E. Schwegler, and G. Galli, “Local effects in the x-ray 

absorption spectrum of salt water,” Journal of Physical Chemistry B 114(29), 9594–9601 (2010). 

33 C.D. Cappa, J.D. Smith, K.R. Wilson, B.M. Messer, M.K. Gilles, R.C. Cohen, and R.J. Saykally, “Effects of 

Alkali metal halide salts on the hydrogen bond network of liquid water,” Journal of Physical Chemistry B 

109(15), 7046–7052 (2005). 



16 

 

34 C.D. Cappa, J.D. Smith, B.M. Messer, R.C. Cohen, and R.J. Saykally, “Effects of cations on the hydrogen 

bond network of liquid water: New results from x-ray absorption spectroscopy of liquid microjets,” 

Journal of Physical Chemistry B 110(11), 5301–5309 (2006). 

35 C. Zhang, F. Tang, M. Chen, J. Xu, L. Zhang, D.Y. Qiu, J.P. Perdew, M.L. Klein, and X. Wu, “Modeling 

Liquid Water by Climbing up Jacob’s Ladder in Density Functional Theory Facilitated by Using Deep 

Neural Network Potentials,” J Phys Chem B 125, 11444–11456 (2021). 

36 J. Xu, M. Chen, C. Zhang, and X. Wu, “First-principles study of the infrared spectrum in liquid water 

from a systematically improved description of H-bond network,” Phys Rev B 99(20), 205123 (2019). 

37 A.P. Gaiduk, and G. Galli, “Local and Global Effects of Dissolved Sodium Chloride on the Structure of 

Water,” Journal of Physical Chemistry Letters 8(7), 1496–1502 (2017). 

38 A.P. Gaiduk, C. Zhang, F. Gygi, and G. Galli, “Structural and electronic properties of aqueous NaCl 

solutions from ab initio molecular dynamics simulations with hybrid density functionals,” Chem Phys 

Lett 604, 89–96 (2014). 

39 C. Zhang, T.A. Pham, F. Gygi, and G. Galli, “Communication: Electronic structure of the solvated 

chloride anion from first principles molecular dynamics,” Journal of Chemical Physics 138(18), (2013). 

40 A.P. Gaiduk, M. Govoni, R. Seidel, J.H. Skone, B. Winter, and G. Galli, “Photoelectron Spectra of 

Aqueous Solutions from First Principles,” J Am Chem Soc 138, 6912–6915 (2016). 

41 T.A. Pham, C. Zhang, E. Schwegler, and G. Galli, “Probing the electronic structure of liquid water with 

many-body perturbation theory,” Phys Rev B 89(6), 060202(R) (2014). 

42 M. Chen, H.Y. Ko, R.C. Remsing, M.F. Calegari Andrade, B. Santra, Z. Sun, A. Selloni, R. Car, M.L. Klein, 

J.P. Perdew, and X. Wu, “Ab initio theory and modeling of water,” Proc Natl Acad Sci U S A 114(41), 

10846–10851 (2017). 

43 F. Tang, J. Xu, D.Y. Qiu, and X. Wu, “Nuclear quantum effects on the quasiparticle properties of the 

chloride anion aqueous solution within the GW approximation,” Phys Rev B 104, 035117 (2021). 

44 J.P. Perdew, “Jacob’s ladder of density functional approximations for the exchange-correlation 

energy,” AIP Conf Proc 1(2001), 1–20 (2003). 

45 J. Xu, Z. Sun, C. Zhang, M. Dellostritto, D. Lu, M.L. Klein, and X. Wu, “Importance of nuclear quantum 

effects on the hydration of chloride ion,” Phys Rev Mater 5(1), L012801 (2021). 

46 C.W. Swartz, and X. Wu, “Ab initio studies of ionization potentials of hydrated hydroxide and 

hydronium,” Phys Rev Lett 111(8), 087801 (2013). 

47 J. Vinson, J.J. Kas, F.D. Vila, J.J. Rehr, and E.L. Shirley, “Theoretical optical and x-ray spectra of liquid 

and solid H 2O,” Phys Rev B 85(4), 045101 (2012). 

