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Abstract 

We use photoelectron emission spectroscopy with vacuum microjet technique and quantum 

chemistry calculations to investigate electronic structure and stability of aqueous phosphate 

anions. Based on the measured photoelectron spectra of sodium phosphates at different pH, 

we report for the lowest vertical ionization energies of monobasic (9.5 eV), dibasic
 
(8.9 eV) 

and tribasic (8.4 eV) anions. Electron binding energies were in tandem modelled with ab 

initio methods, using a mixed dielectric solvation model together with up to 64 explicitly 

solvating water molecules. We demonstrate that two solvation layers of explicit water 

molecules are needed to obtain converged values of vertical ionization energies (VIEs) within 

this mixed solvation model, leading to very good agreement with experiment. We also show 

that the highly charged PO4
3-

 anion, which is electronically unstable in the gas phase, gains 

the electronic stability with about 16 water molecules, while only 2-3 water molecules are 

sufficient to stabilize the doubly charged phosphate anion. We also investigate the effect of 

ion pairing on the vertical ionization energy. In contrast to protonation (leading to a formation 

of covalent O-H bond), sodiation (leading to an anion..Na
+
 ion pair) has only a weak effect on 

the electron binding energy.  
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I. Introduction  

Isolated molecular anions, especially the multiply charged anions are often 

intrinsically electronically unstable,
1-4

 i.e. the Coulomb repulsion between the extra electrons 

lead to a spontaneous electron detachment in the gas phase. Many common multivalent anions 

such as sulphate SO4
2-

 or carbonate CO3
2-

 can thus not be isolated in the gas phase, although 

examples can be found in which molecular anions are stabilized (at least kinetically) by 

repulsive Coulomb barrier
3
 or via spatial separation of the negative charges.

5
 Typically, 

however, the anion stabilization is achieved by means of intermolecular interactions, either 

with solvent molecules in a solution or with the counterions in a crystal. 

Photoelectron spectroscopy is an excellent experimental tool for addressing the 

question of electronic stability. This technique has indeed been used to study, e.g., doubly 

charged sulphate anion solvated with 4 to 40 water molecules.
6, 7

 Such cluster data can be in 

principle used for extrapolation either to the condensed phase
8, 9

 or in the direction of the 

(unstable) isolated ion.
10

 Direct experimental characterization of solutes in bulk liquid water 

with photoelectron spectroscopy is, however, a challenging experimental problem which has 

only relatively recently been addressed using the technique of liquid microjets.
11-13

 Prior to 

this breakthrough, only photoemission thresholds could be estimated for the bulk liquid.
14

  

In this contribution, we use vacuum liquid microjet photoelectron spectroscopy 

combined with extensive ab initio calculations to study the solvation effects on the electronic 

stability of phosphates H2PO4
-
, HPO4

2-
 and PO4

3-
 (see Fig. 1). The singly charged dihydrogen 

phosphate anion is stable already in the gas phase
15

 while the doubly and triply charged 

anions require bound solvent molecules for their existence.
16

 Protonation thus significantly 

changes the electronic stability of the phosphates in the gas phase, which leads to the 

following question: how do solvating water molecules stabilize the different protonation 

states and does the protonation change the electron stability also in the bulk liquid?  It is also 

well known that ions, except at low dilution, do not exist in solution as freely solvated species 

due to their tendency to associate with counterions.
17

 This ion pairing becomes more 

pronounced with increasing charge of the anion and it also strongly depends on the ionic 

strength.
18

 Evidence for ion association can be found in Raman and IR spectroscopy if a 

molecular anion is probed.
19
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For a triply charged phosphate anion, the unassociated anion will be a very minor 

species already at very low concentrations and it will vanish at > 0.1 M molar concentrations 

employed in the photoelectron experiment. We should, therefore, also ask to what extent the 

electronic stability is affected by the counter-ions or, equivalently, whether counter-ion effects 

influence the photoemission energetics.  

From a practical standpoint, phosphate anions are the basis of the dominant cellular 

buffer; at pH=7 the anion is almost equally speciated between phosphate in its monovalent 

(H2PO4
-
) and divalent (HPO4

2-
) forms. Also, the negatively charged phosphate backbone is an 

important component of nucleic acids. The knowledge of phosphate ionization energies (IE) is 

crucial in this context in assessing radiation damage and charge transfer between the nucleic 

acid components.
20-22

 It turns out that the vertical ionization energies of the phosphate moiety 

and the aromatic bases of DNA are very close to each other.
20, 23, 24

  Therefore, it is important 

to establish the factors that influence the ionization energies at these sites. 

Several particular issues concerning the electronic structure and stability of phosphate 

anions have been addressed in previous studies. Wang et al.
25

 have used photoelectron 

spectroscopy to measure the vertical ionization energy (VIE) of an isolated singly charged 

phosphate anion, H2PO4
-
, reporting a value of about 5 eV. Based on ab initio calculations, 

Boldyrev et al. have argued that triply charged phosphate anion is unstable with respect to the 

energy loss in the gas phase
15

 but the anion can be stabilized in water.
16

 Delahay studied 

photoemission from aqueous phosphate solutions in the 1980s,
14

 reporting the onsets of the 

photoemission at 9.23, 8.79 and 7.44 eV for H2PO4
-
, HPO4

2-
 and PO4

3-
 anions.

26
 Phosphate 

anions were also studied by means of photoelectron spectroscopy in the solid state revealing a 

similar ordering in the lowest VIE for the three differently protonated phosphate forms.
27

 

Structural properties of phosphate anions in liquid water have been also investigated by means 

of Raman spectroscopy,
28, 29

 electrospray,
30

 quantum chemistry calculations
31-34

 and ab initio 

and molecular dynamical simulations.
35-37

 In these studies, it was shown that phosphate anion 

is surrounded by a flexible first solvation layer formed according to neutron scattering 

experiments
38

 by 15±3 water molecules. Particular attention was paid to the energetics of 

different protonation states in the context of pKa calculations.
39-41

 It follows from these studies 

that the properties of the phosphate anions are controlled by solvation but it is at the same 

time very difficult to describe the solvation effects on the multiply charged phosphates 

properly. The fundamental quantity characterizing ion solvation, the hydration energy, has 
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been reported for PO4
3-

 with large variations
42, 43

 which reflects the ill-defined concept of 

solvation energy for a species, which does not exist in the gas phase.  

