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X-ray absorption spectra of aqueous 4l&M potassium hydroxide solutions have been measured near the
oxygen K edge. Upon addition of KOH to water, a new spectral feature (532.5 eV) emerges at energies well
below the liquid water pre-edge feature (535 eV) and is attributed to iOhk. In addition to spectral changes
explicitly due to absorption by solvated OHons, calculated XA spectra indicate that first-solvation-shell
water molecules exhibit an absorption spectrum that is unique from that of bulk liquid water. It is suggested
that this spectral change results primarily from direct electronic perturbation of the unoccupied molecular
orbitals of first-shell water molecules and only secondarily from geometric distortion of the local hydrogen
bond network within the first hydration shell. Both the experimental and the calculated XA spectra indicate
that the nature of the interaction between the Qéh and the solvating water molecules is fundamentally
different than the corresponding interactions of aqueous halide anions with respect to this direct orbital distortion.
Analysis of the Mulliken charge populations suggests that the origin of this difference is a disparity in the
charge asymmetry between the hydrogen atoms of the solvating water molecules. The charge asymmetry is
induced both by electric field effects due to the presence of the anion and by charge transfer from the respective
ions. The computational results also indicate that the @id exists with a predominately “hyper-coordinated”
solvation shell and that the OHon does not readily donate hydrogen bonds to the surrounding water molecules.

1. Introduction sociation spectroscopy of O¥H,0)y, and Hf(HO)n clusters
. . has elucidated some aspects of the fundamentatuater
The nature of the molecular-scale interactions between water;yiaractiond8 19 EUV photoelectron spectroscopy of aqueous
molecules and Hand OH ions is one of the most fundamental | and NaOH solutions has demonstrated how the solvation
issues in modern chemistry. Given that water can spontaneouslyanyironment affects the electron binding energies of the solvated
dissociate into these two ions, it is not surprising that their ;5o and, complementarily, how the presence of the ions
behavior in liquid water is distinct from that of other ions. For i, fiuences the water electron binding enerdiesierein, we
example, the mobility of hydroxide and hydrated protons in report the first measurements of the oxygen K-edge X-ray
liquid water has long been recognized as being anoma|°U3|yabsorption spectrum (XAS) of aqueous potassium hydroxide
high;! although considerable debate continues as to the underly-gq|utions. The experimental XA spectra are compared to
ing causes:*? Ab initio molecular dynamics (MD) methods  c5icylated XA spectra and to previously measured XA spectra
have become particularly useful in the elucidation of the for other aqueous salt systems, yielding new insights into the
molecular-scale proton and OHransport mechanisms, which  are of the hydroxide ioRwater interactions that engender

have been shown to depend strongly on both the local solvation e ghserved spectral changes. Our results indicate that aqueous
environment of the ions and the hydrogen bonding fluctuations hydroxide ions do not readily donate hydrogen bonds to the

of the water molecule¥:® However, despite these important surrounding water molecules and therefore exist primarily in a
computational advances, disagreement remains with regard tonyper-coordinated hydration state.

the proper description of OHmobility in liquid water®
It is therefore important to develop new experiments against 2. Methods
which the theoretical results can be tested. To date, neutron
diffraction studies of concentrated acid and base solutions have
provided important insight into the microscopic structure of
aqueous solvated Hand OH.19-15 Argon vibrational predis-

2.1. Experimental. XA spectra of pure water and 4 and 6 M
aqueous KOH solutions were measured on Beamline 8.0.1 at
the Advanced Light Source, Berkeley, CA. The experimental
design has been described in detail previod&h 23 Briefly,

“To whom comespondence should be addressed. E.mail vola}tile aqueous S(.)Iut.ions. are introduced into the high-vacuum
saykally@cchem.berkeley.edu, : * environment via a I|qU|d_ microjet. The t_otal eIe_ctr(_)n yield (TEY)

T Department of Chemistry, University of California, Berkeley. produced from interaction of X-rays with the liquid sample was

* Chemical Sciences Division, Lawrence Berkeley National Laboratory. collected on a copper electrode biased+&0 V and located

§ Department of Earth and Planetary Science, University of California, ca. 0.5 mm from the interaction region. The TEY-XA spectrum
Berkeley. s )

IPresent address: NOAA Earth System Research Laboratory, ChemicalProvides a measure of theilk liquid electronic structuré; and,
Sciences Division. under specified experimental conditions, it is highly reproduc-

10.1021/jp070551c CCC: $37.00 © 2007 American Chemical Society
Published on Web 04/18/2007




Nature of the Aqueous Hydroxide lon J. Phys. Chem. A, Vol. 111, No. 22, 2004777

TABLE 1: Basis Sets Used in This Study for Electronic Structure and XA Spectra Calculation?6:31.34.35

effective core potentials all electron

orbital auxiliary MCP orbital auxiliary
oxygerf I—IGLO 4,3:4,3) DZVP (621/41/1%) (4,3:4,3)
oxygen ¢6) (311/211/1) (4,3;4,3) (3,1: 10, 0) DZVP (621/41/1%) (4,3;4,3)
hydrogen DZVP2 (41/1%) (4,2;4,2) DZVP2 (41/1%) (4,2;4,2)
chlorine (+7) (41/31/1) (3,4;3,4) (4: 6,4) DZVP (6321/521/1%) (5,4;5,4)
bromine (17) (51/31/4%) (3,5:;3,5) (3:7,5) DZVP (63321/5321*/49) (5,5;5, 5)
iodine @17) (7/514) (4,6;4,6) (5: 12,9, 6) DZVP (633321/53321/531%) (5,5;5,5)

a Auxiliary basis sets are listed aB¢(s), ne(spd); nke(s), nke(spd)) and indicate the number of s and spd functions used to fit the coulomb and
exchange correlation potentials, respectively. The MCPs are listed:ass( n,, ng), wheren, indicates the number of s-type Gaussians used to fit
the potential seen by the valence electrons,mnd,, ng are the number of s-, p-, and d-type Gaussians used to describe the core orbitals. The ECP
orbital basis sets are listed with their effective charge and are of the faym,(ng), wheren, is the number of s-, p-, or d-type Gaussians used.
bModel core potential® Core-excited oxygen.

