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The ability of water molecules to spontaneously dissociate into b, darp
hydronium and hydroxide ions is probably the most important chem- 0% -“"}\\\ 4_{: b,
N
W
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ical property of liquid water, which is behind all pH-related pheno- ; ln’; /lf ) 10y gee
mena. Despite an immense interest in the ionic product of water = H!°|+=w P : |
and spectacular progress in experimental and computational descrip- gv i 1 sa 1. 3a,)! 'I
tion of its structure and dynamics, many open questions retnain. s, |, o WY ﬁz r~o
Recently, a lot of effort has been devoted to elucidating the proton € |% = 2 20 18 . 1 AV
transfer mechanism in hydrated®i- and OH .23 The goal of the 3 | 10% agHel 2a,
present work is complementary to these studies. By means of EUV = HS(:,«M;»WE;*¢ o P)eq \
photoelectron spectroscopy of aqueous acid and base solutions, sup- 0 2 20 20 10

ported by ab initio and molecular dynamics calculations, we charac- Electron Binding Energy [eV]
terize the electron binding energies of® and OH'. Although a Figure 1. PE spectra of 10 wt % (3 m) aq HCI and of pure liquid water,
photoionization threshold for aqgueous OH from a total electron yield measured at 100 eV photon energy (intensities are normalized to photon
measurement has been published previotigiys is the first time flux). Water orbital features and the majog®t" and CI contributions are
photoemission data are reported on the agueous phase electronimd'cated' Inset: enlargement of the®f region; data for 20 wt % (6.8m)
structure of these ubiquitous ions and interpreted computationally. L .

Photoemission (PE) experiments were performed at BESSY contributions from the more complex NOspectrum. Our assign-
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using a 1Qum liquid jet; the experimental setup has been described ment of the 20 eV peak todd* is further supported by the absence

in detail elsewheré All spectra presented here were obtained for of this feature in N"?‘CI a_nd NqOH aqueous SO|UFIOI’]S. Both of these
100 eV photon energy, corresponding to A electron inelastic spectra are nearly identical with the corresponding water spectrum,

mean free pathhence both bulk and surface emissions contribute exc_e?t for the vr\]/ater interll(sity decrease and th'ehemergingf\pjvﬁl

to the spectra. Figure 1 shows the PE spectrum of pure liquid WaterOH eatu.res. The OHpga appears at.9.2 eV,. W,'t l',15 ev m.
and that 63 m (i.e., 10 wt %) aqueous HCI solution. The reduced The f:hlorlo!e peak posmon observed in HCl is identical to that in
water signal in the acid spectrum is due to lower water concentra- alkali chloride solutions (at 9.6 eV).

tion. Hydrated Ct(3p) gives rise to the lowest energy feature at Ip our previous §tudy of agueous salt solutior}s, we have explored
9.6 eV. A clearly discernible emission from the hydrated proton is various computational approaches to evaluating electron binding

the small peak at 20 eV. In addition, the absence of water signal energies of solvated iorfdVe have shown that for anions a viable
decrease for the 3eorbital, near 14 eV, suggests additional computational strategy consists of running first a classical molecular

unresolved HO™ emission at this energy. These effects increase dynamics (MD) simulation (_)f a S_”‘@!'e z_inion ina periodic _box of
proportionally to the HO* concentration (inset to Figure 1). Note water molecu.le's.. The vertical ionization potential (|P).IS then
also the apparent peak narrowing near the high-energy side of theValuated ab initio at the MP2/aug-cc-pVTZ level as a difference

3a feature, indicated by arrows, which results from the reduced between tfhe an!onuf: andhnekl/ltlrjal energies sgrr:wpllng thelserlles of
vapor pressure at higher concentration. For thg cmtribution, water configuration from the trajectory, with water molecules

this effect is masked by strong 20 eVi®t emission, increasing represented by fractional charges (or possibly with the first solvation
for higher concentration ' shell waters treated quantum mechanically). We used the same
Figure 2 compares €13 m ag HCI PEspectrum with those of approach here for OH with computational details presented in

ag HNG;, aq NaCl, and aq NaOH, all at similar concentrations. In the Supportllng IgforrT;)atlpn. ‘ , q h ¢ ith
each case, the specific anion emission gives rise to the lowest energy fTh N resu2t|ng tlftnl u(t)'?_? 0 IPT(.( rom ge;acvm_ené rom z't. er
shoulder. As expected, the nitric acid spectrum also exhibits a of the two 2pr orbitals ), peaking at 9.7 eV, is depicted in

pronounced peak at 20 eV; the broadening and shift of this feature,gray in Figur(? id' The local ast))/mn’r\]etr_yhof the sol\_/en_t spllits the
and also the extra intensity at 16 eV, presumably result from €generacy o the Zpby 0.2 eV, but the |n.omogene|ty|n solvent
sites provides most of the peak broadening (0.9 eV). The next IP

gq HCI are also included. Lines locate the gas-phase water positions.