The current work combines liquid-phase photoelectron experiments with ab initio 

calculations. We first present the photoelectron spectra recorded for sodium phosphate in 

different protonation states and these data are then interpreted with calculations. The 

combination of experiment and calculations allows us to address quantitatively issues 

concerning the effects of protonation and pairing with counter-ions on the VIE and the 

convergence of electronic stabilization of phosphate anions with the number of solvating 

water molecules. 

 

II. Methods 

II.1 Experimental: Photoemission Measurements 

Valence photoelectron-spectroscopy measurements were performed from a 21 m 

diameter vacuum liquid microjet
12 

at the soft-X-ray U41 PGM undulator beamline of BESSY, 

Berlin. The jet velocity was ~ 40 ms
-1

. Our sample solutions were kept at 20°C by a 

refrigerated/heating circulator prior to being pushed through the glass capillary, forming the 

microjet. The exact temperature of a ~20 m vacuum jet has not yet been determined 

experimentally. However, we estimate that the jet temperature at the locus where 

photoionization takes place is likely somewhat above 3-5°C. This was the value determined 

by evaporative-cooling modeling
44-46

 for a 15-m water jet and experimentally from analysis 

of the velocity distribution of evaporating water gas-phase molecules.
47

 

Photon energies were typically 200 eV. Electrons were detected normal to both the 

synchrotron-light polarization vector and the flow of the liquid jet. A 125 µm diameter orifice 

that forms the entrance to the hemispherical electron energy-analyzer chamber (10
-9

 mbar) is 

at a 0.5 mm distance from the liquid jet – a short enough distance to assure that detected 

electrons have not suffered from inelastic scattering with water gas-phase molecules around 

the small-sized liquid jet.
11, 12, 48

 The low 10
-4

 mbar pressure in the main interaction chamber, 

under jet-operation conditions, is maintained using turbomolecular and liquid-nitrogen 

cryopumps. At constant analyzer pass-energy of 10 eV the energy resolution is approximately 

100 meV, and the energy resolution of the U41 beamline was better than 50 meV (for a 200 
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eV photon energy). The small focal size (23 x 12 μm
2
) of the X-ray beam at the point of 

interaction with the liquid microjet allows for matching spatial overlap, and limits the 

contribution from gas-phase components to less than 5% of the total signal. Photoelectron 

count rates typically range from 10
3
-10

4
 s

-1
.  Electron binding energies were calibrated against 

the binding energy of the 1b1 molecular orbital of water liquid water
49

 and are presented here 

relative to the vacuum level. 

 

II.2 Aqueous Solutions and Preparation 

Solutions of phosphate salts, trisodium phosphate, Na3PO4 (Sigma-Aldrich, purity 

96%), disodium hydrogen phosphate, Na2HPO4 (Sigma-Aldrich, ≥99%), and sodium 

dihydrogen phosphate, NaH2PO4 (Sigma-Aldrich, ≥ 99%) were prepared at 0.4 M and for 

Na3PO4 at two additional concentrations, 0.1 M and 1 M. The super-saturated solution at 1 M 

Na3PO4 was achieved by heating in an 80° C water bath followed by slow cooling over 

several hours. This is about a factor of two greater than the normal room-temperature 

solubility. After cooling to room temperature, pH measurements were taken and each solution 

was thoroughly inspected to ensure there is no precipitation. All pH measurements we made 

using a Greisinger brand pH-meter, and great care was taken to ensure proper and frequent 

calibration. Samples were sub-micron filtered prior to injection into the liquid microjet. 

In common with other basic polyvalent ions in water, it is important to consider the 

speciation expected both with respect to sodium counter-ion association and the protonation 

state.
18,50-52

 Speciation curves can be calculated from recent literature stability constants.
53

 As 

an example we show the relative fractions of free and sodium-associated forms of tribasic 

phosphate in Figure 2. It is noteworthy that over the concentration range we study, the fraction 

of free PO4
3-

 ions is very small and even for the dibasic and monobasic phosphate most anions 

are associated with a counter-ion.  Values for the apparent concentrations of the PO4
3-

, HPO4
2-

, H2PO4
-
, NaPO4

2-
, NaHPO4

-
, and NaH2PO4 species in each experimental solution are 

presented in Table S1 of the Supplementary Information. The computed pH values are 

consistent with values measured. 
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II.3 Calculations 

We have modeled the ionization process of the hydrated phosphate anions considering 

three protonation states: PO4
3-

, HPO4
2-

, and H2PO4
-
. There are two major issues to be 

addressed – how to model the ionization process and how to model the solvation.  

We have calculated the VIEs combining different computational techniques. To 

calculate the first ionization energy, we have employed the second-order Møller-Plesset 

perturbation theory with a spin projection (PMP2) method,
54

 using the aug-cc-pVDZ basis set. 

In this approach, the spin contamination problem in the ionized species is minimized. The 

PMP2 method thus provides high quality ionization energies at a reasonable computational 

cost for neutral systems, cations, and anions.
55, 56

 Ionization energies of larger clusters were 

estimated at the DFT level with the BMK functional
57

 and the 6-31+g* basis set. Higher 

ionization energies (i.e., ionization energies corresponding to the ejection of more tightly 

bound electrons) were calculated as the sum of the first ionization energy calculated at the 

PMP2 level and individual excitation energies corresponding to the excitation into the SOMO 

orbitals in the ionized state (see Figure S2 in SI). The excitation energies were calculated with 

time-dependent density functional theory (TDDFT) with the BMK functional and 6-31+g* 

basis set. We have successfully used this approach previously to model photoionization of 

nucleic acid components, liquid solutions and ion pairs.
23, 58-60

 Since the ionization energies of 

the phosphate anions lie close to each other, we have also performed benchmark calculations 

with higher level methods (as presented in the Supporting Information). 