ible. Spectra were measured over the energy range-529 potential for the solvated OHions are significantly lower than
eV at a step size of 0.1 eV and a nominal resolutioreifE those for water molecules (e.g., the calculated average unshifted
= 5000. Energy calibration was performed via measurement IP is ~536.0 eV for solvated OHand~539.0 eV for solvated
of the gas-phase water XAS. All of the signals were normalized water molecules). Therefore, the Oldpectral transitions were
to the incident photon flux as measured on a gold mesh locatedbroadened using an fwhm of 0.6 below 534.5 and 3 above 537
~3 m upstream of the interaction region. Liquid microjets, eV, with a linear interpolation in between.
controlled by an HPLC pump, are used to introduce the liquid  Mulliken Charge PopulationsMulliken charge populations,
sample (herdiiq ~ 285 K) into the high-vacuum environment,  g(atom), have also been calculated for,@; and X +H.O
thereby allowing for efficient detection of electrons, convenient dimers (where X= OH-, CI-, Br-, or I-) for both the ground
temperature contréf2>and rapid renewal of the liquid sample  and the core-excited states, using two methodologies. In the
on a microsecond time scale. first method, the core-excited oxygen is described using the
2.2. Computational. XA SpectraAll of the calculated XA IGLO-IIl basis set, and the anions and other oxygens are
spectra were generated using the StoBe-DeMon 2.0 pré§ram described using ECPs, as we have done previgdgkor the
to calculate oscillator strengths and positions of specific oxygen |-(H,0) cluster, a different basis set was used to describe |
K-edge transitions. All of the oscillator strengths and energies than in the previous studd},which is the reason the reported
were calculated from density functional theory (DFT) using a Mulliken charges have changed.) In the second method, the
linear combination of Gaussian-type orbitals (LCAO) approach anions and all of the oxygen atoms are described using all-
with the transition potential methétiunder the half core hole  electron basis sets, and the half core hole is placed on the oxygen
approximatior?® The BE88 gradient-corrected exchange func- of interest. The basis sets used in this s#dy3+3%re reported
tionaP® and the PD86 correlation functiof@lwere used as  in Table 1. This second method likely allows for a better
provided?® The core-excited oxygen is described using the all- description of the electronic properties of the ground state.
electron IGLO-IIl orbital basis sét and all of the other oxygen  However, for the pure-water dimer, the all-electron calculation
atoms were described using an effective core potential (BCP) of the core-excited state yielded unphysical values ofcfee
for the valence electrons to facilitate correct identification of and therefore, the Mulliken charges are not considered for the
the core hole. The calculated transitions were shifted to lower excited state. The anierwater dimer geometries were specified
energy by 2.1 eV to obtain agreement between the calculatedsuch that the © X~ distances were 3.15 (¢), 3.35 (Br), 3.62
and experimentally observed water vaporiga, transition at (17), and 2.75 A (OH), where for OH the distance is thBoo,
534.1 eV. and the water molecules were oriented with one hydrogen
Al of the calculated spectral transitions for water molecules toward the anion and the other away. Mulliken charges were
were broadened for presentation using an fwhm of 0.6 below also calculated for the water molecule with a negative point
537.5 and 3 above 540 eV (where these are unshifted energies)charge in place of the OHion (i.e., withRo—pc = 2.75 A).
with a linear interpolation in between. Because the exact nature
of any calculated spectrum depends explicitly on the broadening 5. Experimental Results
scheme used, the spectral calculations are used to provide only
a qualitative interpretation of the observed XA spectra; a The measured K-shell spectra for pure water and for the
quantitatie agreement is not to be expected from this ap- agueous KOH solutions are shown in Figure 1. To facilitate
proximate methodolog$? However, we note that the use of comparison between spectra, all of the spectra have been area
this broadening scheme yields excellent agreement between thenormalized over the energy range 5254 eV. The addition
measured and calculated ice XASAdditionally, use of this of KOH engenders a strong decrease of the main-ed§38
broadening scheme results in reasonable (although not exacteV) peak intensity relative to pure water, where the main-edge
agreement in terms of spectral shape between the experimentapeak intensity varied approximately linearly with the KOH
pure-water XAS and the average XAS as calculated from a large concentration. Linear variation of spectral intensity with addition
number of random configurations taken from an SPC/E mo- of salt was previously observed for both the aqueous sodium
lecular dynamics simulatioft. This can be contrasted with the  halide systent? and for aqueous HCE The addition of KOH
results obtained using various other schemes (e.g., constanhas a minimal effect on both the pre-edge (535 eV) and the
broadening or broadening over a much-larger energy range),post-edge {541 eV) intensities, although there is a slight
which show little resemblance to the experimental X&S. increase in pre-edge intensity and a slight decrease in post-edge
For OH™ ions, a different broadening scheme was used than intensity. Although only a small change is observed in spectral-
that described for water molecules because the position of thepeak intensity, the pre-edge structure is significantly broadened
first calculated spectral transitions and the average ionization compared to pure water such that it no longer exists as a feature
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Figure 1. Experimental XAS of pure water (gray) and of aqueous 4
M KOH (dotted) aml 6 M KOH (black) solutions. For KOH(aq)
solutions, a new absorption feature is observed prior to the onset of
the pure-water absorption. The spectra were area normalized over the
energy range 530554 eV. The region of the OHabsorption is shown
expanded in the inset figure.
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clearly resolved from the main edge. We have previously

determined that dissolved monovalent cations have a negligible
influence on the XA spectrum of liquid wat&22and therefore,

the observed spectral changes upon KOH addition result
primarily from the presence of the OHons.

