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A B S T R A C T

The new benzylammonium (C7H10N) salt of the phosphotetradecavanadate (PV14) anion PV14O42
9− , 

(C7H10N)6[H3PV14O42]•7H2O (1), is synthesized under mild conditions and characterized by a combination of 
physicochemical techniques such as Fourier transform infrared spectroscopy, powder X-ray diffraction, elemental 
analyses and cyclic voltammetry. As evaluated by 51V NMR spectroscopy, at milimolar concentrations and pH 
~2.5 the PV14 anions decompose slowly, thus demonstrating kinetic stability, but at pH ~7 this process takes 
place much faster. However, in the presence of human serum albumin, the 51V NMR peaks of PV14 anions 
broaden significantly and their decomposition becomes much slower, this being due to a direct interaction be
tween both components. The structure of 1 is elucidated by single-crystal X-ray diffraction and reveals the 
presence of three-fold protonated, bicapped Keggin type [H3PV14O42]6− anions. The supramolecular interactions 
governing the crystal packing are further studied using the Hirshfeld surface analysis. Computational studies 
using density functional theory were effective in determining the electronic and protonation states of PV14 
clusters, as well as the multi-electron redox behavior of compound 1 in acidic aqueous solutions. Molecular 
dynamics calculations confirm the high hydrophilicity and absence of aggregation between protonated PV14 
anions in aqueous medium. Notably, this compound shows high inhibitory effect on the viability of the U87 
glioblastoma cell line with IC50 values of 3.2 ± 0.6 μM and 1.10 ± 0.04 μM after 24 h and 72 h treatments. The 
mode of action of compound 1 is mediated by the pro-apoptotic process. These data provide evidence on the 
potential therapeutic use of PV14 compounds against glioblastoma.

Abbreviations: BSA, Bovine serum albumin; BVS, Bond Valence Sum calculations; CV, cyclic voltammetry; de, distance from the point to the nearest nucleus 
external to the surface; di, distance to the nearest nucleus internal to the surface; DFT, Density Functional Theory; dnorm, normalized contact distance; δV, 51V NMR 
chemical shift; HS, Hirshfeld surface; HSA, human serum albumin; Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; LHR, luteinizing hormone receptor; 
PE, protonation energy; POM, Polyoxidometalate; POV, Polyoxidovanadate; PV14, phosphotetradecavanadate; SC-XRD, single-crystal X-Ray diffraction; V1, mon
ovanadate; V2, divanadate; V4, tetravanadate; V10, decavanadate; vdW, van der Waals radii.
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1. Introduction

Polyoxidometalates (POMs) constitute a class of inorganic anions 
made of discrete polymetallic oxide frameworks based mainly on high 
valence transition metals such as WVI, MoVI or VV [1–3]. The simple 
general formula [MxOy]n- covers a large structural diversity and a wide 
range of reactive and modifiable structures [4–7], with diverse appli
cations in the field of chemical engineering [8] but also in many other 
areas, such as catalysis [9–12], environmental science [13], materials 
science [14–20], biochemistry, pharmacology, medicine [4,5,7] and 
energy-storage applications [20–26].

Several research groups have tested different vanadium compounds 
(VCs) to find new potential drugs [27–38]. In fact, VCs have been shown 
to display important biological effects, which suggest their potential 
both in fundamental and clinical applications. VCs are especially inter
esting compounds because of the variable and easily accessible oxida
tion states that vanadium can adopt (VIII, VIV and VV), as well as diverse 
nuclearity, coordination modes and geometries [37]. In contrast to W 
and Mo, the different nuclearities and coordination polyhedra displayed 
by vanadium based POMs further justify the research on this family of 
compounds [39–43].

Vanadate ions and vanadium compounds may stimulate or inhibit 
the activity of enzymes, most of these effects being attributed to the 
similarities of vanadate(V) anions with phosphate(V) [28,37,44–50]. 
Noteworthy, polyoxidovanadates (POVs) have been reported to have ion 
pumps, such as Na+/K+-ATPase and Ca2+-ATPase, among the possible 
targets in their biological action [45,51–55]. Several other types of 
biological effects have been attributed to POVs [29,54,56–61]; for 
instance, studies have shown that VCs and POVs can interfere on 
different aspects of the cancerogenesis, such as cell proliferation and 
viability [29,60,62–67].

Glioblastoma is a very aggressive type of brain cancer (glioma) 
affecting the central nervous system, that accounts for a high proportion 
of malignant brain and nervous system tumors [68–70]. Presently, the 
treatment of glioblastoma is based on chemotherapy with temozolomide 
(TMZ) [71–76]. However, resistance to TMZ has limited the efficiency of 
this drug [72–75,77], so there is a need to develop therapies that can 
induce cell death through alternative pathways.

Among VCs reported to have effect on glioblastoma cells we can cite 
VVO2(L1H) (L1H2 = 2-hydroxy-1-naphthylaldehyde iso
nicotinoyhydrazone), where both the complex and the free ligand were 
active against human glioblastoma T98G cancer cells [78] The com
pound VIVO(acac)2 (Hacac = acetylacetone) was also reported to sup
press glioblastoma cells' growth, with IC50 values in the range 4–6 μM, 
showing low toxicity to major neural cells and not inducing immuno
genic responses [79]. Interestingly, it was also found that using gra
phene oxide quantum dots as route of administration, the efficacy was 
significantly increased and the toxicity was reduced. More recently 
Crans and co-workers [80], using viability assays, evaluated and 
compared the anti-proliferative activity of several related vanadium 
mixed-ligand complexes containing Schiff bases- and catechol-type li
gands in T98G glioblastoma and SVG p12 normal glial cells. Most of the 
compounds tested form non-toxic by products upon degradation. The 
better properties of [VO(3-tBuHSHED)(TIPCAT)] (3-tBuHSHED = N-(3- 
tert-butyl-salicylideneaminato)-N-(2-hydroxyethyl)-1,2-ethanediamine 
and TIPCAT = 3,4,6-tri-isopropylcatechol) compared to others tested 
were attributed to the greater steric hindrance associated to the new 3- 
tBuHSHED and catecholato (TIPCAT) ligands. Besides emphasizing the 
need to mitigate adverse effects from possible metabolites, the authors 
also discussed the relevance of the hydrophobic properties for the 
enhancement of the cytotoxicity and in improving the aqueous stability 
of the complexes within the tumor microenvironment.

