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In the present study, the performance of six popular density functionals (B3LYP, PBEO, BLYP, BP86, PBE,
and SVWN) for the description of the autoionization process in the water octamer was studied. As a benchmark,
MP2 energies with complete basis sets limit extrapolation and CCSD(T) correction were used. At this level,
the autoionized structure lies 28.5 keabl™ above the neutral water octamer. Accounting for zero-point
energy lowers this value by 3.0 keadol™*. The transition state of the proton transfer reaction, lying only 0.7
kcalmol~! above the energy of the ionized system, was identified at the MP2/aug-cc-pVDZ level of theory.
Different density functionals describe the reactant and product with varying accuracy, while they all fail to
characterize the transition state. We find improved results with hybrid functionals compared to the gradient-
corrected ones. In particular, B3LYP describes the reaction energetics within 2/éicalbof the benchmark

value. Therefore, this functional is suggested to be preferably used both ferRzaimello molecular dynamics

and for quantum mechanics/molecular mechanics (QM/MM) simulations of autoionization of water.

1. Introduction experiment®-31 converged to the unified view only recently.

The finite value of pH of neat water is due to its remarkable The present picture Is that the first solvation shell of Ol
ability to spontaneously autoionize in a strongly endothermic comprised of three strongly hydrogen-_bonded water molecules.
process. Water molecules transiently ionize due to electric field ~Related to the structural aspects is the mechanism of the
fluctuations. The nascent ions normally recombine within a few @nomalously high mobility of the proton in water, which is
femtoseconds, but rarely (about once every 11 h per molecule@pproximately five times higher than the mobility of ions of a
at 25°C), the local hydrogen bonding rearranges before the Size similar to HO".32 The classical attempt to explain this
geminate recombination, and the pair of ions (formalfydhd observation is via the famous Grotthuss mecharisthOn the
OH") hydrates independently continuing their separate existencebasis of ab initio molecular dynamics, it was sugge¥$téiat
for about 70 m.The tendency for autoionization is proportional the hydrated proton forms a moving defect in the hydrogen-
to the strength of hydration of these ions. The kinetics and bonded network with “Eigen” and “Zundel” structures repre-
energetics of the autoionization reaction depend on the ther-senting limiting cases. Such proton transfer does not match with
modynamic conditions, such as temperature, density, or the traditional view, since the interconversion of the hydrated
pressuré® It has also been shown that the hydration mecha- proton is not limited by the proton motion itself but rather by
nism of ions and pH changes dramatically and nonmonotically rearrangements of water molecules leading to rates considerably
upon reaching the supercritical regi®h. larger than those of conventional diffusion. The CéParinello

In water, the H and OH" ions of course do no exist as (CPMD) calculations show that this “structural diffusion” is
isolated species, but they form strong bonds with surrounding driven by fluctuations in the second solvation shell gOH.35
water molecules. The picture of hydrated Mias refined by Recently, using CPMD combined with transition path sam-
Eigen®~1%as well as Zundel and Metzg€rwho advocated the  pling,36-38 it was showd that the transfer of a proton in the
presence of larger complexes such agOif and HO;", O—H-+-O system represents a first step and that the dissociation
respectively. In the former “Eigen cation”, the central hydronium of O—H bonds is driven by the concerted changes in the electric
ion (H;0") is strongly hydrogen bonded to three water field and in the hydrogen-bond network. Despite extensive
m_olecules, while in the latter “Zundel cat|on”_ the proton lies  studies employing different theoretical approackié&3%43 the
midway _between two water moleculgs. Bulk investigations of_ detailed mechanism of proton transfer is still debated.
the detailed structure of these transient complexes are experi-
mentally difficult, therefore, many experimentar,!” as well
as theoretical®24 studies have been devoted to the molecular
description of the hydrated proton in water clusters. The Zundel
motif was identified by theoretical analysis of IR spectra of
clusters with H and 6-8 water molecules, while an embedded
Eigen core was found in clusters with more than 8 watesss
far as hydration of OH is concerned, theo# 22 and

