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Hydroxide ion hydration was studied in aqueous solutions of selected alkali metal hydroxides by means of
Fourier transform infrared (FTIR) spectroscopy of HDO isotopically diluted4 @ H he quantitative difference
spectra procedure was applied for the first time to investigate such systems. It allowed removal of bulk water
contribution and separation of the spectra of solute-affected HDO. The obtained spectral data were confronted
with ab initio calculated structures of small gas-phase and polarizable continuum solvation model (PCM)
solvated aqueous clusters, OH,0),, n = 1—7, to establish the structural and energetic states of hydration
spheres of the hydrated hydroxide anion. This was achieved by comparison of the calculated optimal geometries
with the interatomic distances derived from HDO band positions. The energetic state of water ry@gtion

shells, as revealed by solute-affected HDO spectra, is similar to that of an isoelectr@mimR. No evidence

was found for the existence of stable hydroxide dimefQH, in an aqueous solution. Spectral data do confirm,
however, existence of a weak interaction with a single water molecule at the hydrogen site .of OH

Introduction It has been commonly recognized that hydroxide anion is an
The hydroxide anion is a product of autodissociation of water €xtremely weak proton donor in hydrogen bdr@omputational
and as such shares with the proton the status of fundamentaP{témpts to obtain stable aqueous clusters with” @8nating

ions in an aqueous environment. Its importance in-abase ~ tS hydrogen to a hydrogen bond have usually fafled.
chemistry and in proton-transfer processes encourages detaile§Uccessful convergence of such a structure to an energetic
studies of its hydration spheres. minimum has been reported for a large cluster with no less than

The hydroxide anion mobility is anomalously high and is 17 solvating water moleculés.
similar to, but still lower than, proton mobility. The observed  Self-consistent reaction field (SCRF) methods, such as the
similarities strongly suggest a congenial microscopic mobility polarizable continuum solvation model (PCMave provided
mechanism. Some theoretical considerations have led to sol-valuable insights in the studies of external solvent influence on
vation and mobility picture essentially resembling the case of the geometry and energetics of ab initio optimized clusters. A
hydrated proton, with modifications to the actual transition state coherent method has been recently reported by Pliego and
in the proton-transfer process. Riveros in the form of cluster-continuum hydration motfeA

The structure of hydroxide ion aqueous clusters has been thesimilar approach has been formerly applied to hydrated hy-
target of computational studies by quantum mechanical (QM) droxide ion? The results obtained, however, have not contra-
methods:~® The dynamic picture of solvation mechanism has dicted previous gas-phase calculations.
been provided by molecular dynamics (MD) simulatién$. Molecular dynamics techniques have provided valuable

The geometry optimizations of clusters have been recently information about the solvation dynamics and coordination of
carried out at the MP2 correlated level with large polarized basis hydroxide anion in water. In the ab inito MD study by
sets?3 Density functional theory (DFT) approach has also been Tuckerman et af,equilibrium between the dominant planar
successfully applied to such systetfsThe central proton in HgOs~ complex and tetrahedral /9,~ complex has been
the simplest hydroxide hydrate,s8,~, is positioned asym- detected. The oxygeroxygen distance from OH to first
metrically with respect to two oxygen atorhd%The calculated  hydration sphere has been 2.7 A in the former and 2.6 A in the

oxygen-oxygen distance varies from 2.47 to 2.58A8 There latter case. The appearance of more open, tetrahedral structure
has been some theoretical evidence, however, for existence ohas been conclusively linked with proton hop occurrence
a transition state for proton transfer irg®~, with oxygen- between the anion and a neighboring water molecule. “Hyper-

oxygen distance contracted to ca. 2.4AHigher hydroxide coordination” of OH in OH™(H,0),4 has been later confirmed
hydrates, OH(H20),, n = 3—5, have been usually found in  in ab initio MD simulations using various DFT functionéls.
two isomeric forms: theC, symmetry structure and the More recent ab initio MD investigation has concluded, on the
OH™(H20)n-1(H20) structure, with a single water molecule other hand, that rapid interconversion between tri- and tetra-
occupying the second hydration sh&lf. Although both forms coordinated OH takes place during the simulation, with
are true energetic minima, their relative stability has been an OH-(H,0); as the dominant structure and rather tight distance
ambiguous problem: some authors have identiiggtructures to coordinating oxygens<2.5 A)7

as more stabléwhile others have claimed the same about the  The coordination of OH in an aqueous solution has been

