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Abstract: The X-ray structure of ammonium decavanadate hexahydrate was redeter-
mined at a low temperature (100 K) in order to locate the hydrogen sites and to study
the hydrogen bonds. The hydrogen atoms were assigned to the appropriate atomic
group, NH,* cations, and water molecules, missing to the best of our knowledge in
the literature. A kappa refinement was performed to estimate the experimental
atomic charges. These charges were used to generale the electrostatic potential on
the molecular surfaces of decavanadate polyanions isolated from the influence of
the crystal lattice. Comparisons with previous theoretical (ab initio) calculations
were made and are also discussed.

Keywords: polyoxometalate, decavanadate, X-ray structure, atomic charges, elec-
trostatic potential.

INTRODUCTION

Polyoxometalate (POM) compounds are of great interest due to a wide variety
of their applications in many different fields, such as chemical catalysis, surface
sciences and pharmacology.! =3 In our investigations, the understading of the inter-
actions of POMs in biological media and their putative enzyme inhibition mecha-
nism is of particularly interest. Among these compounds, decavanadates are espe-
cially attractive since vanadium is important for biological metabolism (trace ele-
ment)* and plays as essential role in some enzymatic activties.>—8 Therefore, bio-
chemists have designated decavanadates as potent drugs, for instance, in virology
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(HIV-1).1.9 Decavanadate is formally a [V 9O,g] polyanion with a cage structure
giving rise to fascinating supramolecular architectures in the solid state.!0 How-
ever, under physiological conditions, POM decomposition is only prevented by
hydrogen bonding and counterion electrostatic interactions. ! In this context, am-
monium decavanadate hexahydrate gives the opportunity to study a sample model
of such intereactions between [V90,3]¢~ anions, (NH4)" cations and aqua lig-
ands. Previous room temperature crystallographic and infrared vibration spectro-
scopic studies of (NH,4)gV10025:6H,0 were reported eleven years ago,!! but nei-
ther the positions of the hydrogen atoms were located nor those of the NH4*
cations determined exactly.

In the present work, the results derived from low temperature single crystal
diffraction data at medium resolution are reported. Contrary to the previous study,
the experiment permitted the hydrogen atoms involved in the stability of the crys-
tal lattice to be localized. Also, a kappa refinement based on the Hansen—Coppens
electron density multipole model!2-13 was used to estimate the experimental
atomic charges of the title compound. The electrostatic potential was computed us-
ing the experimental atomic charges in order to depict the topological features of
this important physical property. The present results for the electrostatic potential
and atomic charge are compared with those of previous theoretical (ab initio) cal-
culations, made for an isolated [V10,g)]~ anion.

EXPERIMENTAL
Synthesis and crystallization

The title compound was prepared by dissolving NH4;VO; (0.4 g, 3.42 mmol) in distilled water
(20 ml) as described previously!* to obtain decavanadate anions. The solution was stirred and
heated until complete dissolution of NH4;VOj5 (about 2 h). The pH was adjusted to 5.90 by the
dropwise addition of NH4OH. Orange crystals formed within four days from the solution, kept at
room temperature. The crystal samples were washed with ethanol and air-dried at room temperature.

Single crystal X-ray data collection

The 42599 X-ray reflection data were collected at 100 K on a Bruker-SMART three-circle
diffractometer equipped with a CCD area detector using MoK radition (A = 0.71073 A). The Lo-
rentz-polarization and absorption corrections were applied and integration of the diffracted intensi-
ties was performed using SAINT software package.!> The SORTAV program!® was used for data
sorting and averaging, yielding a total of 16219 unique reflections. Table I gives the details of the
single crystal experiment.

TABLE I. X-Ray diffraction experiment and refinement details

Chemical formula (NHy)gV100,4°6H,0
Formula weight/g.mol"! 1173.75
Temperature/K 100.0(1)
Wavelength/A 0.71073
Crystal system Triclinic

Space group Pl
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TABLE I. Continued

alA 10.1421(2)
b/A 10.2376(2)
c/A 16.6452(3)
o/° 83.817(1)
B/ 87.239(2)
y/° 71.017(1)
Volume/A3 1624.6(2)
VA 2
Density (calculated)/Mg m3 2.40
Absorption coefficient u/mm-! 2.86
Crystal size/mm? 0.56 x 0.12 x 0.32
Color Orange
[sin B/A)/A"! 0.87
Total numbef of reflections 42599
Unique reflections 16219
Unique reflections [/ > 30(/)] 10778
R/ % 4.27
Structure refinement
R(F)/% 5.52
wR(F)/% 6.10
gof(F) 1.84
Kappa refinement
R(F)/% 5.15
wR(F)/% 4.97
gof(F) 1.50