Aqueous solvation was modelled using three different approaches: i) microsolvation, 

i.e., gradually adding the solvating water molecules, ii) representing the water as dielectric 

continuum within the polarizable continuum model (PCM), and iii) using a hybrid model, in 

which a cluster with explicit water molecules is embedded in the dielectric continuum. The 

direct microsolvation approach is problematic since a large number of solvating molecules are 

typically required to obtain a converged value of the ionization energy; it is, however, 

possible to use such approaches, e.g., within the effective fragment potential scheme.
61, 62

 

Dielectric continuum approaches perform well provided the solvent response is linear, i.e., the 

electrical field exerted by the solute is not too strong. This is likely not to be the case for 

multiply charged anions and, therefore, a “buffer zone” of explicit water molecules is often 

needed to ”absorb” the strongest impact of the solute. At the same time, the dielectric 
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continuum takes care of the long range polarization of the solvent which cannot be neglected 

particularly for multivalent ions.  

A reliable description for anion solvation in polar solvents is a challenging problem in 

theoretical chemistry. Dielectric continuum models are developed for neutral molecules where 

short range contribution to the hydration energy is not too important. For anions, the dielectric 

models perform rather poorly unless the solute cavities are chosen to be artificially small. 

Augmented dielectric schemes aimed specifically for anions have also been suggested.
63, 64

 It 

has also been reported that some protocols based on the dielectric continuum perform better 

for ions (and, importantly, also for solute-clusters).
65

 These attempts are, however, primarily 

focused on description of singly charged anions. The theoretical description of phosphate 

solvation for differently charged anions was a subject of numerous studies in the context of 

pKa calculations.
39-41

 It is found that especially for the doubly and triply charged systems the 

performance of the dielectric models is rather unsatisfactory, even though one can reach 

thermodynamical quantities close to the experiment by a proper combination of electronic 

structure method, dielectric scheme, cavity radius and number of water molecules explicitly 

considered (see e.g. ref. 
41

).  The reliability of the solvation modeling is also difficult to assess 

as the experimentally available single ion properties are also problematic. For example, the 

“experimental” solvation energy of PO4
3-

 anion
43

 was calculated from a thermodynamical 

cycle involving lattice energy (calculated with Kapustinski equation
66

) and free energy for 

crystal dissolution. The calculated value thus corresponds to a virtual species which has the 

same electronic structure as in the crystal.  

The above considerations leads to a conclusion that dielectric continuum or hybrid 

models with small number of explicitly solvating water molecules will not reliably model the 

phosphate solvation. We have, therefore, used a “brute force” approach in which we have 

increased number of explicitly solvating molecules such that the calculated quantities are fully 

converged and independent of the particular dielectric model used.      

The clusters needed for calculations of the ionization energy within the microsolvation 

and hybrid approaches were generated in two ways. For clusters with less than 6 explicit 

waters, i.e., HiPO4
i-3

.(H2O)0-6, i = 0-2, we have optimized the ground state geometry at the 

MP2/aug-cc-pVDZ level in the gas phase and re-optimized the resulting geometry in the PCM 

continuum within the hybrid model. Large clusters can appear in a great number of 
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conformations with different ionization energies
67

 and the ground state geometries of larger 

clusters containing up to 64 water molecules were therefore sampled by a density functional-

based Born-Oppenheimer molecular dynamics (BOMD). To this end, in order to obtain 

reasonable starting orientations of water molecules around the anions, we used first classical 

molecular dynamics simulations with an empirical potential. Partial charges for ions were 

obtained from ab initio calculations, while the rest of the parameters were taken from the 

OPLS force field.
68

 The anion was placed in a cubic box of 25 x 25 x 25 A
3
, which was filled 

by about 500 TIP4P
69

 water molecules. The simulation was run for 2 ns at 300 K and 1 atm 

employing periodic boundary conditions. From the last frame of the trajectory, we cut a 

cluster containing the anion in the center and 64 or 83 surrounding water molecules. Such 

geometries served as the initial configuration for BOMD, where dynamics is started after a 

hundred minimization steps, in order to allow the structure to relax locally.  

All BOMD simulations were performed using the mixed Gaussian and plane wave 

approach, in which the Kohn-Sham orbitals are expanded into Gaussian functions, while for 

electron density a plane wave basis set is used. We utilized a triple zeta Gaussian basis set 

augmented with two polarization functions (TZV2P)
70

 and Goedecker-Teter-Hutter norm-

conserving pseudopotentials
71

 for the oxygen and phosphorus core electrons. The PBE 

exchange-correlation functional
72

 empirically corrected for dispersion interactions
73

 was used. 

The system was placed in a 25 x 25 x 25 Å
3
 cubic box and a cut-off of 280 Ry was used for 

auxiliary plane-wave basis set. The Poisson equation was treated with a wavelet based solver 

with open boundary condition,
74

 which are adequate for the isolated system. Classical 

equations of motion were integrated with a time step of 0.5 fs. Canonical sampling through 

velocity rescaling was used for adjusting the temperature at 250 K. The temperature was set 

slightly lower than at the ambient conditions in order to suppress evaporation of water 

molecules from the cluster. Additional runs were performed at 280 K in order to test how 

much such a temperature change affects the results. In each run, data were accumulated for 7 

ps after an equilibration period of 3 ps. Structures for calculation of ionization energies were 

obtained from these trajectories with a sampling period of 0.25 ps. Clusters smaller than those 

containing 64 water molecules were obtained by cutting out the most distant water molecules 

from the central anion. 

VIEs for the fully optimized small clusters were evaluated at the PMP2/aug-cc-pVDZ 

level employing the non-equilibrium PCM approach, i.e. taking into account only the optical 
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part of the polarization while neglecting the nuclear or orientation part. Such approach is 

consistent with the vertical character of the photoionization process.
20, 23, 55, 56, 60

 The VIEs of 

large clusters sampled from the BOMD were calculated at the BMK/6-31+g* level. 

