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Abstract : Here, a structural and vibrational in-
vestigation on a material for sodium-ion batteries,
NASICON-type based on Ab-Initio calculations in
gas and aqueous solution phases is reported. The
increase of the molar volume for NASICON in so-
lution justifies the higher mobility of the Na+ ions in
the three-dimensional framework. The NBO results
shows the high stability of NASICON and their an-
ion in both media while the AIM calculations re-
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INTRODUCTION

In recent times, new works on the employ of Na
Super Ionic Conductor (NASICON) type,
Na

3
V

2
(PO

4
)

3
 as electrode in Sodium-Ion battery

were reported[1-4]. Today, these batteries are used as
alternatives to lithium-ion batteries for large-scale
renewable energy storage units taking into account
their low cost and the abundance of sodium bearing
precursors in the earth�s mineral deposits, as re-

ported by Liu et al.[2]. The electrochemical proper-
ties of a similar compound Na

3
V

2
(PO

4
)(2)F-3 were

published by Shakoor et al.[4] combining first prin-

ciples calculations with experimental studies in or-
der to elucidate the mechanisms of the structural evo-
lution and the electrochemical behavior of those spe-
cies. The crystal structure of trisodium
divanadium(III) tris(orthophosphate), Na

3
V

2
(PO

4
)

3

and their anion [V
2
(PO

4
)

3
]3- were determinate by

Zavtosky[3] by using X-ray diffraction but, so far, their
structural and vibrational properties remain un-
solved. Structurally, the PO

4
 groups are tetrahedral

in the framework [V
2
(PO

4
)

3
]3- anion and, the mode

of coordination adopted by these groups, in accor-
dance with that experimental structure[3], is bidentate.
This way, the structural and vibrational properties

veals the nature ionic of both species. The gap ener-
gies evidence the higher reactivity of NASICON, as
compared with their anion. The force fields, force
constants and complete assignments for both spe-
cies are reported. Global Scientific Inc.
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together with the chemical reactivities of
Na

3
V

2
(PO

4
)

3 
and their anion are directly related with

the stereochemistry of these species. Actually, there
are few data in the literature on the vibrational analy-
ses of both species and to detect them by means of
vibrational spectroscopy it is necessary to perform
their complete assignments. In a spectroscopic study
on

 
phosphate-based electrodes for lithium recharge-

able batteries (LISICON), a vibrational assignment
for vibration stretching modes corresponding to the
PO

4
 groups of Li

3
V

2
(PO

4
)

3
 was reported from elec-

trochemical point of view[6]. In this work, as part of
studies associated with inorganic compounds con-
taining transition metals and different monodentate
and/or bidentate ligands[7-12], the Na

3
V

2
(PO

4
)

3 
com-

pound and their anion were structural and
vibrationally studied from a theoretical point of view
by using the available infrared spectra reported in
the literature[6] and the experimental data published
for those two structures[5]. Both species were stud-
ied in gas and aqueous solution phases taking into
account that the alkaline ions of the aqueous elec-
trolyte can intercalate the Na

3
V

2
(PO

4
)

3
 electrode

compound[1]. Hence, the aim of this work is to per-
form Ab-initio calculations in gas and aqueous so-
lution phases in order to calculate the best level of
theory and best basis set to reproduce the experi-
mental structure and wavenumbers. Furthermore,
with the optimized geometries for those two species
the atomic charges, stabilization energies, solvation
energies, bond orders, maps electrostatic potential
and topological properties of the charge density were
calculated and, the complete vibrational assignments
of both species combining the normal coordinate
analysis with the scaled quantum mechanical force
field (SQMFF) methodology[13] were performed. For
these purposes, the initial structures for
Na

3
[V2(PO

4
)

3
] and their [V

2
(PO

4
)

3
]3- anion in both

media were optimized by using the HF, B3P86 and
B3LYP levels of theory employing the Los Alamos
LanL2DZ split-valence[14-16] and CEP-4G[17-19] basis
sets. The self-consistent reaction field (SCRF)
method was used to study the solvent effects taking
into account the the integral equation formalism vari-
ant (IEFPCM) model[20]. In addition, the force fields
for both species in the two media were reported and

their corresponding reactivities were predicted by
means of the frontier molecular HOMO and LUMO
orbitals. Finally, the structural and topological prop-
erties and the force constants determinate for
Na

3
[V2(PO

4
)

3
] and their [V

2
(PO

4
)

3
]3- anion were

analyzed and compared between them.

COMPUTATIONAL DETAILS

According to the objectives of this work, to a
better reproduction of the experimental structure and
wavenumbers of Na

3
[V2(PO

4
)

3
] the election of a

adequate method and basis set is very important to
evaluate the best method of calculation to be used.
In this sense, for species containing transition met-
als, such as V or Cr[21-26], in general the DFT calcu-
lations are more satisfactory than the HF methods
and, particularly, for chromium oxo anions and
oxyhalides compounds Bell et al.[27] have published
that the B3LYP/Lanl2DZ method gives the best lev-
els approximations for the structures and vibrational
spectra of these compounds. In this case, we have
used the HF level of theory together with the hybrid
B3P86 and B3LYP methods[28,29] employing the Los
Alamos LanL2DZ split-valence[14-16] and CEP-4G[17-

19] basis sets because for the V atom there are few
basis sets defined. The initial structures for
Na

3
[V2(PO

4
)

3
] and their [V

2
(PO

4
)

3
]3- anion in gas

and aqueous solution phases were those experimen-
tal ones determined by using X-ray diffraction[5]

which, were first modelled with the GaussView pro-
gram[30] and, later optimized with all those methods
mentioned by using the Gaussian 09 program[31]. Fig-
ure 1 shows the structures and labelling of all the
atoms for the two species optimized. In aqueous so-
lution, the theoretical structures were simulated us-
ing the IEFPCM model[20] considering the cavity of
series of spheres with the SCRF method while the
solvation energy values were calculated by using
the solvation model (SMD)[32], as implemented in
the Gaussian 09 program[31]. Taking into account that
in the lithium-ion batteries the effect of vanadium on
the physicochemical and electrochemical properties
are attributed to its open three-dimensional frame-
work[33], as in the structures of Na

3
[V2(PO

4
)

3
] and

their [V
2
(PO

4
)