These previous studies on finding suitable VCs and formulations for 
the efficient delivery of vanadium compounds [37] has been encour
aging the development of new VCs for the treatment of glioblastoma as 
well as other types of malignant tumor cells. In fact, efficient cellular 

uptake is important for the efficacy and potency of vanadium-based 
drugs [37,81–85] and subtle modifications in their structures may be 
relevant for faster uptake and to enhance their specificity [62,84]. The 
luteinizing hormone receptor (LHR) is expressed in Chinese Hampster 
Ovary (CHO) cells and was reported to initiate signaling in the presence 
of some POVs, for example with the decavanadate Na3[H3V10O28] (2) 
and with the mixed-valence phosphotetradecavanadate K 
(NH4)4[H6V14O38(PO4)] (3) [62] (phosphotetradecavanadates will be 
abbreviated as PV14). In this particular study, it was reported that in
teractions of vanadium compounds with CHO cells decrease the packing 
of membrane lipids, drive aggregation of LHR and increase signal 
transduction by LHR. The growth inhibition by these VCs was tested, 
namely with NaVVO3 (V1), the decavanadate (2), the PV14 (3) and a 
V15 compound ([(CH3)4N]6[V15O36(Cl)]) (4). Note that both these 
specific PV14 and V15 compounds are mixed-valence POVs. However, 
most POVs get partially hydrolyzed during the experiments [86,87], 
thus lowering their original concentrations. The growth effects of the 
VCs were measured and remarkably were quite effective, as in the case 
of the mixed-valence PV14 tested [62]. The authors reported that all 
POVs tested initiated signaling, V10 and V15 showing the greatest ef
fects on cell function, while NaVVO3 was significantly less active. 
Interestingly, the PV14 compound tested, although decomposing fast in 
the cell medium, displayed a significant activity. This suggested that the 
signaling with these POVs is quite fast, presumably acting through 
electron transfer processes [62]. A PV14 compound was also reported 
[88] to display good ex-vivo inhibiting activity on Na+/K+-ATPase and 
in vitro inhibitory effects on the Ca2+-ATPase.

Glioblastoma is difficult to treat, but these examples show that some 
decavanadates are active towards human malignant glioma cells 
[63,89–91]. Encouraged by the above-mentioned studies, which 
demonstrated the interesting biological effects of PV14 compounds, we 
propose to explore POV-based compounds that can potentially feature 
suitable properties against glioblastoma cells. Phosphote
tradecavanadates(V) (or bicapped α-Keggin type [PVVV

14O42]9− , PV14), 
are examples of structures containing phosphate as an internal hetero 
group. These compounds may be synthesized by the condensation of 
simple inorganic VVO4

3− anions in acidic aqueous media in the presence 
of phosphate salts [86,87,92,93]. Herein, we report the synthesis of the 
organic-inorganic hybrid salt (C7H10N)6[H3PVVV

14O42]•7H2O (1) 
(C7H10N+ = benzylammonium cation) and its characterization by 
single-crystal X-ray diffraction (SC-XRD). Additionally, its electronic 
properties are disclosed by density functional theory (DFT) calculations 
and its solution behavior studied by UV–Vis and 51V NMR experiments 
and modelled by molecular dynamics (MD) simulations.

It has been reported that organic cations may improve the bioactivity 
and bio-specificity of V10 compounds, making them more effective 
against tumors [61,94]. It has also been suggested that these cations may 
bind to decavanadate clusters, this allegedly facilitating the interactions 
of V10 with cell membranes and their uptake, as well as leading to 
improved anti-tumor activity. It has also been stated that organic cations 
can help stabilize V10 compounds under biological conditions, 
improving their efficacy via intra-tumor injections. We believe that 
organic cations may be involved in quite strong interactions with V10 or 
other POV anions in the solid state, but extrapolation of this to biological 
conditions when POVs are present at low concentrations and in the 
presence of relatively high concentrations of several types of cations and 
of potential ligands for vanadium is mainly speculation, although it may 
be correct in some particular cases. Additionally, the cytotoxicity of the 
(organic cation)-POV compound tested may be mainly or partly due to 
the organic compound, and this should always be checked. In this work, 
we investigate the effect of compound 1 on the viability of U87 glio
blastoma cells, as well as that of benzylamine, to check if the observed 
cytotoxicity is supported by the PV14 counter ions of compound 1. Some 
experiments were also done with (NH4)6[H3PV14O42]•19H2O (5), a 
PV14 compound not containing organic cations as counter ions.
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2. Results and discussion

2.1. Characterization of (C7H10N)6[H3PV14O42]•7H2O (1) in the solid 
state

2.1.1. FTIR spectrum
The FTIR spectrum of 1 is depicted in the range 400–4000 cm− 1 

(Fig. S1). The strong absorption of the characteristic V=Ot (Ot = ter
minal Ooxido-atoms) stretching vibration can be seen at 938 cm− 1. 
Furthermore, bands at ca. 802 and 717 cm− 1 are assigned to the anti
symmetric modes of vibration of the V–O–V bridges, while the sym
metric modes correspond to the bands between 582 and 509 cm− 1 

[92,95]. The antisymmetric stretching vibration of phosphate may be 
assigned to the band at 1065 cm− 1 and the antisymmetric bending mode 
at 582 cm− 1 [86,92].

TGA.
Based on thermogravimetric and elemental analysis, the suggested 

formulation for the obtained NH4
+ salt of PV14 is (NH4)6[H3PV14O42]•

19H2O (5) with molar mass 1870 g mol− 1. This compound was syn
thesized by modification of published procedures (see experimental 
section) [92,96,97].