structures without axial symmetPy. briefly studied with X-ray diffraction, and the hydration number
*To whom correspondence should be addressed. E-mail: stangret@©f 6 has been fountf. Recently, very detailed neutron diffraction
chem.pg.gda.pl. data, utilizing hydrogen isotope substitution, have been
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publishedt31> The results are compatible with the®~ (FTIR) measurements of OD band of isotopically diluted HDO
hydration complex and the presence of a single water moleculemolecules with the ab initio calculated structures of small
weakly coordinated to the hydrogen site of the Oidn has aqueous clusters, OKH,0),, trying to establish the structural
been verified*1% Average hydration number of 5.5 has been and energetic states of hydration spheres of the hydrated
also found in dielectric relaxation measurements, although hydroxide ion. The comparison of the calculated optimal
without structural characterizatidf. geometries with the interatomic distances derived from the HDO
Vibrational spectroscopy is an ideally suited method for the band position using the above-mentioned correlation is utilized.
investigation of solute hydratiori:18Contrary to ample material ~ The analytically calculated decoupled OD frequencies poorly
published for aqueous acidic solutions (see ref 19 for a concisecorrelate with experimental results, even when corrected for
review), aqueous hydroxide solutions have not received suchanharmonicity, and we instead opted for the indirect comparison.
careful attention. Nevertheless, both Rafi@hand IR2-25 data
are available. An interesting feature of Raman spectra of alkali Experimental Section

metal hydroxides in aqueous solution and in crystalline state is Chemicals and SolutionsThe following crystalline hydrox-

. ” 1,20,21,23|% . .
the “free OH™ band at ca. 3610 cri. Itis ratherweak — jjoq \were obtained from respectable manufacturers and were

in the corresponding IR spectfalts appearance with only @ ,ce a5 supplied: LIO#,0 (99.95%, Aldrich), NaOH (pure
little red-shift from the gas-phase frequency clearly indicates p.a., Chempur), and KOH (pure p.a., ChempurOlused in

an at most very weakly hydrogen-bonded H atom, attributable o enaration of solutions came from two sources: Institute

to the OH" ion.! In parallel to the conclqsions from hydrated of Nuclear Investigation, Poland (99.84% isotopic purity) and
proton spectra, the concept of “very polarizable” hydrogen bonds Aldrich (99.96% isotopic purity)

Pha;\t/)iﬁfgtig:gl)c;se:c:?aegfpggctgﬁtf‘;:;l%%gg:;egf t:t)ognﬁté?nua N Stock solutions were prepared by mixing weighed amounts
P " of respective solid hydroxides with redistilled water. The

Exper.im('ental results from argon predi.ssociation SPECroScopy 1 alities of stock solutions were checked by conductometric
have indicated that the shared proton in gas-phase(B40) titration with a standard acid and were 0.984 kgt for LiOH,

complex gives rise to an excitation band at 1090-&m 0.996 motkg~* for NaOH, and 1.032 mekg-* for KOH. The
connected with delocalization of this proton because of zero- séries of solutions span,ning tk;e molality range fror'n ca. 0.2
point vibrational m(?tlor?. . . ) mol-kg™! to stock concentration, were prepared by mixing
Spectra of HDO isotopically diluted in4® are mostly free  yeighed amounts of the respective stock solution with redistilled
from experimental and interpretative problems connected with \yater, Sample solutions were made by adding 4% (by weight)
Ho0 spectr&t”2° The effects of oscillator coupling dominate  of p,0 relative to HO, and reference solutions were made by
the liquid HO spectra, espec!ally when strong and polarizable adding the same molar amounts 0b®4 Densities of the
hydrogen bonds are present in the system. On the contrary, thesojytions were interpolated from available highly accurate #ata.
vibrations of decoupled OD oscillators of the HDO molecules  £1\r Measurements and Data AnalysisFTIR spectra were
function as a very sensitive and ideally suited probe of hydration \oqrded on an IFS 66 Bruker spectrometer. Two hundred and
phenomena, giving valuable structural and energetic information fifty-six scans were made with a selected resolution of 4tm
pertaining hydration spheres. _ o A cell with CaR, windows was employed. The path length was
To extract information about the interactions inside the (.0298 mm, as determined interferometrically. The temperature
hydration sphere, the contribution of bulk water should be was kept at 25.6t 0.1 °C by circulating thermostated water

eliminated from the solution spectrum to obtain the solute- through mounting plates of the cell. The temperature was
affected water spectrum. The relevant method of spectral datamonitored by a thermocouple inside the cell.

analysis was first proposed by Kristiansson e€°df. The The spectra were handled and analyzed by the commercial
quantitative version of this method was formulated later by these pc programs GRAMS/32 (Galactic Industries Corporation,
authors and independently in our laborat&t§? Until now, Salem, MA) and RAZOR (Spectrum Square Associates, Ithaca,

many ionic solutes have been studied this way and a review NyY) run under GRAMS/32.
summarizing available experimental data has been publ&hed.  The measured HDO spectra were transformed to molar

The most important factor in the interpretation of HDO absorptivity scale and were interpolated from their dependence
spectra is the OD band position. The empirical Baddgauer on molality. The derivative in the infinite dilution approximation,
rule states that the position of the water-stretching band changege/dm)—o, used in our method of spectral data analysis, was
proportionally to the energy of a hydrogen bodlhis rule then calculated.
has been extensively tested experiment&ligiso for the water The experimental spectra were described equally good by
molecule?’” The solute-affected HDO spectra thus give valuable jinear or quadratic relationship of molar absorptivity on molality,
information about the intermolecular energy of perturbed water. judging by the determination coefficient valuB2(> 0.999).

