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ABSTRACT: A high resolution X-ray diffraction study has
been carried out on [(C4Ho)4N]2
[V6013{(OCH2)3CCH20CCH2CH3}2] (V6-C3) at 100 K. V6 core
concentrates negative charge, leading to a strong polarization
of the anion. Nucleophilic region localized near the organic
moiety and electrophilic region in the vicinity of the V6 core
provide an overall description of charge-transfer behavior.

Charge transfer materials have attracted increasing atten-
tions in recent years due to their roles in the fields of semi-
conductors, ! solar cells, 2 metal organic frameworks (MOFs), 3
fluorescent materials, 4 and catalysts. 5 According to Mulli-
ken'’s theory, 6 charge transfer (CT) system is formed between
an electron donor (D) and an electron acceptor (A), D and A
could be two different molecules or ions, leading to intermo-
lecular CT, or separate moieties within a large molecule, lead-
ing to intramolecular charge transfer (ICT). 4 Polyoxomet-
alates (POMs), a large group of early transition metal oxide
clusters, are extensively studied due to their diversified struc-
tures and wide-ranging properties. 7 POMs are well-known
electron acceptors in CT materials prepared with organic
donors, which is based on the ability of POMs to act as elec-
tron reservoirs. 8 For example, the CT materials containing the
spherical POM acceptors (Lindqvist-type [Mos019]%-, Keggin-
type [SiMo012040]%) and planar arene donors exhibit unique
structures, potential nonlinear optical and ferromagnetic
properties. 9 TTF-POMs CT materials (TTF means tetrathiaful-
valene) show semiconductor properties and have potential
application in semiconductor devices. 8b 10 Functionalized
hexavanadates (V6) in which the inorganic V6 core is cova-
lently bonded with organic ligands, form one of the most
interesting subgroups. Functionalized hexavanadates (V6)

present nanoscale superoctahedral cluster-core structures,
fascinating electronic and magnetic properties, various ther-
modynamically stable redox isomers, and potential catalytic
capabilities. 11 Recently, our co-workers firstly found that the
functionalized V6 clusters hybridized with hydrophobic
groups show unexpected fluorescent properties probably due
to their ligand-to-metal charge transfer (LMCT) which might
inspire a new mechanism for fluorescence emission. 12 How-
ever, understanding such a CT behavior and fluorescence
mechanism of these functionalized hexavanadates is still a
formidable challenge. Experimental charge density, deter-
mined from high resolution single crystal X-ray diffraction,
has become a useful tool to investigate the charge density
distribution, topological properties, AIM (Atom in Molecule)
charges, electrostatic potential, source function, etc. within the
crystalline states. 13 Enlighten by the reported works of POV-
based fluorescent materials involving oxide-to-vanadium
charge transfer and intervalence charge transfer transitions,
14 the investigations on CT behavior between POM acceptor
and organic donor could provide a new insight into fluores-
cence mechanism of the functionalized hexavanadates. It has
been established that accurate charge density and electrostat-
ic properties can give precise information on the CT behavior
especially in the following aspects: i) the regions where the
electrostatic potential is negative / positive give an idea of the
A and D groups, respectively, ii) the AIM charges of the differ-
ent groups determine the amount of the charge transferred
between D and A. 15 In the present study, we report the atomic
net charge and electrostatic properties of a functionalized
hexavanadate, [(C4H9)sN]2 [VeO13{(OCH2)sCCH20CCH2CH3}?],
in further text given as V6-C3 (Fig 1). This work represents
the first experimental charge density study on an POV-based
organic-inorganic hybrid compound in POMs field.



Figure 1. Structure of V6-C3. The red square concerns the V6
core while the blue square concerns the organic moiety. The
green triangle indicates the terbutylammonium (TBA) counter
cation. See Supplementary information for the detail structure
description.

V6-C3 has been synthesized according to the route described
by Yin et al. 12bStructure of the V6-C3 consists of a divalent
tris(alkoxo) hexavanadate anion and two tetrabutylammoni-
um (TBA) acting as counter cations (Fig. 1). The valence of
oxygen belonging to the V6 core is indicated in Fig. 1. An accu-
rate high resolution X-ray diffraction experiment at 100 K has
been carried out. 16 The V6-C3 electron density was described
using the program package MoPro,!7 which is based on the
multipole formalism developed by Hansen and Coppens. 13a
Two refinement strategies have been developed: i) refinement
strategy 1, where anion and cation are refined separately,
implying no charge transfer between anion and cation; ii)
refinement strategy 2, where anion and cation are refined
together authorizing charge transfer between anion and cati-
on (For charge density refinement details and AIM charge 18
see Supplementary information).