2.1.2. Powder X-ray diffraction
Powder X-ray diffraction (PXRD) analysis was carried out on 

(C7H10N)6[H3PV14O42]•7H2O (1) to verify the identity and phase purity 
of the crystalline material. Fig. S2 shows the measured and calculated 
powder diffraction pattern (based on the monocrystalline structure), 
which defines and confirms the phase purity of the sample.

2.1.3. Single crystal X-ray diffraction analysis
Compound 1 crystallizes in the monoclinic P21/n space group, and 

its asymmetric unit contains one three-fold protonated phosphote
tradecavanadate [H3PV14O42]6− anion and six crystallographically in
dependent centrosymmetric benzylammonium cations. Seven hydration 
water molecules, disordered over 7 positions, complete the asymmetric 
unit of 1, Fig. 1.

The [H3PV14O42]6− anion is structurally related to the archetypical 
Keggin-type cluster, exhibiting two capping vanadate units at opposite 
regions of the framework. This arrangement includes a central tetrahe
dral PVO4

3− anion, which links three {V3O13} trimers formed by three 
edge-sharing VO6 units through sharing corners. Each V center has one 
terminal Ooxido ligand with short V–Ot distances, d(V–Ot) ≈ 1.6 Å. The 
two additional capping units exhibit a penta-coordinated square- 

pyramidal [VVO5] coordination mode [97,98]. All the V–O bond lengths 
and V–O–V angles (Tables S1-S2) are in good agreement with the 
literature data reported for related POV structures 
[35,54,63,87,99–102]. The bond length and bond-angle distortion 
indices (ID) were estimated following the Baur method [103]. The pa
rameters procured are in the ranges of 0.087–0.157 for ID (V-O) and 
0.152–0.228 for ID (O-V-O). These binding lengths and angles lie within 
the normal ranges and correspond to those mentioned in the Keggin 
anion literature. Bond Valence Sum calculations (BVS) justify the 
formulation of the cluster anion of 1 as [H3PVVV

14O42]6− and allowed us 
to locate the protonation sites. BVS calculations using the Brown and 
Altermatt methods showed that all V atoms have valence values ranging 
from 4.914 to 5.125 (avg. 5.05), confirming the formal oxidation state 
VV for all metal centers (Table S3) [104–106]. The bond valence sum 
values for the oxygen atoms in the polyanion are in the 1.590–2.081 
range, except for the bridging O(14), O(30) and O(39), these showing 
values of 1.262, 1.456 and 1.312 respectively, which indicates that these 
O atoms are protonated.

Six benzylammonium cations surround the PV14 anion, with C–C 
bonds ranging from 1.347 to 1.512 Å and N-C distances around 1.486 Å. 
The C–C–C angles of this ion are in the range of 117.69–120.34◦ and 
around 113◦ for C–C–N (Tables S1-S2). Analysis of the crystal structure 
of 1 using a combination of Hirshfeld analysis, and manual structural 
analysis allowed to identify a range of highly directed intermolecular 
interactions which are considered to contribute significantly to the 
packing in the crystalline network. This structural analysis revealed that 
the crystal packing in the title compound is stabilized by an extensive 
N–H⋅⋅⋅O, O–H⋅⋅⋅O and Ow–H⋅⋅⋅O type hydrogen bonding network 
established between organic molecules, POV surface O-atoms and lattice 
water molecules. This reflects the potential of the PV14 anion to 
establish hydrogen bonds. Detailed hydrogen bonding parameters are 
given in Table S4.

Along the crystallographic [001] direction, short intramolecular N- 
H⋅⋅⋅O interactions established between one POV O-atom and a N-atom of 
the amine groups allows PV14 moieties to connect to each other in a 
zigzag chain. These are then further arranged into a hydrogen-bonded 
bidimensional network through the contact established by hydration 
water molecules, and protonated O-atoms from the POV surface O(14) 
and O(39). These layers stack along the crystallographic [100] direction 
involving benzylammonium cations, hydration water molecules and 
PV14 units to build a 3D-supramolecular architecture, as shown in 
Fig. 2.

2.2. Hirshfeld surface analysis

Cations and anions of 1 are connected by a three-dimensional 
network of N–H⋅⋅⋅O and O–H⋅⋅⋅O type hydrogen bonding interactions 
(Table S4) involving POV surface O-atoms and amino groups from the 
organic moieties. To gain more insight into the intermolecular in
teractions, a Hirshfeld surface analysis was carried out using Crystal 
Explorer 3.0 [107] and constructed by applying Eq. (1) [108]: 

dnorm =
di − rivdw

rivdW
+

de − revdW
revdW

(1) 

where de is the distance from such a point to the next neighbor outside 
the surface, di is the distance to the nearest nucleus internal to the 
surface and rivdW and revdW are the van der Waals radius of the atoms, 
internal and external, respectively.

If an interatomic distance is shorter than the sum of the van der 
Waals radii, a red area is found on the Hirshfeld surface. All other 
colored regions indicate interatomic distances longer than the sum of the 
van der Waals radii (Fig. S3). Further interpretation of the 3D Hirshfeld 
surface is not straightforward and, therefore, a fingerprint plot can be 
constructed representing a 2D view of the 3D surface. The weaker and 
longer contacts other than hydrogen bonds are present in the dnorm Fig. 1. Ball & stick representation of the asymmetric unit in 1.
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surfaces by the other smaller extents of visible red spots and light-white 
regions. Hydrogen bond interactions are also evident in the shape-index 
(Fig. S4) by a blue convex region around the donor atom and a com
plementary red concave region around the hydrogen bond acceptor.

The quantitative analysis (2D fingerprint plots) was deconstructed to 
highlight particular atom-pair close contacts are depicted in Fig. S4. The 
relative contributions of individual intermolecular interactions at the 
Hirshfeld surface mapped over the ranges − 0.728 (red) to 1.645 (blue) 

Fig. 2. Arrangement of PV14 units within the (111) plane in 1. Hydrogen bonding interactions are depicted as dashed lines.