In particular, the discrimination between ionic “structure mak- Generally, nonlinear approximation is the effect of concentra-
ers” and “structure breakers” (with respect to the bulk phase) tion-dependent phenomena, as association, hydrolysis, and so
is made possible. Further hydration spheres can also beforth. LiOH is thought to be moderately associated and NaOH
quantitatively characterize:**HDO spectra can also provide  very slightly associated in aqueous solutffi (although NaOH
basic structural characteristics of the solute-affected water, aswas also termed “dissociated electrolyte” on the basis of precise
the OD band position can be correlated with interatomic conductivity measurement§)Assuming a quadratic relationship

oxygen-oxygen distance. Several correlations linkRgp with of € versusm for LiOH gives a very similar shape of solute-
vop have been publishéland applied in the studies on ion  affected HDO spectrum and positions of component bands
hydration30-38.40 (within experimental error) but high&t value (by about 2) for

Despite its widespread use, the isotopic dilution technique infinite dilution limit. However, the most consistent and
has never before been used in the investigation of hydroxide unambiguous results were obtained assuming linear relationships
ion hydration. In this work, we correlate the picture of hydrated for all three studied hydroxide solutions, and these results are
hydroxide ion obtained through Fourier transform infrared presented and discussed below.
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The difference spectra method was used to analyze the ]
influence of solute on the solvent structure. It is based on the 50+ (@)
assumption that water in the solution may be divided into 404
additive contributions of solute-affectea) @nd bulk p) water. 30
The “solute-affected” HDO spectra, were calculated from ]
the derivative spectrum and the bulk HDO spectrum, 201
according to eq 1. 10
1 [0e - 0]
€= NM (a_m)m=o te 1) £ 50 (b)
—_ 40
In eq 1,M is the mean molecular mass of the solverns@Ht g 30.]
4% D,0) andN is the assumed “affected number”, which means o ]
number of moles of solvent affected by one mole of soffite. % 20
In the former reports from this laboratoriy, was also termed > 104
“hydration number2® However N is close to hydration number 0.
derived from direct methods (e.qg., diffraction studies), only when 50 (c)
the solute-affected HDO band differs sufficiently from the bulk ]
HDO band, either in position or in half-width. Otherwise, 40
affected number is usually lower than the hydration number. 30
This is particularly true when solute-affected HDO band shape 20
is similar to the bulk HDO band shape. Even then, however, 1
the solute-affected spectrum carries structural-energetic informa- 10
tion about greater number of solvent molecules surrounding the 01— T T : T
solute molecule in reality. This is the main cause of high 2600 2400 2200
sensitivity of the method to differentiate various states of solvent v/em”
molecules in the solution. Figure 1. Experimental FTIR spectra of HDO in aqueous solutions

The procedure of finding the proper valuehvby systematic ~ of (a) LiOH, (b) NaOH, and (c) KOH in the OD stretching range
analysis and band-fitting of solute-affected spectra has been(@mows indicate molality increase) at 26.
previously described in detdf.In brief, the trial solute-affected ) ) ) o
HDO spectra for triaN values are fitted with a sum of linear ~ tionaf” and LYP correlation function&l and containing a
baseline, analytical bands, and the bulk HDO spectrum. Gener-Portion of Hartree-Fock exchange. Numerical integrations used
ally, the minimal number of analytical bands, which gives an @nUltraFine grid, which is a pruned (99 590) grid, consisting
adequate fit, is considered as the right number of component©f 99 shells per atom and 590 points per shell.
bands. Mixed GaussiarLorentzian product shape is assumed  Initial structures of all studied systems belonged to @he
for all bands at first. All parameters (including Gaussian to Symmetry group, and no symmetry constraints were imposed
Lorentzian ratio) are unconstrained during fit, with the exception during geometry optimizations in the gas-phase. Berny algo-
of bulk HDO spectrum, for which only intensity is allowed to  fithm* with Tight convergence criteria was used for optimiza-
vary. Bands, for which either Gaussian or Lorentzian contribu- tions. The GDIIS methdd was used for most of the systems
tion is found negligible after convergence, are changed to pure {0 speed up convergence. Vibrational analysis was performed
analytical functions, and the fit is repeated. The maximum value On optimized structures to check for true minima and to calculate
of N for which the data do not contain a significant contribution Z€ro-point energy (ZPE) corrections.
of the bulk HDO spectrum is regarded as the affected number Gas-phase cluster structures were subsequently used as
and the corresponding, spectrum as the final solute-affected ~starting points for further geometry optimization in the SCRF
spectrum. Usually, the threshold bulk HDO spectrum intensity approach. The standard polarizable continuum solvation model
was taken as 0.5% of the total integrated intensity ofdhe  (PCM) was used? with united atom topological model applied

spectrum. on atomic radii of the UFF force field (UAO), as implemented
in the Gaussian 03 systeth.Vibrational analysis for PCM
Computational Details optimized structures was performed in the numeric approxima-

tion.