48 W. Chen, X. Wu, and R. Car, “X-Ray absorption signatures of the molecular environment in water and 

ice,” Phys Rev Lett 105(1), 017802 (2010). 

49 L. Kong, X. Wu, and R. Car, “Roles of quantum nuclei and inhomogeneous screening in the x-ray 

absorption spectra of water and ice,” Phys Rev B 86(13), 134203 (2012). 



17 

 

50 B. Hetényi, F. De Angelis, P. Giannozzi, and R. Car, “Calculation of near-edge x-ray-absorption fine 

structure at finite temperatures: Spectral signatures of hydrogen bond breaking in liquid water,” Journal 

of Chemical Physics 120(18), 8632–8637 (2004). 

51 D. Prendergast, and G. Galli, “X-ray absorption spectra of water from first principles calculations,” 

Phys Rev Lett 96(21), 215502 (2006). 

52 Z. Sun, M. Chen, L. Zheng, J. Wang, B. Santra, H. Shen, L. Xu, W. Kang, M.L. Klein, and X. Wu, “X-ray 

absorption of liquid water by advanced ab initio methods,” Phys Rev B 96(10), 1–10 (2017). 

53 Z. Sun, L. Zheng, M. Chen, M.L. Klein, F. Paesani, and X. Wu, “Electron-Hole Theory of the Effect of 

Quantum Nuclei on the X-Ray Absorption Spectra of Liquid Water,” Phys Rev Lett 121(13), 137401 

(2018). 

54 A. Nilsson, and L.G.M. Pettersson, “Perspective on the structure of liquid water,” Chem Phys 389(1–3), 

1–34 (2011). 

55 T. Fransson, Y. Harada, N. Kosugi, N.A. Besley, B. Winter, J.J. Rehr, L.G.M. Pettersson, and A. Nilsson, 

“X-ray and Electron Spectroscopy of Water,” Chem Rev 116(13), 7551–7569 (2016). 

56 F. Tang, X. Jiang, H.Y. Ko, J. Xu, M. Topsakal, G. Hao, A.T. N’Diaye, P.A. Dowben, D. Lu, X. Xu, and X. 

Wu, “Probing ferroelectricity by X-ray absorption spectroscopy in molecular crystals,” Phys Rev Mater 

4(3), 034401 (2020). 

57 F. Tang, and X. Wu, in Properties of Water from Numerical and Experimental Perspectives (CRC Press, 

2022), pp. 1–24. 

58 J. Xu, C. Zhang, L. Zhang, M. Chen, B. Santra, and X. Wu, “Isotope effects in molecular structures and 

electronic properties of liquid water via deep potential molecular dynamics based on the SCAN 

functional,” Phys Rev B 102, 214113 (2020). 

59 M. Ceriotti, G. Bussi, and M. Parrinello, “Nuclear quantum effects in solids using a colored-noise 

thermostat,” Phys Rev Lett 103(3), 030603 (2009). 

60 J. Deslippe, G. Samsonidze, D.A. Strubbe, M. Jain, M.L. Cohen, and S.G. Louie, “BerkeleyGW: A 

massively parallel computer package for the calculation of the quasiparticle and optical properties of 

materials and nanostructures,” Comput Phys Commun 183(6), 1269–1289 (2012). 

61 J.P. Perdew, K. Burke, and M. Ernzerhof, “Generalized gradient approximation made simple,” Phys Rev 

Lett 77(18), 3865–3868 (1996). 

62 P. Giannozzi, O. Andreussi, T. Brumme, O. Bunau, M. Buongiorno Nardelli, M. Calandra, R. Car, C. 

Cavazzoni, D. Ceresoli, M. Cococcioni, N. Colonna, I. Carnimeo, A. Dal Corso, S. De Gironcoli, P. Delugas, 

R.A. Distasio, A. Ferretti, A. Floris, G. Fratesi, G. Fugallo, R. Gebauer, U. Gerstmann, F. Giustino, T. Gorni, 

J. Jia, M. Kawamura, H.Y. Ko, A. Kokalj, E. Kücükbenli, M. Lazzeri, M. Marsili, N. Marzari, F. Mauri, N.L. 

Nguyen, H. V. Nguyen, A. Otero-De-La-Roza, L. Paulatto, S. Poncé, D. Rocca, R. Sabatini, B. Santra, M. 