A new, low-energy feature is observed-a$32.5 eV upon ; ; !
KOH addition. No such low-energy features have previously
been observed upon addition of any sodium halide or monova-
lent or divalent cation chloride safk$223¢ or upon HCI Energy (eV)
addition?® This suggests that this new feature is a direct probe rigyre 2. Calculated XAS for a free 0 molecule (bottom) and the
of the electronic structure of the OHon itself and not aresult  pare OH ion (top). The dashed lines indicate the approximate positions
of perturbation of the liquid-water electronic structure by the of (from left to right) the pre-edge, main edge, and post-edge features
solvated ions. For comparison, there is some evidence that suchin the liquid-water XAS. Note the large intensity appearing at lower
low-energy features are also observed upon addition of either€nergies for the bare ion.

Fe* or Cr" ions but not upon addition of At.37 In that study,

the low-energy features were interpreted as arising from orbital
mixing between the d shell of the cation and either water
molecules or OH hydroxo complexed] but it was not
considered that the OHions might themselves absorbBat<

534 eV without the trivalent cation; clearly, this second
possibility must be considered in light of the results presented
here. The observation of this low-energy feature is consistent
with recent measurement of valence-level electron binding
energies of OH in solution by photoelectron spectroscopy of
liquid microjets, which demonstrated that the Olénization
potential (9.2 eVA is 2 eV lower than that for liquid water
itself (11.16 eV)3®

H
H
H
H

negligible intensity calculated in the post-edge region. Also, for
the unsolvated OH ion, spectral transitions with significant
intensity are calculated at energies as low as 528.5 eV, well
below the lowest experimentally observed feature (532.5 eV).
To assess the influence of hydration on the Gdprectrum,
XA spectra have also been calculated for Oidns solvated
by 30 water molecules. Thirty individual molecular configura-
tions were obtained from a molecular dynamics (MD) simulation
of 555 SPC/E water molecules containing a single rigid OH
ion in a periodic boxX® For comparison, calculations of pure
bulk liquid water were also performed using 60 randomly
selected molecular configurations. (The average spectrum is
determined from 37 individual “double-donor” spectra, 21
“single-donor” spectra, and 2 “no-donor” spectra, giving an
average of 1.6 donor hydrogen bonds per molecule, as deter-
Our interpretation of the spectral changes observed upon KOH mined using the hydrogen bonding criteria of Wernet eéfjal.
addition is guided by calculations of XA spectra and by From the individual calculations, an average spectrum was
comparison with previously measured XA spectra of various determined for both solvated Othnd bulk liquid water (Figure
aqueous salt solutiori§21.22As a starting point, XA spectra of  3). The calculated pure-water spectrum, using the configurations
the bare OH ion and of a free KO molecule have been from the SPC/E MD simulation, gives very reasonable agree-
calculated (Figure 2); the influence of solvation environment ment with the experimental TEY-XA spectrum, particularly
will be discussed shortly. These calculations indicate that the given the uncertainty in the choice of the broadening scheme.
bare OH ion absorbs at lower energies than do fregOH Note that this conclusion contrasts with that of Nilsson and co-
molecules, consistent with the experimental observations for theworkers39-41 where it is claimed that very poor agreement is
agueous solutions. The calculated unsolvated-GBectrum found between experimental and calculated average XAS when
exhibits substantial intensity at 537.9 eV, which is in the same MD structures are used, although we suspect that the discrepancy
energy region as the experimental main edge, and there isis primarily the result of the broadening scheme used by tfem.

4, Discussion
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Energy (eV) Figure 4. Calculated spectra for the four closest Osblvation-shell
water molecules. Shown for comparison is the calculated bulk-liquid
XAS for pure water (dashed line).

Figure 3. Calculated average liquid-water spectrum (gray) compared
to the calculated solvated-Otspectrum (black).
are absent. This confirms that the low-energy feature is indeed

Nonetheless, comparison between the calculated pure-waterdue to absorption by OHonly. We have also calculated an
XAS and the calculated solvated ORpectrum reveals that a  average spectrum of water molecules far from the @it (>7
great deal more intensity is found at lower energies for OH  A), but where the sampled cluster still contains the Gbh.
with a large “shoulder” peak at533 eV. This calculated OH In this case, the calculated spectrum is effectively identical to
shoulder-peak can be compared to the calculated pre-edge fothe bulk water spectrum.
pure water at 534.6 eV and the measured new low-energy From these calculations alone, it is not possible to directly
feature at 532.5 eV. Unlike for the bare OHbn, very little and unambiguously establish the origin of the observed changes
intensity is found below~532 eV, indicating that solvation tends  to the electronic structure of the Ok$olvating water molecules.
to increase the threshold energy for O&bsorption. We suggest ~ Specifically, it is difficult to distinguish between the two
that the generally broad nature of the solvated Gigectrum possibilities: (1) direct perturbation of the electronic structure
is primarily responsible for the observed broadening of the pure- of the solvating water molecules by the Okibns and (2) the
water pre-edge upon KOH addition. The absorption by Qi1 geometric distortion of the overall hydrogen bond network due
the main-edge region is less than that of pure water, which may to the presence of the ions. Let us consider first the possibility
help to explain the loss of intensity in this region observed upon that the calculated differences between the XA spectrum for
KOH addition in the experimental spectrum. Clearly, the salient bulk water molecules and first-shell water molecules are entirely
changes to the pure water XAS upon KOH addition can be the result of changes to the local hydrogen bond structure. In
understood to a large extent from the presence of solvated OH general, the calculated XA spectrum of the first-shell water
ions, which exhibit very distinct absorption features from those molecules more closely resembles an average bulk water double-
of bulk H,O molecules. donor spectrum than an average single-donor spectrum (not