All calculations were performed with the Gaussian 03
systen?! HyperChem 6.0 (Hypercube, Inc., Gainesville, FL)
and GaussView 3.0 (Gaussian, Inc., Pittsburgh, PA) served as
front-end interfaces and visualization tools.

Small aqueous clusters, OkH,0),, n = 1-7, were used as
model systems in the calculations. Ab initio calculations were
performed with the use of standard Pople basis set
6-311++G(d,p)** In a parallel study of hydrated proton
clusters'® we found it essentially equivalent to a much more
computationally demanding correlation consistent aug-cc-pVTZ

basis set, with respect to optimized cluster geometries. EmployedResults and Discussion

basis set is of the triplé-type, that is, with triple split valence Solute-Affected HDO Spectra.The measured HDO spectra
orbitals, and is augmented with polarization and diffuse func- in the vop band region for the three studied bases are shown in
tions on both heavy atoms and hydrogens. Figure 1 and the corresponding derivativégdm)—o are shown

Post-HF treatment of electron correlation effects was done in Figure 2. The solute-affected HDO spectra, calculated from
in the framework of second-order Mgller-Plesset perturbation eq 1, are shown in Figure 3. The following affected numbers
theory#> with the frozen-core approximation for oxygen inner- were found after the adjustment procedut¢:= 6.9 (LiOH),
core (1s) electrons. N = 9.1 (NaOH), andN = 8.8 (KOH). The estimated maximal

Density functional theory calculations used the B3LYP errorinN value is=1.04° TheN values observed here compare
combination functionat® composed of B88 exchange func- favorably with our results for alkali metal hexafluorophosphates,
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Figure 2. Derivatives fe/om)m—o in the OD stretching region for
aqueous solutions of LiOH (solid line), NaOH (dashed line), and KOH
(dotted line) for linear relationship af vs m.
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Figure 4. Decomposition of the solute-affected HDO spectra into
component bands for (a) LiOH, (b) NaOH, and (c) KOH. Solid line:
original spectrum, dashed lines: component bands, dotted line: sum
of the component bands.

2600 2400 2200
v/em” TABLE 1: Parameters of Component Bands from the

D iti f th f HDO Affi LiOH
Figure 3. Solute-affected HDO spectra in the OD stretching region Ngg)ol—T %%s&tlggﬁ the Spectra o O Affected by LIOH,

for LiOH (solid line), NaOH (dashed line), and KOH (dotted line) -
aqueous solutions. LiOH NaOH KOH

b b b
where we have foundll = 6.6 for LiPR;, N = 7.7 for NaPF, voo™® fwhh® 1 wop™ fwhh® 1° wop™ fwhh® I°
andN = 9.8 for KPF;.38 The spectra of HDO affected by alkali ~ 2660 43 83 2658 46 94 2656 49 106

metal hydroxides were not fundamentally different from other 5608 85 764 2613 79 596 2615 8 472
34.38.4 546 78 682 2548 92 1094 2550 92 1111
electrolytes studied in our grodp: OMore importantly, they 2438 129 3503 2448 174 3697 2455 173 3172

were quite dissimilar to the results obtained lately by us for the 23?3 194 1473 2272 199 519 2309 258 903
hydrated protod? Unlike for the infrared spectra of solutions
of strong bases in D, the structure of the solute-affected HDO
spectra cannot be adequately described as a “continét#h”.
Instead, they could be precisely resolved into simple componentstructure-breaking properties in water, and a perfect separation
bands. of anion- and cation-affected HDO could be achieved. The PF
The decomposition of the solute-affected HDO spectra into anion-affected component band was then subtracted from the
components is depicted in Figure 4, and the respective mostsolute-affected HDO band to reveal the purely cationic influence.
important parameters are listed in Table 1. Tentatively, the most This approach is still somewhat arbitrary, as the influence of
pronounced band at ca. 2440 chis asigned to the anion-  cation and anion on the spectrum of HDO is certainly coopera-
affected HDO and the second largest band at ca. 2548 8n  tive 38 Nevertheless, the internal consistence of the hydroxide
asigned to the cation-affected HDO, on the basis of available anion-affected HDO spectra derived from three independent
data3* The alkali metal cation-affected HDO was previously electrolyte series in this work proves that good quality “single-
studied by us in considerable det#iland independent results  jon” HDO spectra can be derived and subsequently used, when
from other laboratories have been also reviewethe position the separation of anion- and cation-affected bands is sufficient,
of cation-affected water band was 2543 émbut the Lif- as was certainly the case of alkali metal cations ang”PF
affected HDO band contained another component at 2448 cm  anjon38 Equation 2 was used to calculate the hydroxide ion-
(for other cations it manifested only as a slight asymmetry of affected spectra from the solute-affected HDO speeiia,
the main band). In the present work, this band was slightly blue- and the reference cation spectq,
shifted to 2556-2546 cnt! (Table 1). The previously observed
weak low-wavenumber component was obscured by the much
more intensive band attributed to the hydrated hydroxide ion.
To extract more specific information about the hydration = The subtraction factorx was determined by systematic
spheres of OH from the solute-affected HDO spectra, we analysis, similar to the procedure of finding the solute-affected
eliminated the cationic contribution from the spectra by solvent spectrum in the difference spectra metfache proper
subtracting the reference spectrum of a respective cation. Thevalue of oo was found on the basis of fitting the trigby
reference spectra were obtained previously for alkali metal spectrum with analytical bands and the reference cation spectrum
hexafluorophosphaté8. The PR~ anion is unique in its em. The smallest possible value af for which the contribution

aBand position at maximum (cm). ® Full width at half-height
(cm™). ¢ Integrated intensity (dfamol~t-cm™2).