In order to check the influence of ion pairing with Na
+
 on the VIE of the various 

phosphate forms, we also optimized the NajHiPO4
i+j-3

, i + j ≤ 3 clusters in the gas phase, as 

well as re-optimized them in the PCM solvent and calculated the VIE at the PMP2/aug-cc-

pVDZ level. Further, we also employed the hybrid model for NaPO4
2-

, Na2PO4
-
, NaHPO4

-
, 

prepared in the same way as for the unpaired anions. The only adjustment was the fact that a 

400 Ry was used for auxiliary plane-wave basis set to properly describe the 8 electrons of Na
+
 

not included in the pseudopotential. 

All BOMD simulations were performed using the mixed Gaussian and plane wave 

code CP2K/Quickstep,
75

 while the classical MD simulations were done using the program 

package Gromacs.
76

 The ionization calculations were performed in Gaussian09 suites of 

programmes,
77

 using the Gaussian03 parameters for the PCM calculations. 

III. Results and Discussion 

III.1 Experiment 

Figure 3 presents valence photoelectron (PE) spectra from aqueous phosphate 

solutions measured at 200 eV photon energy.  All traces are differential spectra, where we 

have subtracted the water reference solution PE spectrum, which was acquired repetitively in 

between measurements of the various phosphate solutions. Here we assume that solute and 

solvent contributions are essentially additive; specific effects on the water electronic structure 

are usually barely detectable as was observed in our previous studies from a series of 

electrolyte solutions (e.g., ref. 
13

). Signal intensities in Figures 3 are presented as to yield the 

same height of maximum-intensity peaks, and energies correspond to binding energies 

relative to vacuum. 

PE spectra as a function of protonation state, obtained from 0.4 M NaH2PO4 

(monobasic), Na2HPO4 (dibasic), and Na3PO4 (tribasic) starting solutions are shown in Figure 

3A. We refer the reader to Table S1 in the Supporting Information as to the expected 

speciation for these salts in aqueous solution.  We find that solutions with the tribasic form of 

phosphate have the lowest ionization energy, resulting in a PE peak-maximum at 8.4 ± 0.1eV, 
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and an ionization onset at approximately 7.2-7.3 eV Both values were determined from 

Gaussian fits of the differential spectra. We defined the ionization onset to five percent of the 

peak-maximum. Our value agrees well with the threshold energy of 7.44 eV in ref. 
14

.  For 

comparison, the position of the lowest ionization-energy peak and onset for neat water is 

11.16 and 9.9 eV, respectively.
49

 As we increase the protonation state, first with dibasic 

phosphate the lowest VIE increases, leading to a peak maximum at 8.9 ± 0.1 eV, and onset 

energy at approximately 7.7 eV. For monobasic phosphate these same ionization parameters 

are at even higher energy, 9.5 ± 0.2 and 8.4 eV, respectively. The 9.5 eV peak position cannot 

be determined with the same accuracy though as for the other two solutions because there is 

considerable spectral overlap with the lowest-ionization (1b1) peak from water which has 

been subtracted; this is also the reason for the larger scatter in signal for BE > 10 eV. Unlike 

for the tribasic phosphate, the onset energy for the dibasic and monobasic forms determined 

here are approximately 1 eV lower than observed in total-electron-yield threshold 

experiments.
14

 Gaussian functions fitted to the lowest binding energy peaks in Figure 3 yield 

full width at half maximum of 1.0–1.2 ± 0.1 eV for all three solutions.   

The major observed trend for the VIE is in agreement with initial expectation, that the 

more deprotonated the anionic species, the lower the binding energy of the HOMO with a 

shift from tribasic to monobasic ~1 eV.  We will below examine this expectation more 

carefully theoretically and show how the experimental PE energies, and their distribution 

(peak widths) compare with calculation. We next observe that the valence PE spectrum from 

tribasic phosphate exhibits a second peak, at approximately 9.9 eV BE, and a corresponding 

peak is not observed in the spectra for the dibasic and monobasic forms. However, given the 

spectral overlap with the water 1b1 peak, for the di- and mono- basic forms, we cannot fully 

rule out some smaller solute-derived intensity in the 10-11 eV BE region. The origin of this 

second peak is not yet fully worked out (see below) but we can exclude that it arises from the 

OH
-
(aq) in equilibrium with the tribasic phosphate; the OH

-
 ionization energy in water is 

lower, at 9.2 eV
78

 and has an order of magnitude lower concentration than the species giving 

rise to the main bands (see Supplementary Information).  

The concentration dependence of the tribasic valence PE spectra is shown in Figure 

3B. The result is illustrated with 0.1, 0.4 and 1.0 M Na3PO4 aqueous solution. One might have 

expected to see a similar binding energy shift to high BE with increasing fraction of counter-

ion associated species suggested in Figure 2 (thus reducing the effective charge on the ion in a 
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similar way to protonation). However, beyond a clear diminishment in the signal to noise, the 

observed spectral changes are rather minor with the main peak positions not changing. 

Apparently, the valence band photoelectron spectrum is not sensitive to the association state 

of the cation, or at least discernible within the scale of the peak broadening.  There are subtle 

changes in the depth of the valley between the two major peaks but this can be satisfactorily 

explained (see Figure S1 in the supplemental information) by considering the changes in 

relative fractions of the minor species, OH
- 
and HPO4

2-
 present. The effect on the ionization 

energy of a counter-ion binding and how it differs from protonation will be explored 

theoretically below.   

III.2 Calculations 

The presentation of our calculated data follows the structure of Figure 1. We first discuss the 

stability of the HOMO electron in the triply charged phosphate anion, PO4
3-

. This ion is 

considered as the parent ion from which the other species are derived either by protonation 

(hydrogenphosphates) or by sodiation. In the experiment, protonation can be controlled by pH 

and sodiation can be modulated in principle by total concentration. However, note that at the 

concentrations pertinent to the present experiments the triply charged ion is practically always 

paired with at least one sodium cation. Finally, we focus on ionization from lower lying 

electrons.  