The three vanadium atoms, which are in an equivalent chem-
ical environment display positive charges. Comparing with the
previously studied [V1002s]¢- (V10) anion 19, there is only one
type of vanadium atom, the VII type, which exists in V6-C3
(see Supplementary information). The average charges of V
atom in functionalized V6 are 1.27 e (strategy 1) and 1.22 e
(strategy 2) compared to 1.53 e (strategy 1) in V10. 19 These
values could be compared to the theoretical natural charges of
V atoms (1.53 e and 1.54 €) obtained for a similar functional-
ized hexavanadate bearing redox-active ferrocenyl groups at
the terminal of organic ligand,
(BusaN)2[FcC(O)NHC(CH20)35V6013(0CH2)3sCNHC(O)Fc] (in
further text given as Fc-V6) reported by Schulz et al. 20For V6-
C3, the oxygen atoms have negative AIM charges in the range
from -0.63 ot -1.09 e. With regard to the oxygen valence (Fig
1), we observe the following decrease in negative charge: 06x
< 03x < 02x < O1x. This order has already been observed for
the V10 anion charge distribution analysis. The experimental
results obtained in V6-C3 and V10 19 are in good agreement
with the theoretical Mulliken modified charges determined by
Kempf et al. 21 [06x (-1.27) < 03x (-1.04) < 02x (-0.90) < O01x
(-0.65)] for a V10 anion, and also with natural charges calcu-
lated by Schulz et al 20 on a functionalized V6 [06x (-1.11) <
03x (-0.74) < 02x (-0.68) < 01x (-0.54) ]. Additionally,
Bridgeman et al. 22 have also reported a similar trend for the
oxygen atomic charges in [M’Ms019]3- Lindqvist anion (where
M = Mo and W and M’ =V, Nb, Ta), which belongs to the same
POM family.

Charge summation of V6 core and organic ligand is given in
Supplementary information. At the initial refinement step of
strategy 1, the -2 anionic charges was sheared on each oxygen
atom, leading to a value of +0.435 on V6 core and -2.435 e for

the organic ligand. The final values at the end of this refine-
ment (strategy 1), where no charge transfer with cation is
allowed, indicate a strong polarization of the anion (-9.75 for
the V6 core and +3.78 e for each of the two organic ligands).
Additionally, for a better understanding of the charge distri-
bution of the whole molecule in the crystalline state, we have
performed a charge density refinement without constraints on
charge transfer between anion and cation (strategy 2). Com-
paring to the results obtained by strategy I, there is an en-
hancement of the intramolecular charge transfer (ICT), which
is indicated by the slightly more negative charge of V6 core
and sligthly more positive charge of the organic ligand (see
Supplementary Information, Table S4). Consequently, some
charges are also transferred from cation to V6 core through
several CH...O weak hydrogen bonds. 23 All these results are in
agreement with the fact that V6 core has a strong electron-
containing capacity, which had never been characterized by
direct experimental evidence before. An other way to estimate
the charge transfer, consists in the determination of integrat-
ed source function 24 at a reference point (each bond critical
points, BCPs). Summation on organic ligand, V6 core and
cations of the each atom percentage contribution is given in
Table 1.

According to this method, 87.03 % of the electron density at
BCPs in V6 core originates from the V6 core itself, while 8.94 %
comes from the organic ligand and 4.03 % from the cations.
The percentages on the diagonal of Table 1 originate from the
corresponding parts and display the main contributions.
While the other contribution (8.94 + 4.03 = 12.07 %) seems
small, it nevertheless indicates a delocalization of the density.
Such an observation has also been made for a nickel bimetallic
complex. 25

Finally, for an overall description of the charge transfer
within V6-C3 hybrid in the solid state, it is necessary to de-
termine the electrostatic potential (EP) features. The experi-
mental EP has been calculated using the AIM charges. 26 The
EP values at the 3D iso-density surface (0.007 e A-3) in the
vicinity of the V6 core oxygen atoms are listed in Supplemen-
tary information (Table S5). The corresponding EP features,
using the colored scale for EP values on the 3D molecular
surface of the functionalized V6-C3 are shown in Fig. 2.

The EP values in the vicinity of the three different oxygen
atom types (mono, bi, and tri- coordinated) at the molecular
surface are -0.92, -1.18, -1.45 e A-1, respectively obtained from
the strategy 1, while, when the charge transfer is pos sible
between anion and cation (strategy 2), the values rise to -1.11,
-1.40, -1.70 e A, respectively. Despite the fact that the V6
core possesses a less negative charge after the strategy 2 than
after strategy 1 (-9.75 e versus -10.23 e), the V6 core express-
es a more negative EP region in strategy 2. The same trend is
observed for the organic ligand (Fig. 2). This result would be
compared to the theoretical EP determination on a similar
functionalized hexavanadate, Fc-V6. 20 Unfortunately, there is
no indication on the color scale on the published result, which
only remarks that the V6 core is negative. In order to exhibit
graphically the intermolecular charge transfer between the
organic and the inorganic ligand of the V6-C3 compound, the
EP iso-value surfaces at +0.01 eA-1 has been plotted (Fig. 3).
The red part is localized around the V6 core, which corre-
sponds to the most nucleophilic regions, while the blue part is
concentrated over the organic ligand, which represents the
most electrophilic regions. This property represents the most
important characteristics of the hybrid compound.