Structure and kappa refinements

The structure was solved by the heavy atom method and first refined with the SHELXL-97
program of the WINGX software package.!” The hydrogen atom positions of the six NH,*
counterions and of three water molecules were found from the differences in the Fourier maps. The
HYDROGEN program!® was used to locate the hydrogen sites for the remaining three water mole-
cules of the asymmetric unit. The thermal motions of all non-hydrogen atom were refined anisotro-
pically. The atomic fractional coordinates were transferred to the input file of the full-matrix
least-square MOLLY program,!? allowing both structural and kappa refinements.!3 In this latter
model, the atomic electron density is expresses as:

Pat (r)zp core (r)+Pval K3pval (kr) (1)
where p o and p, are the Hartree—Fock free atomic core and valence spherical electron densi-
ties,!? respectively. The refined parameters are the valence population P, yielding the atomic
charge (g = Py, — Nyal, Where Ny,; is the valence population of a free atom) and contraction (x> 1) or
expansion (k < 1) coefficients. For vanadium (3d34s?) atom, the best results were obtained for a
starting V2*(3d34s0) electron configuration and the P, parameter was assigned to the 3d shell pop-
ulation. During the kappa refinements, the formal charges of [V70,5]® and (NH4)" were always
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imposed as constrains in the least-squares procedure. The elctrostatic potential V(r) was computed
using the ELECTROS program?? as:

molecule , )
V(V) — Zat I Pat (V ) d3rv

‘r—Rat‘ - r—Ryp — 71

at

the sum of the contributions of the positive nuclear charge Z,; located at R, and the atomic electron
density py.
RESULTS AND DISCUSSION

The title compound crystallizes in P1 triclinic space group with two independent
halves (labeled hereafter a and b) of decavanadate anions, six NH4" cations and six

anion a

anion a
—

Fig. 1. ORTEP view of the decavanadate anion with the atomic lebelling scheme (top) and crystal
lattice packing (bottom) of ammonium decavanadate hexahydrate.
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water molecules in the asymmetric unit (Fig. 1). This Figure shows the decavanadate
anion cage and the crystal packing of the title compound. The latter displays two inter-
penetrated sub-lattices of decavanadate polyanions a and b. It is also evident, that these
decavanadate polyanions a and b are differently oriented. Therefore, the crystal lattice
can be described with a primitive cell of decavanadate a having one decavanadate b in
its center. The NH,4" counterions and water molecules are distributed in the empty
space of the compact lattice of the anion. The vanadium atoms are in distorted
octahedra, in which the V-O bond lengths are in the range from 1.600(3) to 2.318(2) A
and the internal O—V-0 angles from 74.3(1) to 106.9(1)°. These results are in good
agreement with decavanadate geometries found in previous studies.!l-2! The first
structure description of (NHy)gV 0028 6H,O compound was given on the basis of
X-ray data obtained at room temperature, but in comparison with this study,!! in the
present work the hydrogen atoms and hydrogen bonding in this compound were local-
ized. Also, it was found that the three water molecules assigned and labeled 091, 093,
095 in the room temperature structure study!! were in fact ammonium cations. Table
II lists the hydrogen bonds between the counterions, water molecules and the decava-
nadate anions. It is noteworthy that decavanadate a interacts equally with seven NH, "
cations and seven water molecules. Conversely, decavanadate b is closely surrounded
by eleven NH4 counterions and two aqua ligands.

TABLE II. Distances, A, and angles, °, of the hydrogen bonds in ammonium decavanadate
hexahydrate (D donor, A acceptor). Estimated standard deviations are given in parentheses.

D-HA dHA) d(DA) <DHA
Decavanadate a

N(3)-H(2N3)---O(20a) 1.719 2.716(4) 168.6(2)
N(4)-H(1N4)---O(24a) 1.830 2.831(4) 170.8(2)
N(5)-H(2N5)--O(25a) 1.841 2.740(4) 147.4(2)
N(5)-H(4N5)---O(13a) 1.965 2.870(4) 151.8(2)
N(1)-H(2N1)---O(11a) 1.997 2.946(4) 160.0(2)
N(4)-H(2N4)---O(25a) 1.999 2.900(4) 147.4(2)
N(6)-H(IN6)---O(22a) 2.287 3.054(4) 131.8(2)
O(1w)-H(1w1)--O(32a) 1.825 2.768(4) 165.7(2)
O(4w)-H(1w4)--O(31a) 1.868 2.787(3) 158.3(2)
O(1w)-HQ2w1)-O(12a) 1.890 2.850(4) 178.-(2)
OQ2w)-H(1w2)--O(23a) 1.895 2.805(4) 156.3(2)
OQ2w)-H(2w2)-O(10a) 1.996 2.80(4) 153.4(2)
O(5w)-H(2w5)-O(10a) 2.129 3.090(5) 1794(3)
OBw)-H(1w3)--O(23a) 2.243 3.025(4) 137.6(2)