3
]3- anion, for these two species is of
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importance to study the Mulliken and natural charges
(NPA) for the Na, P, V and O atoms, the bond orders
corresponding to the P-Na, V-O, P-O and Na-O
bonds, which are expressed as Wiberg indexes, and
the second order perturbation theory analysis to
evaluate the stability of each species. Therefore,
these quantities for the two species in both media
were calculated with the NBO 3.1 program[34]. On
the other hand, in order to understand the behaviour
electrochemical at molecular level of these species
used as Na-ion batteries[1,3,4,35,36] and its difference
in relation to the Li-ion batteries[6,37], it is necessary
to know the inter and intra-molecular interactions
and their topological properties. For these reasons,
these parameters were analyzed for the two species
in both media with the AIM200 program by using

the atoms in molecules theory (AIM)[38,39]. The mo-
lar volumes are other interesting parameters studied
for the two species in both media due to its three-
dimensional structures which were calculated with
the Moldraw program[40]. Besides, the harmonic fre-
quencies and the force fields expressed in Cartesian
coordinates for the two molecules were evaluated
in gas and aqueous solution phases by using the
SQMFF methodology[13]. Here, the Molvib program
was used to transform the obtained force fields to
�natural� internal coordinates[41] while these latter
coordinates for Na

3
[V2(PO

4
)

3
] and their [V

2
(PO

4
)

3
]3-

anion were defined according to molecules with
similar groups[42] and they are presented in TABLES
S1 and S2 (Supporting material). For both species,
the complete vibrational assignments of all the nor-
mal vibration modes were performed only consid-
ering those potential energy distribution components
(PEDs)  10%.

RESULTS AND DISCUSSION

Geometry

TABLE S3 summarizes the total (E) and rela-
tive (E) energies and the dipole moment values for
the Na

3
[V2(PO

4
)

3
] compound and their anion by us-

ing different method and basis sets. The results for
both species and media clearly show that the DFT
methods are more adequate for these systems than
the HF methods while the LanL2DZ basis set is bet-
ter than the CEP-4G basis set. On the other hand, the
hybrid B3P86 method produces lower energy val-
ues than the B3LYP level of theory while for both
species the CEP-4G basis set genera the higher en-
ergy values. In all the calculations, the anion has C

2

symmetry and the dipole moment values are practi-
cally null in gas phase while the values slight in-
crease in aqueous solution giving imaginary values
for the frequencies by using all the methods studied
with exception of the B3LYP/CEP-4G method in
solution, as indicated in TABLE S3. Here an impor-
tant result was observed for the ion in solution by
using the B3LYP/LanL2DZ method with the IEFPCM
model because the optimization produces positive
frequencies in this medium but in the prediction of
the Raman spectrum imaginary values were obtained.

Figure 1 : The molecular structures of studied
Na

3
V

2
(PO

4
)

3
 compound and their anion
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Thus, for the anion the better combination in gas
phase is B3LYP/LanL2DZ while in solution the ap-
proximation B3LYP/CEP-4G is the adequate to study
the structural and vibrational properties. On the con-
trary, for Na

3
[V2(PO

4
)

3
] in both media the better re-

sults are obtained by using the B3P86/LanL2DZ
level of theory. It is important to clarify that when
this species is optimized with C

s
 symmetry imagi-

nary frequencies values were obtained while when
the structures are optimized with C

1
 symmetry all

the frequencies values are positive. Thus, the prop-
erties for Na

3
[V2(PO

4
)

3
] were studied considering

the two B3P86/LanL2DZ and B3LYP/LanL2DZ cal-
culation levels. TABLE 1 show the calculated geo-
metrical parameters for the [V

2
(PO

4
)

3
]3- ion and

Na
3
V

2
(PO

4
)

3
 at different levels of theory. These val-

ues were compared with those experimental reported
for this species in solid phase[5] by using X-ray dif-
fraction by means of the root mean of square devia-
tion (RMSD) and the values were added in the cor-
responding Table. Experimentally, the molecule has
isolated [VO

6
] octahedral and [PO

4
] tetrahedral in a

three-dimensional framework where the tree Na+

cations have different coordination modes with dif-
ferent oxygen environments[3]. In general, the ob-
served bond length values follow the tendency: P-O
< V-O < Na-O < P-Na< Na-Na < V-V. Theoreti-
cally, the lowest values in the distances are calcu-
lated for the anion in both media while for the two
species larger distances are observed in solution as
consequence of the hydration. Another important
observation is that in gas phase the distance values
are approximately similar in both species while
these values change notably in solution, as expected.
Thus, in both species the V-V distances are predicted
in both media much smaller than the experimental
one. Note that in the experimental structure the two
P=O double bonds of the three PO

4
 groups have the

same values while the P-O simple bonds are slightly
different from the double bonds and the six V-O
bonds are equivalent among them. On the other hand,
the theoretical calculations predicted for all the bonds
higher values than the experimental ones and notable
differences between the P=O and P-O bonds. It ob-
servation is supported because the O-P-O angles cor-
responding to the three PO

4
 groups are forming rings.

In relation to the bond angles the theoretical calcu-
lations predicted higher values than the experimen-
tal ones. The entire observed O=P=O angles have
values of 108.7º while the values for the O-P-O

angles linked to O-V bonds are 111.7º. The values

for the O-V-O and O-V-V angles are 96.4 and 59.4º,

respectively. The theoretical calculations show that
for both species the values of the O=P=O and O-V-
V angles decrease in solution while the internal O-
P-O angles increase their values by the hydration.
The different calculations predicted for both spe-
cies in solution notable changes in the dihedral
angles. Hence, for the ion, these angles increasing
notably in solution while for Na

3
[V2(PO

4
)

3
] a de-

creasing is observed in this medium, as can be seen
in TABLE S4.

Volume variations and solvation energy

The changes observed for the two species in the
geometrical parameters in solution are evidenced
by the calculated volume variations, as observed in
TABLE S4. These parameters were calculated as
the difference between the values in aqueous solu-
tion (V

AS
) and the values in gas phase (V

G
)[40]. The

results for both species show in general volume con-
tractions in solution but the B3LYP/LanL2DZ method
predicted high volume expansions for both species
in solution. Thus, the hydrations of both species are
expected in aqueous solution being higher in the ion
because it is a highly charged species in this me-
dium. Consequently, the solvation energies were
obtained for both species, as observed in TABLE
S4. The parameters uncorrected (G

u
), corrected

(G
c
), and the total non electrostatic terms (G

ne
)

solvation energies due to the cavitation, dispersion
and repulsion energies were calculated by means
the IEFPCM/SMD model[7,42]. The solvation energy
values by using all the methods show the high hy-
dration of the anion in solution in reference to the
values for the neutral species. Note that the pres-
ence of three Na+ ions in the neutral species pro-
duces with all the used methods increasing in the
molar volumes and decreasing in the solvation en-
ergy values.