Ionization of the triply charged phosphate anion (PO4
3-

) 

In the context of the mechanism of aqueous solvation, the triply charged phosphate tri-

anion PO4
3-

 is the most interesting species among the investigated phosphate anions due to the 

large electric field exerted by the anion on the neighboring water molecules. Such highly 

charged species polarizes its environment well beyond the linear regime, leading also to a 

significant amount of charge transfer. Even though Mulliken analysis predicts virtually no 

charge transfer, other physically more relevant population analysis schemes such as Bader 

analysis or CHelpG analysis show that 0.7–1.0 e is transferred to the solvent.   

The triply charged anion PO4
3-

 does not exist per se. More precisely, the trivalent 

anion is not supported as an isolated species and a significant number of water molecules are 

needed to stabilize it against a spontaneous electron detachment. Following our calculations 
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of clusters of increasing size (the smallest clusters shown in Figure S4 of SI) we find that the 

smallest cluster containing a stable PO4
3-

 anion has about 16 water molecules.  

Figure 4 and Table 1 show the calculated ionization energies for gas phase clusters 

containing at least 16 water molecules (where the vertical ionization energy (VIE) gains 

positive values) and for the PO4
3-

(H2O)0-64 clusters embedded in a polarizable dielectric 

continuum. Adding additional solvent molecules leads to further stabilization of the trianion 

and, consequently, to the gradual increase of the VIE. Still, for the cluster with 64 water 

molecules the VIE is less than 5 eV, i.e., more than 3 eV below the experimental value for 

Na3PO4 solution (Figure 4).  

Clearly, the long-range polarization plays an important role in the trianion 

stabilization. However, using the continuum dielectric model is not sufficient due to strong 

polarization effects. The VIE for the bare phosphate trianion in non-equilibrium PCM is 

calculated to be only 6.9 eV, which is still more than 1.5 eV below the experimental value. 

The calculated VIE furthermore strongly depends on the size and construction of the cavity 

used in the PCM calculations. This observation is analogous to the strong dependence of 

calculated acidity constants on the solute cavity found for triprotic acids.
41

 The study of 

Stefanovich et al.
16

 the calculated binding energy with the GCOSMO model for the PO4
3-

 

anion was remarkably close to the experiment. The agreement, however, likely results from 

error cancelation as the reaction field ought to be considered as completely frozen upon the 

ionization (neglecting the optical part of the polarizability). We conclude that dielectric 

models are not able to reliably describe the ionization process for the triply charged phosphate 

anion.    

In order to improve the description, we have thus gradually solvated the trianion by 

explicit water molecules, embedding the whole system in the dielectric continuum. The VIE 

only slowly increases with the size of the explicit water zone, starting to level off for clusters 

with more than 50 water molecules, which roughly corresponds to the first two solvation 

layers. We thus conclude that for the triply charged phosphate anion, a buffer zone of at least 

two solvation layers is needed before the response of the environment to the ionization can be 

described within a polarizable continuum. 

The triply charged species represents an extreme case of ion solvation. In the 

following paragraphs, we will consider phosphate anions with lower density of the negative 
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charge. We follow two routes to decrease the excess negative charge: 1. Protonation leading to 

the hydrogen-phosphate (HPO4
2-

) or dihydrogen-phosphate (H2PO4
-
) anion. A covalent bond 

between the oxygen and the hydrogen atoms is formed in this case. 2. Sodiation forming ion 

pairs like NaPO4
2- 

or Na2PO4
-
. In this case, the sodium cation interacts with the phosphate 

anion purely via electrostatic interaction. 

Protonated phosphate anions: hydrogen-phosphate and dihydrogen-phosphate 

As the triply charged PO4
3-

 anion, the hydrogen phosphate anion HPO4
2-

 does not exist 

as an isolated stable anion either. However, just two water molecules are enough to bring the 

anion the stability leading to positive VIE (see Figure S5 of SI for clusters of increasing size). 

This observation is generally consistent with what is known for other similar divalent anions, 

such as SO4
2-

 or C2O4
2-

.
3
  

Figure 5 and Table 1 show the dependence of the VIE of the HPO4
2-

 anion on the water 

cluster size, both for the clusters in the gas phase and for the clusters embedded in the 

dielectric continuum within the hybrid method. The VIE of the gas-phase clusters increases 

upon adding water molecules, reaching the value of about 6 eV for the largest clusters 

considered (n = 64). There is, however, no indication that the VIE is leveling off at this cluster 

size and the calculated ionization energy is far from the experimental value of 8.90 eV 

measured for the Na2HPO4 solution. The two explicit solvation layers are simply not enough 

to fully capture the effect of the solvent on the ionization process.  

Figure 5 also shows that a dielectric continuum model alone also fails to perform 

satisfactorily; the VIE calculated using PCM is 7.2 eV, i.e., 1.7 eV below the experimental 

value. One can approach the experiment only by combining the relatively large inner explicit 

water zone to account for the local polarization effects with the outer dielectric continuum 

accounting for the long range polarization. It is remarkable that two solvation layers still need 

to be considered explicitly even though the system charge is smaller than that of the 

phosphate tri-anion.  The resulting VIE using the hybrid approach of 9 eV is in an excellent 

agreement with the experimental value. 

The monovalent phosphate anion H2PO4
-
 is stable already as a gas phase species.

25
 

The experimental gas-phase ionization energy was measured to be 5.1 eV,
25

 which is perfectly 

reproduced at the BMK/aug-cc-pVDZ level. In the gas phase we, nevertheless, experience 
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some problems with wavefunction stability, leading to a less reliable estimate at the PMP2 

level of 5.8 eV. Fortunately, this problem does not occur when water molecules are present 

(the electronic wavefunction is also stable for other phosphate species). 

