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We have modeled aluminum hydroxide solvation using static methods HF, DFT, and MP2 and different
solvation models, as well as, CaParrinello molecular dynamics (CPMD). Two primary conformations were
considered: Al(OH»H,0 and AI(OH),". The static methods predict generally similar structures and energies,
but due to the difficult modeling of hydrogen bonds to the nearest solvation shells using the continuum
methods, the geometries relative to the CPMD averages are quite different. Specifically, the static methods
tend to form only acceptor H bonds to the hydroxy groups. The CPMD results indicate 0.6 donors and 1.5
acceptors for each hydroxy group, the latter being slightly shorter and better defined, resulting in a total
coordination number of 89. The ligand water forms only donor bonds, which are the strongest hydrogen
bonds detected in the study. Also, in the CPMD simulations deprotonation/protonation events of these protons
occurred, indicating the accessibility of both species at room temperature. The 3D environment of the hydroxy

groups is tetrahedral and in general more like the solvation shel}©fthlan OH. Both vacuum and aqueous
total spectra for the aluminum complexes are presented.

1. Introduction et al. showed that at least-2 explicit solvating water molecules
are needed for each ligand water to get stable cationic
complexe$. Tossel investigated various aluminum complexes
using explicit water molecules on the first solvation shell and
the Born solvation model for the bulk wateHe found that
the reaction

Knowledge of the solvation of different ions in water is one
of the key factors to understand reactions in solutions. Cation
and proton hydration has been extensively studied, but explicit
solvation studies of the hydroxy group are less frequent. We
have studied the solvation structure and solution dynamics of
aqueous aluminum hydroxide, which is an intermediate in the
Bayer process where crystalline Al(OHjs extracted from

bauxite in hot caustic solutions. There is both experiméntal . .
and theoreticdl” evidence that Al(OHy is the dominant is clearly favored in the gas phase, but practically thermoneutral

species in caustic solution. Other monomeric and polymeric when solvation is taken into account using various approxima-

species have also been suggested to coexist. The fundamentd{ons: HiS conclusion is, however, that when+compareq| to the
reaction is therefore same analysis for the hydration of Al(QWF", for which

experimental data are available, reaction 2 would take place
only in very acidic media. The use of continuum solvation
models and static calculations may give unreliable structures
and energies without the explicit description of the first solvation
Although the Bayer process has been used for a long time, theshell. To account for this, we report a comparison of the solvated
exact mechanism of the reaction is still unknown. The role of aluminum structures as calculated by different static quantum
AI(OH)4~ in the nucleation is also unknown. On the basis of chemical methods and CaParrinello molecular dynamics
semiempirical quantum chemical calculations, Gerson et al. (CPMD) simulations where the outermost solvation shells are
suggested that the reaction might occur via minor species suchincluded. Lubin et al. have modeled cationic aluminum com-
as Al(OHyeH,0 .5 plexes using CPMD and the simulated annealing technique to
It has also been claimed that the aqueous aluminate ion isstudy positively charged aluminunwater clusterd! However,

monovalent and its coordination number, i.e., the number of as the Bayer process most likely involves negatively charged
ligands, is £ It is quite clear that this kind of structure is species due to the caustic environment and as Lubin et al. did
strongly hydrated. If all solvent molecules in the first solvation not study dynamical phenomena, we have carried out a thorough
shell were treated explicitly in theoretical calculations, the CPU investigation on the neutral aluminate system, which we
time for the calculations would be large using any standard anticipate to be the most important in the nucleation and surface

AI(OH),” + H"— AI(OH),eH,0 2)

Al(OH),” — AI(OH), + OH" 1)

guantum chemical approaches (say Hartieéeck or density integration processes.
functional theory). Different solvated aluminum species are of
great interest to many research groups nowadé§<.® 12 Ruiz 2. Methods
e ) ara We have investigated different hydrated Al(QH)1) and
T EnT,aellisig,agfIaoﬁﬁ_nen@omu'ﬁ' Fax#358-8-5331603. Al(OH)3eH0 (2) structures and reaction 2 using Hartréeck
* Abo Akademi University. (HF), density functional theory (DFT), and second-order
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perturbation theory (MP2). In the static DFT calculations we The system was then treated as before. The total simulation
have used the BLYP and B3LYP hybrid function&s’é In times were 11 and 9 ps, where data up to 3 and 1 ps, from the
both the HF and DFT calculations we have also employed the beginning, respectively, were removed from the analysis. The
polarized continuum model (PCMJ.2! The static calculations  length of the vacuum CPMD simulation dfvas 5 ps. Sufficient

were performed using the 6-3G** basis set?~25 with the relaxation of the closest solvation shells is supported by the
Gaussian98 prograii,and1 and?2 for comparison also using  close similarity of the radial distribution functions (RDF) &f
the program Finger, see below. in the beginning of simulation 1 and end of simulation 2. From

The structures of the hydrated species were compared to thos@ll the acquired data, especially the total spectand RDFs,
obtained from CatParrinello molecular dynamics simulations ~We can conclude that water and hydroxy groups can be modeled
where the solvent is modeled explicitly. The Finger code (for Using the BLYP functional and CP meth&#2**We note that
CPMD and static plane wave calculations) has been developedn the absence of counterions the pH of the CPMD simulation
at Helsinki University of Technology, Espoo, Finland. It is based IS effectively 7.
largely on techniques presented at the paper by K. Laasonen et
al.2” We have used the BLYP density functional as it has been 3. Results
previously found to accurately reproduce the properties of
water?®-%0 The electron density has been described using a plane

wave basis with a 25 Ry energy cutoff. To achieve the low ¢ yvqen and hydrogen atoms, respectively, which are directly

cu_toff, the wave function close to_nuclei has be_en describ_ed bound to the aluminum ion forming the hydroxy groups. The
using Vanderbilt-type pseudopotentials. The equations of motion ligand water molecule’s atoms, i.e., the protonated hydroxy

were solved using _the V(_erl_e_t algorithm with a time step of 7.0 group, is depicted with Dand H;, respectively: see Figure 1.

au (0'17 fs) and_W|th a f|ct|t|ous_ elect_ron mass= 900 amu. 31 Static Calculationsin all cases the HF-optimized AlO