Similarly to hydronium, OH also exhibits anomalously high
mobility in water. It was generally believed that the motion of
OH~ in water resembles that of the proférbecause the
hydroxide ion can be viewed as a “proton hole” (i.e., a water
molecule with a missing protody. This picture was later
challenged by ab initio CPMD studié%*” The first study®
suggested that transport occurs when an approximately square-
planar configuration OH(ED),~ converts to an OH(bD)s™

*To whom correspondence should be addressed. E-mail: SyStem. On the basis of a later CPMD stid more complex
pavel.jungwirth@uochb.cas.cz. four-step mechanism for hydroxide transport was proposed. A

10.1021/jp0614648 CCC: $33.50 © 2006 American Chemical Society
Published on Web 06/30/2006



Cluster Model for the lonic Product of Water J. Phys. Chem. A, Vol. 110, No. 29, 200&195
TABLE 1: Definitions of Exchange-correlation Functionals
Used in This Study?

functional type exchange correlation

B3LYP HYB 0.85+ 0.72B88+ 0.2HF  0.19VWN(IlIl)+ 0.81LYP
PBEO  HYB 0.75 (St PBE(X))+ 0.25HF PW+ PBE(C)

BLYP GGA S+ B88 LYP
BP86 GGA S+ B88 VWN(V) + P86
PBE GGA S+ PBE(X) PW-+ PBE(C)
SVWN LDA S VWN
2The exchange and correlation functionals are described in the
following references: SlateDirac S88! Becke B88? Perdew- v
Burke—Ernzerhof PBE? Vosko—Wilk —Nussair VWNS* Perdew P86°
Lee—Yang—Parr LYP8 and PerdewWang PWe’ 8w 6w

Figure 1. Structure of the water octamer cluster (8 W) and hydrated
somewhat different mechanism was observed in another CPMDhydronium and hydroxide ions cluster (6W).
study of concentrated NaOH and KOH solutidfs.

The elucidation of the structural and dynamical aspects of Due to the relatively high computational demands of MP2
the water autoionization process continues to be an extremelycalculations with the employed basis sets, the approximate
challenging problem. CPMD simulation methods, based on resolution of identity MP2 (RI-MP2) meth&#>°was used for
density functional theory (DFT), employing primarily the BLYP ~ geometry optimizations. In the RI-MP2 approximation, two-
functional, have played a pivotal role in the theoretical descrip- €lectron four-centers integrals are replaced by linear combina-
tion. Clearly, the success of such simulations depends to a |argetions of two-electron three-centers integrals, via the introduction
extent on the quality of the employed DFT method. In the of an auxiliary fitting basis sé€ % This results in a speedup
present study, we evaluated the performance of six popularof RI-MP2 calculations compared with standard MP2 that
density functionals, covering local density approximation, depends on the details of the calculations, easily reaching an
gradient-corrected, and hybrid density functionals, for describing order of magnitudé€?%263Regarding the accuracy, it has been
the water autoionization process. As a model system, we haveshown on several systems that with an accurate choice of
chosen a representative of finite size water clust, for auxiliary fitting basis energies and structures computed with
which we are able to perform benchmark ab initio calculations MP2 and RI-MP2 methods do not show significant differ-
consisting of complete basis set limit MP2 calculations with a ences?:63.64
CCSD(T) correction. In particular, we employed the cubic water ~ Assuming that the difference between CCSD(T) and MP2
octamer, which was shown to exist in two nearly isoenergetic energies exhibits only a small basis set dependefée,

forms having very similar structures dd,q and S, sym- CCSD(T) energies at the CBS level can be estimated as
metries®2-5* The cubic water octamer (i&; symmetry) was

i i i inits ioni CCSD(T) _ —=MP2 CCSD(T MP2
used in our study since it represents, in its ionized form, a natural ESSSP(M = EMP2 4 (Eaug—cc(:—)pVDZ IR B )

merge of hydrated D" in its Eigen form (i.e., HO"(H,0)z)

and hydrated OH (i.e., OH (H20)3).4%-%° Moreover, the water
octamer is the smallest cluster which we found to support a Where Erug cchvoz and Eqi o pvo; are computed at MP2/
HsO*/OH" ion pair as a minimum on the potential energy aug-cc-pVTZ geometries. Zero-point vibrational energies cal-
surface. culated at the MP2/aug-cc-pVDZ level were also added to
ESSSP(Menergies, yielding relative enthalpies. Stationary points
2. Methods were verified to be minima via standard frequency calculations
(positive Hessian eigenvalues for all vibrational modes), which