€on = €von — @ €y (M = Li, Na, K) 2
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TABLE 2: Parameters of Component Bands from the
Decomposition of the Spectra of HDO Affected by
Hydroxide Anion in LiOH, NaOH, and KOH Aqueous

Solutions

LiOH NaOH KOH
VODO a2  fwh hb I¢ VODO a  fwh hb I¢ VODO a  fwh hb I¢
2658 33 97 2658 37 127 2658 36 152
2604 94 1012 2604 93 983 2600 96 962
2432 115 5343 2438 141 6682 2440 151 6268
2340 227 4398 2338 265 3664 2318 270 3001

aBand position at maximum (crd). ® Full width at half-height
(cm™). ¢ Integrated intensity (dfamol~*-cm™), scaled per one mole
of hydroxide-affected HDO.

60

50

obtained from LiOH (solid line), NaOH (dashed line), and KOH (dotted
line) affected HDO spectra, scaled per one mole of hydroxide-affected

2600

2400

2200

v/em'
Figure 5. OH -affected HDO spectragy) in the OD stretching region,

water, and the averagey spectrum (dasheddotted line).

of ey was still insignificant, was regarded as the final adjusted

value of this parameter, and the correspondigg spectrum

was treated as the final refined hydroxide ion-affected HDO

spectrum.

The finally obtainedx values were equal to 0.196 for LiOH,

0.4 for NaOH, and 0.385 for KOH. The parameters of the

analytical bands for respective fits edy are listed in Table 2.

It can be readily observed that eliminating the cationic influence

(and the band at 2548 cr resulted in much more coherent

values than those presented in Table 1. The spectra, scaled p
one mole of hydroxide-affected HDO, are presented in Figure

5. The average of the threeyy spectra obtained for three
different hydroxides was almost equal to thgy spectrum
derived fromenaon
The first noteworthy feature of the Otaffected HDO
spectrum was the presence of a weak, yet clearly visible bandthis work in their optimized gas-phase geometries. The only
at 2658 cm?, unusually blue-shifted when compared to other geometric parameter suitable for comparison with the HDO spec-
electrolytes’* The above-mentioned “free O band has been
observed in the Raman spectra of hydroxide aqueous solutionscalculated gas-phadeyo values are shown in Table 3. The

at ca. 3610 cmt.120.21.23Thjs feature has rarely been detected

in the infrared as a very weak baftlapparently because of

high symmetry of the corresponding normal mode, making it

only Raman activé. The frequency of this band in infrared
spectrum of HO could be directly converted to the OD
stretching band position of HDO by means of an availakje

versusvop correlation on the basis of spectroscopic data for

solid hydrate$? The vou value of 3610 cm?! corresponds to
the vop value of 2658 cml; the agreement with the HDO

spectra presented here is remarkable. Thus, the most blue-shifteflinctionals® Larger clustersn

component band in the OHaffected spectra may be unambigu-
ously ascribed to isotopically substituted Obns present in
aqueous solution. Its appearance in the hydroxide-affected HDOAIso, the single second-sphere water molecule was always in a

J. Phys. Chem. A, Vol. 111, No. 15, 2002893

spectra most probably results from isotopic decoupling and
symmetry perturbation.

The outermost hydration sphere of the cation, influenced by
the anion and detectable with our method of analysis, manifests
itself by a single band in the solute-affected HDO spe#tra.
For alkali metal cations studied in this work, the discussed band
represented the second hydration sphere. The position of this
band depended approximately linearly on the band position of
affected HDO for the counteranion. The value found in the
present work is 2603 cm, in good agreement with the
published correlatiof® One might suspect that this band should
disappear upon subtraction of cation-affected spectrum, but the
reference spectra were recorded for different electrolytes (with
PFs~ as counteranion), where a similar band was significantly
blue-shifted to 2631 cmt.38

The main band of the OHaffected HDO spectrum was
located at 2437 cmi on average. This spectral component
displayed also a red-shifted tail centered on average at 2332
cm L. Taken together, these two analytical bands appear as a
single asymmetric curve (viz., the overall band shape in Figure
5). Though in principle it is possible to approximate this shape
with a single analytical curve (say, log-normél)we found
previously that inclusion of a separate component to describe
the tail of the main band provided a much betteffithe shape
and position of the OR-affected HDO band is very similar to
the case of fluoride anion, previously studied in our laboratbry,
for which the F-affected HDO band was located at 2433¢m
and displayed similar pronounced tail at lower wavenumbers.
Thus, hydroxide anion appears to be one of the very few
structure-making anions in aqueous solufibn.