Decavanadate b
N(1)-H(4N1)--O (31b) 1.764 2.762(4) 169.3(2)
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TABLE II. Continued

D-H-A d(HA) d(DA) < DHA
N(3)-H(4N3)--0(23b) 1.768 2.773(4) 172.8(2)
N(3)-H(IN3)--0(22b) 1.849 2.835(4) 165.2(2)
N(2)-H(3N2)--0(25b) 1.866 2.851(4) 164.9(2)
N(1)-H(IN1)--O(20b) 1.867 2.853(4) 127,.9(1)
N(1)-H(3N1)--O(10b) 1.883 2.890(4) 144.6(1)
N(6)-H(2N6)--O(24b) 1.920 2.860(4) 147.0(1)
N(6)-H(2N6)--0(27b) 2.020 3.008(4) 165.9(2)
N(5)-H(3N5)--O(11b) 2.031 2.987(4) 157.4(2)
N(5)-H(IN5)--O(13b) 2.178 2.870(4) 124.2(2)
N(5)-H(IN5)--0O(12b) 2.204 3.010(4) 135.7(2)
0(6w)-H(2w6)--O(13b) 1.847 2.913(9) 171.8(5)
O(4w)-H(2w4)--0(22b) 2.237 3.201(4) 179.7(2)

The kappa coefficients and the experimental atomic net charges are listed in
Table III. The vanadium atoms have an average positive charge of +1.6 ¢ and a
common k parameter of 1.2 (contracted electron density). In the two polyanions,
the internal V4a and V4b (Fig. 1) have the highest charges of +2.0(1) and +1.9(1)
e, respectively. By comparison, a vanadium charge equal to +2.0(1) e was reported
for an isolated decavanadate anion (in an ideal D5}, symmetry) from theoretical cal-
culations.?? The decavanadate oxygen atom electron densities are slightly ex-
panded (k < 1.0). The corresponding experimental charges are found distributed in
large intervals: from —0.5(1) to — 1.2(1) e for a, and from —0.3(1) to —1.4(1) e for b.
A Mulliken population analysis of isolated polyanion restricts, in ab initio theoreti-
cal calculations,?? gave oxygen atom net charges in the range from —0.7 to —1.3 e.
The dispersion magnitude of the oxygen net charges reported here cannot be
straightforwardly correlated with the hydrogen bond features given in Table II.

TABLE III. Kappa parameters and experimental net atomic charges (¢ in e units). Only least-squares
significant digits are given

K q K q
Via 1.21(2) 1.6(1) Vib 1.22(2) 1.6(1)
V2a 1.21(2) 1.7(1) V2b 1.22(2) 1.6(1)
V3a 1.22(3) 1.7(1) V3b 1.25(3) 1.8(1)
Via 1.24(3) 2.0(1) V4b 1.23(3) 1.9(1)
V5a 1.22(3) 1.6(1) V5b 1.22(3) 1.6(1)
010a 0.9(1) ~1.2(1) 010b 0.98(1) ~1.0(1)
Olla 1.01(1) ~0.5(1) O11b 1.01(1) ~0.4(1)
O12a 0.99(1) ~0.7(1) 012b 1.01(1) ~0.3(1)

O13a 0.95(1) —1.1(1) 0O13b 0.98(1) —0.8(1)
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K q K q
020a 0.97(1) ~1.0(1) 020b 0.93(1) —1.4(1)
021a 0.98(1) ~0.8(1) 021b 0.97(1) ~0.9(1)
022a 0.97(1) ~1.0(1) 022b 0.95(1) ~1.4(1)
024a 0.97(1) ~1.2(1) 023b 0.97(1) ~1.0(1)
025a 1.00(1) ~0.6(1) 024b 1.01(1) ~0.4(1)
027a 1.01(1) ~0.5(1) 025b 0.99(1) ~0.9(1)
031a 0.97(1) ~0.9(1) 027b 0.98(1) ~0.9(1)
032a 1.00(1) ~0.6(1) 0.32b 1.01(1) ~0.5(1)
061a 1.00(1) ~0.7(1) 061b 0.99(1) ~0.7(1)
N 1.02(1) ~0.82(9)
H(N) 1.16 0.46(2)
Oo(w) 0.99(1) ~0.46(6)
H(w) 1.16 0.20(3)

The electrostatic potential distribution on the van der Waals surface for the
decavanadate anion is shown in Fig. 2. The electrostatic potential derived from the

Min =-1.33 eA”
Max = -1.06 eA”’

Min = -1.38 eA”’
Max = -0.93 A

Min =-1.52 eA™
Max = -0.90 ¢A"