A set of DFT methods including local density approximation | d to calculat -point and th | contributi
LDA (SVWN), gradient-corrected GGA (BLYP, BP86, PBE), (¢ Gibhs fros enoray at 206.15 K and 1 atm.

and hybrid density functionals (B3LYP, PBEO) with two
different basis sets (6-31G* and aug-cc-pVDZ) was used (see
Table 1) to characterize the autoionization process in cubic water
octamer (denoted as 8W). In other words, we studied proton
transfer from hydrated hydronium to hydrated hydroxide ions
(with the ionic structure being further denoted as 6W) (see
Figure 1). The results were compared with high-level ab initio
calculations consisting of MP2 energies evaluated at the
complete basis set limit (CBS), refined by the CCSD(T)
correction.

CBS MP2 energies were estimated using an extrapolation
schemé>58utilizing Dunning’s augmented correlation consistent
basis sets of double and tripteguality?”

To investigate the barrier height between the two minimum
conformations (neutral 8W and autoionized 6W), a saddle point
was localized by means of the MP2/aug-cc-pVDZ transition
state optimization. Thermodynamic functions were taken from
partition functions computed from MP2/aug-cc-pVDZ charac-
teristics (ignoring the one imaginary frequency at saddle point)
according to a rigid rotor/harmonic oscillator/ideal gas ap-
proximation.

RI-MP2 optimizations were carried out with the computer
code Turbomole 4.97 CCSD(T) calculations were performed
using Molpro 2002.%8, while the remaining calculations were
done with Gaussian 0%.

HE HE 3. Results
ECBS: Eaug—cc—pVDZ + . . . .
e HE It is worth it to start by mentioning that in the gas phase the
(Eaug—cc—pVTZ - Eaug—cc—pVDZ)/O'760691 1) set of KO- and -OH radicals is more stable than the corre-

sponding ion pair. However, in the present system containing
EMP2 _ pMP2 + ; S i . .
CBS aug-cc-pvDZ six additional water molecules, the ions lie energetically well
MP2 MP2 below the radical pair, as in liquid water. Three water molecules
(Eaug-cc—pVTZ - Eaug—c&pVDz)/O'7O37O4 %) represent the tight first solvation shell of bothe@®t and
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TABLE 2: Differences in Geometries (in angstroms)
Obtained by All Tested Functionals for Both Neutral and
lonic Systems, Respectively, Given as rmsd with Respect to
Benchmark MP2/aug-cc-pVTZ Geometry?

method basis set 6W 8W
MP2 aug-cc-pvVTZ 0.0 0.0
6-31+G* 0.033 0.033
B3LYP aug-cc-pvDz 0.656 0.027
PBEO 6-31+G* 0.069 0.043
aug-cc-pvVDz 0.021 0.029
BLYP 6-31+G* 0.100 0.049
aug-cc-pvDz 0.652 0.044
BP86 6-31+G* 0.107 0.063
aug-cc-pvVDZ 0.037 0.058
PBE 6-31+G* 0.096 0.055
aug-cc-pvDZ 0.028 0.048
6-31+G* - 0.200
SVWN aug-cc-pvVDZ - 0.220

@ Note that the aug-cc-pVDZ energies of the B3LYP and BLYP
functionals were evaluated for the twisted minimal geometries (see part
3.1 for details).

OH~.192831\When these two solvation shells are brought close
each to other, D" (H20); and OH (H,0); form a cluster with

a cubic structure, where the two ions lie in opposite corners
(the 6W structure). This structure resembles in oxygen positions
the neutral water octamer B symmetry (the 8W structuré)
(see Figure 1).