In addition to a direct comparison between the absorption shown), suggesting that perhaps the first-shell water molecules
features explicitly due to bulk ¥ molecules and solvated OH are over-coordinated compared to the bulk. However, from the
ions, it is important to consider the influence of the Oldn MD simulation, we can determine hydrogen bond statistics for
on the electronic structure of the solvating water molecules, the solvation-shell water molecules for comparison with the bulk
either via electric-field effects or charge transfer. Therefore, the liquid values. Itis found that only the first, closest near-neighbor
average spectra of the first four OHhear-neighbor water  forms more donor HBs than do bulk molecules (1.7 vs 1.6 for
molecules, as distinguished by the-O distance, were calcu-  the spectra shown in Figures 3 and 4). The next-three closest
lated (Figure 4). The calculated average spectra of these nearestiear-neighbor molecules actually form fewer donor HBs than
four OH™ neighbor molecules are generally similar. This result bulk molecules on average (1.6, 1.4, and 1.4, respectively). Yet,
is not particularly surprising because, for each of the fourOH each of the four near-neighbor waters exhibit similar calculated
near-neighbor configurations, the vast majority of theOH spectra. Thus, it is seems unlikely that geometric distortion of
molecules are oriented with one hydrogen pointed toward the the hydrogen bonding network upon KOH addition is the
OH~ ion, that is, they exist in generally similar molecular primary cause of the observed spectral changes. We therefore
environments. Importantly, each of these OHear-neighbor suggest, as we asserted previously for dissolved halide a#fions,
molecules exhibits strong differences from the calculated pure- that the spectral changes of the first-solvation-shell water
water spectrum, with a significantly decreased main edge andmolecules result mainly from distortion of their unoccupied
a slightly increased post-edge. It also appears that the pre-edgerbitals by the presence of the negatively charged-OFhe
feature may be reduced in these Okktighbor water molecules  nature of this direct electronic perturbation will be discussed
relative to pure water, but the effect is subtle such that no further below.
definitive conclusion can be made. Compared to the calculated The observed changes to the pure-water XA spectrum
solvated OH spectrum, the spectral intensity in the main-edge engendered by KOH addition can therefore be understood in
and post-edge regions of these first-shell waters is quite similar,terms of the varying degrees of contribution from relatively
but the strong low-energy absorption features found for OH unperturbed bulk water molecules, strongly perturbed first-
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solvation-shell water molecules, and solvatedQbhs them- T T P T T
selves. The 532.5 eV spectral feature in the experimental i
spectrum arises entirely from absorption by solvated @its.

The loss of resolution of the water pre-edge feature likely results
from absorption by OH ions in the region between the pre-
edge and main edge of the water spectrum. The strongly
decreased main-edge intensity results from the conversion of
some appreciable fraction of the bulk water molecules toOH
solvating water molecules and to the presence of Gwhs,

both of which absorb weakly in this region.

The above rationalization of the observed spectral changes
assumes that the influence of dissolved Kounterions is
negligible. As mentioned above, we have argued previously that
the spectral changes observed upon dissolution of monovalent
cation—halide salts in water arise primarily from electronic
distortion of the unoccupied orbitals of the water molecules
solvating the anior?d and that the monovalent cations have a
negligible effect82! This conclusion was reached both by
comparison of the observed XA spectra of numerous aqueous
monovalent cation chloride solutions (with'l.iNa*, K*, NH4*,
and C(NH)s™ ions considered), where the observed spectra were
independent of the identity of the cation, and by comparison
with calculated spectra. The observed spectral changes ac-
companying the addition of any of these salts to water were i
very nearly identical despite the very differdRsy distances V4N
and solvation structures around the various monovalent c&fions. w | | | -
In stark contrast, the addition of NaX to water (where X is,Cl 532 534 536 538 540 542
Br=, or I7) engendered strong and distinct, anion-specific
changes to the pure-water XA spectréfCalculations using
small water clu§ters Wi_th a solvated anion or cation s_upported molecules in (HO), (middle) the water molecule in the OFH;0)
these observations, with the calculated spectra for ion near-gimer and the water molecule with a point charge in place of OH
neighbor water molecules in"XH:O)x clusters exhibiting a clear  and (bottom) the halideX~(H,0) dimers. The calculated® mono-
dependence on the identity of Xeven when th&ox distance mer XAS is shown for comparison.
was constart? whereas the identity of the cation in"{H,O)x
clusters was of negligible importan&&?!in fact, the calculated
XA spectrum for double-donor Na near-neighbor water

molecules in 17 molecules clusters was nearly identical to that .

clear change in the calculated spectra and that the calculated
of double-donor bulk water moleculé%. . - o

differences depend explicitly on the specifi®do or Roc

Despite these sa_lient differen<_:es in the respective influen(_:e distance (Figure S¥§ Additionally, we have previously shown
of monovalent cations and anions on the water electronic {4 if such an analysis is extended to also considerdri-

structure from both an experimental and a theoretical standpoint, il with the condition thatRoo = Roy), clear, ion-specific