Atomic charges and bond orders

The Mulliken and natural charges (NPA) for all
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B3LYP/Lanl2DZa B3P86/Lanl2DZa 
Parameters 

GAS PCM GAS PCM 
Exp.b 

Bond Length (Å) 

P8-O7 1.765 1.720 1.758 1.717 1.523 

P8-O9 1.570 1.595 1.567 1.590 1.523 

P8-O10 1.765 1.720 1.758 1.717 1.536 

P8-O11 1.636 1.630 1.632 1.625 1.536 

P12-O6 1.747 1.730 1.741 1.723 1.523 

P12-O13 1.592 1.606 1.588 1.600 1.536 

P12-O14 1.624 1.627 1.619 1.622 1.523 

P12-O15 1.747 1.730 1.741 1.723 1.536 

P17-O5 1.792 1.723 1.784 1.721 1.523 

P17-O18 1.598 1.611 1.594 1.604 1.536 

P17-O19 1.792 1.723 1.784 1.721 1.523 

P17-O20 1.570 1.598 1.567 1.593 1.536 

V4-O5 1.739 1.809 1.729 1.793 1.969 

V4-O6 1.826 1.830 1.813 1.817 1.969 

V4-O7 1.779 1.828 1.769 1.812 1.969 

V4-V16 2.387 2.614 2.361 2.473 4.484 

V16-O10 1.779 1.828 1.769 1.812 1.969 

V16-O15 1.826 1.830 1.813 1.817 1.969 

V16-O19 1.739 1.809 1.729 1.793 1.969 

Na1-O13 2.233 2.268 2.229 2.265 2.505 

Na1-O18 2.155 2.230 2.153 2.228 2.505 

Na2-O11 2.275 2.337 2.270 2.341 2.505 

Na3-O11 2.275 2.337 2.270 2.341 2.505 

RMSD 0.100 0.131 0.146 0.164  

Bond angle (degrees) 

O7-P8-O10 92.7 96.6 92.8 95.8 111.7 

O9-P8-O11 123.8 119.1 123.8 119.4 108.7 

O7-P8-O11 101.3 106.4 101.3 106.4 106.1 

O10-P8-O11 101.3 106.4 101.3 106.4 106.1 

O6-P12-O15 96.6 100.6 96.6 99.2 111.7 

O13-P12-O14 125.5 120.3 125.4 120.5 108.7 

O13-P12-O6 111.5 111.1 111.5 111.5 106.1 

O13-P12-O15 111.5 111.1 111.5 111.5 106.1 

O5-P17-O19 88.4 96.0 88.5 94.4 111.7 

O18-P17-O20 126.3 119.0 126.3 119.5 108.7 

O5-P17-O18 104.2 108.4 104.2 108.7 106.1 

O19-P17-O18 104.2 108.4 104.2 108.7 106.1 

O5-V4-O6 117.2 111.7 117.5 111.4 96.4 

O5-V4-O7 138.6 142.0 138.2 142.0 96.4 

O5-V4-V16 91.8 89.2 92.1 90.8 59.4 

O7-V4-V16 92.7 89.3 93.0 91.1 59.4 

O15-V16-O10 103.3 106.1 103.4 106.3 96.4 

TABLE 1 : Calculated geometrical parameters for the [V
2
(PO

4
)

3
]3- ion and Na

3
V

2
(PO

4
)

3
 at different levels of theory
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B3LYP/Lanl2DZa B3P86/Lanl2DZa 
Parameters 

GAS PCM GAS PCM 
Exp.b 

Bond Length (Å) 

O15-V16-O19 117.2 111.7 117.4 111.4 96.4 

O10-V16-O19 138.7 142.0 138.2 142.0 96.4 

O10-V16-V4 92.6 89.3 93.0 91.1 59.4 

O19-V16-V4 91.8 89.2 92.1 90.8 59.4 

O13-Na1-O18 122.8 125.1 122.9 123.2 160.5 

Na2-O11-Na3 92.6 89.0 93.1 89.0 85.4 

Na2-O14-Na3 87.1 87.1 87.4 87.3 84.2 

RMSD 4.6 4.3 4.6 4.4  

Dihedral angles(degrees) 

O9-P8-O7-V4 -143.6 -148.9 -143.6 -148.9 -146.92 

O9-P8-O10-V16 143.6 148.9 143.5 148.9 94.52 

O20-P17-O5-V4 136.4 132.7 136.1 131.2 94.45 

O20-P17-O19-V16 -136.4 -132.7 -136.1 -131.2 -146.92 

O20-P17-O18-Na1 179.9 179.9 -179.9 180.0 168.39 

Na1-O13-P12-O14 179.9 -179.9 -179.9 -180.0 173.32 

P8-O11-Na2-O14 -116.8 -108.0 -117.0 -108.7 -98.03 

P8-O11-Na3-O14 116.9 108.0 117.0 108.7 114.42 

RMSD 8.7 45.0 62.6 45.0  
aThis work; bExperimental for Na

3
V

2
(PO

4
)

3 
from Ref[5].

the Na, P, V and O atoms of the two species in both
media were calculated with the NBO 3.1 program[34]

and they can be seen in TABLE S5. The results show
notable differences between both charges and a
strong dependence of the charges with the size of
the basis set. Thus, the values of both charges for
the V atoms of the anion are similar among them
only in gas phase while the values completely change
in solution due to the different methods used. In the
anion, all the charges are equivalent as consequence
of the symmetry while in the neutral species the ex-
istence of three Na+ ions in the structure generates
differences in the values of both charges for all the
atoms due to the different environmental. Thus, an
increase in the Mulliken charges corresponding to
the V atoms in gas phase is observed while these
charges decrease in solution, in accordance with the
Na+ cations whose charges diminish in this medium.
Here, the proximity of the Na+ ions at the O11, O14
and O15 atoms increase the charge values on these
atoms (see Figure 1). Another very important obser-
vation for this species in solution is the strong in-
creasing in the charges on the P and O atoms with

the hydration due to the H bonds formation. For the
three Na+ ions both charges increase confirming the
solvation of these species in solution. Note that both
charges in solution on the P12 atom are slightly lower
than the P8 and P17 ones. Figure S1 show the calcu-
lated electrostatic potential surfaces for the ion where
the strong red coloration on the surface reveals
clearly the potential nucleophilic sites because the
species is an anion. On the contrary, the calculated
electrostatic potential surfaces for Na

3
[V2(PO

4
)

3
]

present blue color on the Na+ ions, as observed in
Figure S2 because this color is related with poten-
tial electrophilic regions. These calculations for this
species in both media show clearly the Na2-Na3,
P12Na2 and P12Na3 bonds.