Fig. 3. Electrochemical measurements on solutions of compound 1 (1.0 mM) in 0.1 M H2SO4 solution. (A) Cyclic voltammograms of PV14 with various scan rates, (B) 
cyclic voltammogram with a scan rate of 25 mV/s, (c) peak current density vs. square-root of scan rate for peaks Ox 0.1 / Red. 1 and Ox 0.2 / Red. 2. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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are displayed in Fig. S3.
In the crystal packing, the O⋅⋅⋅H/H⋅⋅⋅O intermolecular interactions 

have a more significant contribution, which comprise 45.1 % of the total 
Hirshfeld surface area. The H⋅⋅⋅C/C⋅⋅⋅H interactions contribute 13.0 % of 
the total Hirshfeld surfaces. Furthermore, the H⋅⋅⋅H interactions are 
displayed in the distribution of scattered points in the fingerprint plots 
comprising 37.9 % of the total Hirshfeld surfaces Fig. S4.

2.3. Behavior in solution

2.3.1. Cyclic voltammetry
The redox properties of 1 were investigated by cyclic voltammetry 

(CV) studies. Fig. 3A shows the results from the experiments with 0.1 M 
H2SO4 aqueous solutions of 1 at different scan rates (10, 25, 50, and 100 
mV/s). In aqueous solution PV14 anions may have significant concen
trations in the pH range 1.5–4.0, and for adequate concentrations of the 
total vanadium ([V]total) and total phosphate ([P]total). For pH < 1.5 the 
VO2

+ species predominates, and in the pH range 2–6 decavanadate an
ions may predominate or form in significant proportion. Speciation 
calculations for a PV14 concentration ([PV14]) of 1 mM (corresponding 
to [V]total = 14 mM and [P]total = 1 mM), using the formation constants 
of Selling et al. [109] (see Fig. 4), predict that at the pH of the CV 
measurements the risk of decomposition of PV14 is relevant. So, 
although upon dissolution the PV14 anion of 1 may persist for several 
hours [22,109], the redox properties of the PV14 anion, as well as of 
other ions resulting from its decomposition, may be contributing to the 
cyclic voltammograms recorded. Our CV results are quite similar to 
those reported by Friedl et al. [22] mostly carried out in solutions with 1 
M H2SO4, where the authors assumed that the PV14 anions preserved its 
integrity during the redox processes.

As highlighted by Friedl et al. [22] and Huang et al. [110], the redox 
waves associated to PV14 involve multi-electron processes; for example, 
during the oxidation at least 5 electrons are transferred. Therefore, the 
overlap of several redox reactions does not allow the determination of 
the exact standard potentials and peak separations. In the potential 
range − 0.4 to +1.4 V, at least two oxidation and two reduction waves 
are observed corresponding to Ox. 1 / Red. 1 and Ox. 2 / Red. 2 (Fig. 3B). 
The measured mean peak potentials E1/2 = (Epa + Epc)/2 are 0.077 V (1) 
and 0.407 V (2) (scan rate: 25 mV/s) with Epa and Epc being the anodic 
(oxidation) and cathodic (reduction) peak potentials, respectively. 
Fig. 3C shows that the peak currents of the redox process are 

proportional to the scan rate, and the linear dependence of peak current 
vs. the square root of the scan rate reveals that these are diffusion- 
controlled processes.

Quantum mechanical density functional theory computational 
studies presented below confirm the inherent tendency of PV14 anions 
to accept electrons at sufficiently low pH as well as the possibility of 
forming stable mixed-valence reduced forms, which justifies the 
appearance of multi-electron redox waves at negative electrode 
potentials.

At this point we highlight that a PV14 concentration ([PV14]) of 1 
mM corresponds to a total vanadium concentration ([V]total) of 14 mM 
and to a total phosphate concentration ([phosphate]total) of 1 mM. The 
species distribution diagram predicted for PV14 concentration ([PV14]) 
of 1 mM (Fig. 4) indicates that, in equilibrium conditions, the PV14 
anions comprising three protonation states, H3PV146− , H4PV145− and 
H5PV144− , are not the major species in solution. Notwithstanding, it has 
been reported that, in the pH range 2–3.5, the PV14 anions are kineti
cally inert and decompose slowly [22,109]. Therefore, at this concen
tration and pH the risk of decomposition of PV14 is moderate, the redox 
properties of the PV14 anion being likely observed. Note that, among the 
PV14 species present, at the pH of the CV experiments H5PV144− and 
H4PV145− are the most relevant ones.

2.3.2. 51V NMR spectra of solutions of PV14 anions
Fig. 5 depicts the 51V NMR spectra of a 2 mM aqueous solution of the 

prepared NH4
+ salt of PV14, formulated as ((NH4)6[H3PV14O42]•19H2O 

(5) at pH 2.5. The corresponding 31P NMR spectra are depicted in 
Fig. S5. Note that with [PV14]total = 2 mM, the [V]total is 28 mM, thus 
the solution is quite concentrated in terms of total VV present. The peak 
at − 544 ppm is due to monovanadates (V1) and its relative amount 
increases with time.

According to Selling et al. [109], the bands at − 532/− 533, − 586/ 
− 587 and − 598 ppm correspond to the 51V NMR chemical shifts (δV) of 
VV atoms of PV14 anions That were designated as V(3), V(2) and V(1). 
Because of the possible presence of other V-containing species we are 
using here the designations PV14–3, PV14–2 and PV14–1, respectively. 
The PV14 anions have a trans-bicapped α-Keggin structure, corre
sponding to 3 types of non-equivalent V-atoms. One type includes the 

Fig. 4. Species distribution diagram representing the total fraction of V cor
responding to each vanadium-containing species, as predicted for solutions 
containing [PV14] = 1.0 mM in the pH range 1–6. This corresponds to [VV]total 
= 14.0 mM and [phosphate]total = 1.0 mM. The diagrams were calculated using 
the HySS computer program [111] including the hydrolytic species (see Ma
terials and Methods section) and using the formation constants of refs. [86], 
[109] and [112].