Nilsson and co-workers have argued that any direct electronic gifferences between the calculated spectra for pure water and
(i-e., “charge-induced”) perturbation of the solvating water  the solvation-shell water molecules are found (cf. Figure 5 of
molecules should be the same for anions as for cations becausgef 22). Furthermore, as demonstrated above, it is apparent that
“both ions are singly charged and should polarize the environ- yhe first-solvation-shell water molecules around OHave
ment to a significant effect” However, such an argument does  cajculated XA spectra that dramatically differ from that of pure
not consider the fact that first-shell water molecules solvating \yater, despite the generally similar hydrogen bonding environ-
the anions tend to orient with one hydrogen directedard ment of the bulk and hydration-shell water molecules with
the anion, whereas those that solvate cations orient with both respect to the number of hydrogen bonds formed. Clearly,
hydrogens pointecaway from the catiorf> Given such a  gissolved anions affect the local electronic structure of the first-
dramatic difference, the influence of anions or cations on the ghe|l water molecules in a manner that cannot be adequately
unoccupied orbitals of the solvation-shell water molecules described by geometric distortion alone. As such, any interpreta-
should, in fact, be very different. tion of the observed changes to the experimental water XA
Furthermore, Nilsson and co-workers have claimed that the spectrum from salt, base, or acid addition strictly in terms of
only influence of the chloride anion is to create a longer hydrogen bond breaking and forming is incorrect.
“hydrogen bond” between the water molecule and thei@h, It is also interesting to compare the calculated XA spectrum
thus effectively converting some fraction of double-donor water of first-hydration-shell waters of OH(shown in Figure 4) to
molecules to single-donor molecules and engendering changeghat of first-shell waters of the C) Br~, and I~ ions (shown in
to the XA spectrur¥ (although we note that they had previously ~Figure 4 of ref 22). (Note that the calculations in ref 22 utilized
“exclude[d] CI as a source for the observed changes in the 17 molecule clusters, whereas those here use 30 molecule
XA spectra®). This conclusion was based on comparison clusters, which may influence the comparison to some extent
between calculated XA spectra for pure water, Vidgp = 3.15 but still allow for reasonable qualitative comparisgnin the
A, to water with CI ions, with Roci = 3.15 A, where it was case of the halide anion shell, the calculated main-edge intensity
apparently found that the two give “near-identical” spectra of solvation-shell waters is actually enhanced, whereas for the

—(H.0), D

CI{H,0)
— 1 (H,0)

Energy (eV)
Figure 5. Calculated XA spectra for (top) the donor and acceptor

(although no such spectra were explicitly shown). First, we find
that this is actuallynot the case and that the replacement of a
hydrogen bond acceptor water with a“Gbn leads to a very
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OH™ shell it is decreased, compared to that of pure water. This  The all-electrorg’s for the X~ (H»O) ground-state dimers can

is consistent with the experimental observation that for sodium be compared to those for both the donor and the acceptor
halide addition the main-edge intensity increases but for KOH molecules in (HO), and to the HO molecule. The all-electron
addition it decreases, although part of the decreased main-edgeind ECPg(O)’s for the anior-water dimers are more negative
intensity for KOH addition can be attributed to the particular than for either the water molecule or for the donor or acceptor
features of the OH absorption spectrum (Figure 3). Thus, the molecules of the pure-water dimer. Alsg(AH) is small for
halide ions have a qualitatively different effect on the electronic the water-dimer donor molecule and zero for the water-monomer

structure of the solvating water molecules than do the @Hs. and the water-dimer acceptor. Taken together with the finding
This result is generally consistent with results from argon pre- that there is a significant difference o(AH) between OH
dissociation spectroscopy of XH,0) clusters (where X = and the larger halide ions, this suggests that hydrogen charge

OH-, CI, Br, or I7), where it was found that the vibrational —asymmetry on the ground-state solvation-shell water molecules
spectrum of OH(H,0) cluster$® was quite distinct from those  may be particularly important in determining the observed
of the halide anion clustefé:*> Additionally, the topology of changes in the XA spectrum. Although differencesg(X )

the, for example, X(H,0); clusters is such that for the halide between OH and the halide anions in small water clusters have
anions (not including P, inter-water hydrogen bonds are been previously notéé*” and a hydrogen charge asymmetry
formed between the solvating waters, but for Qldach of the for the I"(H,O) dimer has been identifield,to our knowledge
solvating waters retains a “free*OH, thereby demonstrating  the importance ofj(AH) in determining the differing halide
the unique effect of the respective anions on the surrounding versus hydroxide ion behavior in water has not yet been clearly
water molecules. established. It could well be important in explaining the high

It will be demonstrated below that the differing influence of Mobility of aqueous hydroxide.
halide versus hydroxide ions on the water XA spectrum likely =~ Because electronic reorganization of the unoccupied orbitals
results from the manner in which the respective anions affect takes place on the time scale of the excitation, it is also important
the charge distribution within the first-shell water molecules. to consider the electronic properties of the core-excited state,
This charge redistribution is determined both by electric field from which the calculated XA spectra are obtained. The
effects (i.e., the presence of a negatively charged ion near thecalculations indicate thati(AH) for both the halide- and
water molecules) and by charge transfer between the anion anchydroxide-ion-water dimers decreases b0.1 in going from
the solvation-shell waters. Recall that water molecules solvate the ground to the core-excited state. As such, the difference in
anions asymmetrically (with one hydrogen pointing toward and q(AH) between the halide- and hydroxide-tewater dimers
one away from the anion), and therefore the two OH bonds of observed in the ground state persists in the core-excited state.
the solvation-shell waters will likely exist with quite different  This suggests that perhaps the primary difference between how
local electronic environments. Also, charge transfer is known OH™ and the halide ions affect the first-shell water XA spectrum
to play an important role in determining the OH vibrational is established by the ground-state charge distribution and only
stretching spectrum of small"’H,0), clusterd®#°and has been  secondarily by the core-hole relaxation. The change(ixH)
identified as contributing to the observed XA spectral differences in going from the ground to the core-excited state for the pure-
between monovalent and divalent catighs. water-dimer hydrogen bond donor molecule is smaller than the