3.1. Geometry.The Dyq and §; structures of water octamer
each contain 12 H-bonds: four in each of two cyclic tetramer
subunits and four bridging the two tetramers. The two structures
are distinct in having the H-bonds within the two tetramers
oriented in the oppositeDbq) or same &) directions (left and
right tetramers in Figure 1). In our study, tBestructure was
employed. The results for the RI-MP2/aug-cc-pVTZ geometry
of the water octamer (8W) show that the calculated optimal
O—H distance of dangling bonds (0.96126 A) is by 0-@103
A shorter than that of the hydrogen-bonded i@ The H-O—H
angle of water molecules with dangling hydrogernd.06.4T)
is by ~2.5° larger than that in hydrogen-bonded waters
~103.95. The autoionized 6W structure is less symmetric than
the 8W structure, but the characteristic cubic-like shape is
nevertheless retained (see Figure 1). The optimaHQ@listance
in hydronium ion HO™* is slightly longer ¢-1.03 A), while that
in OH™ is very close to that in neutral water.

The geometries of the 8W and 6W minimal structures
calculated using different DFT functionals were compared with
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TABLE 3: Complete Basis Set Limit Potential Energy and
Enthalpy Differences between the 8W and 6W Systems

method AEgw-ow (kcakmol™)
MP22 CBS —25.29
MP2 CBS+ A CCSD(TY —28.51
MP2 CBS+ A CCSD(T)+ ZPVEsd —25.10

aThe MP2 complete basis set limit was obtained by extrapolating
aug-cc-pVDZ and aug-cc-pVTZ energies calculated at the aug-cc-pVTZ
geometry.” The CCSD(T) correction was calculated with the aug-cc-
pVDZ basis set at the MP2/aug-cc-pVTZ geometrfhe ZPVE
contribution was obtained at the MP2/aug-cc-pVDZ//MP2/aug-cc-pVDZ
level of theory.? The last row of the table correspondsbl evaluated
at 298.15 K and 1 atm.

TABLE 4: MP2 Potential Energy, Enthalpy, and Free
Energy Differences between 8W, 6W, and the Transition
State (TS}

basis set 8W- 6W TS—8W TS—6W

AE=-30.10 AE=31.05 AE=0.96
6-31+G*//6-31+G* AH=—-27.14 AH=2555 AH=-1.59
AG=-276P AG=2656 AG=-1.06
aug-cc-pvDZ// AE=-26.70 AE=27.40 AE=0.70
aug-cc-pvDZ AH=-2330 AH=2174 AH=-156
AG=-2425 AG=2315 AG=-1.10

aug-cc-pvVTZ// AE = 25.62

aug-cc-pvTZ

a All values are reported in kcahol ™. Due to high computational
demands, frequencies with the aug-cc-pVTZ basis set were not obtained,
only the AE value for the 8W and 6W systems is reportedAH and
AG were calculated for 298.15 K and 1 atm.

worse than that of the hybrid functionals. The rmsd values for
the autoionized 6W system are, however, somewhat larger (rmsd
of ~0.1 A) for GGA functionals. In terms of both neutral and
ionic clusters geometries, the most accurate DFT results are
obtained using both hybrid functionat83LYP and PBEO (see
Table 2). These structures are very close to the MP2/aug-cc-
pVTZ benchmark (rmsd- 0.03 A).

As mentioned above, the correct description of the geometry
of the ionic system is more problematic than that of the water
molecular cluster. In our DFT calculations, apart from structures
that are close to benchmarking structures (rmsd up to 0.11 A),
we obtained in two cases also distorted geometries with rmsd
values of 0.6-0.7 A. In these structures, the oxygeoxygen
distances between the ionic species and the first solvation shell
water molecules are retained, but the hydronium cation with
its three tightly bound water molecules is rotated with respect