Fig. 2. Three views of the electrostatic potential on the van der Waals surface of the decavanadate
polyanion: from Mulliken population analysis (second column, from?2); from decavanadate a experi-
mental charges (third column); from decavanadate b experimental charges (fourth column). The ar-

rows indicate the minima of the electrostatic potential and the maximum regions are in black.
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Mulliken population analysis?? is also depicted in Fig. 2 for comparison. Previous
theoretical calculations made for the isolated [V (0,g] anion were used to pre-
dict the protonation sites in relation with the relative oxygen atom basicities (min-
imain Fig. 2). The minimum and the maximum values of the electrostatic potential
are in good agreement with those derived from the present experimental charges
(see values in Fig. 2). However, the topological features are quite different. The ex-
perimental electrostatic potential distribution for both decavanadates a and b with
C; point symmetry seems to be perturbed by crystal lattice interactions. The min-
ima of the electrostatic potentials are found close to the most negatively charged
oxygen atoms of the decavanadate anions (Table III).

CONCLUSION

Redetermination of the crystal structure of ammonium decavanadate hexahy-
drate (NHy4)gV 10075 6H,0, was performed using low temperature (100 K) X-ray
data. In comparison with the first study, the positions of the hydrogen atoms were
localized and the nature of the hydrogen bonding in this compound discussed.
Also, the positions of the NH4* cations and water molecules were determined. The
atomic net charge and electrostatic potential of this compound was calculated for
the first time. The experimental atomic net charges for the vanadium and oxygen
atoms are in good agreement with those of previous theoretical (ab initio) calcula-
tions. The electrostatic potential on the molecular surface was compared for two
crystallographicaly different decavanadate polyanions as well for the same poly-
anion analyzed in previous theoretical calculations. The observed differences in
the electrostatic potential distributions are explained by the influence of the num-
ber and space distribution of hydrogen bonds between the decavanadate anion,
water molecules and NH,4* cations. The results demonstrate a strong influence of
crystal lattice interactions on the perturbation of the electrostatic potential in
decavanadate polyanions.

Supplementary material

Tables of atomic coordinates, thermal displacement parameters, bond dis-
tances, and bond angles are available from the authors on request.
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U3BOJ

KPUCTAJIHA CTPYKTYPA HA HUCKOJ TEMITIEPATYPH,
EKCITEPUMEHTAIIHO OJPEFEHA HAEJIEKTPUCAA ATOMA 1
EJIEKTPOCTATUYKM NOTEHLIMIAII AMOHUIYM IEKABAHAJIATA
XEKCAXUJPATA (NH,)gV (025 6H,0

TOPAH A. BOTTIAHOBU'R?, HAJIA BOIHAKOBUR-TTABIOBUE !, ANNE
SPASOJEVIC-DE BIREY, NOUR EDDINE GHERMANI™M 1 YBABKA MUOY®

U Uncimuiyi 3a nykaeapre nayxe Bunua, Jlabopaitiopuja 3a iieopujcky uauxy u pusuxy Kondenaoeane
maitiepuje, ii. ii. 522, 11001 Beozpao, © @Pakyaitieiti 3a pusuuxy xemujy, Ynusepsuitei y beozpady, i.i. 137, 11001
Beozpao, YULaboratoire SPMS UMR CNRS 8580, Ecole Central Paris, 1, Grande Voie des Vignes, 92295
Chatenay-Malabry, France u*Laboratoire de Phisique Pharmaceutique UMR CNRS 8612, Faculté de Pharmacie 5, Rue
Jean-Baptiste Clément, 92296 Chadtenay-Malabry cedex, France

ExcnepumenTom nudpaknmje peHAreHCKor 3pauewna Ha Temnepatypu 100 K ogpebenn
Cy IOJIOXKaju aToMa BOJOHHMKA y KPHUCTAJIHOj CTPYKTYpU aMOHHjyM JeKaBaHajaTa XeKca-
XUpaTa y Iujby IpoydyaBarma BOJOHUYHMX Be3a y OBOj CTpPYKTypH. IloceGHa maxma je
nocseheHa offpebuBamy Koju off aToMa BOJOHUKA punafajy NH, KaTjoHIMa, O{HOCHO MOJIe-
KyJMMa BOJie IITO HUje KOPEKTHO MPE3EHTOBAHO y MPETXOAHUM JIUTApPATypPHUM MTOfjal[Ma.
Kopunthewem Tako3Banor "kappa refinement" ogpebeHna cy HaenekTpucama aToMa Koja cy
najbe ynorpeOibeHa 3a M3pauvyHaBame EEeKTPOCTATUYKOr MOTEHIMjajla Ha MOJIEKYJICKO]
TIOBPIIMHY MOJMaHjoHa ieKaBaHajgaTta. OB nofany cy ynopebeHu ca mpeTXOIHUM TEOPH]-
ckuM (ab initio) n3padyHaBambuMa.

(ITpumibeno 6. cenremGpa 2006)
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