The microcanonical ensemble simulations were done in a cublcdistances are shorter than the B3LYP- and MP2-optimized ones
box with a = 20.79 bohr (1_1'0 A accommodatl_ng 41 water (Table 1). The B3LYP bond distances are similar or at most
molecules and the Al(OH)moiety. CPU demand using 41 water 0.01 A shorter than MP2-optimized ones. The use of the

molecules is close to the limit with our resources (one time ¢ 54 ~ux pasis set relative to the 6-31G* used by Ruiz et al
step takes approximately 20 s using 64 CPUs on a Cray T3Efor the same complexes earfi@oes not alter the geometry of

su_p_erc_:omputer). A bigger perio_dic bo?< WOUId_ I_1ave further 1 but elongates the AIO bonds slightly in2. We decided to
minimized the effect of the possible artifacts arising from the use the 6-31G** basis set. We consider this to describe the

correlation of the outer s_olvent shells with their images. polarization effects properly and enable us to neglect corrections
Howgver, we fe_el that this is not a severe proble_m atleast ony, the pasis set superposition error (BSSE). The latter is
the g_rst §o|vat|onbshellf. Beyah 4 }IJ\ frcl)m glumlnum_the | effectively very small as the basis set is quite flexible and we
coordination ngm_ler 0 WIEI‘(ter molecules Is approximately ;.o mainly interested in relative energies for which the BSSE
constant and similar to bulk water. Further 3 psCPMD is of similar size. The energies of the vacuum-optimized

simulation of A(OH);™ in a 9.6 A periodic cubic box with 25 1o mer structures with one to three explicit solvent molecules
water mollecules produced essentially identical RDFs and total .o\ peen corrected for the zero point vibrational energy. An
spectrunt extra diffuse function on the hydrogen atoms would make the
The following atomic masses for the nuclei were used: 2.0 calculation substantially more demanding while the benefit is
amu for hydrogen, 16.0 amu for oxygen, and 27.0 amu for questionable. The charges derived from electrostatic potential
aluminum. We used deuterium instead of protium to increase (ESP) in aluminum and oxygen atoms of different species are
the usable time step length as the experimental properties ofquite similar in a vacuum with all methods (Table 2). The partial
heavy water are well-known and the chemistry will nevertheless charges in AI(OH)~ aluminum and O* atoms are 0.20.25
be the same. For example, the total spectsualed with the  and 0.09-0.15 smaller, respectively, when compared to corre-
reduced mass of the OH unit is practically indistinguishable sponding atoms in Al(OHyH-O.
from a HO (and a Li ion) spectrun?? Also, the radial The effect of solvation was first studied by adding explicit
distribution functions are very similar to experimental ones and water molecules to the naked structures. All methods predicted
those calculated for a larger system by Silvestrelli and Par- gnly one feasible conformation for Al(Ok) with one explicit
rinello30 Despite the use of deuterium we will refer to it as H So]vating water molecule. The water molecule forms two
and hydrogen in this paper, except in the chapter where hydrogen bonds with the hydroxyl groups of AI(QH)3). In
frequencies are discussed. the HF-optimized structures the intramolecular distances tend
The first starting geometry was generated by placing a to be shorter and intermolecular distances longer than in B3LYP-
vacuum-optimized Al(OH) moiety in SPC water so that the and MP2-optimized structures. The hydrogen bond distances
overall density was 1123 kg TA (1018 kg n72 for *H instead calculated by HF (2.07 A) are about 0.1 A longer than the
of 2H). The coordinates were then optimized for 300 steepest- B3LYP- (1.97 A) and MP2-optimized (1.98 A) ones. The
descent MD steps to relax the system’s highest energy closestabilization energies for all hydrated Al(OH)complexes are
contacts. Starting the CPMD dynamics from this configuration listed in Table 3. These energies are the difference of the sum
raised the temperature to approximately 200 K, after which it of noninteracting water molecules and the naked comflex
was adjusted to 300 K by slowly scaling the atomic velocities compared to the complexes shown in Figure 1.
on successive time steps. This resulted immediately in water The second solvating water molecule also forms two hydrogen
coordination to aluminum and a structure I&eTwo subsequent  bonds with AI(OH)~ in the most stable conformatiod)( where
simulations in solvent were performed. The starting configu- two molecules are at the opposite sides of Al(@H)t is also
ration for the second simulation was generated as follows. The possible to form two adjacent hydrogen bonds from one oxygen
instantaneous coordinates of the first run at about 3 ps wereatom in AI(OH),~ (5). This was verified with all methods.
modified so that other of the ligand water hydrogens was placed B3LYP and MP2 produce also structures, where one of the water
between two water molecules as far from aluminum as possible.molecules forms a strong hydrogen bond and one van der Waals

We have used the following notations to address the different
and H atoms in the computed structures: O* and H* refer to
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Figure 1. Characteristic vacuum minimum energy geometries (B3LYP). Bond lengths in angstroms and angles in degrees.

TABLE 1. Geometrical Parameters from Static Calculations and CPMD Simulation$

HF B3LYP BLYP/6-31+G** static CPMD-Finger MP2
property vacuum PCM vacuum PCM vacuum vacuum 41 waters vacuum

Al(OH) 4~
Al—-O* 1.77 1.76-1.77 1.79 1.79 1.81 1.80 1.80 1.80
O*—H* 0.94 0.95 0.96 0.96 0.97 1.00 1.00 0.96
Al(OH)3eH,0
Al-O* 171-172 173 173174 175 174176 174-175 1.78 1.741.75
Al-Of 1.97 1.94 1.99 1.96 2.02 2.01 1.88 1.99
O*—H* 0.94 95 96 0.97 0.97 0.99 1.6.01 0.96
Of—Ht 0.95 96 97 0.98 0.98 1.00 16307 97
Al—O'Hp—plane 124 161 116 157 115 118 ~161° 118

a Aluminum—oxygen distances (A) with different methods in the two primary structures. The static Finger results have been calculated as described
in the computational details. CPMD results fbhave been taken from the first 3.5 ps in the second simulation. Similarly, the CPMD results for
2 have been taken from time frames before 5.5 ps in the first simulation. Angles are given in degreeblunt angle between the ligand water
plane and the @\l bond. ¢ Average value given; the dynamic value fluctuates around.180