The bond orders corresponding to the different
bonds of both species were studied in both media
and the values expressed as Wiberg indexes can be
seen from TABLE S6 to S10. The bond order totals
by atom for both species in the two media studied
are presented in TABLE S6. In this study, the results
for the ion show also a strong dependence of the
bond orders with the size of the basis set. Thus, dif-
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ferent coordination modes are calculated for the V
atoms in both species, for instance, for the neutral
species in solution the bond orders for all the atoms
decrease in solution, as it is expected due to the sol-
vation. TABLE S7 show the bond orders index ma-
trix for the atoms from 1 to 9 corresponding to the
ion in gas phase at B3LYP/LanL2DZ level of theory
and, in solution by using the B3LYP/CEP-4G method.
TABLE S8 show the bond orders index matrix for
the atoms from 10 to 17 corresponding to the ion in
both media at the same levels of theory mentioned.
For the ion, the values shows in both media higher
bond orders for the O atoms linked to the V atoms
that clearly increase its values in solution due to the
hydration. The coordination for the two V atoms of
3.501 in gas phase increase at 4.725 in solution evi-
denced by the solvation of the anion in aqueous so-
lution. For all the atoms of Na

3
V

2
(PO

4
)

3
 the bond

order totals by atom increasing slightly with the hy-
dration showing the two V atoms of this species in
both media a five coordination, as observed in
TABLES S9 and S10. Thus, in the anion the V has
valence (III) while in the neutral species the valence
observed is (V).

In this work, for both species the calculated natu-
ral hybrids (NHOs) on V-O positions, polarisation
coefficients (CV, CO) of each hybrid in the corre-
sponding NBO and calculated V-O and lone pairs
(LP*V) bond orbital occupancies were also reported
in TABLES S11 and S12. For the ion, the results in
both media show that in all the V-O orbitals the
higher polarization coefficients are observed for the
O atoms, as expected because these atoms have
higher electronegativities while in solution increase
the polarization coefficients for the V atoms and the
occupation in some V-O orbitals because increase
the p character of the O atom and the d character of
the V atoms as consequence of the H bonds forma-
tion on the O atoms. Additionally, new *V-O or-
bitals appear in solution by the hydration, as indi-
cated in TABLE S11. On the contrary, for the neutral
species from the twelve V-O and *V-O orbitals
observed in gas phase eight are observed in solu-
tion increasing their occupations and the polariza-
tion coefficients for the V atoms while the number
of LP*V orbitals increase from four in gas phase to

eight in aqueous solution. These different studies
show clearly that the hydration take place in both
species.

NBO and AIM studies

The evaluation of the stabilities of [V
2
(PO

4
)

3
]3-

and Na
3
V

2
(PO

4
)

3
 is important to understand the

behaviour electrochemical of these species in rela-
tion to its use as Na-ion batteries[1,3,4,35,36] and, more-
over to know the differences with the Li-ion batter-
ies[6,37]. From this point of view, the two species were
studied by using NBO calculations[34] and AIM analy-
sis[38,39]. TABLE S13 show the main delocalization
energies for the [V

2
(PO

4
)

3
]3- ion in both media at

different levels of theory while the same properties
for Na

3
V

2
(PO

4
)

3 
at B3LYP/LanL2DZ levels of theory

are presented in TABLE S14. In both media, for the
ion are observed the ET

 *
,
 
ET

LP *
 and

 
ET

LP

LP*
 charge transfers while in solution the additional

ET
* *

 charge transfers support the high stability
of this species in solution because the E

Total
 of

2162.9 kJ/mol in gas phase increase at 19919.6 kJ/
mol in solution. For the neutral species are observed
a high number of contributions of the stabilization
energies to the total energy, thus, the ET

 *
,

ET
LP *

, ET
* *

, ET
* LP*

,
 
ET

LP LP*
 and

ET
LP* LP* 

charge transfers are observed in both
media while in solution the supplementary ET



LP* 
charge transfers reveals the high stability of

Na
3
V

2
(PO

4
)

3 
in solution due to the H bonds because

the E
Total

 of 23611.3 kJ/mol in gas phase increase
at 37150.3 kJ/mol in solution. The high values of
the two ET

* * 
and ET

* LP*
 charge transfers of

18935.7 and 11032.6 kJ/mol, respectively suggest
that the presence of the three Na+ ions clearly in-
crease the stability of the neutral species because
has a higher volume (TABLE S4).

The different interactions for both species in gas
phase and in solution were also studied by using the
AIM program by means of the topological proper-
ties calculations[39,43]. TABLE S15 show the analy-
sis of the bond critical points (BCP) for the
[V

2
(PO

4
)

3
]3- ion at different levels of theory in gas

and aqueous solution phases while in TABLES S16
and S17 are presented the results of this investiga-
tion for Na

3
[V

2
(PO

4
)

3
]. Thus, the parameters such
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as, the electron density distribution, (r) in the bond
critical points (BCPs), the values of the Laplacian,
2(r), the eigenvalues (1, 2, 3) of the Hessian
matrix at these points matrix and, the 1/3 ratio
are calculated in those Tables. This latter ratio al-
lows the description of the character of interaction
between atoms. Thus, when 1/3 > 1 and 2(r) <
0 the interaction is typical of covalent bonds (called
shared interaction) with high values of (r) and
2(r) while when 1/3 < 1 and 2(r) > 0 the
interaction is called closed-shell interaction and is
typical of ionic, highly polar covalent and hydrogen
bonds as well as of the van-der-Waals and specific
intermolecular interactions[43]. For the anion in both
media we observed six O�O interactions with simi-

lar properties in the BCPs ((r)= 0.0848, 2(r)= -
0.2162 and 1/3 > 1) and one V�V interaction

with values in the BCPs of (r) between 0.0145 and
0.0107, of 2(r) between 0.0296 and 0.0174 and
1/3 < 1. The first O�O contacts, correspond to

the O atoms belonging to the three PO
4
 groups, indi-

cate that they are shared interactions and are typical
of covalent bonds, as observed in Figure S3. The
characteristic of the other V�V contacts are those

closed-shell interactions typical of ionic bonds. The
calculations for the anion show that (r) increase in
solution while 2(r) and the 1/3 ratio decrease
as consequence of the hydration. The presence of
the V�V ionic interactions justifies the ionic prop-

erties of this anion in both media. Table S16 show
the analysis of the BCPs corresponding to the O-V
bonds of Na

3
[V

2
(PO

4
)

3
] in both media at different

levels of theory. In this case the calculated proper-
ties ((r) = 0.1294, 2(r) =0.6384 and 1/3=
0.2045) suggest interactions ionic, as expected be-
cause the O atom has higher electronegativity than
the V atom. TABLE S17 show the analysis of the
BCPs for the O�O and V�V interactions corre-

sponding to Na
3
V

2
(PO

4
)

3 
at different levels of theory.