the geometry obtained with the RI-MP2 method utilizing the to hydrated hydroxide anion, so that the cluster structure is not
aug-cc-pVTZ basis set. For this comparison, root-mean-squarecubic-like anymore. This somewhat strange distortion, which
deviations (rmsd) between DFT and RI-MP2/aug-cc-pVTZ is not accompanied by any charge neutralization, occurs only
minima were evaluated (see Table 2). Generally, while the for BSLYP and BLYP functionals utilizing the aug-cc-pVDZ
geometry of the neutral water octamer is reproduced reasonablybasis set but not 6-31G*.
well by all employed functionals, the description of the 3.2. Energy.Benchmark calculations were performed both
autoionized structure turns out to be more difficult. As an for the neutral water octamer 8W and for the corresponding
extreme case, the local density approximation represented byautoionized 6W cluster. The resulting energy differences
the SVWN functional completely fails to describe the ionic between these two structures, showing the importance of
product. Instead of hydronium and oxonium ions surrounded including higher order electron correlation corrections and basis
by six water molecules, SVWN predicts a conformation with set extrapolation, are summarized in Tables 3 and 4. Our best
three oxonium and three hydronium ions as the lowest energy estimate of the potential energy difference between the 8W and
structure. In addition, the SVWN geometry of 8W is of the 6W structures isAEgw—sw = —28.51 kcaimol™! and that of
lowest accuracy among all studied functionals. LDA, which is the enthalpy difference equalsAdigy-ew = —25.10 kcaimol 2.
known for its drastic overbinding of various water clustérs, As the primary interest of our work is the benchmarking of
and, generally, for its moderate accuracy, clearly cannot be usedDFT methods for energy calculations, the valueAdgw—sw
for any quantitative water simulation. = —28.51 kcalmol™! is used for further comparison.

The employed gradient-corrected functionals (BLYP, BP86, The free energy difference between 8W and 6W structures,
and PBE) still describe the 8W structure with reasonable AGgw—ew = —24.25 kcaimol~! obtained from the enthalpy
accuracy (rmsd 0f~0.04-0.06 A), which is only marginally difference by including a harmonic oscillator/free rotor/ideal
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TABLE 5: DFT Potential Energy, Enthalpy, and Free
Energy Differences between the 8W and 6W Systerhs

level of theory basis set AEgw-sw

MP2 CBS+ ACCSD(T) aug-cc-pVDZ— aug-cc-pVTZ —28.51

B3LYP 6-31+G*//6-31+G* —25.84

aug-cc-pvVDZ//aug-cc-pVDZ  —23.06

PBEO 6-31+G*//6-31+G* —24.24

aug-cc-pVDZ//aug-cc-pvDZ  —22.70

BLYP 6-31+G*//6-31+G* —22.21

aug-cc-pVDZ//aug-cc-pvDZ  —19.25

BPS6 6-31+G*//6-31+G* —-17.87

aug-cc-pVDZ//aug-cc-pvVDZ  —16.69

PBE 6-31+G*//6-31+G* —18.81

............. ; aug-cc-pVDZ/laug-cc-pvVDZ  —17.44
L& a AH andAG were evaluated at 298.15 K and 1 atm. All values are

Figure 2. Change in the distanatbetween hydrogen and oxygen in  reported in kcamol™.
the hydronium cation (in the 6W structure) triggers a proton transfer

over two water molecules (displayed by blue dashed lines) resultingin - The influence of the basis set on the energy differences was
the neutral water octamer 8W. investigated using the MP2 method with three different basis

35 sets: Pople’s 6-3tG* basis set and Dunning’s correlation
:MEZ?;ZL*S;VDZ consistent aug-cc-pVDZ and aug-cc-pVTZ basis sets (see Table
30 *BILYP/6-31+G" . 4). Note thaj AEsw-ew| decreases slightly with increasing basis
25||<BLvpraatear ST be set quality, with Dunning’s basis set of triplequality being
20 PR AIG ) very close (by 0.3 kcaiol™) to the complete basis set limit
¥ (see Table 3). The barrier height also marginally decreases upon

moving from the 6-31+G* to the aug-cc-pVDZ basis set.

We have then performed a series of DFT calculations
extracting the relative energies of the 8W and 6W clusters (Table
5). Only theAEgw-sw values were calculated in our study, since
the low-lying transition state could not be located using any of

=
o

Relative energy [kcal.mol'1]
@ &

0
: : : the used DFT functionals, which are in general known to
8w TS 6w underestimate reaction barri€fs’> For AEgw-ew, We find
Structure improved results from two tested hybrid functionals (B3LYP

Figure 3. Relative stabilities of the water octamer (8W), autoionized and PBEQ) compared with those from nonhybrid gradient-
product (6W), and the transition state between them (TS) obtained atcorrected functionals (BLYP, BP86, and PBE). The decrease
different levels of theory. None of the density functionals were of |AEg | with increasing quality of basis set is also
successful in finding the transition state. W-ew S .