close contact with one hydroxy groug)( In this case the In the structures where a third water molecule was added to
hydrogen bond distance was diminished to 1.70 and 1.73 A asthe solvation shell, we considered three possibilities. According
calculated with B3LYP and MP2, respectively. Water molecules to the B3LYP and MP2 calculations the most stable structure
forming two hydrogen bonds have distances of about-2.00 is the one where two water molecules are adjacent to each other
2.10 A depending on the method. In the HF calculations each and the third one is hydrogen bonded to Al(QHxand to one
water molecule always formed two hydrogen bonds. of the solvent moleculesr). The HF method predicts highest
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TABLE 2: ESP Charges of Atoms in the Naked Structures

structure HF vacuum HF PCM B3LYP vacuum B3LYP PCM MP2 vacuum
Al(OH)4~
Al 1.90 2.00 1.75 1.73 1.84
o* —-1.18 —1.27t0—1.28 —-1.11 —1.17to—1.18 —-1.15
H* 0.45 0.52t00.53 0.42 0.49t0 0.50 0.44
Al(OH)3eH,0O
Al 1.65 1.71 1.45 1.52 1.60
o* —1.06 to—1.09 —1.07to—1.15 —0.96 to—0.99 —0.99to—1.09 —1.02 to—1.07
of —0.78 —-0.80 —-0.70 -0.71 -0.77
H* 0.45t00.48 0.46t00.51 0.42t0 0.45 0.43t00.48 0.44t0 0.47
Hf 0.48t0 0.49 0.50t00.51 0.45 0.46t00.48 0.48
Dimer
Al 1.44t0 1.50 1.66to 1.69 1.29t01.33 1.46t0 1.49 1.481t0 1.52
Ofree —0.99t0—1.01 —-1.13to—1.14 —0.90t0—0.91 —1.05t0—1.06 —0.98 t0—0.99
Opr —0.86 —0.92t0—0.93 —-0.79 —0.78 t0—0.80 —0.89
Trimer
Al 1.51t01.58 1.66t01.74 1.31t0 1.45 1.52to 1.65
Ofree —1.00 to—1.06 —-1.10to—1.17 —0.90 t0o—0.98 —0.97 to—1.05
Obr —0.87 t0o—0.97 —0.94 to—1.06 —0.87t0—0.91 —0.91to—1.00
Tetramer
Al 1.53t0 1.66 1.39t0 1.65
Ofree —-1.02t0—1.13 —0.93to—1.07
Obr —0.88to—1.07 —0.81t0—1.06

20* and H* denote the hydroxy group oxygens and hydrogens, respectivegn®H denote the ligand water atoms (see Figure kx.@nd
Owr, the free and bridging oxygen atoms in oligomeric structures, respectively.

TABLE 3: Stabilization by Complexation with Explicit
Water Moleculest

hydrated Al(OH}eH,O structures. The most stable complex of
Al(OH)3¢H,O with one explicit solvent molecule has a stabiliza-

method tion energy of—65 kJ/mol. The solvent water forms hydrogen
complex no. of HO HE B3LYP MP2 bonds with the hydroxyl group and th_e [igand water moleculg.
The second water molecule forms a similar hydrogen bond with

i ; :132% :lgi'g :133'2 a total stabilization energy of114 kJ/mol. The most stable

5 > _102:4 _117:1 _125:4 complex containing three explicit solvent molecules is according

6 2 1114  -1179 to the B3LYP calculation compleX0, as described in Figure 1

7 3 ~140.8 —164.1 —1775 with a stabilization energy of-155 kJ/mol.

8 3 —143.0 —-162.3 —175.8 It is quite an enormous task to calculate all possible

9 3 -139.7  -1615 1740 conformations of this system. As the energy differences between

the conformations of Al(OH) «(H,O); are quite small; below

5 kJ/mol, we report only some representative structures. There
exists a large number of possible conformations when the next
solvation shells are included in the calculations. Their optimiza-
tion might also be deceptive because as we will show later,
two hydrogen bonds with AI(OH) (8). Also the structure these clusters with only a few explicit water molecules produce
where the third water molecule forms one hydrogen b&@)d ( geometries not found in the condensed phase. To study the
and a weak donor bond was found to be a local minimum complete first and second solvation shells, we have applied the
according to all methods. This illustrates the abundance of Car—Parrinello molecular dynamics method.

possibilities for solvent coordination. We conclude that when  The dimers, trimers, and tetramers investigated in this study
only a few explicit water molecules are used to model the are—(OH),Al(OH),Al(OH).-like neutral structures where each
solvation, there exists a competition between optimal hydrogen pair of aluminum atoms is bridged by two hydroxyl groups.
bond geometry and the number of hydrogen bonds formed. This These form also the main block in the gibbsite crystal. Harmonic
is illustrated, e.g., by the geometrigind6, where either two  frequencies were calculated for all the structures in a vacuum
long suboptimal hydrogen bonds are formed, or then one short,to ensure that the structure is a local minimum. The dimerization
close to optimal hydrogen bond, and one vdW contact. This is of Al(OH)seH,O accompanied by the release of two water
an artifact of the solvation approximation, and we will show molecules has an energy change-e69, —58, and—55 kJ/
later that this chelating-type coordination on the first solvation mol, with HF, MP2, and B3LYP, respectively. The formation
shell is not relevant in dilute solutions (i.e., bulk water). Also, of the subsequent oligomers is also energetically favorable. At
the RDFs of the CPMD simulations show that the hydrogen the MP2 level the CPU time needed to optimize the tetramer
bonds are generally shorter than those found with only few was prohibitively large. The beginning of the suggested crystal-

aThe stabilization energies of the different [Al(QH)e(H20),
complexesif = 1—3) calculated with different methods. Energies (kJ/
mol) include zero point vibrational corrections.

stability to the structure where all three water molecules form

explicit solvating waters. The partial charge of aluminum in
Al(OH)4~ is much more positive in the vacuum Hartreleock
calculations relative to HF-PCM. Surprisingly, no difference
was found in the B3LYP calculations.

lization reaction path with structures and energies is described
in Figure 2.