The ascription of the component bands to certain energetic
situations of water molecules in the hydration spheres may be
achieved by transforming HDO band positiormyp, to inter-
molecular interaction energy of watekU,. The relationship
linking AU,y with vop takes advantage of the Badgdauer
rule 2° and the numerical procedure for HDO has been described
before3* The calculated value akU,, for vop obtained for the
hydroxide anion in this work (2437 crf) is —56.2 kJ mot™.

The experimental absolute enthalpy of hydration of Oid
—529 kJ mof1.52 These two values combined neatly fit into
the available correlation line for halide anions and they situate

§PH™ very near to F on that line3*

Further interpretation of the OHaffected spectra, in view
of the interatomic oxygenoxygen distances, calculated from
the band positions, is presented below in comparison with the
ab initio obtained cluster geometries.

Ab Initio Results. Figure 6 shows the structures studied in

tra is the interatomic oxygeroxygen distanceRoo. The

geometry of the studied clusters was fairly conserved between
various methods, although an elongation of interatomic distances
in B3LYP versus MP2 level of theory might be generally
observed. The difference Roo, however, did not exceed 0.044

A in the extreme case of OHH,O)s. The geometries obtained

by us for the smallest clusters= 1—3, were in good agreement
with the MP2/aug-cc-pVDZ structures published by Xantieas.
Our results were also comparable to DFT calculations by Wei
et al. using 6-31%++G** basis set and BLAP3 and B3LYP

4, were similar to those
obtained by Novoa et al. at BLYP/6-315(2d,2p) levef
although their oxygenoxygen distances were somewhat shorter.
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n=6
Figure 6. Hydrated hydroxide anion clusters, Offi,0),, studied in this work, in their B3LYP/6-3#1+G(d,p) gas-phase optimized geometries.
Red spheres denote oxygens, gray spheres denote hydrogens. The numbers over hydrogen bonds refer to columns in Tables 3 and 4.

TABLE 3: Optimized Intermolecular Oxygen —Oxygen DistancesRoo, in the Studied OH (H,0), Gas-Phase Clusters

Rod®
n level of theory 1 2 3 4 5 6 7 8 9 10
1 DFT® 2.479
Mp2 2.474
2 DFT 2.575 2.575
MP2 2.568 2.561
3d DFT 2.637 2.637 2.637
() MP2 2.681 2.606 2.595
3® DFT 2.531 2.558 2.944 2.904
(b) MP2 2.522 2.540 2.943 2.920
4d DFT 2.716 2.716 2.716 2.716
(@) MP2 2.700 2.700 2.700 2.700
40 DFT 2.743 2.557 2.616 2.958 2.892
(b) MP2 2.724 2.538 2.603 2.961 2.887
5 DFT 2.857 2.797 2.574 2.695 2.932 2,912
MP2 2.892 2.780 2.548 2.658 2.937 2.912
6 DFT 2.708 2.736 2.501 2.872 2.890 2.868 2.902 2.928 2.917
MP2 2.693 2.698 2.574 2.873 2.869 2.864 2.895 2.943 2.915
7 DFT 2.584 2.705 2.650 2.944 2.933 2.884 2.881 2.913 2.906 2.964
MP2 2.565 2.659 2.645 2.924 2.936 2.864 2.867 2.925 2.905 2.957

a All distances in A, the numbers refer to respective labels in FigubB8LYP/6-311-+G(d,p) optimizationt MP2/6-311-+G(d,p) optimization.
4 OH~(H20), structure.® OH~(H;0),-1(H20) structure.

“bridging” position (Figure 6), much like in the most stable Including external solvent field via PCM approach did not
isomers found in Novoa et al.’s papemdependently of the result in significant changes of most interatomic distances (Table
cluster size, tetracoordinated structure was preferred around thet). A prominent difference was noted only for OfH,0)

ion’s oxygen atom for larger clusters = 4). The relative structure, where the length of the single hydrogen bond increased
stability of the studied systems differed only slightly with respect by ca. 0.06 A, approaching the respective distances in larger
to computational method (see Supporting Information section clusters. This suggests that contrary to the hydrated proton case,
for details of cluster energies). The trihydrated hydroxide anion very short hydrogen bonds<@.5 A) should not be expected
was more stable in the pseuda-Gorm than in the around hydroxide anion in an agueous solution. On the other
OH~(H,0),(H0) isomer by ca. 10 kJ mot (including scaled hand, a slight contraction of bonds in the first and the second
zero-point correction). On the other hand, no immediate hydration spheres in larger clusters could be noticed.
preference could be deduced for either isomer of (HO), Surprisingly, the axially (pseudo-)symmetric structures failed
cluster; the difference in electronie-gero-point) energy was  to converge as energetic minima in the PCM approximation.
at most about thermal energy term (RT) at 298 K. Either transition structures were obtained or higher-order saddle
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TABLE 4: Optimized Intermolecular Oxygen —Oxygen DistancesRoo, in the Studied OH (H,0), PCM Model Clusters