The VIE changes monotonously with the increasing cluster size for the isolated water 

clusters (save for smallest clusters structures, which were minimized and which are shown 

Figure S6 of SI). For the largest clusters investigated (i.e., two solvation layers), the mean VIE 

is about 8.5 eV, but again we do not see any sign of convergence (Figure 6 and Table 1). In 

comparison, the dielectric continuum model performs rather satisfactorily for the singly 

charged species. For the isolated anion embedded in the dielectric continuum, the VIE was 

calculated to be 9 eV, which is already rather close to the experimental value of 9.5 eV, with 

the error within the full width at half maximum (FWHM) of the experimental spectrum. The 

hybrid model further improves the agreement with experiment. The VIE within the first 

solvation layer oscillates around 9 eV but once we include the second solvation layer into the 

hybrid model, we end up at the VIE of 9.6 eV, which practically coincides with the 

experimental value. 

Sodiation of the triply charged anion 

Let us now address the question whether the electronic structure of the phosphate 

anion can be controlled not only via the covalent bonding with a proton but also via the ionic 

interactions with the sodium counterions present in the solution. For a wide concentration 

range, the major species in the sodium phosphate is not the bare tri-anion but actually a 

mixture of the sodiated (NaPO4
2-

) and disodiated (Na2PO4
-
) anion, see Fig. 2. Investigation of 

the effects of the sodium phosphate speciation is, therefore, important not only from the 

conceptual perspective (i.e., what is difference between covalent and ionic bonding in 

solution) but also in order to correctly interpret the experiment. 

Below, we consider systems embedded in the dielectric continuum since in the context 

of sodiation we are primarily interested in the solution phase chemistry. To gain a quick 

insight, we have first calculated the VIE for the PO4
3-

, NaPO4
2-

 and Na2PO4
-
 anions immersed 

in the dielectric continuum. The VIE for these three clusters are very close to each other, i.e., 

6.9 eV PO4
3-

, 7.1 or 6.6 eV for NaPO4
2-

 (depending on cluster geometry), and 6.7 or 6.8 eV 

for Na2PO4
-
 (depending on cluster geometry); see Figure S7 of SI for isomer geometries. On 

average, there is no trend with counter-ion number.  That is markedly different from what is 
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observed for the effect of protonation, where the VIE changes from 6.9 eV for PO4
3-

 to 7.2 eV 

for HPO4
2-

 and to 9.0 eV for H2PO4
-
. We thus can formulate a hypothesis that sodiation does 

not strongly influence the VIE of the solvated anion. We could, however, be potentially biased 

by the simple dielectric solvation model used for systems with different charge. We have, 

therefore, performed also a benchmark simulation of the singly and doubly sodiated 

phosphate tri-anion solvated with 64 explicit water molecules and then immersed in the PCM. 

Consistently, the VIE remained practically unaffected by sodiation; the VIE was calculated to 

be 8.7 eV for the PO4
3-

, 8.6 eV for NaPO4
2-

, and 8.65 eV for Na2PO4
- 
(the reported values are 

averages over trajectories performed in the same way as for phosphates without counterions). 

Similar conclusions as for the sodiation of the triply charged anion can be also drawn for the 

sodiation of the doubly charged anion. In this case, the mean value of the VIE remains ~9.0 

eV after counter-ion binding.  

Photoelectron spectroscopy of multiply charged ions thus appears rather insensitive 

(~0.1 eV) to pairing with monovalent counter-ions in solution. The solvent screening effect 

during the ionization process has been already noticed in our previous studies
20, 23, 60

 where 

the additional screening effect of the counter-ions (on top of that already provided by water) 

was shown to be small. However, another way to consider this, taking into account the VIE of 

an isolated Na3PO4 molecule (Table 2) which is already within ~1 eV of the aqueous 

experimental value, is that either counter-ions alone or the solvent alone can provide saturated 

dielectric stabilization of the anion.  The calculated result for isolated Na3PO4 is also in line 

with the XPS data of Gaskell et al. where solid state powders of phosphate salts in different 

protonation states not only shows similar trends to the results here, but also confirm that 

counter ions alone recover the majority of the stabilization energy.
27

  

Ionizations from lower lying molecular orbitals 

So far, we have discussed only the lowest VIE of the aqueous phosphate ions 

(corresponding orbitals are shown in Figure S3 of SI). The electrons originating from the 

lower lying orbitals can, however, also contribute to the experimental PE spectrum. In order 

to examine their contributions, an indirect approach to calculations of VIEs from tighter 

bound electrons was employed. Namely, the VIE originating from ionizing deeper lying 

electrons is calculated as a sum of the lowest VIE and the TDDFT excitation energy of such 
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electrons to the SOMO orbital of ionized species.
23, 59, 60

  This scheme is shown in Figure S2 

of the Supporting Information. 

According to the TDDFT/NEPCM description (without explicit waters), the first two 

excitation energies of PO4
2-

· radical anion are lower than 0.09 eV, meaning that the first three 

VIEs of PO4
3-

 are energetically almost degenerate. This could potentially indicate problems 

with utilizing single-reference methods. However, we have checked the TDDFT results (for 

gaseous species) against various multireference methods (CASSCF, CASPT2 and MRCI) and 

the agreement was satisfactory (the benchmark calculations are summarized in the Supporting 

Information). Higher TDDFT/NEPCM states start at 1.4 eV above the first ionization energy 

of PO4
3-

.  

When trying to include explicit water interactions with solvating molecules in the first 

or second solvation interactions layers, we expect that the energy levels of the higher ionized 

states will follow similar pattern with the number of explicit waters as the lowest state. 

