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Quantum chemical calculations have been carried out to get some insight concerning the effects of temperature
and solvent acidity on the structure and stability of solvated VO,* as the elementary chemical unit involved in the
nucleation of vanadophosphates. First, because some recent theoretical studies have suggested a tendency of
density functional theory (DFT) to favor lower coordination numbers for such systems, static calculations have
been performed on [VO(H,0)u—n]"+nH,0 (n = 0-2) conformers at the MP2 and DFT level of theory, using two
different combinations of basis sets. The results of two pure-GGA (BP86 and PBEPBE), two hybrid-GGA (PBE1PBE
and mPWPW91), and two hybrid-meta-GGA (mPW1B95 and B1B95) functionals were analyzed on these systems.
The comparison of the results indicates that the stability differences between the two methodologies are resolved
when hydration energy is taken into account, provided that some amount of HF exchange is introduced in the DFT
calculations. In a second step, Car—Parrinello simulations have been carried out starting from VO,(H,0),* surrounded
by water molecules. The calculations at 300 K show the natural tendency of VO,(H,0),* to decompose to VO,(OH),~
and the requirements to work with an already acidified medium to be able to investigate the coordination sphere
of VO,* for an extended period of time. Under such conditions, we have obtained a clear preference for a five-
coordinated vanadium. The molecular dynamics simulations performed at 500 K starting from hydrated VO,* in a
protonated medium found VO(OH); to be the most stable structure, whereas this ideal candidate for oxolation
reactions is expected to be a very minor species at room temperature.

Introduction

Vanadium in its \A oxidation state exhibits a rich aqueous
chemistry for which, as shown in Figure 1, the detected
species are strongly dependent upon the pH and vanadium
concentration. Indeed, this system is characterized by numer-
ous equilibria associated with hydrolysis and polymerization
reactions where various mono- and polynuclear entities are
involved! The aqueous chemistry of V@) can be related
to those of W and Mo Hfor which several isopolymetalates
have also been identifi€dAnalogies with phosphate have
also been reported both from the structural point of view
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(oligomers formation) and concerning electronic properties dynamical aspects of the aqueous chemistry of this family
(pKa values of phosphate and vanadate systems). They wer@f mononuclear vanadatésThey investigated the influence
notably used to explain the biological effects of agueous of solvent effects on the"v chemical shifts in VQ(OH),™,
solutions containing vanadate mixtures. VO, and VO(Q)(H,0O)". As noted by the authors, simula-
At both sides of the pH scale (Figure 1), the monomeric tions up to 2.5 ps, carried out at 300 K using Troutier
units VO, and VQ3~ are predominant. For sufficiently high  Martins pseudopotentials, were sufficient to compute dy-
vanadium concentrations, solutions of those species may botmamically averaged(>'V) values. For V@' specifically, the
lead by acidification or alkalinization, respectively, to the calculations using the BLYP functional allowed them to
decavanadate [MO.¢]®~, which corresponds to a remarkable suggest a coordination number close to 5 and 5.5 in solution
process. V@ and VQ2~ and the protonation equilibria that ~and in vacuo, respectively.
connect them for concentrations lower thar 20°° M have The primary aim of the present study is to carry out an
been the subject of several experimental studies leadinginvestigation on the structure and stability of ¥@ocusing
sometimes to different conclusiofid® Harnung et at? on the influence of factors such as the temperature or the
suggested an increase of the coordination number from 4 toacidity of the medium to gain insight into the behavior of
5 during the protonation step of H\®, because of  solvated V(V) in conditions that mimic those found during
similarities in the spectra®V NMR and UV-visible) of the hydrothermal synthesis of vanadophosphates. Because
binuclear complexes of V(¥) and HVO,~. In a later study, some recent theoretical studié® have suggested that
Cruywagen et al® concluded from thermodynamic data that density functional theory (DFT) calculations would tend to
the expansion of the coordination sphere from 4 to 6 ligands overstabilize lower coordination numbers, we will describe,
occurs when the cation is formed and the formula,YO as a preliminary step, static DFT and MP2 calculations to
(H20),+ was suggested. The comparison of their results with analyze the influence of the computational method on the
those previously obtained on M@® was used to support  relative stability of various hydrated \WO conformers.
their conclusions, because a similar mechanism was previ-

ously established in the protonation step of M@QH)".

Computational Details

Moreover, the data collected on the successive protonation  Static calculations were performed with tBaussian03revision

equilibria of VO;2~ lead them to cast some doubt on the
existence of VO(OH)to obtain satisfactory results for the

B.04, packag® to optimize geometries without constraints and

compute frequencies. Six different combinations of exchange and

calculation of the reaction constants. A similar conclusion correlation functionals were employed, corresponding to various

was formulated by Pettersson etas well as Larsofi in
earlier experimental studies.
From the point of view of one of our current projects

devoted to rationalizing the condensation of vanadium ions 1. o

levels of approximation along the DFT “Jacob’s ladder”, namely,
BP86! and PBEPBE for the pure functionals, PBE1PBEand
mPW1PW9%* for the hybrid ones, and finally mPW1B%5and
B1B9%% as members of the hybrid-meta-GGA functionals family.
mbinations of basis sets have been employed. In the

in hydrothermal conditions, this last species is, however, the compination denoted, we used the 6-312G(d) basis s&f28on
ideal candidate. Indeed, VO(OWOSSGSSGS the maximum vanadium and 6-3£G(d)?®2° on oxygen and hydrogen. In th

number of hydroxyl ligands with respect to the other mono-
nuclear V(\4) species. Therefore, it is possible to suggest
a theoretical mechanism for the formation of a prototypical
compound such as VORQH,0, because three YO—P

bridges can be readily formed through oxolation reactions.