The PCM model hardly changes the reaction energies and
geometries for the formation of the dimers (Table 3) making

Because there is quite good agreement between the B3LYP-them about 2 kJ/mol more favorable. This was expected because

and MP2-optimized geometries and energies for Al(©tHyve
have used only B3LYP in the evaluation of the explicitly

the computational solvation stabilization is pronounced only in
reactions of small ions such as Al(OH) The bond distances
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Figure 3. Proton diffusion in both simulations. The position of the

) ) ) __exess proton (kD) has been taken as the oxygen atom bonded to

Figure 2. Structures and energies of the supposed nucleation reaction;pree hydrogens (or a hydroxide ligand to two hydrogens:-@H,).

_path optimized using HF (energies also for MP2 and B3LYP). Energies The gistance between this oxygen and the aluminum atom has been

in kJ/mol. plotted against the simulation time. Simulation 1 on the top and
simulation 2 below. The dots at arali? A indicate structur@ and

increased about 0.02 A and the alumintatluminum distances  thus demonstrate exchange between the two principal structures.

changed by 0.050.06 A depending on the method.

3.2. Car—Parrinello Molecular Dynamics. The technical coordination sphere reorganization, the other proton transferred
details of the simulations have been described in the Methods.to a nearby water molecule. In Figure 3 it can be seen that
We will concentrate on the following two simulations (although several attempts for both of the ligand water protons to escape
for AI(OH)4~ we performed also one in a vacuum and one with have failed during the first 5.5 ps, but then suddenly the proton
25 water molecules). In the first simulation the originally planar has migrated to the second coordination shell via the first shell
Al(OH)3 (vacuum structure) molecule was immersed in neutral in less than 40 fs. The reversibility of the process is readily
water immediately capturing a water molecule forming the demonstrated at 6-3.6 ps. The mechanism of these jumps
tetrahedraP; see Figure 1. This structure persisted for 5.5 ps, agrees with the one reported earlier for watef® Namely, the
as can be seen in Figure 3. In the second a tetrahedral A[{(OH) water oxygen (or the hydroxy group if the transfer takes place
(1) and a HO™ ion were placed in the periodic cell as far from  to the aluminum moiety) first reduces its coordination number
each other as possible. The coordination environment andto three (A counts here as one) and then accepts the proton.
behavior of the system change when the proton attaches to theThe independence of this process of the starting geometry is
hydroxyl group and therefore the data from the above simula- supported by the data from the second simulation.
tions have been split into two parts: set 1 for the configurations  In the second simulation the proton, originally solvated with
with four protons on the ligand shell thus correspondind,to  bulk waters, diffused through the simulation box according to
and set 2 for those configurations that correspond to Al- the Grotthuss mechanisthand finally protonated one of the
(OH)zeH20 (2). The simulation data have been split also in other hydroxy groups after 3.5 ps. The time scale of the jumps agrees
ways to evaluate certain properties. Specifically, the data prior qualitatively with the previously published data for protonated
to the protonation in simulation 2 have been used to characterizebulk water38 although quantitative values cannot be given due
the anionicl geometry and frequencies, and data prior the to the short simulation times. The excess proton, i.e., hydronium
deprotonation in simulation 1 for specigs ion, has been identified as the oxygen atom, which has three

3.2.1. DYNAMICS: Proton Jumps, Diffusion. The oxygen three protons within 1.32 A, or that hydroxy oxygen atom which
atoms directly bound to aluminum were not observed to change has two protons within the same range. In Figure 3 the distance
with the free water molecules, and further, no configurations between aluminum and these water oxygen atoms has been
where five oxygen atoms were bound to aluminum were presented as a function of simulation time to describe the proton
detected. The protons of the hydroxy groups, on the other hand,diffusion. Note that the Zundel ion org®,™ produces a dot
are less tightly bound and can be exchanged via the structurefor both oxygen atoms in this representation.

2. Several protonation/deprotonation events for the aluminate

In the first simulation the ligand water molecule remained ion were observed but the water molecule mediating the jump
attached to the Al ion for 5.5 ps, but after suitable second at the first solvation shell did not diffuse further and eventually



10116 J. Phys. Chem. A, Vol. 105, No. 44, 2001

I{w)

1000 1500 2000 2500 3000

Frequency l/cm

Figure 4. Total spectra obtained using Fourier transformation of the
velocity autocorrelation function from the CPMD trajectories. From
the top: AI(OD)~(vacuum), Al(OD)~ (aq), and Al(OD3sD,0O (aq).
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Figure 5. Total spectra as obtained using Fourier transformation of

the velocity autocorrelation function. BulkD (dashed line) and ligand
water (,'OY, see Figure 1, solid line).

0 500 2500 3000

Sillanpé et al.

on the basis of the ligand water bending mode, as it is obscured
by the bulk water peak. The (Pearson) correlation between the
Of,0, and D',0, bond lengths (subscript w denoting the two
first solvation shell water oxygen atoms), respectively, is
negative (although smalk-0.16 and—0.20), suggesting that
the strong donor hydrogen bonds formed by the ligand water
have a tendency to alternate. The B3LYP/PCM calculations
yield generally similar results. The D' bending in solution

is at 1155 and 1150 cm for a water molecule.

The O*D* stretching band irl has experienced a clear red
shift relative to the CPMD vacuum spectrum but is generally
similar to bulk water. In the neutral speci2the band has spread
even down to 2000 cm, which is due to the stronger B*O,,
donor hydrogen bonding in the absence of negative charge in
the complex. On the other hand, as the static results do not
produce proper donor hydrogen bonds to the hydroxy groups
the lowest O*D* stretching frequencies derived from the explicit
vacuum calculations are at 2820 and 2690 &nin structures
9 and 10, respectively. The use of the PCM model reduces the
vibrational frequencies more effectively, although still not to
the same extent. The B3LYP/PCM frequencies in PCM-
optimized geometries produce O*D* stretching bands at 2550
2600 and 26462660 cnt? for 1 and2, respectively. Note that
the order of these bands is different relative to the CPMD results,
which we suggest to derive from the underestimated donor
capability of the O*D* groups ir2 in the PCM calculations.