Computational analysis of the higher ionized states for the explicitly solvated phosphate 

anions reveals ionizations from the phosphate moieties become entangled with the ionizations 

of the water molecules in the first solvating shell (see Supporting Information). These 

observations therefore suggest a possible explanation of the second peak observed in the 

photoelectron spectrum of the PO4
3-

 anion (Figure 3). Based on our calculations, and 

supported by lack of concentration dependence of the observed signal, we can rule out that it 

results from different association states of the core PO4
3-

 anion with different numbers of Na
+
 

cations. Similarly, the signal cannot be explained as resulting from OH
-
 anions present in the 

solution (see simulated spectra in Figure S1 of SI).  We, therefore, speculate that the separated 

and intense second peak at 9.9 eV may correspond to HOMO-n ionizations sitting on top of a 

weaker ionization background from water delocalized orbitals. While the lowest ionized state 

originates purely from the phosphate moiety, the higher states have increasingly a mixed 

character involving the neighboring water molecules. Judging from the raw experimental 

spectra (prior to subtracting the water signal) the involvement of water orbitals can reduce the 

cross sections by up to a factor of two (see Figure S11 and caption). Further, the calculations 

support the absence of a second distinct peak within the < 11 eV binding energy experimental 

window for dibasic and monobasic phosphate (Figure S9 and S10). However, with the present 

computational methodology, which lacks computation of relative cross sections, we are not 

able to fully quantitatively resolve this issue.  
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IV. Conclusions 

In this paper, we report photoelectron spectra for aqueous solutions of sodium salts of 

phosphate anion in its three protonation states, namely dihydrogen phosphate (H2PO4
-
), 

hydrogen phosphate (HPO4
2-

) and phosphate (PO4
3-

). We have extracted HOMO electron 

binding energies which can be attributed to these three anions. We should however emphasize 

that at the relatively high electrolyte concentrations used in our study, the measured binding 

energies correspond mostly to the ion pairs of the anions with the sodium counterions. We 

also model the electronic structure of solvated phosphate anions by means of ab initio 

methods and the calculations are used to interpret the photoemission experiment. The major 

conclusions can be summarized as follows (for summary of experimental and computational 

results see Table 2): 

1. For the dihydrogen phosphate H2PO4
-
, the binding energy of the HOMO electron 

increases from 5.06 eV in the gas phase
25

 to 9.5 eV.  Hydrogen phosphate (HPO4
2-

) 

and phosphate (PO4
3-

) anions have never been isolated in the gas phase, due to their 

electronic instability, but the binding energies in water were measured to be 8.9 eV for 

HPO4
2- 

and 8.4 eV for PO4
3-

. Liquid microjet photoelectron spectroscopy thus 

characterizes the electronic stabilization of the anion by the solvent.  

2. Based on our theoretical calculations, we estimate that about 16 water molecules are 

needed to support the electronic stability of PO4
3-

 while 2-3 water should suffice to 

support the existence of HPO4
2-

. 

3. It was possible to reproduce the experimentally reported binding energies (and 

photoelectron spectra) within the hybrid cluster/continuum approach. However, for 

multiply charged anions it was necessary to fully solvate the phosphate anion with two 

layers of explicit water molecules to reproduce the experiment.  

4. Our calculations show that the protonation (i.e. formation of covalent bond between 

H
+
 and the anion) increases the VIE of phosphate anion, while ion pairing with Na

+
 

does not influence it due to the screening effect of water. This conclusion is in a full 

agreement with the experiments for phosphates in different protonation states studied 

at different electrolyte concentrations. 



19 

 

5. Both experimental and simulated photoelectron spectra exhibit a rather broad peak 

width (above 1 eV), which can be rationalized as a combination of distribution of 

solvent and counter-ion structures, as well as vibrational and electronic states of the 

anion. For the former (inhomogeneous) broadening the current calculations show that 

the distribution of solvent structures gives the major contribution. 

Electron detachment from the phosphate anions leads to the formation of phosphate 

radicals, H2PO4
·
, HPO4

-·
, and PO4

2-.
. These highly oxidizing radicals, rapidly reacting with 

organic compounds in aqueous solutions,
79-81

 are often present in high concentrations in 

industrial waste waters and they can be also involved in biological radiation processes. The 

redox potentials are not currently available and are presently only estimated based on the 

radical reactivities.
79

 The photoemission measurements described here provide independent 

estimates of the order and variation in the reduction potentials of phosphate radicals.  

The phosphate anion represents an interesting case of a common system which is 

capable of existence only in a solvated state. Although, unstable with respect to ejection of an 

electron without hydration, full solvation actually makes the anion electronically more stable 

than the majority of neutral organic biomolecules (whose VIEs are ~7 – 8 eV).
20, 55

 This has 

an important biophysical consequence. The phosphate moiety is an essential part of the 

nucleic acid skeleton and a major component by mass of the polymer. Therefore, it is a 

significant potential target for direct action of ionizing radiation.  Importantly, ionizing 

damage at this moiety would likely lead to a strand break. However, at least for free inorganic 

phosphate we have established that solvation brings the frontier orbitals into near alignment 

with those of water. In a separate publication, we address the vertical ionization processes 

from nucleotides, and will address the relative roles of ionization at the aromatic base, sugar 

and phosphate centers.   
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Tables 

Table 1 The lowest vertical ionization energy of HiPO4
i-3

(H2O)n in solution (hybrid model: 

combined clusters/NEPCM approach) at the BMK/6-31+g* level. The mean values and half 

width at half maximum (FHMW/2) calculated from standard deviation of the data set for each 

cluster size are given in eV. 

 

n PO4
3-

(H2O)n HPO4
2-

(H2O)n H2PO4
-
(H2O)n 

10 7.11 0.26 8.00 0.29 9.06 0.37 

16 7.54 0.25 8.15 0.33 9.03 0.36 

24 7.80 0.32 8.34 0.36 8.99 0.39 

32 7.98 0.41 8.49 0.38 9.21 0.47 

40 8.22 0.38 8.63 0.39 9.33 0.43 

48 8.45 0.42 8.88 0.45 9.42 0.42 

56 8.70 0.48 9.02 0.48 9.52 0.54 

64 8.73 0.53 9.10 0.50 9.67 0.51 
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Table 2 The effect of protonation and ion pair formation on VIEs of phosphate anions. The lowest vertical ionization energy of NaiHjPO4
j+i-3

, i+j 

  3 in the gas phase and in solution modelled within NEPCM as well as hybrid approach with the PMP2/aug-cc-pVDZ method. Different 

sodiation isomers are presented. 