From the sixteen O�O interactions observed in both

media for this species fourteen are typical of cova-
lent bonds while the two remaining O11�O14 and

O13�O18 connections have properties typical of

hydrogen bonds ((r)  0.07 a. u., 1/3  1 and
2(r) = 0.10-0.30 a. u.)[9,10]. In this neutral species,
the V�V interactions are also ionic, as those ob-

served for the anion. For this species in solution,
the calculations show that in general (r) decrease
while 2(r) and the 1/3 ratio increase as conse-
quence of the hydration, a result different from those
observed for the anion. Another significant result for
this species is that in gas phase is only observed the
covalent O6�O15 interaction while in aqueous so-

lution the only observed is the covalent O9�O10

interaction. The first interaction is justified because
the O6-O15 distance in gas phase is 2.610 Å while

in solution increase at 2.663 Å while the second

interaction is attributed to the O9-O10 distance be-
tween both atoms because in gas phase is of 2.832
Å the which decrease in solution at 2.762 Å. These

results shows: (i) the high stability of Na
3
[V

2
(PO

4
)

3
]

and their anion attributed to the presence of cova-
lent, ionic and of H bonds interactions in the com-
pound and, to the covalent and ionic interactions in
the anion, (ii) the ionic nature of Na

3
[V

2
(PO

4
)

3
] and

their anion in conformity with the experimental struc-
ture determinate by X-ray-diffraction[5].

HOMO-LUMO study

For Na
3
[V

2
(PO

4
)

3
] and their anion we have also

calculated the HOMO and LUMO frontiers orbitals
and energy band gaps[44] to predict their behaviors
and reactivities in gas and aqueous solution phases.
The maps of electrostatic potentials have showed
nucleophiles sites on the molecular surfaces of the
anion and electrophiles sites on the Na+ ions of
Na

3
[V

2
(PO

4
)

3
] (Figures. S1 and S2). The knowledge

of these properties is important to understand the
electrochemical properties of the two species in both
media. TABLE 18 show the calculated HOMO and
LUMO orbitals and energy band gaps for both spe-
cies at different levels of theory. Taking into account
the C

2
 symmetry for the anion, the HOMO and

LUMO orbitals were calculated with A
2
" and E� sym-

metries, respectively while both orbitals are mainly
localized on the pz and d orbitals of the V atoms in
the anion and, on the d orbitals of the V atoms for
the neutral species. Comparing first the energy band
gaps for each species, we observed that in solution
the ion is less reactive, a result different from that
expected because it is an ion and, for this reason, it
should have high affinity by this solvent. Probably,
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the CEP-4G basis set used for the calculations in
solution justifies this resulted. On the other hand,
the neutral species is clearly more reactive in both
media. Comparing both species, we observed that
the presence of the three Na+ ions in the compound
produces the reduction of the HOMO-LUMO gaps
in both media indicating that this species has a higher
reactivity than the anion while the low values of the
HOMOs for Na

3
[V

2
(PO

4
)

3
] in the two media pre-

dicted the higher stabilities for this species. An in-
teresting result is that both frontiers orbitals for
Na

3
[V

2
(PO

4
)

3
] and their anion have the same num-

bering, as observed in TABLE S18, thus, the 70 and
71 orbitals correspond to HOMO and LUMO, re-
spectively. The existence of three Na atoms as cat-
ions justifies the same numbering for these orbitals
in the neutral species.

Vibrational analysis

The anion structures with both methods used are
optimized with C

2
 symmetry and, for this reason; it

has 45 active vibrational normal modes in both in-
frared and Raman spectra. As explained in the Sec-
tion 3.1, for the anion in gas phase the vibrational
properties was performed by using the combination

B3LYP/LanL2DZ while in solution the approxima-
tion B3LYP/CEP-4G is the adequate for this study.
For Na

3
[V

2
(PO

4
)

3
], the analysis in both media was

performed by using the B3LYP/LanL2DZ and B3P86/
LanL2DZ levels of theory. This species has C

1
 sym-

metry and 54 vibrational normal modes active in
both vibrational spectra Figure 2 show the avail-
able experimental infrared taken from Ref.[6] com-
pared with those calculated for the anion and the
neutral species while in Figure 3 the predicted
Raman spectrum for Na

3
[V

2
(PO

4
)

3
] by using the

B3LYP/LanL2DZ method is observed. A compari-
son between the theoretical infrared spectra for
Na

3
[V

2
(PO

4
)

3
] and their anion in gas phase by using

B3LYP/LanL2DZ level of theory is presented in Fig-
ure S4. The assignments of the observed bands in
the infrared (IR) spectra of Na

3
[V

2
(PO

4
)

3
] to the nor-

mal vibration modes were performed taking into
account the PED contributions obtained by SQM
calculations and by comparison with related mol-
ecules[6,26,42,45]. TABLE 3 show the experimental and
calculated wavenumbers and the corresponding as-
signments for the [V

2
(PO

4
)

3
]3- ion and Na

3
V

2
(PO

4
)

3

at different levels of theory. TABLES S19 and S20
shows the calculated frequencies for the [V

2
(PO

4
)

3
]3-

Figure 2 : Comparison between the experimental available infrared spectra and the corresponding to the Na
3
V

2
(PO

4
)

3

compound and their anion
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Figure 3 : Predicted raman spectrum for Na
3
V

2
(PO

4
)

3
 at the B3LYP/Lanl2dz level of theory

ion in gas and aqueous solution by using B3LYP/
Lanl2DZ and B3P86/CEP-4G levels, respectively
and, the potential energy distribution based on these
two approximations levels. TABLES S21 and S22
shows the calculated frequencies for Na

3
[V

2
(PO

4
)

3
]

in gas and aqueous solution and, the potential en-
ergy distribution based on the B3LYP/Lanl2DZ and
B3P86/ Lanl2DZ levels. Figure S5 show a compari-
son between the experimental infrared spectra for
Na

3
[V

2
(PO

4
)

3
] with the theoretical by using B3LYP/

LanL2DZ and B3P86/ Lanl2DZ levels of theory. Note
that both spectra demonstrate a good agreement with
the experimental spectrum, as observed in Figures.
2 and S5. The calculated harmonic force field for
the compound studied can be obtained upon request.
A discussion of the assignments for each species in
presented below.