To better understand the influence of the ions on the electronic change found for the anierwater dimers. Thus, there is a
structure of the solvating water molecules, we have calculated difference in the electronic reorganization upon core excitation
the Mulliken Charge popu]ations for the—mzo) dimers, the of the anion-perturbed water molecules (for both the Gird
pure-water dimer, and for a water molecule with a point charge the halide ions), as compared to pure water.
in place of the OH ion for both the ground and core-excited These differences in the Mulliken charge populations must
states using either all-electron or ECP basis sets (Table 1).be understood in the context of how they actually influence the
Considering first the ground state, analysis of the all-electron XA spectrum of the water molecule, that is, what are the
g(X") indicates that the halide anions redistribut6—9% of spectroscopic consequences of the ion-specific variability in the
their charge to the water molecule, whereas 13% of the induced water-molecule charge distribution? First, and as has
hydroxide ion charge is redistributed to the water molecule. previously been notetf,for the pure-water dimer the acceptor-
Similar results have been found when théwdin charge molecule XAS is essentially unchanged from that of isolated
populations, as determined from ab initio calculations, were H,O, whereas the donor-molecule XAS is changed significantly,
instead consideret:*” (Note that when the ECP is used to indicating the importance of the formation of donor, as opposed
describe the iodide anio(X ™) differs significantly from that to acceptor, hydrogen bonds (Figure 5, top). This difference
calculated for chloride or bromide, whereas, when the all- has been primarily discussed in terms of localization of the

electron basis set is useg(X~) on CI-, Br—, and I are very molecular orbitals along the-OH bonds because of the
similar, consistent with ab initio calculatioA%Therefore, for asymmetric hydrogen bonding configuration of the donor water
the calculations of the ground stafs we will focus primarily molecule. In comparison, the halidevater dimers have XA

on the results from the all-electron calculations.) For these spectra that are distinct from both that of purgCHand from
ground-state iofrwater dimers, a notable asymmetry between that of the donor KO from (H.O),, although the calculated
the g(H)’s of the two water-molecule hydrogeng(AH)) is XASs for the Ct—, Br~—, and F—water dimers are all very
found, wherein the hydrogen located between the oxygen andsimilar in the low-energy region and show only small differences
the halide anion is more positive than the free hydrogen, at higher energies (Figure 5, bottom). This is consistent with
consistent with Lavdin charge populations from previous ab the experimental observation that although the influence of
initio calculations*® For the all-electron halide iorAwater dissolved NaX on the liquid water XA spectrum is anion specific
dimers, q(AH) varies from 0.035 to 0.046, whereas for the the associated spectral changes, as compared to pure water, are
OH~(H20) dimer the asymmetry between the hydrogens is generally similar in natur& However, the calculated XA
significantly larger (0.077). A similar conclusion is found for spectrum of the water molecule in the hydroxideater dimer
the ECPq(AH) values. is distinctly different than the XA spectra of the halidwater
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TABLE 2: Mulliken Charge Populations Calculated for the X ~(H,0) Dimers, H,O, (H,0),, and H,O with a Point Charge in

Place of OH @
a(X~(O/H)) q(0) q(HL)P q(H2)° q(H1-H2)
Effective Core Potentials Ground State

OH~ —0.865 —0.586 0.242 0.209 0.033
(—1.007/0.142)

Cl- -0.85 —0.551 0.176 0.224 —0.048

Br- —0.869 —0.54 0.18 0.228 —0.048

I~ —-0.802 —-0.557 0.143 0.216 —-0.073

H,O(D/A)¢ —0.543/-0.549 0.254/0.289 0.260/0.289 0.006/0.0

H,O(A/D)? —0.561/0.564 0.284/0.295 0.284/0.262 0.0/0.033

H.0 —0.545 0.272 0.272 0

pt. charge —0.678 0.45 0.228 0.222

Core-Excited State

OH- —0.784 —0.278 0.244 0.317 —0.073
(—0.966/0.182)

Cl- —0.752 -0.24 0.157 0.335 -0.178

Br- —0.756 —-0.227 0.15 0.333 —0.183

- —-0.677 -0.227 0.093 0.31 -0.217

H,O(D/A)¢ —0.275/0.556 0.319/0.311 0.372/0.311 —0.053/0.0

H.O(A/D)® —0.288/0.533 0.390/0.261 0.390/0.279 6:0/018

HO —-0.272 0.386 0.386 0

pt. charge —-0.362 0.505 0.357 0.148

All-Electron Basis Sets Ground State

OH- —0.866 —0.683 0.313 0.236 0.077
(—1.039/0.173)

Cl- —0.911 —0.653 0.304 0.26 0.044

Br- —0.929 —0.647 0.311 0.265 0.046

I~ —0.941 —0.636 0.306 0.271 0.035

H.O(D) —-0.627 0.316 0.285 0.031

H2O(A) —0.595 0.31 0.31 0

HO —0.596 0.298 0.298 0

pt. charge —0.703 0.441 0.262 0.179

Core-Excited State

OH~ —0.776 —0.461 0.367 0.379 —0.012
(—0.999/0.214)

Cl- —0.812 —0.439 0.342 0.409 —0.067

Br- —-0.827 —0.436 0.351 0.412 —-0.061

I~ —0.835 —0.428 0.348 0.415 —0.067

H.O(D)

H.O(A)

HO —0.395 0.447 0.447 0

pt. charge —-0.473 0.551 0.423 0.128

a Calculations were performed using either effective core potentials (top) or all-electron basis sets (bottom) to describe the atoms in both the
ground and core-excited statéO—H—X~ hydrogen.° Free OH hydrogert Values for the core hole and/or IGLAII basis set on the Donor.
¢Values for the core hole and/or IGLAIl basis set on the Acceptor.