To our knowledge, only one computational study, carried
out by Bihl and Parrinello, has been devoted to some
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basis-sets combination, we employed the TZ¥Ppasis set on Table 1. Relative EnergiesAE), Enthalpies AH°), and Free Energies
vanadium and aug-cc-pV3¥on oxygen and hydrogen. The effect  (AG°) ComPUteﬂ at the PEEPBE;and MP2A Levels of Theory for
of hydration was taken into account through the polarizable [VO2(H-0)u-n]"nHZO (n = 0-2)

continuum model (CPCM}3 as implemented itGaussian03and H Pp Pr T
the calculations have been performed on the gas-phase geometries. pgepgg

All of the Car—Parrinello molecular dynamigssimulations were AE 0.00 —3.18 —2.05 -2.23
performed using th€PMD-3.9.2programs* the PerdewBecke- AR 0.00 —3.14 —2.76 —3.86
Ernzerhof? functional, an expansion of the plane-wave basis sets |\A/||c;2 0.00 —2.67 —2.63 —5.67
up to a kinetic energy cutoff of 30 Ry, and Vanderbilt ultrasoft AE 0.00 1.41 573 11.09
pseudopotential& generated with the USPP-7.3.4 program. For the AH° 0.00 0.84 5.01 9.65
vanadium pseudopotential only, we made use of a small core AG® 0.00 —0.13 2.45 4.38

including the 1s, 2s, and 2p states. This pseudopotential was
generated with V(0) as the all-electron reference state, incorporates
a nonlinear core correction, and makes use of two s, two p, and Table 2. Relative EnergiesAE), Enthalpies AH°) and Free Energies
two d nonlocal projectors. Results with the pseudopotentials (AG°) Computed at the PBEPBE/and MP2B Levels of Theory for
employed are given in the Supporting Information. A periodic cubic [VO2(H-0)u-n]"-nHz0 (n = 0-2)"

aValues are given in kcal/mol.

box with 9.8692 A side length was employed. The integration step H Pp Pr T
was chosen to be equal to 0.121 fs (5 au), and hydrogen was ppgpBE
replaced by deuterium to allow for such a time step. The fictitious AE 0.00 —3.83 —3.36 —5.18
electronic mass was selected to be equal to 600 au. AH® 0.00 —3.82 —4.10 —6.75
AG® 0.00 —-2.99 -3.71 -8.24
. . MP2
Results and Discussion AE 0.00 0.20 3.10 8.40
During our gas-phase dynamic test simulations using AH° 0.00 —0.38 3.22 6.84
: . n AG® 0.00 -0.83 1.51 257
ultrasoft pseudopotentials starting from ¥8,0)," (H), we
obtained, as previously noted by Buand Parrinelld, a #Values are given in kcal/mol.

rapid evolution toward a pentacoordinated structure where - _ )
one of the two most labile water molecules located trans to ~ 1aking into account the zero-point, thermal, and entropic

the oxo is decoordinated from the vanadium. This structure €Nergy corrections induces with respectia stabilization
will be denoted here aBr because the leaving ligand is thatincreases upon lowering of the coordination number for

bonded in a terminal fashion to one of the axial water POth kinds of calculations. The only exception is the
molecules. Additionally, an alternative minor five-coordi- Structure using DFT. This phenomenon leads to a noticeable
nated structureRp), with the activated ligand bridging two ~ Preference for tetrahedral arrangement with the PBEPBE
water molecules, has also been optimized. Finally, a tetra-functional, an equivalent stability ¢ andPr at the MP2
hedral systemT) was computed because several significant €vel, and a strong decrease of more than 6.5 kcal/mol for
lengthenings of V-H,0 have been noted in [VAH,0)s] * the energy differenceHd — T in that case (Table 1). _
H,O. Table 1 summarizes the relative energies with respect Therefore, it seems that a lower coordination number is
to the hexacoordinated species computed in the gas phas@'eferred by DFT calculations, as suggested by Diaz €t al.