The only modes easily characterized from the CPMD data
are the R'O' bending and the OD stretchings. Many of the
other modes have significant contributions of individual bend-
ings and stretchings, but a qualitative assignitfegives some
insight to the modes below 800 cf The symmetric A-O*
stretching peaks of are at 508-550 cnT! both in a vacuum
and in solution. The asymmetric stretching peak found in a
vacuum at 650 cm' has shifted to 600 cnt in solution;
simultaneously, the solvation broadens both peaks slightly. In
2 the AI-0O* symmetric stretching is only at a little higher

the same proton was transferred back to the aluminum hydroxyrequency but broadened to 45600 cntl. The asymmetric

group again. In Figure 3 the proton can be seen to reside eithe

on the OH ligandi(~ 1.9 A), on the first solvation shelf (~
3—4 A), or beyond the first solvation shell & 5 A).

The time scale for AIOH donor and acceptor bonds as

determined by the distance constraint(2.5 A) is qualitatively
similar to bulk water. Both long-lived (entire simulation) and

short-lived hydrogen bonds could be detected both in the
acceptor and donor types, the typical lifetime being more than

1 ps. The donor hydrogen bonds froni Were present all the
time.

It is difficult to compare the frequencies obtained with
different methods directly, but we present the total spectrh of
and 2 in Figure 4, as calculated in a realistic solvation

environment, and discuss their relation to the spectra obtained
with CPMD in a vacuum, static methods, and experiment. As
our spectra are derived using the Fourier transform of the

velocity autocorrelation function and it therefore gives no
information of the IR or Raman absorption intensities, we will
only compare the transition frequencies.

The ligand water deuterium atomsfjBpan a large stretching

I'stretchings oR have two peaks at about 590 and 680 émue

to the inequivalent oxygen atoms. A larger effect of solvation
comes in the AFO*D* bendings. Inl at vacuum these are at
475-575 cnrl, but in solution at 506-800 cnt?, implying the
coupling of this mode with the solvent. The-AD*D* bendings
are similar both irl. and2 and only the AO'D' bendings are
found at a little higher frequency. The-@\l—O bendings are
found below 300 cm®. The B3LYP/PCM results predict the
asymmetric stretchings fdr and2 at 690-730 and 795810
cm™L, respectively. The symmetric AIO* stretching mode for
lis at 600, and foR it has split in two at 630 and 410 crh
which have the major components in the-&* and Al-Of
bonds, respectively. As the highest frequency skeletal modes
shift to lower frequency in the PCM calculations they shift to
higher frequency in the CPMD case.

Agreement with experiment is not spectacular. The qualita-
tively identifiable symmetric A+O stretching frequency from
the CPMD simulations is about 100 cftoo low compared to
experiment The asymmetric A+O bendings ofl, which should

frequency band (see Figures 4 and 5). The broadening of thebe IR active, however, coincide with experiment a_nd B3LYP/
stretching band to lower frequencies is due to the strong PCM results, while those & are about 50 crrt too high. The

hydrogen bonding. Interestingly, the bending mode of the ligand experimentally predicted AAOH bending peak at 950 crhis

water has shifted only little relative to bulk water. These
frequencies are 1170 and 1160 @m(BLYP), respectively,
although this small difference is within the statistical error. It

missing in the B3LYP/PCM results but found with both CPMD
and B3LYP/PCM at around 700 crh as predicted for AIOD.
Comparison with more recent data is difficult due to our choice

is therefore very difficult to distinguish between these species of deuterium, while most experiments use proti#inThe
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Figure 6. HzO" hydronium ion on the first solvation shell of Al(Okt) 0

a snapshot from simulation 2.
r [A]

Figure 8. Stronger donor hydrogen bonds in the neutral complex, as
illustrated by the RDFs and their integradéH*,0) for the neutral (solid
line) and anionic (dashed line) complexes, respectively.

4

The configurations where the proton is midway between the
hydroxy group and first shell water were only transitive and
took place during the proton jumps. The dominant configurations
are either as O™ on the first solvation shell or then @swhere
the ligand water forms very strong hydrogen bonds. It might
therefore be appropriate to describe the equilibrated system as
a contact ion pair where there is one proton hopping between
A . i . . . . the one strongly hydrogen bound water molecule and the ligand
1 15 2 25 3 3.5 4 4.5 5 water. The proportions of the two intermediates should be

g / coordination #
N

r [A) strongly influenced by pH akis also relatively long-lived and
Figure 7. The RDFs and their integrals for the oxygen atom in the in caustic solution would very likely dominate.
HzO" ion (see Figure 6 for §, on the first solvation shell of AI(OH). One has to be careful with the interpretation of the proton

+ = + h :
9(0*H) solid line andg(C*,0) dashed line, respectively. jumps and average geometries. As our simulations use classical