Fig. 5. 51V NMR spectra of a 2 mM solution of 5 immediately after preparation 
and after 24 h. HCl was added to the solution so that the initial pH would be 
close to 2.5. The 51V NMR spectra of compound 1 in similar conditions (pH, 
concentration and time after preparation) are identical.
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two capping V-atoms that are 5-coordinated to O-atoms, which give rise 
to the 51V NMR peaks PV14–3. All the remaining 12 vanadiums are 6-co
ordinated. Eight of these are connected to the capping V-atoms (four to 
each) which structurally differ from the remaining four (peaks PV14–2 
and PV-14-1, respectively). On the other hand, the PV14 anions may 
have different protonation states and at pH ~2.5 the main ones are 
H4PV145− and H5PV144− .

The V10 anions, if present, may remain structurally intact in solution 
and contain three different types of vanadium atoms according to their 
position in the polyanion structure. These are often labelled as V10A, 
V10B and V10C. In this work we labelled as V10C the six-coordinate 
non-oxido V-atoms that are buried within the V10 polyanion; these 
are the V atoms less sensitive to changes in the solution media, such as 
modifications of pH. The outer vanadium atoms containing a V=O group 
are labelled V10B and V10A; these atoms are surface accessible and 
show the greatest sensitivity to the pH of the solution. From the ther
modynamic point of view, decavanadates should correspond to ~50 %, 
and the PV14 anions to ~40 % of total VV in these conditions (see 
Fig. S6). Observing the recorded 51V NMR spectra at t = 0, no peak due 
to V10 is clearly visible, but at t = 24 h the small band at around − 510 
ppm could originate from the VV atoms designated by V10B. The peak of 
VV atoms designated by V10C should appear at ~ − 425 ppm, but are not 
detected, and that of V10A at ~ − 526 ppm. Thus, PV14 anions show 
appreciable kinetic stability as evidenced by peaks due almost only to VV 

atoms of PV14 are observed. We remark that the 51V NMR spectra of a 

solution containing 2 mM of compound 5 and 8.0 mM of benzylamine 
immediately after preparation and after 24 h (Fig. S7) do not present any 
significant difference from those of Fig. 5. Interestingly, at lower con
centration of the PV14 compounds (0.90 mM, see Fig. S8 for 1) the 51V 
NMR spectra are similar but the three peaks due to decavanadate are 
now clearly visible at − 425 (V10C), − 507 (V10B) and ~ − 527 ppm 
(V10A), this demonstrating the relevance of [V]total values in the 
speciation of vanadium containing species in solution.

These particular spectra are also quite similar to those of 
(C6H14N4)2(NH4)[H4PV14O42]⋅11H2O [86], at pH = 2.3 (in water), 
where C6H12N4 is methenamine. In contrast with these results obtained 
at low pH values, in aqueous solution at pH ~7, as evaluated by both 51V 
NMR and UV–Vis spectroscopy, the PV14 anions were not stable, and the 
hydrolysis proceed faster as the [V]total decreased. This phenomenon is 
considered in ref. [87] and extensively discussed in ref. [37]. It is also 
addressed in the Supplementary Materials section. Moreover, PV14 
polyanions are not stable at pH = 7. So, once dissolved in a media of this 
pH they tend to hydrolyse. Upon the dissolution of the PV14 1 at 2 mM 
concentration, this polyanion hydrolyses and the main V-species 
detected by 51V NMR after ~0.1 and 3 h of preparation are V1 (mono
vanadates), V2 (divanadates), V4 (tetravanadates), as well as small 
amounts of decavanadate.

Fig. 6. 51V NMR spectra of a 0.90 mM solution of 1 and HSA (0.60 mM) immediately after preparation and after 3 h (A) at pH = 6.3; (B) the same at pH = 7.1. The 
solutions were prepared by adding compound 1 to solutions of HSA in Hepes buffer (5.0 mM) with the pH adjusted to either 6.3 or 7.1. Several VV species may show 
up at very close regions of the 51V NMR spectra, and their bands becoming broader due to interactions with HSA; so, there may be extensive superposition of the 
corresponding 51V NMR bands. Therefore, as we are not sure of their presence, we include ‘?’ in the identification of some of these VV species in the figure.
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2.3.3. 51V NMR spectra of solutions containing PV14 compounds and 
albumin

In one of our previous works [87], we showed that the PV14 anions 
interact with bovine serum albumin (BSA), the albumin present in 
mammalian cell incubation media. Encouraged by those results, in this 
work we carried out several experiments with solutions containing 
human serum albumin (HSA) and compounds 1 and 5. HSA is the al
bumin present in human serum and the protein responsible for transport 
of many nutrients and therapeutic drugs. HSA and BSA have many 
similarities but it may happen that their binding to V10 or PV14 anions 
may differ. In this work one of our aims was to demonstrate the binding 
of PV14 polyanions to HSA.

Fig. 6 depicts 51V NMR spectra of a 0.90 mM solution of 1 and HSA 
(0.60 mM) immediately after preparation and after 3 h. According to 
Selling et al. [109] at pH ~6.3 the peaks of VV atoms PV14–3, PV14–2 
and PV14–1 correspond to δV values of − 515, − 566 and − 583 ppm, 
respectively, and peaks close to these values are indeed observed. Ac
cording to Pettersson et al. [110], at pH ~6.3 the δV values of VV atoms 
of decavanadates correspond to approximately − 514 (V10A), − 495 
(V10B) and − 424 ppm (V10C), and V1 at − 559 ppm. All these are 
visible in the spectra of Fig. 6, almost all of them corresponding to rather 
broad bands. This broadening of 51V NMR peaks indicates the estab
lishment of interactions of the corresponding PV14-species with albu
min. At pH ≥ 6.3 no significant amounts of PV14 or V10 anions are 
expected to exist in solution (Fig. 7) [112], so, the observation of bands 
due to these species are an additional indication of the binding of PV14 
(and V10) anions to HSA. At t = 3 h the sharp peak due to V1 emerges 
with increased intensity when compared with the spectrum recorded at 
t = 0. This also suggests that V1 binds rather weakly to HSA. Addi
tionally, the shoulder band between ca. -570 and − 620 ppm, with 
contributions of VV atoms of V2 and PV14–2 and of V4 and PV14–1, 
respectively, slightly broadens, probably due to an increase in the 
relative amount of V2 and V4. In the 51V NMR spectra similarly recorded 
but at pH ~7.1 (Fig. 7B), the amounts of V1, V2 and V4 are higher than 
those observed at pH 6.3.