_ observed for DFT methods. The deficiencies following from
gas entropy term at 298.15 K, can be compared with the bulk the approximate density functional largely cancel out with finite

water valueAG = —RTIn K = —19.1 kcaimol%, correspond-  pasis size, bringing results with the smaller 6+&3* basis

ing to pH= 7. The correspondence between these two values get closer to the benchmark value AESES .. = —2851
is reasonable, taking into account that the latter value is pertinentycamol-2. with the B3LYP/6-3#G* &‘;‘E%N of —25.84

to bulk water, from which our cluster systems differ signifi- | carmol-1 being the closest. The second hybrid functional,

cantly. To mimic the bulk environment, we employed the pgEgg, also gives a reasonable result-@#.24 kcaimol==. All
COSMO implicit solvent modét together with RI-MP2/aug-  gradient-corrected functionals have errors higher than hybrid
cc-pVDZ calculations for the 8W and 6W structures. Upon gneg, falling within the~6 kcatmol! range for BLYP and

COSMO solvation, the difference in energy betwgen thg 8W 10 kcatmol! for BP86 and PBE.
and 6W structures drops by 3.4 kgabl™l. Adding this
difference to the aboveAGgw-ew Yields a value of—20.85
kcal-mol™, which is rather close to the bulk water value of
—19.1 kcalmol=L. This fact further justifies the choice of the We have investigated and benchmarked the performance of
present benchmark system. common DFT methods, including local density approximation,
The MP2/aug-cc-pVDZ investigation of the transition be- gradient-corrected, and hybrid functionals, for the description
tween the 8W and 6W clusters reveals that there exists a simpleof autoionization of water. To this end, we have compared the
reaction coordinatethe distance between hydrogen and oxygen structural and energetic properties of cubic water octamer with
in hydronium cation, the change of which triggers a proton the corresponding cluster consisting of a hydronium cation with
transfer over two water molecules (see Figure 2). The MP2/ three tightly hydrogen-bonded water molecules and a hydroxide
aug-cc-pVDZ transition state lies 27.4 keabl~! above the 8W anion also with three first solvation water molecules. Our study
state and only 0.7 kcahol~! above the 6W structure on the focuses on the static picture, since it has been demonstrated
potential energy surface (see Table 4 and Figure 3). This veryrecently that the overall accuracy of the hybrid functionals
low barrier, which disappears upon inclusion of the zero-point deduced from static calculations transfers to the dynamical
energy correction, indicates that in the experiment the autoion- properties’!
ized 6W structure would on a short time scale spontaneously The geometries obtained by the above DFT functionals were
interconvert into the neutral water octamer. Nevertheless, thecompared with accurate results from a MP2/aug-cc-pVTZ
6W geometry is a well-defined minimum at the potential energy optimization. The DFT energies were benchmarked against
surface, and we can, therefore, use the energy difference betweeaomplete basis set limit extrapolated MP2 values with a
the 8W and 6W structures for benchmarking purposes. CCSD(T) correction. While the geometry of the cubic neutral

4. Discussion and Conclusions
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water octamer is described reasonably well with all functionals _ (15) Asmis, K.; Pivonka, N.; Santambrogio, G.; Brummer, M.; Kaposta,
employed, the autoionized system represents a bigger challengé-: Neumark, D.; Woste, LScience2003 299 1375-1377.

for DFT methods, with the LDA approximation failing com-

pletely in its description. The energy difference between these

two structuresAEgw-ew for the B3LYP (PBEO) hybrid func-
tional is about 2.5 (4.0) kcahol~! smaller in absolute value
than that of the benchmark ab initio calculations. All gradient-
corrected functionals overestimate the stability of the ionic

(16) Miyazaki, M.; Fujii, A.; Ebata, T.; Mikami, NScience2004 304,
1134-1137.

