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The structural and dynamical properties of wateande
significantly in the presence of hydroxide ions (@HFor
example, data from a recent neutron diffractionhwigotopic
substitution (NDIS) experiment suggest that therattaristic
tetrahedral short-range coordination of water fallp absent in a
40 wt% NaOH soluti0|JT.AIso, new spectroscopic features appear
which are quite distinct from those of pure watéespite many
experiments, confusion persists regarding the solvatructures
of OH .2 Spectroscopic experiments on concentrated sokftion
suggest that gD, is the dominant solvation structure, whereas
gas-phase mass spectrometric measurements anchages-pb
initio calculations point to a shell closure at etr water
molecules’ However, these findings are seemingly at odds with
Car-Parrinello molecular dynamics (CPMD) simulas'gnNhich
identified HyOs as the dominant structure, with four waters
hydrogen bonded to Okh a roughly planar conformatich.

In this Communication, we report new structural and
dynamical information on aqueous hydroxides obtifiem
CPMD simulation$ on five NaOH/HO systems [(i) 0/64 (0 M),
(i) 1/36 (1.5 M), (iii) 3/36 (4.5 M), (iv) 8/24 & M), and (v)
16/48 (15 M)] and two KOH/BD systems [(vi) 1/43 (1.3 M) and
(vii) 11/32 (14 M)]. For the most concentrated Na&wfution (15
M), two simulations with different system sizes wererformed.
Anticipating our results, we will see that finites effects do not
appear to be significant (see Figure 1). For dfudations, cubic
cells with periodic boundary conditions were emgliywith cell
lengths determined from the experimental densitieshe
production runs consisted of more than 30 ps fstesys ii-iv, 10
ps for systems i and v, and 7 ps for the KOH system

In our simulations, the valence electronic wavecfioms were
expanded in a plane wave basis with an energy fcotafO (80)
Ry for KOH (NaOH). For all atoms, the valence-coreractions
were described by norm-conserving Troullier-Martpseudopo-
tentials? Semicore pseudopotentials were used for both Makan
in order to deal properly with nonlinear exchangd aorrelation
core effectd®®The gradient corrected Becke, Lee, Yang, and Parr
exchange correlation functiodlvas employed since it has been
shown to give a good description of aqueous systBnds
fictitious electronic massof 500 (600) au was used for KOH
(NaOH), which allowed integration of the equatiasfsmotion
with a time step of 5 au (0.12 fs).
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Figure 1. Calculated oxygen-oxygen radial distribution fuons forNaOH at

0 (solid), 1.5 (dashed), 4.5 (dashed-dotted), aBdML (dots and circles),
respectively. The circles (dots) are for the lar(gmaller) of the two 15 M
systems. Note that the first peak decreases inimapland the second peak
shifts dramatically with added hydroxide.

All H atoms were replaced by D. The average clat®oergies
(nuclear kinetic energy plus electronic total eggrye -680.621,
-904.971, and -1809.929 au for systems ii, iv, @m@spectively.

The oxygen-oxygen radial distribution functiongod) (see
Figure 1) display a continuous change of the wsitercture with
the added NaOH, e.g., a significant shift of theose peak
position to shorter distances. For pure water e+doncentration
solutions, the second peak appears around 4.4 digaiting a
tetrahedral short-range coordination. In contrastthe highest
concentration, 15 M, it moves to 3.68 A. Comparethe second
peak, the first peak shifts by only 0.06 A, fronrT2 A for pure
water to 2.69 A for the 15 M solution. However, rihés a large
decrease of the first peak's height. From the ratithese two
peak positions, 1.61 for pure water and 1.37 ferlth M solution,
it can be concluded that the water molecules n@dorhave
tetrahedral coordination in the concentrated swmiutfa perfect
tetrahedral coordination has a ratio of 1.63). This agreement
with the structural interpretation from the NDISpeximent on a
NaOH solution with a similar concentratibriThe goo functions
for the KOH solutions (not shown here) exhibit mitar picture,
but the second peak shifts by a smaller amouns iBhlikely due
to the fact that the smaller N#on brings its neighboring water
molecules closer. The shift of the first peak torstr distances
compared to pure water is mainly caused by thengt@H ion-
water interaction.