using theA basis-sets combination (Computational Details In their theoretical investigation of Znsolvation_ using both
section). It is immediately seen that the results of the two B3LYP and MP2. They also showed that their results were

methods are completely different concerning the relative sensitive to computational parameters such as the basis-set
stabilities of the different conformers. Indeed, at the quality. Therefore, we have reoptimized our geometries using
PBEPBEA level of theory, the energy ordering % < T the TZVPP basis set on vanadium and aug-cc—pyDZ
~ Pr < H, with a differencePr — H of approximately 3.2 otherv_vlse, here noted &. Table 2 ga'_chers the relative
kcal/mol. However, the MP2 calculations conclude to a €nergies computed for the corresponding study. From the
hexacoordinated preferred structure and a gap between thd0tal energy point of view, the MP2 stability ordering appears

two extremes of more than 11 kcal/mol. to be unaffected, Wlth, howev_er,_a q!ffereride— Pp that
can now be considered as insignificant. Concerning the
(27) (a) Wachters, A. J. H.. Chem. Phys197Q 52, 1033-1036. (b) Hay, PBEPBE calculations, we obtain the sequefices Pp ~
P. J.J. Chem. Phys1977, 66, 4377-4384. < ; ; ; i ati
(28) Clark, T.; Chandrasekhar, J.; Spitznagel, G. W.; Schleyer, P. . R. PT H. The prewously_ noted dlfferentl?" stab|I|zat|ons_ due
Comput. Chem1983 4, 294-301. to the correcting terms induce perturbations nearly equivalent
(29) ég)sl;egg'lvzbfﬁg'tﬁ:rfﬁdbRé ng'%%%gg%ﬁgﬁggﬁ% to those reported with tha basis-sets combination. There-
— . | .G . . m. .
28, 213-222. ’ FOPIe: fore, we obtain thé®> < H < Py < T andT < Py < Pp <
2303 ESC)haefer, A.; Huber, C.; Anlrichs,rl]l.Chem- Phy81994(g)0(1 58d29Ii H orderings at the MP2 and DFT levels of theory, respec-
31) (a) Dunning, T. H., JrJ. Chem. Phys1989 90, 1007. Kendall, ; ;
R.A.. Dunning. T. H.. Jr.. Harrison, R. J. Chem. Phys1992 96, tlyely, a reductlon_ of the energy gap b(_atw_e_en th_e extrem_es
6769. with the perturbational method and a significant increase in
(32) Barone, V.; Cossi, MJ. Phys. Chem. A998 102, 1995. i i
(33) (a) Car. R Parrinello, MPhys. Re. Lett 1985 55, 2471, (b) the case of the PBEPBE functional with respect to the
Laasonen, K.; Pasquarello, A.; Car, R.; Lee, C.; VanderbiliPBys. previous results. In the gas phase, we therefore have a
3 EngBD 1398324C7, 10_14th.|8’\/| Corb 1996-2006. Copvriaht MP! T preference for completely different structures depending on
-3.9.2 Copyrig orp , Copyrig u . .
Festkaperforschung Stuttgart 1992001, the theoretlca! model used, none of them corrt_aspondlng to
(35) Vanderbilt, D.Phys. Re. B 1990 41, 7892. the hexacoordinated geometry suggested experimentally. The
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Table 3. Solvation Free Energies, Relative Solvation Free Energies and increased stabilizations Bf versusPe equal to 4.3 and

(kcal/mol), and Cavity Volumes @ Computed with CPCM at the

PBEPBE and MP2 Levels of Theory Using Basis-Sets Combina#ons 4.1 _kcal/mOI have Fherefore beeh compute_d formdB

andB basis sets, respectively. A more in-depth discussion concern-

H b b T ing this peculiar but important point will be carried out
P T

SEEPBEA subsequently.
AGepy —73.34 —68.97 —73.95 —59.41 Turning to the MP2 results, a clear preference for the
A(AGson) 0.00 4.36 0.08 13.92 hexacoordinated species with respect to the other structures
M 1576 163.6 156.9 1805 is observed using both basis-sets combinations, which is in
PBEPBEB : )
AGay ~70.59 —67.01 —71.11 —57.77 agreement with the_experlm_t_antal pro_posal. It_sh_ould be_ npted
A(AGson) 0.00 3.58 —-0.52 12.82 that the corresponding stability ordering qualitatively mimics
?\//IPZIA 160.0 164.0 157.3 1811 the one already determined on the basis of only the total
AGeyy ~71.09 —65.67 —68.42 —63.11 electronic_ energies. However, the result obtained inc!udi.ng
A(AGsol) 0.00 5.43 2.67 7.98 the solvation free energy appears to be much more satisfying,
?\//IPZIB 163.3 168.0 169.4 179.2 because the stability sequende< Py ~ Pp < T closely
AGeoy —68.97 —63.74 —66.44 —61.59 matches the number of ligands bondgd to the vanadium metal
A(AGson) 0.00 5.23 2.53 7.37 center. Indeed, the two pentacoordinated structures can be
v 163.7 168.0 169.3 1782 considered as almost energetically equivalent and are located