isotope effect on different modes is complicated due to their Nuclei, the proton position with respect to the closest oxygen
coupling with solvent, and comparison with simple scaling fails. atoms might favor the unsymmetrical (two minima) configura-
The distinction betweeh and2 might be made by the strong tions relative to the_ symmetncal ones. Previously, the effect of
Al—O* stretching shoulder at 800 cth In 2 this extends to the quantum descrlptlpn of the nuclell has been shown to prefer
higher wavenumbers and appears in the frequency window notSYmmetric single minimum geometries for both Olind H*
obscured by bulk water (see Figure 5). This is supported also N waters®
by the B3LYP/PCM results. We note, however, that the error ~ 3.2.2.2. Hydroxy Group.The OH distances in the different
in the predicted symmetric (experimentally strongly polarized) hydroxy groups have been summarized in Table 1, together with
Al—O stretching frequency decreases the reliability of the the static values. The hydroxy OH bond distances are slightly
calculated absolute frequencies, but they perhaps still offer shorter and the distribution more skewed at the long end than
valuable information of the relative frequencies and trends in in bulk water. We shall now consider the OH solvation using
shifts upon solvation. The lower frequency differences suffer the RDFs of each atom type. We find the hydrogen bonds in
from overlapping bulk water absorption and are less reliable bulk water at 1.42.4 A, maximum at 1.8 A (equal to the
due to the limited time scales of our simulations. experimental valu). The acceptor bonds in both configura-
3.2.2. Structure. The analysis of the simulations in the tions, i.e.,1 and2, appear at this same range. The total charge
following chapters is divided into sections, first considering therefore does not affect the acceptor-type hydrogen bonding.
briefly the hydronium ion, the solvation of the individual However, the donor bonds exhibit a difference in the two
hydroxy groups, and finally the whole aluminum hydroxide. ~ Structures: the peak g{H*,O) of 1is at a larger distance than
3.2.2.1. Hydronium lon. Previously, the proton has been thatof(2), see Figure 8. This can be rationalized by the negative
shown to exist in water as two different hydronium ions;Okt charge reducing the donor capability. The integragéd*,O)
and HO".35-3732 Both forms could be identified also in our ~ of both configurations converge at= 2.9 A, which means
simulations. In simulation 1, at around 6.1 and 6.5 ps, when that if the coordination number is calculatedrat 2.5 A, the
the proton is close to an oxygen atom on the second solvationnegatively charged complex has fewer donor bonds.
shell, it can be described as both hydronium ion forms, in  g(Of,0) andg(O*,0O) RDFs also reveal two different waters
succession. This can be seen in Figure 3, where the oxygenon the first solvation shell: water O’s coordinated tbate in
atom accommodating three protons is rapidly changing®™ the 2.3-2.75 A range, maximum at 2.6 A, and the water O’s
configuration can be also seen in tgéO*0) and g(O*H) coordinated to O*H* hydroxy groups are in 2:8.25 A range,
(where the oxygen ©on the first solvation shell primarily illustrating again the stronger bonding of the ligand water to
accommodating the proton has been used; see Figure 6), theré¢he first solvation shell; see Figure 9. The bulk wagéD,0)
are three hydrogens and oxygens inside the first RDF minima, RDF peak is at 2.53.2 A. The internal OH distances (i.e.,
which have also shifted to shorter distances (simulation 2 g(O*,H*), etc.), which are identical in the different configura-
between 3.5 and 6.0 ps, Figure 7). The configuration is not tions, also fall in the latter range. At these distances several
completely symmetric, as the central oxygen is on average closerdifferent combinations are already possible. The fine structure
to the hydroxy group oxygen than the water oxygen. in the 2.5-4.1 A region comes from the superposition of the
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Figure 9. Stronger donor hydrogen bond of the ligand water, as Figure 11. Difference in the total solvation structure between the
illustrated by the RDFs and their integraggO*,0Oy) (dashed line) and  neutral and anionic structuregH1*,0) (solid) andg(O™,H) (dashed)
g(0",0y) (solid line) to solvent water oxygen atoms in Al(QwHi20. RDFs, set 1 (bottom) and set 2 (top). Superscriptsiean that both

O designate water oxygen atoms. See Figure 1 foa@ O*. types of oxygen and hydrogen atoms have been included; see Figure 1
for definition. The peak at 3:54.1 A is due to the mutual correlation

of the H and O atoms in the hydroxy groups, igQ* H*).

6

The numbers of the acceptor and donor hydrogen bonds per
OH group are roughly 1.5 and 0.6, respectively. However, if
we look at the start of the second simulation, where the proton
was not in the first solvation shell (or part of the ligand water),
the donor bonds were slightly weaker and amounted only to
0.5 per OH group on average. This agrees with the result of
Gale et al., who stated that the hydroxy groups preferably do
not function as donors.Their complete first hydration shell
consisted of four water molecules (relative to our12), each
forming a bridge between two hydroxy groups (6 atom ring)
with acceptor and donor bond lengths of 1.69 and 2.06 A,
respectively. The difference in these results is due to the small

Figure 10. Fine structure in the ligand water coordination, as illustrated \mber of explicit water molecules resulting in suboptimal
CRe + o
by the oxygen RDFs. The solid line is fg¢O",H) and its integral and individual hydrogen bonds.

the dashed line fog(Of,0) in Al(OH)ssH,O. The O%, i.e., the mutual ‘ o
distances of oxygens bound to aluminum, appea®f,0) at a range The ligand water deserves some further characterization.

of 2.6-3.2 A; compare with Figure 9. Specie has two different types of oxygen and hydrogen atoms;
the three equivalent OH groups and the ligand water. The looser

waters. Specifically, the peak at 2:8.2 is from g(0,0%), as binding of the latter protons can be clearly seen in all data (see,

seen in Figures 9 and 10. The internal peakg(id,H) appear e.g., the spectra and RDFs), which reflect their higher acidity.
at3.5-4.1 A. It is also obvious from these data that the strongest hydrogen

bonds are in the ligand water molecule, making it the natural

g / coordination #
w

r [A]

hydroxy groups’ internal distances and the first solvation shell

Total coordination numbers on the first solvation shell were .
evaluated using two methods to account for the different type Place for deprotonation.
of contacts. First, the number of water H atoms corresponding Comparison of the second peak of the bulk wa@@*,H),
to the second maximum (1.22.5 A) in the g(O™ H) RDF and g(H*,0) RDFs reveal .th.at the hydro.gen bonds to the
(" means that both Dand O* oxygens have been considered) hydroxy groups are very similar to those in water. However,
was integrated to give the closest water H atoms. Similarly, the former are not symmetric. The distribution of the hydrogen
the second maximum aj(H™,0) (shown in Figure 11) was bo_nd angle against H bond length (Figure 12)_ reveals the more
integrated to determine the closest water O atoms. The moreStrict geometry of the acceptor bonds relative to the donor
strict method to determine the water molecules that were (';Ictuallybo”ds‘-11
hydrogen bound were analyzed by restricting the angle of the  The solvation of the hydroxy groups of aluminum hydroxide
hydrogen bond to more than 15t addition to the distance  closely resembles the solvation of bulk water. The 3D coordina-
limit. The geometry of the hydrogen bonds was also examined tion environment is approximately tetrahedral on average, like
by plotting the bond distance vs the bond angle. See Figuresin the case of bulk water, as shown in Figure 13. Therefore the
12 and 13. Al3* jon can be regarded as a hydrogen atom common for each

In all data sets the first hydration shell consists of mainly hydroxy group and it does not dramatically alter the first shell
donor and acceptor hydrogen-bonded water molecules (Seesolvation structure. The differences in the RDFs at the third
Table 4). In addition, there are also water molecules within the maximum of the hydroxy groups derive from hydroxy groups’
second minimum of thg(O™,H) pair correlation function that ~ correlation between themselves, which is naturally different
do not fulfill the hydrogen bond angle definitior (> 150, relative to bulk water.
for the H--OH bond). These are considered as van der Waals One major difference between the vacuum and solvated
close contacts. They contribute about 0.4 per OH group and structures is the angle between the ligand water plane relative
0.2 for the ligand water adding up to 1.4 for thetal to the A-O' bond. In a vacuum the angle is between 1a6d
coordination number in all sets. These close contacts are12(® with all methods. Adding two explicit solvating water
typically short-lived as compared to the actual hydrogen bonds. molecules to the ligand water increases the angle td°.136
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Figure 12. Spatial geometry of the hydrogen bonds as defined by the length of the hydrogen bond plotted agaiftét the-Oyater or H™«+-
OwateHwater blunt angles. Top left: O* acceptor bonds. Top right: H* donor bonds. Bottom leftddfior bonds. Bottom right: bulk water (32
water molecule CPMD simulation). The isocontour spacing is linear.