Given a significant change of the water structitris expected
that there would be a concomitant change of them@namics.
To investigate the dynamical properties, we havalyaed the
velocity autocorrelation power spectra of theseitsmhs. Figure
2a shows the power spectra for deuterium atomsiaO and
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Figure 2. (a) Deuterium power spectrum for pured(dashed line) and
for 15 M NaOD solution (solid line). The experimehRaman spectr

is shown in the inset. (b) Deuterium power spect(soiid line) and IR
spectrum (dashed line) of 14 M KOD solution (se&)te

the 15 M NaOD solution. Remarkably, the shape efdhlculated
spectrum for the 15 M solution resembles well tasibfeature of

the Raman spectrifthat a similar concentration. (However, it

should be kept in mind that the calculated powercspm in
principle contains both IR and Raman features.yufi®a shows
that the water bending motion is essentially undistd by the
presence of hydroxide. There is a significant beodwly of the O-
D stretch and a large shift of the librational bated higher
frequencies. It should also be noted that the l@gdency peak
moves from 55 ci for pure water to 95 cthfor the 15 M
solution. This agrees with the experimental lovgfrency Raman
spectra of pure water and hydroxide solutifng addition, a
spike appears at 2550 ¢nfor the 15 M solution, which also
shows up in the experimental Raman at 2660 and IR at 2650
cm.2d From an analysis of the spectrum of individual tnas,

the ‘free’ O-D stretch of ODs identified as being responsible for

the appearance of this spike. Water molecules ahatstrongly

hydrogen bonded to OCare responsible for many of the other

spectral features. The deuterium spectrum of thédK&Ystem
(see Figure 2b) paints a similar picture, but tpikes shifts to

2440 cm', which could be due to the different solvation

structures in these two solutions (see below). We ealculated

the IR spectrutf® for the 14 M KOD solution (see Figure 2b).

Interestingly, the spike due to the ‘free’ O-D #tteis relatively
IR inactive, which agrees with the experim&ht.

As mentioned above, spectroscopic experiments (e a

Raman) on concentrated solutibnsuggest that a symmetric
H3;0,” complex is the dominant solvation structure. Tisisin
fact, partly inferred from the IR inactivity of tHeee O-H stretch.
However, our simulations suggest thaiO4 is only a transient
structure for both NaOH and KOH solutions, althoitgappears
more frequently at higher concentrations. Repeapedton
transfer, back and forth between water and Ol likely
responsible for the reduced IR activity of the GHetch.

An important finding is that the solvation struauof OH
depends on the concentration. At low concentrataisaOH or

KOH, OH prefers the D5 structure, which was observed in a

previous CPMD studyof an aqueous system with one Citd
no counterion. This structure is also consisterthwhe high

solvation number of 5.5 for OHas determined from a recent

dielectric relaxation experiment on a dilute NaQstution? (It
should be noted that additional waters could coatdi with the
top and bottom of the planarg®s complex.) Although, at high

concentrations, §0s remains a stable complex, other structures

are also present. For example, a planar trisolvatetplex,HO,,
is found to be prominent in 14 M KOH, whereas atasolvated
complex, H,0y’, is observed in 15 M NaOH. However, none of

the observed stable solvation structures has aahesdral
geometry. This is the likely explanation of the slosf the
tetrahedral short-range coordination of water ie thydroxide
system, as seen in tlpo. Since OH prefers a more compact
coordination shell than water, the large shift leé second peak
position of the solutiorgoo can be understood in terms of the
decrease of the first-neighb@dO distance and a shift from
tetrahedral to roughly octahedral coordination. ldeer, these
solvation structures differ from the tetrahedredivated complex
found in the gas-phase ab initio calculatiéh$This might be
because these simulations were carried out in ceediephase at
finite temperature while the gas-phase calculatisase done for
the isolated hydroxide-water clusters at 0 K. Feitwvork is
needed to investigate the influence of solvatiomrenment and
the thermal fluctuation on the stability of diffatesolvated
hydroxide complexes.

In conclusion, CPMD simulations have been carrigtian a
series of agueous NaOH and KOH solutions. Thesailedions
confirm that the structural and dynamical propertef water
change significantly with the addition of hydroxideor both the
NaOH and KOH systems, the tetrahedral coordinatbmpure
water is completely missing at high concentratidnsaddition,
new spectroscopic features appear, including a®fteH stretch,
a broadening of the normal water OH stretching band a large
blue shift of both the librational band and the {frequency
translation. Overall, these findings are in agresmeith many
experiments. Finally, it was demonstrated thatdtmactural and
dynamical behavior is inextricably linked to therrfmtion of
compact hydroxide-water complexes.
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