MP2 method comes close to this situation, but the values more than 5.5 kcal/mol below and 4.0 kcal/mol aboveThe
reported in Tables 1 and 2 suggest that a pentacoordinatedandH conformations, respectively. Let us point out that the
species is increasingly preferred as the basis set is expandedVP2-computed\Gs, vValues exhibit larger deviations from
Therefore, it seems that it is not possible to conclude in favor the cavity volume-free hydration energy correlation with
of particular coordination number for vanadium on the basis respect to the above-presented DFT results, presumably
of gas-phase calculations without having at hand the resultsbecause of the fact that the solvent reaction field for PCM
of a higher theoretical model. MP?2 calculations is computed on the basis of the HF solute
However, because the experimental conclusions come fromelectronic density. Indeed, for the; and P» geometries,
solution chemistry studies, we have investigated the influencewhere the differences in volumes are lower than 135véh
of the solvent using a simple polarizable continuum model the two basis sets, an overstabilization offfheconformation
(CPCM). Table 3 contains the results computed using the equal to approximately 2.8 kcal/mol could be computed.
PBEPBE functional and second-order Mo—Plesset per- Examination of the MP2 and PBEPBE data shows that
turbational theory for the calculations of hydration enthalpies. the remaining discrepancy between those two types of calcu-
It is immediately seen that taking into account the solvent lations appears to be solely related to Byestructure; more
effects plays an important role in the relative stabilities. precisely, to the too small cavity volume associated with this
Indeed, at the PBEPBE level of theory, theconformation geometry. To check if the problem is intrinsic to DFT-type
switches from the most stable in the gas phase to the leastalculations, or related to the nature of the functional
stable in aqueous solution. However, tHeand Pr geom- employed, additional calculations have been carried out with
etries undergo a stronger stabilization due to hydration, with the extended basis-sets combination only, using different
the correspondind\Gsoy Values being nearly equal. Given functionals along the DFT Jacob’s ladder proposed by
the gas-phase free-energy ordering,Phestructure therefore ~ Perdew. Indeed, we have used the well-known BP86 gradi-
becomes the unambiguously preferred one with two basis-ent-corrected functional like the PBEPBE one cor-
sets combinations. It should be pointed out that the computedresponding to the second rung. Moreover, two hybrid-GGA
AGqq)y Values correlate rather well for such charged species functionals were employed, namely, PBE1PBE and
with molecular cavity volumes evolution (Table 3). Because mPW1PW91. Finally, the recently introduced B1B95 and
we have a tetracoordinated structure that is significantly lessmPW1B95 meta-GGA hybrid functionals were also used to
compact than th®r one, the electrostatic contributions are optimize and compute the hydration energy. The correspond-
therefore lower in the former than in the latter and induce a ing results are summarized in Table 4. It is immediately seen
weaker stabilization in that case. We note that incorporating that the “old generation” BP86 and “new generation”
the solvent effect gives ther < H < P, < T ordering using PBEPBE functional results are equivalent with respect to
the PBEPBE functional. The case of tRe conformation the ordering of the energetical stabilities and cavity volumes.
deserves additional comments, because it breaks the qualiSimilarly, the two hybrid-GGA calculations can be grouped
tatively expected cavity volume sequence, which is otherwise together. This holds also true for the two hydrid-meta-GGA
satisfying, and hence the putative stability classification as functionals. More importantly, we observe that as soon as
a function of the vanadium coordination number. Indeed, some HF exchange is introduced tRe volume becomes
for the two five-coordinated species, the computed volumes much more in-line with thés one, which in turn induces
are rather different and, so are th&,,, values. Surprisingly  very close hydration-energy contributions for the two five-
enough, thePr volumes determined for both basis sets are coordinated species. As a consequence, equivalent stability
even lower than the hexacoordinated ones. From a quantitasequences equal tbl < P, < Pt < T are obtained.
tive point of view, thePr volumes are more than 6.53A  Comparison with the MP2 result shows that an inversion of
lower than the ones associated with the conformation, the two P geometries is still present, but this remaining
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Table 4. Relative EnergiesAE), Free EnergiesAG°®), Solvation Free
Energies, Relative Solvation Free Energies (kcal/mol), Cavity Volumes
(A3), and Relative Free Energies in Solution Computed with CPCM
Using MP2 and Various DFT Functionals with Basis-Sets Combination
B

stability
H Pp Pr T sequence

BP86

AE 0.00 —4.39 —4.02 —6.63T<Ppx~Pr<H
AG® 0.00 —343 —440 —-935T<Py<Pp<H
AGsol —70.76 —67.19 —71.23 —58.19

(A(AGson) 0.00 356 —0.48 1257

\Y 159.2 163.8 157.4 1822

AG® + A(AGson) 0.00 0.13 —4.88 322Pr<H=~Pp<T
PBEPBE

AE 0.00 —3.83 —3.36 —5.18 T <Ppx~Pr<H
AG® 0.00 —2.99 —3.71 —-824 T <Pr<Pp<H
AGsoy —70.59 —67.01 —71.11 —57.77
A(AGson) 0.00 358 —0.52 12.82
\Y 160.0 164.0 157.3 181.1

AG® + A(AGson) 0.00 0.59 —4.23 458Pr<H <Pp<T
PBE1PBE

AE 0.00 —3.18 —-191 —226 Pp<T <Pr<H
AG® 0.00 —2.83 —2.87 —-623T <Prx~Pp<H
AGsol —71.41 —67.28 —66.82 —57.96