 Tribasic Dibasic Monobasic  

 PO4
3-

 NaPO4
2-

 Na2PO4
-
 Na3PO4 HPO4

2-
 NaHPO4

-
 Na2HPO4 H2PO4

-
 NaH2PO4 H3PO4 

VIE (NEPCM) 6.90 7.07 

6.55 

6.73 

6.84 

7.77 

7.89 

7.16 

7.19 7.53 

7.52 

7.90 8.99 9.30 10.52 

10.50 

average 6.9 6.8 6.8 7.6 7.2 7.5 7.9 9.0 9.3 10.5 

VIE (hybrid approach) 8.7 8.6 8.65  9.0 9.0  9.65   

VIE (gas phase) -6.92 -1.80 

-2.22 

2.22 

2.71 

2.88 

7.18 

7.35 

6.80 

7.69 

7.41 

7.13 

-1.44 3.07 

4.22 

8.73 5.13
a
 10.50 11.77 

11.78 

Experiment 8.4 ± 0.1 eV 8.9 ± 0.1 eV 9.5 ± 0.2 eV - 

a) The value of VIE for the gas phase H2PO4
- 
anion was calculated at the BMK/aug-cc-pVDZ level since the HF wavefunction experiences stability problems in this 

case. 
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Figure captions 

Figure 1: Species derived from the tribasic phosphate anion PO4
3- 

upon protonation and 

sodiation (i.e., ion pair formation). 

 

Figure 2:  Histogram depicting the room temperature population fractions of sodium 

associated species for tribasic phosphate solutions of varying overall concentration. (Black) 

trivalent phosphate, no associated sodium ions; (Red) divalent phosphate, one associated 

sodium ion; (Green) monovalent phosphate, two associated sodium ions. Equilibrium 

fractions are estimated based on literature constants for sodium cation association.  Speciation 

calculations are described in Supporting Information; here calculation assumes high pH limit 

where no protonated forms (dibasic, monobasic) are populated. 

 

Figure 3: Differential valence-photoelectron spectra from phosphate buffered aqueous 

solutions measured at 200 eV photon energy. (A) From 0.4 M Na3PO4 (pH = 12.08), Na2HPO4 

(pH = 9.33), and NaH2PO4 solution (pH = 4.24). (B) From Na3PO4 solution at 0.1, 0.4, and 

1.0 M concentration. The dashed lines are a guide to the eye to compare tiered spectra. The 

PE spectrum from 1.0 M concentration (in red) is reproduced in the tiers of the lower 

concentration measurements.  

 

Figure 4: The lowest vertical ionization energy of PO4
3-

(H2O)16-64 in the gas phase (lower 

part, blue color) and of PO4
3-

(H2O)0-64 in solution modelled via hybrid approach (combined 

clusters/NEPCM) approach (upper part, orange color). In the gas phase, cluster sizes with 

negative VIE were omitted, diamonds represent clusters obtained from BOMD trajectories. 

For the hybrid model, VIEs of small optimized clusters (containing up to 6 water molecules) 

calculated at the PMP2/aug-cc-pVDZ level are presented with orange circles. There can be 

more hydration isomers for each cluster size. Diamonds refer to VIEs of clusters containing 

10 - 64 water molecules cut from BOMD trajectories calculated at the BMK/6-31+g* level. 

The mean values are connected with dashed line for a better visualization; the intervals 

between black bars represent FWHM calculated from standard deviation of the data set. 
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Experimental photoelectron spectrum of solution containing PO4
3-

 is shown on the right hand 

side. 

 

Figure 5: The lowest vertical ionization energy of HPO4
2-

(H2O)2-64 in the gas phase (lower 

part, blue color) and of HPO4
2-

(H2O)0-64 in solution modelled via hybrid (combined 

clusters/NEPCM) approach (upper part, orange color). In the gas phase, cluster sizes with 

negative VIEs were omitted. Blue circles refer to VIEs of small cluster (2-6 water molecules) 

calculated at the PMP2/aug-cc-pVDZ level, there can be more hydration isomers for each 

cluster size. Diamonds represent clusters cut from BOMD trajectories. 

For the hybrid model, VIEs of small optimized clusters (containing up to 6 water molecules) 

calculated at the PMP2/aug-cc-pVDZ level are depicted by orange circles. There can be more 

hydration isomers for each cluster size. Diamonds refer to VIEs of clusters containing 10 - 64 

water molecules cut from BOMD trajectories calculated at the BMK/6-31+g* level. The mean 

values are connected with dashed line for a better visualization; the intervals between black 

bars represent FWHM calculated from standard deviation of the data. Experimental 

photoelectron spectrum of solution containing HPO4
2-

 is shown on the right hand side. 

 

Figure 6: The lowest vertical ionization energy of H2PO4
-
(H2O)0-64 in the gas phase (lower 

part, blue color) and in solution modelled via hybrid(combined clusters/NEPCM) approach 

(upper part, orange color). Blue circles refer to VIEs of optimized small cluster (0-6 water 

molecules) calculated at the PMP2/aug-cc-pVDZ level, there can be more hydration isomers 

for each cluster size. Diamonds represent clusters cut from BOMD trajectories. 

For the hybrid model, VIEs of small optimized clusters (containing up to 6 water molecules) 

calculated at the PMP2/aug-cc-pVDZ level are depicted by orange circles. There can be more 

hydration isomers for each cluster size. Diamonds refer to VIEs of clusters containing 10 - 64 

water molecules cut from BOMD trajectories calculated at the BMK/6-31+g* level. The mean 

values are connected with dashed line for a better visualization; the intervals between black 

bars represent FWHM calculated from standard deviation of the data set. Experimental 

photoelectron spectrum of solution containing H2PO4
-
 is shown on the right hand side. 
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