However, as the waters simultaneously hydrogen bond to theone finds the following: The former becomes smooth after
O*H* groups, the resulting geometry is distorted with respect = 3.5 A and the latter after= 2.5 A, indicating that considering
to the CPMD snapshots and averages. The CPMD average forthe solvation of the surrounding water it is relatively unperturbed
this angle is 160in accord with the PCM results. As the ligand  after these distances.
water does not function as an acceptor, it has no need to The total H-bonded coordination numbers are primarily
coordinate in tetrahedral fashion. It can bond in a°180gle, between 7 and 11. The bridging water molecules between two
around which the plane is actually oscillating, to optimize its hydroxy groups seen in the static calculations count as two in
donor hydrogen bonds. this definition. These were very scarce being present ap-
The planar coordination has no effect on the ligand water proximately 1% of the time. Full hydration, i.e., a total
ESP charges. Also, the approximately 120—O*H* angles hydrogen-bonded coordination number of 12 (see a snapshot
and sp hybridization of both the O* and Catoms suggest that ~ Figure 14) was a rare event and present only for a few short
the bonding of the different oxygen atoms is basically similar. periods.
The longer A+OT distance can be explained by the smaller  An alternate way to determine the total coordination number
negative charge on‘OTherefore, we argue, that the planarity would be to count the water molecules corresponding to the
of the ligand water in the CPMD simulations is due to the more second maximum of(Al,O) (2.90-4.62 A). After the ligand
favorable donor hydrogen bonding. oxygens are subtracted, the resulting number (10.9) corresponds
3.2.2.3. Aluminum Hydroxide Moiety. The first solvation to three waters for each hydroxy group and two for the ligand
shell structure, divided into different bond types, in partitioned water. However, we prefer the more detailed analysis explained
dynamics simulation sets has been collected in Table 4. First,above, which differentiates between the bonding modes and is
we can see that irrespective of the division into the data setsless sensitive to the integration cutoff. On the other hand this
according to the protonation state, the total number of hydrogenillustrates that the solvation geometry is tetrahedral but that the
bonds formed by the ligands is 8:8.3, and if augmented with  individual hydrogen bonds, i.e., OH distances, frequently exceed
the other close contacts, 9-9.8. However, considering only  the limiting distance of 2.5 A, thus decreasing the number of
the structurel when the proton is not nearby, i.e., the beginning simultaneous hydrogen bonds.
of the second simulation, those numbers are about 0.5 smaller. The distance to the second maximung{®™,H) is reversed
According to the RDFs the hydrogen bonds are not shorter nor for set 1 and set 2; see Figure 11. The O*H* hydrogen bonds
otherwise more localized to compensate their number. This hardly change in the two sets; the difference comes from the
might be a relaxation effect or else simply due to the importance OTH group. The strong donor bonds are missing from set 1,
of the donor bonds, which we found weaker in this case. which reduces the integral af(H™,0) and shifts the max-
The g(Al,0) and g(Al,H) radial distribution functions (not imum of the second peak to a longer distance. Simultaneously,
shown) have some structure unti= 5.5 A. However, if one even if the maximum o§(O™,H) does not shift, its integral is
plots the integrated(H,0) [1.25, 2.5 A] as a function of the  reduced in set 2 as the ligand water molecule is inefficient in
r(Al,O) andr(Al,H) to examine the hydrogen bonds in water, acceptor bonding. The average number of acceptor bonds to
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Figure 13. lllustration of the tetrahedral (water-like) coordination environment of the hydroxy groups. The distribution iffoftie -Hyate)
acceptor hydrogen bond length plotted against the acute angle between-&HX plane, HOH plane for bulk water, and'®'H' plane for the
ligand water. Top left: bulk water. Top right: AIO*H*. Bottom left: the ligand water. The isocontour spacing is linear. (Tetrahedral coordination
appears at 59.

TABLE 4: Coordination Numbers from CPMD Simulations 2

setP set? all frame$

coordination type O*¢ O*fe O*fc only O*'scd
Ow Within 2.5 A from H*" 287 447 3.83 2.26
H within 1.25 A from O* 4 5 4.60 3
H within 2.5 A from O* 6.90 520 5.89 5.13
total acceptor bonds 6.03 435 5.03 4.39
total donor bonds 239 393 331 1.83
total coordination no. 9.77 9.68 9.72 7.39
total H-bonded coordination no. 8.42 828 8.34 6.22
acceptors per O* 151 109 1.26 1.46
donors per O¥ 0.60 0.98 0.83 0.61

total coordination no. per G*  2.44 242 243 2.46

aThe average values are given. All (except the integers) have a
Gaussian distribution with a mean deviation of 0-0012. Hydrogen

bond criteria have been given in the text. 'Oneans both types of Figure 14. Full hydration, i.e., 12-coordination of the Al(Ok)ion.

ligand oxygen; see Figure 1 Frame division. Depicts which instan- A snapshot from simulation 2.

taneous configurations have been used in the analydtems whose

coordination has been considered (includes also the correspondind, piscussion

hydrogen atoms)! Note that only three O*'s have been considered;

scale with#; to compare with the other columns. The two different starting conformations used in the CPMD
simulations evolved into the same general state. The immediate

O' is only 0.08, and there are only 0.16 H’s within 2.50 A vicinity (i.e., ligands and the first solvation shell to a first

on average (excluding the'ld; see also spatial arrangement approximation) is expected to relax quite quickly, but as the

in Figures 12 and 13.). This can be seen in t{®',H); evolution of 2 momentarily tol after 5.5 ps shows, the

where the second minimum is completely absent; see Figurereorganization at the second solvation shell to support proton