(17) Shin, J.; Hammer, N.; Diken, E.; Johnson, M.; Walters, R.; Jaeger,
T.; Duncan, M.; Christie, R.; Jordan, IScience2004 304, 1137-1140.

(18) Xie, Y.; Remington, R.; Schaefer, H. Chem. Phys1994 101,
4878-4884.

(19) Wei, D.; Salahub, DJ. Chem. Phys1994 101, 7633-7642.

(20) Ciobanu, C.; Ojamae, L.; Shauvitt, |.; SingerJSChem. Phy200Q

structure more than the hybrid functionals (e.g., BLYP gives a 113 5321-5330.

AEgw-sw Value smaller by 6.3 kcahol™ compared with the

benchmark value, with the other gradient-corrected functionals

(21) Sobolewski, A.; Domcke, WI. Phys. Chem. 2002 106, 4158~
6

(Zé) Pickard, F.; Pokon, E.; Liptak, M.; Shields, I Chem. Phy2005

performing even worse). Because of the higher relative stability 122.

of the autoionized structure predicted by DFT methods (see

Figure 3), the ionic forms will be overpopulated in DFT-based
dynamics. None of the density functionals employed was

successful in localizing the transition state between the two

structures. This is not surprising, as the MP2/aug-cc-pvVDZ
transition state lies in energy only 0.7 kaabl™! above the

(23) McCoy, A.; Huang, X.; Carter, S.; Landeweer, M.; Bowman.J.
Chem. Phys2005 122, 061101.

(24) Huang, X.; Braams, B.; Bowman, J. Chem. Phys2005 122
044308.

(25) Headrick, J.; Diken, E.; Walters, R.; Hammer, N.; Christie, R.; Cui,
J.; Myshakin, E.; Duncan, M.; Johnson, M.; Jordan S€ience2005 308,
1765-1769.

(26) Tuckerman, M.; Marx, D.; Klein, M.; Parrinello, Miciencel 997,

6W cluster and DFT methods consistently underpredict barrier 275 817-820.

heights’3-75

Our benchmarking indicates that only moderate accuracy can
be expected from BLYP or other gradient-corrected functionals.

Much better results are obtained with hybrid functionals
(B3LYP, PBEO). We employed the functionals with Gaussian

(27) Chen, B.; Park, J.; lvanov, |.; Tabacchi, G.; Klein, M.; Parrinello,
M. J. Am. Chem. So2002 124, 8534-8535.

(28) Asthagiri, D.; Pratt, L.; Kress, J.; Gomez, i@hem. Phys. Lett.
2003 380, 530-535.

(29) Robertson, W.; Diken, E.; Price, E.; Shin, J.; JohnsonStlence
2003 299 1367-1372.

(30) Botti, A.; Bruni, F.; Imberti, S.; Ricci, M.; Soper, A. Chem. Phys.

basis sets, but a similar performance can also be expected withy53°119 5001-5004

plane-wave expansion.

Dynamical calculations with hybrid functionals are becoming
feasible, since efficient calculations of Hartreeock exchange
within a plane-wave framework have been achieved alréad§.
Another approach, applicable to liquid water molecular dynam-
ics simulations? is the use of a mixed quantum mechanics/
molecular mechanics (QM/MM) technique. Within this ap-

(31) Asthagiri, D.; Pratt, L.; Kress, J.; Gomez, ANAS2004 101,
7229-7233.

(32) Robinson, R. A.; Stokes, R. Hlectrolyte SolutionsButterworth:
London, 1959.

(33) de Grotthuss, C. J. Bnn. Chim 1806 58, 54—73.

(34) Agmon, N.Chem. Phys. Lettl995 244, 456-462.

(35) Marx, D.; Tuckerman, M.; Hutter, J.; Parrinello, Mature 1999
397, 601-604.

(36) Dellago, C.; Bolhuis, P.; Csajka, F.; Chandler, JJDChem. Phys.

proach, the most important region containing the particles under 1993 108 1964-1977.

investigation (i.e., both 0" and OH with their tight solvation
shells) should be described either by the B3LYP functional or,
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