PO4 groups

The P=O antisymmetric and symmetric
stretchings in tetrahedral phosphate groups[42,45] are
expected between 1150 and 816 cm -1. In
Na

3
[V

2
(PO

4
)

3
] the three antisymmetric modes in both

media are calculated at different wavenumbers be-
cause they have different environmental, thus, these
modes are assigned to the IR bands between 1180

and 1045 cm-1. The corresponding symmetric
stretchings are predicted between 912 and 826 cm-1

and, for this reason, they are assigned in this region,
as observed in TABLE 3. Note that for the anion in
gas phase these modes are calculated in the same
region that for Na

3
[V

2
(PO

4
)

3
] but, in solution they

are predicted at lower wavenumbers, as can be seen
in TABLE 3. The PO

2
 antisymmetric and symmetric

stretching modes are predicted in different regions
in gas and aqueous solution phases, as expected be-
cause they correspond to the simple bonds. Thus, in
gas phase both modes are associated with the IR
bands between 589 and 435 cm-1 while in solution
are calculated between 791 and 553 cm-1. This way,
both strechings modes are assigned to the shoulder
and bands observed between 791 and 435 cm-1. In
the anion, these modes are associated with the bands
between 530 and 390 cm-1, as predicted by the cal-
culations in the two media. Notable differences in
gas phase and in solution are observed in the re-
gions calculated for the six expected O=P=O and
O-P-O bending modes because they are predicted
strongly mixed among them, as observed in TABLE
3. Thus, in gas phase those modes are calculated by
SQM calculations at 439, 318 and 299 cm-1 while in
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TABLE 2 : Observed and calculated wavenumbers (cm-1) and assignments for the [V
2
(PO

4
)

3
]3- ion and Na

3
V

2
(PO

4
)

3
 at

different levels of theory

[V2(PO4)3]
3- iona Na3V2(PO4)3

a 
IRb 

GAS PHASE PCM GAS PHASE PCM 

 SQMc Assignmentsa SQMd Assignmentsa SQMe Assignmentsa SQMf Assignmentsa 

1180 m 1016 a P=O2ip   1079 aP=O2(P17) 1025 aP=O2(P17) 

1125 sh 1016 aP=O2(P9)   1057 aP=O2(P8) 1020 aP=O2(P8) 

1045 s 1010 a P=O2op   1025 aP=O2(P12) 1007 aP=O2(P12) 

975 sh 899 sP=O2 ip   901 sP=O2(P17) 912 sP=O2(P17) 

 868 sP=O2 op   878 sV-O 879 sP=O2(P8) 

 868 sP=O2(P9)       

 849 aV-O3op     855 sP=O2(P12) 

840 sh 848 aV-O2op   842 sP=O2(P12)   

 825 sV-O3ip 813 a P=O2op 826 sP=O2(P8)   

   813 a P=O2ip     

 819 sV-O3op 812 aP=O2(P9)   818 sV-O 

     788 sV-O 791 sP-O2(P8) 

   759 aV-O3op     

   759 aV-O2op 758 aV-O   

 715 aV-O2ip 748 sV-O3ip 726 sV-O 742 sV-O 

 714 aV-O3ip 703 sV-O3op     

   686 sP=O2(P9)     

   685 sP=O2 op     

670 sh   680 sP=O2 ip 682 aV-O 685 aV-O 

   648 aV-O2ip   659 aV-O 

   647 aV-O3ip     

625 m       625 aP-O2(P12) 

     617 aV-O 616 aV-O 

     589 aP-O2(P12) 593 aP-O2(P8) 

575 m       579 sP-O2(P17) 

550 sh     557 sP-O2(P12) 554 sP-O2(P12) 

 542 wagP=O2ip   534 sP-O2(P8) 553 aP-O2(P17) 

530 sh 501 sP-O2(P9)   516 aP-O2(P8)   

 501 sP-O2op   501 sP-O2(P17) 504 sV-O 

480 sh 486 aP-O2(P9)       

 484 aP-O2op 481 wagP=O2ip     

470 sh 479 sP=O2 465 sP-O2(P9) 470 O6P12O15 471 O14P12O13 

   461 sP-O2op     

440 sh     439 O18P17O20 440 
O5P17O19 
O18P17O20 

     435 aP-O2(P17) 435 O7P8O10 

 437 sPOV   434 O7P8O10   

 409 P-O2(P9)       

400 sh 408 aP-O2 418 sP-O2ip 412 ? wP=O2(P12)   

 397 wP=O2op 393 
aP-O2(P9) 
aP-O2op 

  402 wP=O2(P12) 

 396 wP=O2(P9) 390 aP-O2op 382 aNa-O11   
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[V2(PO4)3]
3- iona Na3V2(PO4)3

a 
IRb 

GAS PHASE PCM GAS PHASE PCM 

 SQMc Assignmentsa SQMd Assignmentsa SQMe Assignmentsa SQMf Assignmentsa 

375 sh     377 wP=O2(P8) 370 wP=O2(P8) 

       366 wagP=O2(P8), P=O2(P12)

         

355 vs 355 wP=O2ip   355 aVO2   

340 sh     354 wP=O2(P17) 349 aVO2 

 339 VO2ip     346 wP=O2(P17) 

 339 VO3op       

   316 VO2ip 322 VO2 325 wagP=O2(P17) 

   308 VO3op 318 O14P12O13   

 305 VO3op 302 wP=O2op 304 V4-V16 307 O6P12O15 

   299 aP=O2 299 O9P8O11 299 wagP=O2(P12) 

280 sh 283 P=O2(P9) 291 sPOV 292 POV(P12), 
wagP=O2(P12) 

295 O9P8O11 

 282 aP=O2 287 wP=O2(P9) 281 P=O2(P17) 285 POV(P12) 

270 sh 274 sP-O2ip     279 V4-V16 

 273 wagP=O2op     276 P=O2(P8) 

 272 wagP=O2(P9)       