Table 1. Integrated Source Function (strategy 2)

Atoms Atoms from Atoms from
from cores | organic moiety Cation
CPs on Core 87.03% 8.94% 4.03%
CPs on OL 8.64% 89.90% 1.46%
CPs on Cation -0.53% 0.76% 99.77%

I+1 10
40.54

Figure 2. Experimental EP on the molecular surface (0.007
eA-3) a) structure b) strategy 1 c) strategy 2.

These observations constitute the first experimental descrip-
tion of a POM-based hybrid at the electronic level. Dolbecq et
al. 7 in their review on hybrid organic-inorganic POM com-
pounds have divided them in two classes: i) class [, where the
connections between organic and inorganic part are done
through electrostatic, hydrogen bonds or van der Waals inter-
actions; ii) class II, where connections are done through cova-
lent or iono-covalent bonds. Fig. 4a represents the static de-
formation density in the V - 03x - C plane. The Laplacian of
electron density in the same plane is given in Fig. 4b. The
green arrow indicates the polarizat ion of the 03x in the direc-
tion of the vanadium atom while the purple arrow indicates
the polarization in the direction of the carbon atom. This
anisotropic behavior is a clear signature of the bonds toward
the inorganic V6 core and toward the organic ligand. The AIM
analysis gives (3,-1) bond critical points (BCPs) for each V-03x
bonds (average p values = 0.54 e.A-3). The energy density (H)
has been determined according to the Abramov’s formula 27
and is plotted in Fig. 4c versus the different V-O distances
from V6-C3 and V10 anion. Therefore, the functionalized
hexavanadate V6-C3 can be declared as an organic-inorganic
POM of class II. The 03x form a covalent bond between V6
cluster and organic ligand. Furthermore, the integrated source
function at the BCPs of V-03x indicates the contribution of
organic and inorganic part. Therefore, for a precise character-
ization of the functionalized hexavanadate, it is better to use
the term moiety instead of ligand. Except for the V-06x for
which the Laplacian is sometimes positive, the other V-0
bonds present a negative Laplacian and consequently a cer-
tain covalent character. It has to be noticed that the V6-03x
bond has a slightly lower average energy density H than the
corresponding one in V10. This is the consequence of the link
with the organic moiety.

Figure 3. Experimental EP at isovalue sruface (+0.01 e.A-1)
(strategy 2).
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Figure 4. Connection between organic and inorganic part a)
Static deformation density (contours 0.05 eA-3) in the V1-031-
C1 plane b) Laplacian in the same plane. Contribution of the
03x to the V-03x bond (green arrow) and to the 03x-C bond
(purple arrow). c) Relationship between interatomic distances
(A) and energy density (a.u) for the V-O bond in V6-C3 (un-
filled marks) and V10 (plain marks). 19

POMs and POVs have long been considered as the lumines-
cence quenchers.28 However, a few examples have shown that
these materials exhibit fluorescence. Especially the POV-based
materials give the blue luminescent emission in solution.!4
The oxide-to-vanadium charge transfer and intervalence
charge transfer could be the probable reasons. Recently, func-
tionalized V6 with hydrophobic groups shows unexpected
blue luminescence, probably due to the ligand-to-metal charge
transfer (LMCT), which might inspire a new mechanism for
fluorescence emission.12 The V6-C3 compound in the solid
state and at the ground state could be described as a donor
acceptor according to a D2+-A282--D22+ formula. This indicates
that the compound is extremely polarizable in the ground
state. One could use the term of intramolecular charge trans-
fer compound to describe the ground state in the solid state of
the functionalized V6 species. The functionalized V6 anion
exhibits a push-pull behavior. This experimental description
of charge density analysis in the ground state is the first step
for understanding of the fluorescent properties. HOMO and
LUMO are involved in the mechanism of the fluorescent prop-
erties observed experimentally by Yin et al.12a in solvent state.
There is a small amount of compound for which the experi-
mental X-ray diffraction could be used to access the exited
state.29 Therefore our work presented in this communication
constitutes a reference point for performing accurate DFT
theoretical calculations of the two states and therefore expla-
nation on the fluorescent properties of hybrid compounds.
Such calculations are actually in progress in our Laboratory.

Electronic supplementary information (ESI) available
Experimental methods, crystallographic details, structural
description, residual density, Kappa (k) and multipole (k)
coefficient, experimental multipole charge and AIM charge,
experimental electrostatic potential. This material is available
free of charge via the Internet at www.rsc.org/pccp.
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