Schlipf, A.P. Seitsonen, A. Smogunov, I. Timrov, T. Thonhauser, P. Umari, N. Vast, X. Wu, S. Baroni, 

M.B.P.G.O.A.T.B. O Bunau, M.C.N.M.C.R.C.C.C. D Ceresoli, S. de G.N.C.I.C. A Dal Corso, 

G.F.P.D.R.A.D.J.A.F. A Floris, J.J.G.F.R.G.U.G.F.G. T Gorni, M.L.M.K.H.-Y.K.A.K. E Küçükbenli, H.-

V.N.M.M.N.M.F.M. N L Nguyen, R.S.A.O.-R.L.P.S.P. D Rocca, I.T.B.S.M.S.A.P.S. A Smogunov, X.W. and 



18 

 

S.B.T.T.P.U. N Vast, P. Giannozzi, O. Andreussi, T. Brumme, O. Bunau, M. Buongiorno Nardelli, M. 

Calandra, R. Car, C. Cavazzoni, D. Ceresoli, M. Cococcioni, N. Colonna, I. Carnimeo, A. Dal Corso, S. De 

Gironcoli, P. Delugas, R.A. Distasio, A. Ferretti, A. Floris, G. Fratesi, G. Fugallo, R. Gebauer, U. Gerstmann, 

F. Giustino, T. Gorni, J. Jia, M. Kawamura, H.Y. Ko, A. Kokalj, E. Kücükbenli, M. Lazzeri, M. Marsili, N. 

Marzari, F. Mauri, N.L. Nguyen, H. V. Nguyen, A. Otero-De-La-Roza, L. Paulatto, S. Poncé, D. Rocca, R. 

Sabatini, B. Santra, M. Schlipf, A.P. Seitsonen, A. Smogunov, I. Timrov, T. Thonhauser, P. Umari, N. Vast, 

X. Wu, and S. Baroni, “Advanced capabilities for materials modelling with Quantum ESPRESSO,” Journal 

of Physics Condensed Matter 29(46), 465901 (2017). 

63 D.R. Hamann, “Optimized norm-conserving Vanderbilt pseudopotentials,” Phys Rev B 88(8), 085117 

(2013). 

64 M.S. Hybertsen, and S.G. Louie, “Electron correlation in semiconductors and insulators: Band gaps and 

quasiparticle energies,” Phys Rev B 34(8), 5390–5413 (1986). 

65 M. Rohlfing, and S.G. Louie, “Electron-hole excitations and optical spectra from first principles,” Phys 

Rev B 62(8), 4927–4944 (2000). 

66 J. Deslippe, G. Samsonidze, D.A. Strubbe, M. Jain, M.L. Cohen, and S.G. Louie, “BerkeleyGW: A 

massively parallel computer package for the calculation of the quasiparticle and optical properties of 

materials and nanostructures,” Comput Phys Commun 183(6), 1269–1289 (2012). 

67 W. Chen, F. Ambrosio, G. Miceli, and A. Pasquarello, “Ab initio Electronic Structure of Liquid Water,” 

Phys Rev Lett 117(18), 10–13 (2016). 

68 M. Ceriotti, W. Fang, P.G. Kusalik, R.H. McKenzie, A. Michaelides, M.A. Morales, and T.E. Markland, 

“Nuclear Quantum Effects in Water and Aqueous Systems: Experiment, Theory, and Current 

Challenges,” Chem Rev 116(13), 7529–7550 (2016). 

69 C. Zhang, L. Zhang, J. Xu, F. Tang, B. Santra, and X. Wu, “Isotope effects in x-ray absorption spectra of 

liquid water,” Phys Rev B 102(11), 115155 (2020). 

70 J.W. Smith, and R.J. Saykally, “Soft X-ray Absorption Spectroscopy of Liquids and Solutions,” Chem Rev 

117(23), 13909–13934 (2017). 

  