2.4. Computational study

This section presents a computational study based on quantum me
chanical density functional theory (DFT) and molecular dynamics (MD) 

simulations, to gain a deeper insight into some physicochemical char
acteristics of the PV14 system. We present complementary information 
related to the [PV14O42]9− anion and some of its protonated forms, as 
well as the dynamic behavior obtained in a model environment that 
mimics the solution conditions. We discuss the internal structure, the 
relative stability of several protonated forms and the molecular orbital 
sequence in aqueous solution. Also, we show how PV14 is surrounded by 
the solvent and the electrolyte ions in an aqueous solution, as is the case 
in the present work. We emphasize that the protonation ability of a 
POM, besides determining its overall charge, is important for the 
establishment of strong interactions with e.g. biologically relevant 
molecules or cell membranes. On the other hand, the ability of POVs to 
be involved in redox processes may be important for their biological 
activity [37].

Structural parameters obtained by full geometry optimization of 
[PV14O42]9− and its tetra-protonated form as [(H3O)4PV14O42]5− at the 
DFT level (Table 1, indicated as H4PV14) show very good agreement 
with experimental data, the penta-protonated form showing similar 
good agreement (see ESI, Tables S5-S9 for nuclear coordinates of the 
calculated structures). As expected, protonation does not have a deep 
impact on the selected distances irrespective of the number of protons 
added to the structure. Interatomic distances for [(H3O)xPV14O42](9–x)– 

(x = 1–3 and 5) anions can be found in Table S10. Considering the 
general good match between theoretical and experimental data, the 
electronic analysis of these structures will shed some light on funda
mental properties of the anions.

The frontier molecular orbitals of the fully oxidized, non-protonated 
[PV14O42]9− system with formally all VV-centers, present similar fea
tures to other POV systems (Fig. 8A). The highest occupied molecular 
orbital (HOMO) has an energy of − 6.692 eV, and − 3.051 eV is the value 
found for the lowest unoccupied molecular orbital (LUMO). Compared 
to our previous work [86,87] these energies are more negative due to the 
use of a hybrid functional in the present study, concomitant with a larger 
HOMO-LUMO energy gap (Fig. 8C). Regardless of the theoretical level 
used, however, the HOMO is a combination of p-type oxygen orbitals 
and the LUMO has mostly nonbonding character of d-type vanadium 
orbitals. The high symmetry and delocalized nature of the LUMO 
(Fig. 8A) reinforces the chemical quasi-equivalency of all V centers, 
implying that that reduction of the system would generate delocalized 
extra electrons.

Considering the nature of the aqueous solution and the experimental 
evidence of protonation, several protonated and reduced species of 
[HxPV14O42](9–x)– were analyzed. A reliable property to identify the 
geometrical positions of protonation sites is the molecular electrostatic 
potential and the derived potential wells, interpreted as the most nucle
ophilic regions of the molecule. Fig. 8B represents the four wells (green 
surfaces), equivalent due to the molecular symmetry, with the most 
negative potential in the fully deprotonated species. In vanadium- or 
tungsten-based POMs, M-O-M bridging oxygen sites tend to be proton
ated first [113,114]. In the present structure, these positions are located 
in the [M4O4] structural motifs, which are surrounding each potential 
well in the figure. These are the four principal protonation sites for 
[PV14O42]9− . The homologous potential wells for the species 

Fig. 7. Species distribution diagram representing the total fraction of V cor
responding to each vanadium-containing species, as predicted for solutions 
containing [PV14] = 0.90 mM in the pH range 2–7.5. This corresponds to 
[VV]total = 12.6 mM and [phosphate]total = 0.90 mM. The diagrams were 
calculated using the HySS computer program [111] including the hydrolytic 
species (see Materials and Methods section) and using the formation constants 
of refs. [86], [109] and [112].

Table 1 
Interatomic distances (Å) for the DFT-optimized structures of [PV14O42]9− and 
[H4PV14O42]5− .

PV14 H4PV14

P–Otetr 1.545 1.544–1.553
V–Otetr 2.375–2.396 2.390–2.434
Vcap–Otetr 3.227 3.240–3.281
V–Oterm 1.631–1.636 1.605–1.615
Vcap–Oterm 1.643 1.621
V–Obrige 1.759–2.082 1.777–2.046
Vcap–Obridge 1.827–1.916 1.838–1.933
V–Vcap 3.034 2.962–3.086
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[(H3O)xPV14O42](9–x)– (x = 1–4) are shown in Fig. S9. After obtaining 
the [(H3O)xPV14O42](9–x)– (x = 0–5) optimized geometries and their 
relative energies, protonation energies (PEs) were calculated as:

[(H3O)xPV14O42](9–x)– + H3O+ → [(H3O)x+1PV14O42](8–x)–.
using − 18.711 eV as the energy for the hydronium release from a 

water cluster for being incorporated to the POV structure, as shown in 
the Computational Details section [87]. A deeper analysis was per
formed to know which O atom of the [V4O4] motif is preferentially 
protonated. Fig. S10 in the SM section reveals a tiny energy difference of 
0.3 kcal mol− 1 between the two cases. This value can be interpreted as 
both oxygen sites having effectively the same tendency to bind a proton. 
In our calculations, the presence of one explicit water molecule close to 
the proton in the protonated derivatives confers the system with a highly 
realistic geometry and energy.