A(AGson) 0.00 413 458 1345

\Y 156.9 162.6 162.7 180.6

AG® + A(AGson) 0.00 1.30 1.71 T2H <PpxPr<T
PBEPBE//PBE1PBE1

AGsol —70.35 —66.38 —65.77 —57.11
A(AGson) 0.00 397 458 13.25

mPW1PW91

AE 0.00 —3.36 —2.20 —3.04 Pp~T <Pr<H
AG® 0.00 —3.01 —-332 —-6.83T <Pr~Pp<H
AGsoly —71.21 —67.18 —66.82 —58.02

A(AGson) 0.00 404 439 13.20

v 156.9 162.7 1632 181.1

AG® + A(AGson) 0.00 1.03 1.08 6.3M <PpxPr<T
B1B95

AE 0.00 -1.57 —0.29 0.70Pp<Pra~H<T
AG® 0.00 —2.35 —1.69 —4.04T<Pp<Pr<H
AGson —71.26 —66.57 —66.27 —61.55

A(AGson) 0.00 469 499 9.72

v 156.9 163.0 1632 172.9

AG® + A(AGson) 0.00 2.34 3.31 5684 <Pp<Pr<T
mPW1B95

AE 0.00 —1.14 037 228Pp<H~Pr<T
AG® 0.00 —1.84 —-122 —-283T<Pp<Pr<H
AGsoy —71.76 —66.98 —66.63 —61.51

A(AGson) 0.00 477 513 10.24

v 156.1 162.6 162.5 171.8

AG® +A(AGson) 0.00 2.93 3.91 TAH <Pp<Pr<T
MP2

AE 0.00 020 410 8A4MH~Pp<Pr<T
AG® 0.00 —0.83 151 257Pp<H <Pr<T
AGson —68.97 —63.74 —66.44 —61.59

A(AGson) 0.00 523 253 737

\Y 163.7 168.0 169.3 178.2

AG® + A(AGson) 0.00 4.40 4.04 9.94H <Pr~Pp<T

well-known that DFT calculations, especiajiyre function-

als, are less accurate than MP2 for hydrogen-bonded systems
because of an incomplete description of long-range dispersion
forces while at the same time giving better metéand
bond distances. For charged systems where electrostatic
contributions dominate, this discrepancy may be partly
hidden. In our case, it seems however that some problems
with pure functionals remain with our simple models.
Examination of the hydrogen bond distances (Supporting
Information) shows that almost all of the DFT values are
significantly shorter than the MP2 ones. In the case of
conformations with sensitive terminal hydrogen-bonded
water molecules, as in tHe- andT structures, the difference
reaches up te-0.14 A in the case of the BP86 and PBEPBE
functionals. Upon climbing the DFT Jacob’s ladder, this
difference drops by up t6-0.06 A, the best correction of
this delicate parameter being obtained with the two hybrid-
meta-GGA functionals. Therefore, we believe that the
excessive stabilization of ther structure due to hydration

is only a geometrically related issue, that is, an incorrectly
computed cavity volume that is indirectly a consequence of
the insufficiently accuratd®r structure determined at the
PBEPBE or BP86 levels of theory rather than due to an
incorrect calculation ofAGgq, values by pure gradient-
corrected functionals. To test this assumption, we have
carried out calculations at the PBEPBE/B//PBE1PBE/B level
of theory (Table 4), where the cavity volumes derived from
the PBE1PBE-optimized geometries for the two pentacoor-
dinated conformations can be considered as equal. Com-
parison with the PBEPBE/B//PBEPBE/B results shows that
the solvation energy of thér conformation would be
reduced by 5.3 kcal/mol, whereas the othdB, values

are almost unaffected and therefore lead tothes Pr ~

P, < T sequence.

We note that the final energy differendds— P are rather
low, at least with hybrid-GGA functionals, which suggests
that both six- and five-coordinated structures may coexist at
room temperature. Meanwhile, the tetrahedral form is
expected to be less plausible. Such remarks obviously do
not consider the energy perturbations that may induce
hydrogen bonds between solute and explicit solvent mol-
ecules. Furthermore, from a strictly speaking geometrical
point of view, those bonds are expected to be longer than
those in ourPr simple model, for example, because of the
dense network of hydrogen bonds between the bulk solvent
and the first solvation shell, as well as within this hydration

difference can be considered as anecdotal, given that the freesphere. Indeed, we have observed in an earlier theoretical
energy gap between the pentacoordinated species, incorpostudy an increase, equal to 0.18 A, in the corresponding

rating solvation, amounts for less than 1 kcal/mol.