Rod®
n level of theory 1 2 3 4 5 6 7 8 9 10
1 DFT® 2.541
MP2 2.540
2 DFT 2.589 2.589
MP2 2.580 2.580
3d DFT 2.559 2.567 2.820 2.816
(b) MP2 2.542 2.552 2.818 2.812
4d DFT 2.683 2.594 2.592 2.830 2.841
(b) MP2 2.664 2.572 2.570 2.820 2.833
5 DFT 2.776 2.733 2.640 2.664 2.818 2.812
MP2 2.767 2.718 2.612 2.628 2.808 2.804
6 DFT 2.662 2.668 2.672 2.790 2.811 2.808 2.808 2.963 2.857
MP2 2.638 2.647 2.647 2.774 2.793 2.797 2.791 2.981 2.846
7 DFT 2.639 2.642 2.670 2.801 2.852 2.843 2.806 2.950 2.855 2.851
MP2 2.617 2.612 2.651 2.789 2.841 2.823 2.790 2.969 2.844 2.844

a All distances in A, the numbers refer to respective labels in Figubd38LYP/6-31H--+G(d,p) optimization® MP2/6-311-+G(d,p) optimization.
4 OH~(H20)n-1(H20) structure.

TABLE 5: Average Intermolecular Oxygen—Oxygen
Distances in Different Structural Positions in the Studied 5
OH~(H,0), Clusters and the Corresponding Vibrational
Frequencies

gas-phase PCM 4
interpretatiof level of theory Rod® vor®® Roc® vop°°
firsthydration  B3LYP/6-31H-+G(d,p) 2.679 2316 2.659 2286 "?3 3
sphere x
MP2/6-31H#+G(d,p) 2.663 2292 2.640 2252 o

second hydratiorB3LYP/6-31++G(d,p) 2.913 2556 2.844 2505
sphere
MP2/6-31H#+G(d,p) 2.912 2555 2.836 2499

aSee text for classification detailsAverage oxygeroxygen 14
distance within the hydration sphere, taken over all clusters{(@p
stretching band position (crH calculated from the average distarite.

points (on the basis of the number of imaginary vibrational

frequencies) were obtained. The structure presented by Tunon Roo (A)

etal. for OH (H20); in a continuum (an “umbrella-like” cluster  Figure 7. Interatomic oxygeroxygen distance distribution derived
with free-water hydrogens pointing in the direction marked by from the average OHaffected HDO spectrum (solid line) along with
OH~ hydrogenj was a third-order saddle point from our bulk HDO distance distribution curve (dashed line).

calculations. Certainly, the choice of proper ionic radii for

building atomic cavities in the continuous solvent was a crucial Berglund et af® Average theoreticalop values may be
issue. From the tested models, only UAO atomic radii, on the compared with the experimental values from Table 2.

basis of UFF force field! provided stable energetic minima It is readily seen that ab initio derived averagg, for HDO

after optimization. Nevertheless, even in this approachGhe  molecules directly hydrogen-bonded to the anion was red-shifted

structures proved to be unstable. with respect to experiment by ca. 12246 cnt! for gas-phase
Proposed Molecular Model of Hydroxide Anion Hydra- calculations and as much as 15286 cn1! for PCM calcula-

tion. The comparison of experimental and computational results tions, taking the average experimental band position as 2437
was made possible by comparing HDO vibrational frequencies cm 1. Even considering the asymmetry of the experimental
predicted from optimized structures with those resulting from HDO band, it is a major disagreement. The probable reason is
decomposition of the Owtaffected spectra into analytical the overestimation of strong hydrogen bonds in ab initio
components. calculations on limited-size clusters. In ab initio MD simulations
To facilitate the mentioned comparison, ab initio obtained of OH™(H20)s1, Roo to the first hydration sphere has been close
oxygen-oxygen distances were grouped into classes reflecting to 2.7 A%9 which is still about 0.07 A lower than the estimate
different structural situations. Water molecules directly hydrogen- from the OH-affected HDO band position. Concentration-
bonded to OH were collectively termed as “first hydration  dependent effects may also be responsible for the observed band
sphere” and the respecti¥®o values from all studied clusters  shift and caution should be taken when comparing the present
formed the first class, with the exception of OfH,0O) dimer, experimental results to computational and diffraction studies,
omitted as an atypical case. All other hydrogen-bonded distanceswhere concentration of the solute is usually much higher.
in the systems were grouped into “second hydration sphere” Apart from the simple band position with distance correlation,
class. The averagBoo values were then calculated for both  our approach has also allowed calculation of distance probability
classes, depending on level of theory, separately for gas-phasalistribution curves from absorption band shaff¢€as proposed
and PCM calculations (viz., Table 5). The average distances, before3! The numerical procedure and assumptions to the
thus obtained, were next transformed into average OD bandmethod have been discussed in defaikigure 7 compares
positions. We used th®oo versusvop correlation curve of P(Roo) versusRoo curves for bulk HDO and for average
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OH~-affected HDO. Because of the asymmetry of probability Conclusions
distribution curves, two parameters are relevant: the maximum
of distribution function,Roc?, reflecting the most probable
distance, and the position of gravity ceneso?, reflecting mean
distance’® The average values found for Okaffected HDO
from the three hydroxides weiRno? = 2.755+ 0.007 A and
Roo? = 2.762+ 0.016 A, while for bulk HDO they were 2.827

A and 2.836 A, respectively.