Computed successive protonation energies (PE, in kcal mol− 1) for the 
[PV14O42]9− system (abbreviated as HxPV14

n–).
The PEs shown in Table 2 are mostly exothermic, indicating that the 

[PV14O42]9− anion can be protonated several times in certain (acidic) 
conditions, at least from thermochemical arguments. The first two 
processes are highly stabilizing and, given that the PE difference be
tween the third and the fourth protonation is 1.2 kcal mol− 1 only, we 

suggest that the [H3PV14O42]6− and [H4PV14O42]5− species could 
coexist as major species in similar amounts. This is in line with the ob
servations of Selling et al. [109] about the speciation of tetradecava
nadate anions in water. The penta-protonated species, if maintaining the 
fully oxidized form, has a lower tendency to dominate, although at very 
low pH it must be considered since it is degenerate in energy with the 
tetra-protonated one. These values change dramatically when higher 
reduction states are considered for the PV14 species. For example, the 
protonation of the 2e-reduced form H2PV14 2e9− involves a reaction 
energy of − 17.30 kcal mol− 1, considerably more exothermic than the 

Fig. 8. Electronic characteristics of the [HxPV14O42](9–x)– anions. (A) Representation of the HOMO and the LUMO of the non-protonated form (x = 0). (B) Elec
trostatic potential wells of [PV14O42]9− as green surfaces, and successive protonation energies in kcal mol− 1, relative to the first protonation indicated as 1. (C) 
Frontier molecular orbital energies and HOMO-LUMO gaps, in eV, for the [HxPV14O42](9–x)– series (x = 0–4, from left to right). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.)

Table 2 
Computed successive protonation energies (PE, in kcal mol− 1) for the 
[PV14O42]9− system (abbreviated as HxPV14

n− ).

Protonation reaction Absolute PE PE relative to the previous protonation

PV14
9− → HPV14

8− − 21.32 0.0
HPV14

8− → H2PV14
7− − 17.05 +4.3

H2PV14
7− → H3PV14

6− − 10.37 +6.7
H3PV14

6− → H4PV14
5− − 9.19 +1.2

H4PV14
5− → H5PV14

4− 0.00 +9.2
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non-reduced partner species.
Fig. 8C shows schematically how the frontier molecular orbital en

ergies decrease as protons are added to the compound, from left to right, 
a typical consequence of decreasing some anion charge by protonation. 
Alongside, we observe that the HOMO-LUMO gap becomes larger, 
altogether conferring progressively more stability to the system. We 
observe an interesting feature related to the four-fold protonated form, 
arising in two ways. First, going from H3PV14 to H4PV14 produces the 
largest HOMO-LUMO gap increase (0.216 eV) between two successive 
members of the series, whereas the previous three protonations generate 
variations in the range 0.086–0.118 eV. Second, the fourth PE is more 
exothermic than expected from a global view of the series (Table 2). So, 
if the relative PE change is sustained, a PE close to zero, or even positive, 
would not be surprising. A possible explanation for these features is that, 
after the fourth protonation, the POM system recovers some symmetrical 
arrangement, with the four [V4O4] motifs protonated. This fact makes 
the H4PV14 form different from the other three protonated anions. The 
fifth protonation of the fully oxidized system (all VV) gives a formally 
non-favorable process, although in reduced form this becomes a favor
able one.

Expectedly, when the POV is populated by extra electrons, the mo
lecular orbitals are shifted to higher (less negative) energies, a trend that 
helps tracking the loss of stability of the system. A rather general fact is 
that, if two or more different species with the same framework carry the 
same negative charge (i.e., [H4PV14 + 4e]9− and [H2PV14 + 2e]9− and 
PV149− ), the molecular orbital energies are found at similar energies. In 
this case, the highest oxido orbitals are found at − 6.58, − 6.65 and −
6.69 eV. In contrast, by keeping the number of protons but changing the 
number of electrons (i.e., [H4PV14 + 4e]9− and [H2PV14 + 4e]11− ) 
gives − 6.58 and − 5.96 eV, deducing that the former species will pre
dominate at acidic pH. These values explain the importance of the mo
lecular charge in understanding speciation in POMs.

A more complete view of the reduction-protonation phenomena can 
be found in Table S11, in which diverse pure reduction and protonation 
processes, as well as proton-coupled electron transfer (PCET) processes, 
are listed. The reader may notice that reduction and PCET processes 
involve two electrons each. Since this inspection is mostly trend- 
oriented, this aspect is not relevant. So, the information is highly 

significant because it denotes the stability and probable abundance of 
the different species as the number of protons and electrons populate the 
PV14 structure. One outstanding fact is that all processes are 
exothermic, notably the PCET ones presented as, for example, POM +
2H+ + 2e → [H2POM + 2e]. When the overall charge of the POM re
mains constant by a PCET because the electrode potentials are adequate, 
reduction and protonation can occur simultaneously. Within PCET 
processes, those having the oxidized form of the POM as reactant are the 
most favored ones (total reaction energies close to − 200 kcal mol-l), 
denoting that non-reduced forms of the POM are not expected in acidic 
conditions. From the same table, it can be easily inferred that pure 
reduction processes are more favorable (more negative reaction en
ergies) when the protonation degree is high (and the POV charge is 
lower) and, conversely, pure protonation processes are more favored for 
highly reduced systems. Thus, these results confirm the formation of 
highly reduced forms (i.e., appearance of multi-electron redox waves at 
negative electrode potentials) if the pH is sufficiently acidic, given the 
inherent tendency of the PV14 moiety to accept electrons. These features 
are probably relevant for the biological effects demonstrated by PV14 
species.