hydrogen bond lengths on going from [V{Bl)s]>*-H,0 to

One of the main conclusions that can be drawn from the [V(H20)e]*"+(H20):12.% Thus, we are confident that the
above investigation is that taking into account solvent effects volume artifact that occurs concerning one of the pvO
cannot be avoided for the energy classification of solvated (H20)s]" conformations using PCM with pure DFT static
charged species using DFT calculations. A second conclusioncalculations does not preclude the use of the PBEPBE
is that pure gradient-corrected functionals appear to be functional, provided that an improved solvent model is
somewhat insufficient when trying to get some clues employed, consisting, for example, of at least a full second
concerning a complex experimental problem such as transi-hydration shell around the complexes. In the next section,
tion-metal hydration on the basis of such small-sized model 36) Benmelouka, M.; Messaoudi, S.: Furet, E.. Gautier, R.; Le Fur, E..
clusters where hydrogen bonds might be present. Itisindeed ~ Pivan, J.-Y.J. Phys. Chem. 003 107, 4122.
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Figure 2. V-0 radial distribution function and its integration computed
over the last 6 ps of the molecular dynamics simulation at 300 K, starting
from VO,(H.O)," in a neutral aqueous solvent.

we will precisely describe the results of an investigation using
an explicit solvent carried out by means of E&arrinello
molecular dynamics.

The system was built up from scratch and consists of one
VOZ(H20)4+ complex surrounded by 28 water molecules. The Figure 3. Evolution (bottom to top) of the number of oxo, hydroxo, and
simulation was carried out in the microcanonical ensemble water ligands and coordination number of vanadium in a-@arrinello
(NVE) for 18 ps following an equilibration phase of 1 ps. simulation in agueous solution at 300 K, starting from §#@0),*.
Examining the evolution of the various D bond distances A closer examination of the vanadium coordination sphere
in the complex reveals that one of the two most labile water in our calculation shows that changes occurred concerning
molecules located trans to an oxo ligand is expelled after not only the number but also the nature of the ligands. Figure
4.3 ps. Approximately 6 ps later, the departure of another 3 summarizes the results obtained concerning the evolution
ligand is observed. Therefore, we have at hand a tetracoor-of the coordination number together with the total numbers
dinated structure that is kept until the end of the simulation. of oxo, hydroxo, and water ligands bonded to the vanadium.
In the study carried out by Bu and Parrinello using  The distance criterions used to obtain those drawings were
Troullier—Martins pseudopotentials and the BLYP func- determined from the VO and O-H radial distribution
tional, the same V&IH,0);* was already detected following  functions for the simulation. As suggested by the analysis
a similar reaction pathway. However, a tetrahedral arrange-of the M—O bond distances, an equilibrium between YO
ment around the vanadium was not observed during the 2(H,0);" and VOy(H.0)s" characterizes the first 4 ps of the
ps simulations that were sufficient for the purpose of their simulation. Several reversible deprotonations of mainly axial
investigations. In our case, the four-coordinated geometry water molecules have also been detected in the meantime
conservation is clearly apparent in Figure 2 containing the (Figure 3). This last process continues during the following
V-0 radial distribution function and its integration, labeled 6 ps and becomes irreversible, leading to X@H)(H.O0),
here asg(V—0) and n(V—O), respectively, that were approximately 200 fs, before switching to a tetracoordinated
computed from the last 6 ps of the simulation. Inde®y,— structure because of the departure of the second water
O) reaches a plateau for distances, betwe@nand~3.5 molecule located trans to the oxo. Finallytat 11.1 ps, a
A, associated with the presence of four oxygen atoms in thesecond deprotonation of the remaining water molecule
vanadium coordination sphere. For shorter distances, a smalbccurs, which gives VEJOH), . This structure is largely
shoulder corresponding roughly 1V—0) = 2 is also predominant until the end of the simulation as seen in Figure
visible and can be attributed to the oxo ligands. The presence3. We note that VO(OH) has also been detected after
of those strongly bonded ligands is unambiguously seen in protonation of one of the oxo ligands of V@H),™. This
the g(V—0O) plot, which exhibits a sharp spike centered structure appears, however, relatively short-lived at 300 K.
around 1.65 A that is clearly separated from a second The longest lifetime computed from our plot corresponds to
maximum showing some kind of substructure, centered about 0.5 ps arountd= 13.4 ps. During this last phase of
around 1.78 A. Finally, the solvent organization around the the calculation where only a tetracoordinated structure is
solute and the exchange of water molecules between the firstpresent, several proton exchanges between the solute and
solvation sphere and the bulk solvent is depicted by a largethe solvent have been detected. Such a mechanism adds some
maximum located at-4 A that does not fall to zero above flexibility in the hydroxyl ligands’ position and may therefore
4.5 A. This hydration sphere can be estimated to contain onhave some consequences on the formation processes of
average 10 water molecules. vanadophosphates.
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While corresponding to an a priori surprisingly important
modification of the vanadium coordination sphere on the time
scale of our simulation, the evolution from VYO to
VO,(OH),~ described above seems to be in qualitative
agreement with the pH/concentration diagram given in Figure
1. To carry out this comparison, we shall only take into
account the part of the diagram associated with the mono-
nuclear species, because the formation of polyvanadates
resulting from the condensation of those complexes is
impossible in our simulations from a technical point of view.
On the one hand, the \M cation appears to be stable at
room temperature, in the presence of a sufficiently acidic
solvent, that is, for experimental pH values lower than 3.5,
with a predominance domain that is extended upon@™H
concentration increase. On the other hand, when the tiny zone
attributed to HVO, covering only 0.5 pH unit is neglected,
the adjacent predominance domain ranging from approxi-
mately pH 4 to 8 pertains to the \W@H),~ complex.
Therefore, because we have initially built up ¥B8,0),"
in a neutral medium, the observed system evolution toward Figure 4. Evolution (bottom to top) of the number of oxo, hydroxo, and
VOZ(OH)[ for the duration of our simulation does not water Ii‘gan‘ds and coordina;ion number of vanadium in a—(E’aIr!neIIo
. . . . . simulation in aqueous solution at 500 K, starting from §@0)s™ in an
appear to be inconsistent, while at the same time it does notacigic medium.
preclude the possibility of a transient recovery of the solvated
VO,* cation, provided that simulations could be done for a competition between penta- and hexacoordinated complexes
much longer time scale. Finally, we point out that we do occurs, suggesting a possible return to (QO),". After
not expect the decomposition process leading from™M0 3.3 ps, however, the coordination sphere of,VGtabilizes
VO,(OH),~ to follow exactly the same sequence of steps, to three water molecules, and the five-coordinated arrange-
despite the fact that a similar reaction pathway was also ment is almost exclusively observed during the remaining
obtained using different calculation parametéis.that case, 21 ps of the simulation (VO radial distribution function
the VO,(OH),~ complex is also the resulting predominant reported in the Supporting Information). An analysis shows
species. indeed only one reversible event of approximately 100 fs at
In our laboratory, the synthesis of vanadophosphatest= 7.6 ps where a tetracoordinated structure has be detected.
generally involves high phosphoric acid concentrations that An enhanced stability of the vanadium coordination sphere
induce typical pH values that are lower than 2. To simulate can also been noted, with the only significant transitory
the acidity of the medium, we formed four hydronium ions events concerning reversible deprotonations of the water
in a simulation cell constructed in a fashion similar to that molecules. This clear preference for a ¥Cration in an
in the neutral case (i.e., VAH,0)," surrounded by 28  acidic medium at room temperature is in overall qualitative
solvent molecules). This choice of adding four protons was agreement with the experimental data presented in Figure
guided by the fact that in the previous calculation two 1. However, in contrast to the suggestion made by Cruy-
hydronium ions were present in the medium as a result of wagen et al®> we do not observe V@H,0)," but VO,
VO,(OH),~ formation38 (H20)s* as the major species. Generally speaking,,VO
The Car-Parrinello calculation was carried out for 24 ps  (H,O)," complexes cannot constitute viable precursors from
in the NVE ensemble after 1 ps of equilibration. By the end the point of view of the nucleation processes of vanadophos-
of this preliminary phase, the \WH,O);" species is phates. They indeed lack the hydroxyl ligands required to
obtained. During the early steps of the production phase, abuild oxo bridges by means of oxolation reactions.
- —— An investigation of the temperature influence on ¥O
@n) Lla }z asggg'g geiﬁtefg;‘t”i'r";‘itt'i‘;?C%er:]fi%ﬁ’r‘aet?o?f an average termperature stability in an acidic medium was therefore carried out. The
pseudopotentials with a kinetic energy cutoff of 80 Ry has displayed Starting configuration was taken after 6 ps of the previous