 269 P=O2ip 260 VO3op 269 sNa1-O   

   259 P=O2(P9) 267 P=O2(P12) 256 sNa1-O 

   245 
aP-O2 

P=O2op 
249 O5P17O19   

240 m   243 wPOV(P9) 241 aVO2 242 VO2 

225 sh   230 wagP=O2op 230 sP12-Na 228 aNa1-O 

   228 wagP=O2(P9)   220 sP12-Na 

 214 aP-O2op   218 wagP=O2(P8) 208 
P=O2(P17) 
wP17O18 

190 sh   198 
P=O2ip 
sP=O2 

202 sNa-O11 203 P=O2(P17) 

   197 wP=O2ip 195 aP12-Na 198 sNa-O11 

     187 aNa1-O 179 
wP8-O11 
sNa-O11 

175 sh   171 P-O2(P9) 176 POV 178 POV 

 162 V1-V13 168 aP-O2   171 sV-O3 

 161 VO2ip       

 161 VO3ip   162 sV-O3 161 aNa-O11 

 155 P=O2(P9)       

 154 POV(P9)   154 P=O2(P8) 150 aVO3 

   145 POV(P9) 145 
wP17-O20 
wP17O18 

142 
wP17-O20 
wP17O18 

   144 aPOV     

     129 Na2O11Na3 127 Na2O11Na3 

   116 VO3ip 122 aVO3   

   114 VO2ip     

   107 V1-V13  wP8-O11#   

   102 P=O2(P9)    wP17O18# 
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[V2(PO4)3]
3- iona Na3V2(PO4)3

a 
IRb 

GAS PHASE PCM GAS PHASE PCM 

 SQMc Assignmentsa SQMd Assignmentsa SQMe Assignmentsa SQMf Assignmentsa 

 95 P=O2op 101 P=O2op 98 wP12-O13 96 wP8-O11 

 95 aPOV 85 sPOV 81 wP17-O20 83 wP17-O20 

 70 wP=O2op   76 wP8-O11 82 wP12-O13 

 61 wPOV(P9)   66 P17O18Na1 72 wP17O18 

 46 wP=O2(P9)   63 wP17O18 62 P17O18Na1 

 46 wPOV 54 wP=O2op 42 ONa2 40 
ONa2, 
aP12-Na 

   25 wPOV     

   20 wP=O2(P9)     
aThis work; bFrom Ref.[6]; cFrom SQM/B3LYP/LanL2DZ calculations in gas phase; dFrom SQM/B3P86/CEP-4G calculations in
aqueous solution; eFrom SQM/B3LYP/LanL2DZ calculations in gas phase; fFrom SQM/B3P86/LanL2DZ calculations in aqueous
solution; #Assigned by GaussView program[30]

solution at 471, 440 and 295 cm-1, for these reasons,
they were assigned in those regions, as indicated in
TABLE 3. Despite the three PO

4
 groups for the an-

ion are equivalent those bending modes are also pre-
dicted by SQM calculations in different regions in
both media. Thus, in gas phase they are calculated
at 479, 283 and 282 cm-1 while in solution at 299,
259 an 198 cm-1. The differences observed are at-
tributed to the CEP-4G basis set because it is not
very good as observed in the energy values (TABLE
S3). The wagging, rocking and twisting modes for
the three PO

2
 groups (double bond) are clearly pre-

dicted in gas phase between 412 and 154 cm-1 while

in solution between 402 and 203 cm-1. Thus, these
modes can be assigned to the shoulder and bands in
those regions. For the anion in solution these modes
are predicted in the lower wavenumbers region, as
calculated by the two different theoretical methods.

O-V-O groups

The six expected V-O stretchings modes for
Na

3
[V

2
(PO

4
)

3
] are predicted with PED contributions

between 43 and 68% in gas phase and between 12
and 46% in aqueous solution, as observed in
TABLES S21 and S22, respectively. On the other
hand, the symmetric stretchings are calculated in the

TABLE 3 : Comparison of scaled internal force constants for the [V
2
(PO

4
)

3
]3- ion and the Na

3
V

2
(PO

4
)

3
 compound at

different levels of theory

[V2(PO4)3]
3- iona Na3V2(PO4)3

a 
B3LYP/LanL2DZ B3LYP/CEP-4G B3LYP/LanL2DZ B3P86/LanL2DZ Force constants 

GAS PCM GAS PCM GAS PCM GAS PCM 

f(P=O) 5.42 5.28 3.56 3.29 5.58 5.25 5.79 5.46 

f(P-O) 2.40 3.14 1.46 1.74 2.53 3.46 2.69 3.26 

f(V-O) 7.47 5.41 8.32 6.95 3.89 3.23 4.05 3.28 

f(V-V) 0.80 0.51 0.64 1.24 1.47 1.95 1.58 1.16 

f(Na-O)     0.61 0.47 0.62 0.49 

f(P-Na)     0.48 0.39 0.49 0.42 

f(O=P=O) 1.38 1.21 0.79 0.71 1.48 1.46 1.49 1.64 

f(O-P-O) 2.04 1.56 1.30 2.13 2.09 2.14 2.07 1.82 

f(O-V-O) 1.25 0.89 1.34 1.82 1.28 1.68 1.26 1.36 

f(P-O-V) 0.68 0.62 0.62 1.00 1.73 3.36 1.79 1.70 

f(P-O-Na)     0.34 0.61 0.34 0.34 

f(Na-O-Na)     0.70 1.05 0.69 0.88 

Units are mdyn Å-1 for stretching and mdyn Å rad-2 for angle deformations; aThis work
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IR and Raman spectra in gas phase with higher in-
tensities than the antisymmetrical modes. Thus, in
gas phase those modes are calculated at 878, 788,
758, 726, 682 and, 617 cm-1 while in solution they
are calculated at 818, 742, 685, 659, 616 and 504
cm-1. Hence, these stretchings modes are assigned
as can be seen in TABLES 3. For the anion in both
phases, the two methods predicted the six stretchings
modes between 849 and 647 cm-1 and with higher
intensities the antisymmetrical modes out-of-phase,
as observed in TABLES 19 and 20. Note that the
influence of the Na+ ions on the V-O bonds of
Na

3
[V

2
(PO

4
)

3
] are the shifting of the bands related

to these bonds toward lower wavenumbers. For the
two species, the O-V-O bending modes are predicted
in the 355-122 cm-1 region, consequently they were
assigned to the shoulders and bands observed in this
region. Taking into account that the two VO

3
 groups

in both species are linked by means of connections
V-V, as observed in Figure 1, we observed that an-
other effect of the Na+ ions on those groups are the
shifting of the V-V stretchings modes towards higher
wavenumbers, therefore, in Na

3
[V

2
(PO

4
)

3
], these the

V-V stretchings are calculated at 304 cm-1 in gas
phase and at 279 cm-1 in aqueous solution while, in
the anion, they are predicted at 162 and 107 cm-1 in
gas and solution phases, respectively. For this rea-
son, the shoulder at 340 and 270 cm-1 were assigned
to these vibration modes.