dimers, of pure HO and of (HO),. For example, the first  (see Table 2). The presence of a point charge also affects the
calculated (1s— 4&) transition for the water molecule in the calculated XA spectrum of the dimer (Figure 5). These
hydroxide-water dimer is located-0.65 eV below that for the  calculations indicate that the presence of a negative charge near
halide—water dimers (Figure 5, middle). Thus, it appears that one of the hydrogen atoms (the electric field effect) establishes
the variations in the charge distribution among the various an initial charge asymmetry but that charge transfer from the
anion—water dimers may have real spectroscopic consequencesions determines the exact magnitudeq¢AH). This in turn

The calculations described above provide a physical reasoningsuggests that both charge transfer and electric field effects are
for the observed differing influence of the halide and hydroxide important in determining the observed XA spectral variations.
ions on the liquid water XAS, that is, there is an anion-dependent  One limitation of the above analysis is that the conclusions
hydrogen charge asymmetry induced on the first-solvation-shell are based on example calculations using dimers and not fully
water molecules. However, the respective roles of charge solvated ions. To explore whether the above conclusions can
transfer and the electric field on the establishment of this be generalized to bulk-liquid agueous systems, we have also
asymmetry have not yet been clearly elucidated. To assess thecalculated the ECP Mulliken populations of core-excited solvent-
role of the electric field, we have calculated the XA spectrum shell water molecules using the configurations taken from MD
andq(AH) for a “point-charge dimer,” wherein a point charge snapshots (Table 3). Compared to the dimers, the calculated
with g = —1 is used in place of the hydroxide ion. In this case, averagey(X~) is somewhat less negative for both the O&hd
the presence of the point charge engenders a significantthe halide ions, indicating that a greater amount of charge has
hydrogen charge asymmetry in both the ground and the core-been transferred to the surrounding water molecules from the
excited states, thereby indicating the importance of the electric anions, although not necessarily exclusively to the core-excited
field on determiningg(AH). However, the magnitude of the  molecule. Overall, the amount of charge transferred from the
calculated charge asymmetry for these point charge dimers ision to the solvation-shell waters in the bulk is slightly greater
considerably more positive than that of the anigvater dimers for the halide ions than for the hydroxide ion (i.gj¢halide) <
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TABLE 3: Mulliken Charge Populations Calculated for Core-Excited Water Molecules in the First Solvation Shell of X
Anions and in Pure Water for Larger Clusters?

q(x") q(0) q(H1) q(H2) q(H1-H2)
OH- —0.623 (0.027) —0.364 (0.031) 0.259 (0.033) 0.326 (0.023) —0.066 (0.047)
cl- —0.579 (0.04) —0.317 (0.026) 0.187 (0.054) 0.296 (0.048) —0.109 (0.076)
Br- —0.576 (0.063) —0.301 (0.032) 0.175 (0.045) 0.318 (0.032) —0.144 (0.059)
H.0 - —0.337 (0.016) 0.324 (0.026) 0.350 (0.038) —0.027 (0.043)

aValues in parentheses are the dtandard deviations of the calculated values.
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Figure 6. (a) Calculated spectrum for OHsolvated in a tetrahedral environment (dotted black line) and in a hyper-coordinated square-planar
environment (solid black line). The calculated bulk water spectrum is shown for comparison (gray line). (b) Depiction of the tetrahedral and
hyper-coordinated hydroxidewvater clusters used to calculate the spectra shown in panel a.