15. For the sake of argument if we consider the aluminum transfer has significant impact on the aluminum itself. However,

ion as a hydrogen atom common to all OH ligands, we can the information produced by the dynamical simulations revealed

think of it as occupying both of the hydrogen bond acceptor that actually neither of the two starting conformations clearly

sites for the ligand water. In set 1 the whole acceptor peak is atdominate, with perhaps some preference Zpbut that their

a closer distance. The amount of donor bonds is the largest inenergies are such that they are both easily accessed already at

set 2 as it has five hydrogens on the ligands (3 times-©H  room temperature. Also, as our dynamical simulation tends to

H.0). maximize entropy, we argue that the proportions of the different
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Figure 15. lllustration of the missing second peak of the ligand water
RDF. The solid line is fog(O',H) and its integral and dashed line for

g(O,H) of bulk water (taken from a CPMD simulation with 32 water
molecules).

configurations of the aluminate ion reflect their true occupation
according to their free energies. The limited lengths of the
simulations still allow only a rough estimate. Using static
methods, the comparison is difficult due to the differences in
modeling of the solvated proton. CPMD simulation is a
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Figure 16. lllustration of the similarity of the acceptor H bond and
bulk water H bonds. The RDFs are fg(H*,O), g(O*,H), and bulk
waterg(O,H), drawn with dashed, solid, and dotted lines, respectively.
The peak at 354.1 A is due to mutual hydroxy group correlation,
i.e., g(O*H*).

hydroxy and ligand water groups’ solvation is compared with
that of half of a bulk water molecule, we will find that the ligand
water has almost the same hydrogen bond and coordination
numbers and that the hydroxy groups have smaller numbers.

straightforward solution to this inconsistency and simultaneously The structure of aqueous hydroxide ion has been reported to

produces information of the dynamical behavior of the system.

The relative stability as determined by the B3LYP/PCM
calculations and experimental hydration free energy105 kJ/
mol (for protium, 298 K)*2 prefers Al(OH}eH,O(aq) by 26
kJ/mol#3 This agrees qualitatively with the CPMD results.

be tetrahedral (FD4)~, with three acceptor bonds and one donor
or square pyramidal (§D4)~ with four acceptors and in
maximum one donot®4+45The donor bonds, however, are very
weak. We find that this is not the case in the O*H* groups;
see, e.g., their stretching frequencies g(id*,O). The average

The static structures, calculated by the HF theory, deviate coordination of the O*H* groups thus resembles, also with the
from the structures calculated by methods where correlation @symmetry of the hydrogen bonds considered, more bulk water

energy is taken into account, the former giving too short bonds.
The BLYP functional, on the other hand, gives longer bonds

than that of a hydroxide ion. See Figure 16.
In the end of both simulations the proton, i.e., the closest

than B3LYP and MP2. Also, the frequencies calculated using Solvating water molecules forming thes®* or H;O* ions are

B3LYP are a little higher relative to those obtained with BLYP.

in contact with aluminum hydroxy groups. Due to the limited

The geometrical parameters obtained with the dynamical resultssize of the simulation box this is not a surprise. This suggests
based on the BLYP functional should be considered bearing that the preferred solvation structure would involve the proton

this in mind. However, the CarParrinello molecular dynamics
simulation results for the hydrated Al(Okt)and Al(OH)eH,O
are quite different from the structures predicted by static

very close to the anion. At least we can say, that there is no
strong repulsion between individual solvation spheres of the
hydronium ion and the anion. Instead, the solvation spheres

quantum chemical calculations. In the CPMD simulations water overlap and the AtOH fragment takes the place of one
molecules forming only a single hydrogen bond clearly dominate solvating water molecule in the hydronium ion’s solvation

while in static calculations double hydrogen bonds are calculated Sphere. Deciding between the preferencé of 2 is, however,
to be more favorable. This is due to the small number of Qquite tentative due to the limited simulation times and simulation

solvating water molecules used in the static calculations.
Therefore, at least the complete first solvation shell is needed

box size.

in order to realistically describe the solvation geometries, and 5. Conclusions

possibly energies, and ultimately the Bayer reaction process.

Optimizations with such clusters will be difficult due to the large
amount of shallow potential minima.
The effect of solvation on the AIOT is also interesting:

In the combined static and dynamic computational study we
have shown that the energies of the anionic Al(@Hand
neutral AI(OH}eH,O are both accessible at room temperature.
Both species form strong hydrogen bonds to the first solvation

compare the values in Table 1. It can be seen that the PCMshell, which consists of eight to nine water molecules (and
model correctly shortens the bond, but not to the extent that is hydrogen bonds) on average. The acceptor hydrogen bonds are

seen in the CPMD averages. Also, the shortening of the Al

favored over the donor bonds by 1.5 to 0.6 per OH group,

O' bond is only 0.10 A in the complexes where the ligand water respectively, the former being almost identical to those in bulk
has been coordinated to two solvating waters and an additionalwater. The ligand water in the neutral complex contains two

solvent molecule in various geometries. This clearly demon-

very acidic protons (deuteriums), which were observed to

strates the inadequate description of the solvation of the acidictransfer to the solvent during CPMD simulations. The acidity
H' protons. The water molecules on the second solvation shellis further supported by the bond lengths and total spectfum,

are probably needed to sufficiently stabilize these protons.

where a wide band from 2600 to 1200 cthis observed. Also,

The comparison of the coordination numbers of the ligand the total spectra of the aluminate ions are presented, where we

groups with bulk water is not straightforward. The aluminum

find a possibly detectable difference at 800¢m

ion reduces the coordination number as it does not form The static results utilizing HF, B3LYP, BLYP, and MP2
solvation bonds but is bonded to the ligands. However, if the calculations and either explicit solvent molecules or the PCM
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continuum model predict different geometries relative to the
CPMD data. Due to the small number of explicit water
moleculesif < 4), they formed chelates to maximize the number

Sillanp& et al.

R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Malick, D. K;
Rabuck, A. D.; Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J.
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of hydrogen bonds. This results in suboptimal geometries that Gomperts, R.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng,

were not detected in the CPMD simulations and we classify
them as gas-phase artifacts.
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