Modes related to Na+ ions

As observed in Figure 1, the optimized
Na

3
[V

2
(PO

4
)

3
] structure presented clearly a Na1-

O18 bond while the two Na2+ and Na3+ ions appar-
ently are not linked to other atoms, however, in the
map of electrostatic potential surface (see Figure
S2) the figure show the bonds Na1-O13, P12-Na2,
P12-Na3 and Na2-Na3 bonds. The latter bond was
not definite during the vibrational analysis by means
of the internal normal coordinates but, the remain-
ing bonds were confirmed by this analysis. Thus,
for Na

3
[V

2
(PO

4
)

3
] the vibration normal modes re-

lated with these bonds are predicted in the lower
wavenumbers region (382-40 cm-1). Accordingly, the
Na1-O symmetric stretching modes are predicted by
SQM calculations in gas phase at 269 and 202 cm-1

with a PED contribution of between 25 and 28 %
and, in solution, these modes are calculated shifted
at 256 and 198 cm-1 for this reason, they are without
difficulty assigned to the shoulders at 270 and 190
cm-1. The Na1-O antisymmetric stretching modes are
assigned to the shoulders at 400 and 190 cm-1, as
predicted by the calculations. The two expected P12-
Na stretching modes are predicted in gas phase at
230 and 195 cm-1 while in solution are calculated
with 23 and 24% of PED contribution at 220 and 40
cm-1, hence, these were only assigned to the shoul-
ders at 225 and 190 cm-1. The Na-O-Na bending
modes were predicted by calculations in the same
regions, as well in gas phase as in solution, at 129/
127 and 66/62 cm-1, in consequences these modes
together with the O-Na

2
 rocking modes could not be

assigned due to their low frequencies.

Skeletal modes

In Na
3
[V

2
(PO

4
)

3
] and their anion, the skeletal

bending and torsion modes appears strongly coupled
among them as can be seen from TABLES S19 to
S22. Taking into account the positions predicted by
the calculations for Na

3
[V

2
(PO

4
)

3
], the expected P-

O-V bending modes were associated with the two
shoulders at 280 and 175 cm-1 while for the anion
these modes are predicted in different regions for
the which one of these modes was only assigned, as
can be seen in TABLE 3.

FORCE CONSTANTS

Taking in consideration the results obtained by
the above studies, the force constants were also cal-
culated for both species in the two media in order to
known the nature and forces of the different P=O, P-
O, V-O, V-V, P-Na and Na-O bonds and also, the
constants for the more important angle deformations.
These constants were calculated using the Molvib
program[41] and the force fields for both species.
TABLE S3 show a comparison of the scaled inter-
nal force constants for the [V

2
(PO

4
)

3
]3- ion and the

Na
3
V

2
(PO

4
)

3
 compound at different levels of theory

and in the two studied media. In general, it is ob-
served that all the force constants values are strongly
dependent of the size of the basis sets and, a de-
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creasing in their values in solution are observed.
The following results are obtained for the anion and
Na

3
V

2
(PO

4
)

3
, the f(V-O) force constants are higher

than the f(P=O) force constants with the two meth-
ods of calculations and in the two media studied
while, these constants have higher values than the
f(P-O), as expected due to the lower P=O distances
values. The ionic characteristics of the V-O bonds
in the two species justify the high f(V-O) values.
On the contrary, for both species, the f(O-P-O) have
higher values than the f(O=P=O) and f(O-V-O),
in both media and with all the levels of calculations
while for Na

3
V

2
(PO

4
)

3
, the f(P-O-V) have higher

values than those corresponding to the anion. The
higher values for f(O-P-O) are attributed to the lower
angles values as consequence of the rings formed by
O-P-O angles, as can be seen in Figure 1 and TABLE
1. Note that in Na

3
V

2
(PO

4
)

3
 the f(Na-O) have higher

values in both media and with all the levels of cal-
culations than f(P-Na) because the O atom is most
electronegative than the P atom and for this reason,
the Na-O bond is most ionic than P-Na bond. As a
consequence, the values for the f(Na-O-Na) are higher
than the f(P-O-Na). The presence of three Na+ ions
in Na

3
V

2
(PO

4
)

3
 increasing the f(P-O-V) force con-

stants values as compared with the corresponding
anion due to the lower P-O-V angles values.

CONCLUSIONS

The theoretical molecular structures of
Na

3
V

2
(PO

4
)

3
 and their anion were determined in gas

and aqueous solution phases by using HF, B3LYP
and B3P86 methods and the LanL2DZ and CEP-4G
basis sets. The structural and vibrational properties
for the anion were performed in gas phase by using
the combination B3LYP/LanL2DZ while in solution
the adequate approximation was B3LYP/CEP-4G.
The calculated harmonic vibrational frequencies by
using the B3LYP/LanL2DZ and B3P86/LanL2DZ
methods for the compound are consistent with the
available experimental IR spectrum. The corre-
sponding force fields for the two levels of theory
were obtained in both media together with their com-
plete vibrational assignments. The vibrational analy-
ses for both species suggest the noTABLE influence

of the Na+ ions on the vibration modes of the PO
4

groups in both studied media. The predicted Raman
spectrum for Na

3
V

2
(PO

4
)

3
 at the B3LYP/LanL2DZ

level was reported. Probably the increase of the
molar volumes observed for the two species in so-
lution as consequence of the hydration justify the
higher movilities of the Na+ ions in the three-dimen-
sional framework. The solvation energies for
Na

3
V

2
(PO

4
)

3
 and their anion by using the B3LYP/

LanL2DZ level are -384.15 and -1561.64 kJ/mol,
respectively. The bond orders predict for the V at-
oms of the anion a coordination (III) and a coordi-
nation (V) in Na

3
V

2
(PO

4
)

3
 while the maps electro-

static potential show that the sodium and vanadium
cations are coordinated to the PO

4
 anions, as re-

ported experimentally. The NBO and AIM studies
reveals the high stability of Na

3
[V

2
(PO

4
)

3
] and their

anion attributed to the presence of covalent, ionic
and of H bonds interactions in the compound and, to
the covalent and ionic interactions in the anion.
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