|q(OH7)]), similar to the dimer ECP results. Previous ab initio XA spectra were calculated for OHn both tetrahedral and
calculations ofy(X ™) for small water clusters indicated that for hyper-coordinated environments using model 10-molecule or
the halide ionsg(X~) decreases when the number of solvation- 12-molecule clusters, respectively (Figure 6). In addition to the
shell waters is increaséf,whereasg(OH~) was nearly con- differing number of hydrogen bonds accepted by the OH
stant¥” With respect to the hydrogen charge asymmetry, the (whereRoo = 2.6 A for both tetrahedral and hyper-coordinated
calculatedy(AH)’s for the solvated halide ions are more negative structures), the distance between the Gdthd hydrogen bond
than for the solvated hydroxide ions, consistent with the dimer acceptor water also differs between the tetrahedral and hyper-
calculations. These bulk calculations therefore also demonstratecoordinated clusters. For the tetrahedral cluster, weRdgse=
the importance of charge transfer in determination of the 2.6 A for the distance between OHand the HO hydrogen
aqueous-solution XA spectrum. bond acceptor molecule, whereas for the hyper-coordinated
One other finding of interest is that a slight hydrogen charge €nvironment we use a much long&o of 4.0 A. These
asymmetry is also found, on average, for the water molecules distances were chosen to be generally consistent with sugges-
in the pure liquid-water simulation. Although(AH) is close  tions from MD simulationg?®%°
to zero for most configurations, the hydrogen that is involved  The XA spectra for both the tetrahedral and the hyper-
in a shorter (and therefore stronger) HB is, on average, lesscoordinated OH model clusters exhibit strong absorption
positive than the hydrogen that makes a longer HB. This is around 532.5 eV, the energy where the new spectral feature
consistent with the pure-water dimer calculations, wiuk) was experimentally observed. The absorption by the hyper-
for the hydrogen involved in the HB is less positive than for coordinated OH in this region is somewhat greater than that
the unbonded hydrogen. This suggests that for pure liquid waterby the tetrahedral OH At higher energies, the calculated
the XA spectrum of a given molecule will be determined in spectra for the OH in the two coordination environments are
part by the instantaneous charge distribution of that molecule substantially different. The tetrahedral Okbsorbs strongly
as induced by the local geometric environment. Importantly, (compared to pure water) at 539 eV in a relatively narrow region
we note that because these results are derived from configurabetween the liquid-water XA spectrum main edge and post-
tions obtained from classical MD simulations, the calculated edge. The hyper-coordinated Othas a comparably weak
charge asymmetry is eonsequenceand not a cause, of the absorption in the main-edge region and absorbs only slightly
local arrangement of molecules in the simulation. more strongly than water molecules in the post-edge region.
There currently exists a vigorous debate as to the dominantGiven the changes to the water XA spectrum observed upon
solvation structure of OH namely, whether it accepts hydrogen KOH addition (cf. Figure 1), these calculations appear to be
bonds from three or four water molecufes:13-15 The nature ~ More consistent with OH ions predominately in a hyper-
of this primary solvation structure has important implications coordinated environment.
for understanding the transport mechanism of OH water XA spectra were also calculated for Olibns in a tetrahedral
and how the mechanism may or may not relate to excess protonenvironment (with respect to the accepted hydrogen bonds) but
(HsO0™) migration. In principle, the acceptor-bond three- with Roo = 4.0 A for the OH donor hydrogen bond and for
coordinate (tetrahedral) versus four-coordinate (hyper-coordi- hyper-coordinated OHions with Roo = 2.6 A for the OH -
nated) OH ions should have spectroscopically distinct signa- donor hydrogen bond. It is found that the tetrahedral and hyper-
tures as a result of the differing local environment thereby coordinated spectra are actually quite similar when the ©H
allowing for identification of the dominant complex, if one H>O acceptor distance is the same, that is, the differences
exists. between the tetrahedral and hyper-coordinated §péctra arise
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T T TP g T to the observed spectrum than is the tetrahedral total spectrum,
again suggesting that OHn water exists in a predominately
hyper-coordinated state (or at least does not readily donate a
hydrogen bond to the surrounding water molecules except
perhaps transiently). This is consistent with results from both
MD simulationg-*°and neutron diffraction studié&>However,
we note that such a conclusion is only suggestive and not
definitive given the uncertainties inherent in the calculations,
namely, the unavoidably arbitrary nature of the applied broaden-
ing scheme and limited success in reproducing the pure liquid-
water spectrum in the pre-edge region.

experiment

5. Conclusions

X-ray absorption spectra at the oxygen K edge have been
measured for aqueous KOH solutions at 4 &M concentra-
tions. The major spectral changes observed, relative to pure
water, result from absorption directly by the solvated Qbh
and by first-hydration-shell water molecules, both of which are
shown to have XA spectra that are distinctly different from that
of pure liquid water. Compared to pure water, a prominent new
low-energy feature was observed at 532.5 eV, attributed to
absorption by the solvated OHon alone. This conclusion was
reached by comparison of the calculated solvated §p&ctrum
to that of bulk HO and first-hydration-shell water, as well as
by comparison to previously measured XA spectra of aqueous
sodium halide, monovalent cation chloride, and HCI solution
Figure 7. Calculated total spectrum for Oaq) with OH" in either spectra, for which no such low-energy feature was observed.
a hyper-coordinated (solid black line) or tetrahedral (dashed line) 1 oqq regylts also indicate that the changes to the electronic

environment is shown along with the calculated pure-water spectrum : .
(gray line). The differences in the calculated total spectra from pure structure of the OH first-hydration-shell water molecules about

water can be compared to the observed difference between the XAsthe hydroxide ion result primarily from direct electronic
for pure water (gray) ah4 M KOH(aq) (black). perturbations of the unoccupied orbitals by the negatively

charged OH ion and only secondarily from geometric distortion

primarily from differences in the OHdonor bond and not from  of the hydrogen bond network (i.e., the breaking or making of
differences in the number of accepted hydrogen bonds. How- hydrogen bonds). Furthermore, the experimental and compu-
ever, MD simulations suggest that the nature of the solvation tational results both suggest that the nature of the interaction
environment around the Othydrogen depends on the OH between solvated halide anions and water is fundamentally
oxygen solvation environment, that is, an Ol a tetrahedral different than that between solvated OEInd water, given the
(hyper-coordinated) environment (with respect to the hydrogen clearly different effects of the respective anions on the XA
bond donor water molecules) is generally inconsistent with a spectra. It is suggested that the difference arises primarily from
excessively long (short) OH-H,0 acceptoRoo distance on variations in the degree of charge transfer between the ions and
average? In other words, hyper-coordinated OHloes not the solvation-shell water molecules and from the diffefiag,
readily form donor hydrogen bonds, whereas tetrahedrat OH which determines the strength of the local electric field
does. Therefore, the spectra presented in Figure 6 can beexperienced by the water molecules. In particular, how these
considered as representative of XA spectra for@ds in these properties affect the establishment of a charge asymmetry
two different solvation environments. between the hydrogen atoms of the solvation-shell water

Of course, any conclusion as to the nature of the"OH molecules is of key importance. Comparison between experi-
solvation environment based on comparison between thement and calculations also suggests that"Qéhs exist in a
observed and calculated XA spectra must also take into hyper-coordinated solvation state (with respect to the number
consideration the contribution from Otsolvation-shell water of hydrogen bonds accepted by the OHon), although
molecules, which the above calculations suggest have an XA unambiguous identification is not possible at this time. Theoreti-
spectrum significantly different from that of pure water. cal advances facilitating a truly rigorous comparison of experi-
Therefore, total spectra have been determined for tetrahedralmental and theoretical XA spectra are urgently needed to help
and hyper-coordinated OHsolutions by summing the spectra  resolve such issues.
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