1mgzggr?éwﬁgittﬂfyB%Qﬁﬁ:eur%ptsike|lé2?orKglg§izsittiSo%?kthk0pie' is at 13.5 eV and corresponds to removal of thes 2pectron.
gFreie Universita Berlin. Unfortunately, this peak is hidden in the experiment under the strong
. Sﬁ!\‘/’;}"s"igtg?g'gjttgg:h California. water structure. For 10 representative geometries, we also included
# Academy of Sciences of the Czech Republic. the first solvation shell around OHquantum mechanically. This
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Figure 2. Photoemission spectra of aqueous solutions o8 (@ HCI, (b)
4 m HNG;, () 3 m NaCl, and (12 m NaOH. For comparison, the pure

25

whole system. The IPs must then be estimated from the local density
of states, based on the one-electron keBham orbitals. However,
the application of the Koopman’s theorem in density functional
theory is not well justified and leads to sizable errors. For example,
the computed positions of thes@&", OH~, and water peaRs®are
all shifted by 3-5 eV to lower IPs compared to the present experi-
ments. Within our approach, where electronic structure calculations
of the relevant states of the solute account for the solvent
approximately either as fractional charges (aqQldr within a
polarizable continuum model (agg&™), we avoid issues of charge
transfer relaxation in the final states and can, therefore, focus on
the vertical IP without resort to Koopman’s theorem. As a result,
we are obtaining IPs closer to experiment, although it is clear that
we still neglect important aspects of the sotugelvent interactions
and have to invoke different approaches for the anion and cation.
Several of the solute lines are obscured by water features in the
experiment. However, spectral signatures of the lowest IP of OH
at 9.2 eV and of the second lowest IP of®t at 20 eV are clearly
resolved and are both in a very good agreement with the present
calculations. The present peak position and width for-Géalso
consistent with a previously determined threshold energy of 8.45
eV.4 The observed IP of hydronium is in better agreement with
calculations which assume an Eigen rather than a Zundel core.
Note that our calculations are pertinent to the bulk, while the
experiment samples both bulk and surface regions. Our recent
simulations indicate that in base solutions Oid weakly repelled
from the surface, while in acid solutionsz&f shows a weak
propensity for the surfacg.Given the experimental probing depth,
we suggest that the signal, therefore, originates predominantly from

water PE spectra and the differential spectra are also shown. Solute emiSSiOI’tomp|ete|y or almost completely solvated ions. Moreover, earlier

contributions can be identified as the positive contributions in the difference

spectra. Gray shaded features indicate the calculated ionization energies o

(a,b) O™, and PE bands for (a,c) GP and (d) OH. The calculated widths
for the anionic bands are drawn to scale.

results in a 0.1+0.2 e charge transfer from OHo neighboring
waters, but has a minor effect on the IP (average blue shift of less

than 0.2 eV).
For positively charged ions, the above approach, however, over-

estimates the IPs due to the neglect of solvent electronic polariza-

tion, which is particularly important for stabilizing the nascent di-
cation. Actually, much better results were obtained for alkali cations
using a polarizable continuum model (PCM) for the solvent, despite
the implicit relaxation of the solvent nuclear polarizatiohhere-

fore, we have evaluated the electron binding of the aqueous cation

by embedding KO™ (implicitly assuming the prevalence of Eigen-
like structures for the hydrated profymising a PCM for the solvent.
Calculations were performed at the MP2/aug-cc-pVTZ (and TD-
B3LYP/aug-cc-pVTZ for the higher states of the nascent dication);
for details, see Supporting Information. The lowest IP lies at 14.5
eV (Figure 2) and reflects ionization from the highest{3aorbital
of HzO™. The next IP at 19.8 eV corresponds to ionization from
the degenerate set of the remaining two valence (1e) p-orbitals,
while the following IP of 32.3 eV correlates with the removal of a
valence (29 s-electron. For comparison, we also tested the Zundel
HsO," structure of the hydrated proton; a strong shift (by more
than 2 eV) to lower IP is observed compared to the Eigen core.
The present calculations are complementary to the-Barrinello
MD simulations of hydrated hydronium and hydroxide i8fishose
simulations account for the electronic structure of the whole system,
thus opening a window for the description of important phenomena
of proton delocalization and hopping in water. However, within
that approach, it is very difficult to calculate IPs as energy differ-

yvork suggests that ionic IPs in the interfacial layer may be similar
to those in the aqueous bulk.

The results presented here fill a gap in our knowledge on the
electronic properties of hydrated;&" and OH. The existing
thermodynamic, spectroscopic, and computational data on the ionic
product of water are complemented by first reliable values for the
ionization potentials. We also believe that these results will provide
a useful calibration point for developing quantitative ab initio
molecular dynamics models for ions in water.
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