the switch to VQ(H,0)s" within the first 0.5 ps of the production  ryn and heated to 500 K by velocity scaling during another
phase probably because of the higher temperature. Evolution to 1 N ilibration. This val " nds to the average
VO,(OH)(H:0) occurs around 6.5 ps through the nearly simultaneous + PS OT equilibration. [nis value corresponds 1o the averag

deprotonation of an axial water molecule and elimination of an temperature used for the hydrothermal synthesis of vana-

equatorial water ligand. This process is followed approximately 0.4 ; ;

ps later by the formation of V@OH),, which is kept almost dophosphates in our laboratory. The pr0(_juct|on phase was

exclusively over the remaining 1.9 ps of the calculation. _ subsequently carried out for 12 ps, leading to an average
(38) In an alternative approach, we placed a naké&diwn in one cavity temperature for the simulation of 472 K. Figure 4 presents

of a water box containing 32 molecules. The obvious advantage of . . .
this method is that we do not impose a specific structure to the the evolution of the system during the production phase. It

vanadium complex. The simulation showed the spontaneous formation is immediately seen that the most striking feature is related
of a VO,(H20)s™ complex with acis-VO,* core, after only 170 fs, - - -
together with the simultaneous acidification of the solvent because of tothe |QSS of the f|ve—c09rd|nated S_trUCture after 8.pS. During
formation of four HO*. that period, VQ(H,O);" disappears in the 2-%.7 ps interval
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medium around 500 K over a broader range of pH values
and that it therefore possesses an intrinsic stability in
conditions trying to simulate those of hydrothermal synthesis.
This result appears to be encouraging from the point of view
of the rationalization of the nucleation and growth processes
of solid compounds such as VOR@H,0. Indeed, the VO-
(OH); precursor may already be able to form three of the
four oxo bridges with three #0O, molecules by oxolation
reactions.