Even more important is the theoretical result for the second
hydration sphere. Although the gas-phase value for average
was 2556 cmt, in the PCM approximation it was red-shifted
to ca. 2500 cml, remarkably close to the bulk HDO band
position in liquid HO, which we found at 2509 cm. This
implies that well-defined solvation structure of hydroxide anion
does not extend further than its first hydration sphere, making
it quite different from the hydrated prot&hbut similar to all

Ab initio optimized geometries of small aqueous clusters can
aid in the interpretation of solute-affected HDO spectra,
particularly for nontrivial solutes. Reoptimization of the clusters
in the continuous solvent allowed us to verify experimental data
with more certainty and thus seemed necessary for deeper
understanding of the structure of aqueous solutions.

Upon subtraction of alkali metal reference spectra obtained
previously3® we were able to determine the Otaffected HDO
spectrum with high certainty. The energetic state of water in
OH~ hydration shells, as revealed by Otdffected HDO
spectra, is similar to that of an isoelectronic d&nion?° A broad
component centered on average at 2437 crwith a low-
wavenumber tail centered at 2332 chhcould be attributed to
the hydroxide anion. Mean oxygexygen distance computed
. . . . . from the contour of the OHaffected spectrum was 2.762 A.
other anions, Wh|40h do not show multiple hydration layers in Computations predict a shorter hydrogen bond length, but a
the HDO spectr& _ ~ qgualitative agreement with experiment was obtained. Further-

Solute-affected number obtained by our spectral analysis more, second hydration sphere was found to resemble bulk water
method for the whole electrolyte can be divided into ionic g average, especially in the PCM calculations. Correspond-
contributions only with arbitrary assumptioffslf we attempt ingly, no features in the OHaffected spectrum could be
to divide theN parameter into ionic contributions, it is safe to assigned to this sphere, although it has been a common
assume coordination number for metal cation known from other occyrrence for catiorié.Isotopic decoupling allowed us to detect
(e.g., diffraction studies) sourc&Anion hydration number can  the “free” OD- stretching mode at 2658 cry formerly

than be calculated with the help of eq 3. identified in Raman spectra of alkali solutions in@Hat 3610
cm 12021231t was unusually blue-shifted for an HDO band,
N=Nc+ 0.5N, 3) suggesting only a very weak interaction at the hydrogen site of
the anion.

Nc and Nao are hydration numbers of cation and anion, No evidence was found for the existence of stable hydroxide
respectively, andl is the affected number. The factor 0.5 comes dimer, HO,~, in an agqueous solution. Such strongly hydrogen-
from the fact that HDO molecule can interact with the anion bonded structure would manifest itself in the solute-affected
either through its hydrogen or deuterium atom, and only in the spectra by component bands significantly more red-shifted than
latter case it is considered “affected”. If isotopic fractionation those found in the present work. This makes hydroxide anion
effects are negligible, there is an equal number of HDO quite different from the hydrated proton, for which discussed
molecules in both situations, hence the 0.5 faétor. features were actually detect&d.

The typical alkali metal cations, like Neor K*, have been
known to be hexacoordinated in water (although coordination ~Acknowledgment. Calculations in Gaussian 03 were carried
numbers derived by diffraction methods may be in error by out at the Academic Computer Center in Gslan(TASK).
+1)5455|f we takeN = 9 andNc = 6, we getNa = 2(9—6) = Financial support from Center of Excellence in Environmental
6 for the hydration number of OHin water. This includes all ~ Analysis & Monitoring in Gdask (CEEAM) in the purchase
HDO molecules statistically perturbed by the anion, but also ©f Gaussian 03W and GaussView 3.0 programs is acknowl-
the anion itself, since it undergoes isotopic substitutioni@D  €dged. Experimental work was supported by internal grants from
enriched system. That leaves five Otdffected HDO molecules, ~ Gdarsk University of Technology.
possibly four molecules in an OH20), complex and a single . . ) ] )
water molecule located at the hydrogen site of the anion. Supporting Information Available: Energies of.the studlled '

Recent diffraction studies indicate OtH,0), as the promi- OH_(HZO)” gas-phase clgsters (Table S1). This material is
nent complex in an aqueous solutiBnls More importantly, available free of charge via the Internet at http://pubs.acs.org.

oxygen-oxygen distance to the first hydration sphere computed
by us from the OH-affected spectra was closer to MD results
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