Finally, it should be pointed out that this work could be
used as a preliminary step to carry out subsequent calcula-
tions using much larger simulation cells and/or incorporating
counterions to tune more precisely the pH parameter and/or
study the influence of counterions on the reaction processes,

Figure 5. V—O radial distribution function and its integration computed respectlvely, so that a finer picture of VM speciation under

over the last 4 ps of the molecular dynamics simulation at 500 K, starting Nydrothermal conditions is obtained.
from VO,(H20)s" in a strongly acidic aqueous solvent.

. ) _ Conclusions
of time, after deprotonation of one water molecule that will

be followed approximately 0.6 ps later by protonation of an ~ Static quantum chemical calculations and -€Rarrinello
oxo ligand. The complex VO(OHH-0)," resulting from molecular dynamics simulations have been carried out to
this proton exchange is almost the exclusive species untilinvestigate the structure and stability of ¥Oin aqueous
VO,(H:0)s* is recovered by an inverse process involving solution. Static calculations on [VAH20)u-n] *nH20 (n
exactly the same oxygen atoms, leading to a status quo ante= 0—2) conformers showed that solvent effects had to be
bellum. Deeper changes occur starting at 7.3 ps when  taken into account using for example the CPCM model to
the second oxo and one of the previously unaffected waterrestore agreement between hybrid DFT and MP2 calculations
molecules undergo a similar but faster proton exchange thatfor a hexacoordinated vanadium environment, whereas the
gives an alternative VO(OR(H-0)," structure in which the gas-phase free-energy results using our extended basis-sets
two water molecules are located trans to each other. Thecombination gave a preference for the four-coordinated and
switch to a tetracoordinated environment occurs 0.7 ps later,one of the five-coordinated structures, respectively. Using
with one of the remaining water molecules expelled in the this first level of solvation treatment led to the conclusion
bulk solvent. Therefore, we have at hand a complex that that VO,(H,0)s" and VO,(H:0)s* were, however, almost
already possesses two hydroxyl ligands ready to form two as stable with hybrid functionals, which is somewhat at
oxo bridges through oxolation reactions. We note that a variance with the experimental suggestion of Cruywagen et
closely related mechanism was also found when a differental., whereas at the MP2 and hybrid-meta-GGA DFT levels
approacP? was used to construct an acidified simulation cell. of theory, the preference is less ambiguous. A discussion of
We indeed observed the nearly simultaneous formation of the parameters that lead to an excessive hydration stabiliza-
two hydroxyl groups resulting from protonation of an oxo tion of the pentacoordinated geometry with a terminal water
ligand and deprotonation of a water ligand with the subse- molecule using pure DFT-type calculations has been carried
quent elimination of one water molecule that leads to the out. We have shown that this discrepancy can be related to
tetracoordinated species VO(GH0)". During the last 4 a too small cavity volume for thePr structure. This
ps of the simulation (Figures 4 and 5), the tetrahedral geometrical problem is an indirect consequence of the less
arrangement is kept, but more importantly, the predominant accurate description of presumably the hydrogen bonds with
structure corresponds to a neutral VO(QHtolecule in respect to DFT calculations incorporating some amount of
equilibrium mainly with VQ(OH),~ (t = 9.8-10.1 ps) and  HF exchange.
VO(OH)(H20)* (t = 8.0-8.3 and 11.511.8 ps). We point Car—Parrinello simulations using explicit water molecules
out that the H exchange process involved in the VO(QH)  have allowed us to conclude that acidification of the solvent
VO,(OH),~ equilibrium might induce a modification of the  was of paramount importance to avoid the spontaneous
0X0 position, because nothing ensures reprotonation on thegvolution from VGQ* to the VOQ(OH),~ complex preferred
same oxygen atom. Such a mechanism therefore gives somender neutral conditions, on the time scale of the calculations.
kind of flexibility to the oxo ligand position during inorganic  In that case only, the relative stability of \{®,0)s* and
polymerization involving the VO(OH)precursor. VO,(H,0)s* could be investigated up to 24 ps, giving the
Turning back to Figure 1, we observe that VO(QHH pentacoordinated species as largely predominant. The simu-
confined at room temperature in a very narrow range of 0.5 lation carried out at 500 K in an acidic medium has led to
pH units centered on 3.5. As pointed out in the Introduction, the conclusion that VO(OH)was the most stable species
several authors had to reconsider the very existence of thisunder those emulated hydrothermal synthesis conditions,
particular specie$® Our calculations suggest, however, that whereas its very existence at room temperature was not
VO(OH); may probably be preferred in an acidic aqueous clearly established. We believe that this structural analogue
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of HsPOy therefore undergoes a stability domain enlargement mPW1B95B, and MP2A and B levels of theory; gas-phase-
because of the temperature increase. optimized geometries and relative stabilities of [MB,0)4-n)]

nH,O (n = 0—2) as test calculations of the ultrasoft pseudopotentials
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