MD simulations provide additional information on the dynamic 
behavior of 1 in solution. The results are treated as an average for the 
simulated time and a box containing five H4PV14 units (as representative 
species at low pH) with the corresponding benzylammonium cations to 
fulfill electroneutrality, and water as solvent for the solute (1) concen
tration of 28 mM. The analysis is summarized in Fig. 9, revealing the 
expected absence of aggregation between POVs in aqueous medium, 
manifested as the lack of a peak at short distances (first sign of H4POV⋅⋅⋅ 
H4POV interaction at 15 Å). This fact is ascribed to the high hydrophi
licity of H4PV14, giving an average stabilizing interaction with water 
molecules of ca. -790 kcal mol− 1 per POV unit. Solvation of H4PV14 
units is compelled by hydrogen bonds through acceptor O-atoms of 
H4PV14 by ca. 150 water molecules per cluster. Some aggregation be
tween benzylammonium cations and POV moieties was detected, but 
they are not long-lived (around 1 cation on average for 10 ns of simu
lation). Two hydrogen bond-controlled coordination modes can be 
identified: direct N-H⋅⋅⋅O-V and N-H⋅⋅⋅Ow-H⋅⋅⋅O-V. This behavior is 
commonly found in similar metal-oxido clusters in water [115]. 

Fig. 9. (a) Superposition of Radial Distribution Functions, g(r), for the fully oxidized H4PV14⋅⋅⋅ H4PV14 (turquoise), H4PV14⋅⋅benzylammonium (BNA) (blue) and 
H4PV14⋅⋅⋅H2O (red). The first peak(s) (1st), the integration distance (I), both in Å, and the average coordination number (N) are given. The vertical scale is different 
and arbitrary for each curve. (b) Snapshot representing one interaction motif between H4PV14 and benzylammonium (water molecules depicted as translucent red/ 
white cylinders). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Nevertheless, the POV⋅⋅⋅water interaction dominates the POV environ
ment (− 37.7 kcal mol− 1 per POV unit between POV⋅⋅⋅benzylammo
nium). In conclusion, we suggest that the effect of the counter ions on 
the POV activity is negligible in the working conditions.

2.5. Effect of compound 1 on U87 glioblastoma cell viability

Compound 1 was tested at different concentrations (from 200 μM to 
0.1 μM) on the viability of U87 glioblastoma cells by the MTT assay (see 
experimental section). We found that the compound inhibited the 
viability of U87 cells with a half maximal inhibitory concentration (IC50) 
of 3.2 ± 0.6 μM and 1.10 ± 0.04 μM after 24 h and 72 h treatment, 
respectively (Fig. 10). These results showed that compound 1 acts as 
anti-proliferative agent.

We must emphasize that cell media contain many potential ligands 
for VV, and its speciation may be very complex, and the cytotoxic effects 
observed may be due to several distinct VCs formed in the cell medium 
over time [37,84,116–119]. In fact, the IC50 values of 3.24 μM and 1.10 
μM correspond to [V]total of 45.4 and 15.4 μM, respectively. In aqueous 
solution of pH = 7 containing a VV salt with these concentrations, 
speciation calculations predict that the main VV-species present are 
H2VO4

− and HVO4
2− . To our knowledge the cytotoxicity of vanadate(V) 

salts was never tested on U87 cells, but for most cancer cells tested the 
IC50 values are >50 μM [62,120], and for T98g glioblastoma cells an 
IC50 (at 24 h) of 26 ± 4 was reported [116]. Consequently, we anticipate 
that the observed U87 cell death may have contribution from mono
vanadates (V1). We also note that, besides PV14, in cell media several 
vanadium-containing species may be present, namely V10, V1 and V2, 
and these species may bind to ligands present in the medium, for 
example: BSA, glucose, amino acids and phosphates [37,62], the for
mation of complexes favoring some V-species as compared to others. 
However, there is no available literature data to allow us to predict 
which species might predominate. Upon uptake by cells, there are 
further aspects that make the identification of the active species, namely 
possible reduction of the VV-containing species. Ascorbate, cysteine and 
glutathione are some of the major reducing agents found in biological 
systems, and all may reduce the VV –species uptaken. 
[36,37,39,121–124]

The data obtained in this study showed that, in molar units, com
pound 1 is at least 38 times more active than TMZ, the current first-line 
drug used against glioblastoma [72–75]. Indeed, TMZ showed mean IC50 
values of 123.9 and 230 μM on the viability of U87 cells after treatments 
for 24 and 72 h, respectively [74]. On the other hand, several vanadium- 
based molecules, including POV compounds, showed anti-cancer ac
tivity on glioblastoma cells [63,78,81,90,91]. In molar terms most of 
these compounds had less important effects than the phosphote
tradecavanadate compound described in this work; nevertheless, we 
highlight again that PV14 concentrations of 3.24 μM and 1.10 μM 

correspond to [V]total of 45.4 and 15.4 μM. Therefore, these data suggest 
that PV14 compounds deserve further studies to evaluate their potential 
therapeutic value against glioblastoma.

The viability of U87 glioblastoma cells after treatment for 24 and 72 
h was also evaluated with compound 5, an ammonium salt of PV14, as 
well as with benzylamine (Fig. S11). Since the cytotoxic effects observed 
with 5 are quite close to those of 1, and that the organic cation alone has 
no significant effect on these cells, we may conclude that the observed 
effects of compound 1 are due to PV14 and/or other species resulting 
from it in solution. In the MD simulations carried out to evaluate the 
dynamic behavior of compound 1 in solution, a concentration of 28 mM 
was used and no important binding of the benzylammonium cations to 
PV14 anions was detected. Furthermore, no significant differences were 
found, in 51V NMR experiments, in the binding of 1 to HSA in the 
presence or absence of benzylamine in solution. Therefore, although we 
cannot firmly state that benzylammonium cations are not involved in 
the biological effects observed, our data globally indicate that there is no 
contribution from their presence to the cytotoxicity measured for com
pound 1.

2.5.1. Pro-Apoptotic effect of compound 1
To identify relevant aspects for the mechanism of action of com

pound 1 on U87 cells viability, we explored the pro-apoptotic process. 
The U87 cells were treated for 24 h with three doses of 1, corresponding 
to the IC50 (3.25 μM), ½ IC50 (1.62 μM) and 2 × IC50 (6.5 μM) of 
viability. Next the luminescence was measured to access for the 
apoptotic effect and fluorescence for the necrotic one. As can be seen in 
Fig. 11, compound 1 increased significantly the luminescence in a 
concentration-depending manner and increased the fluorescence inde
pendently of the used concentrations.

Fig. 11 also shows clearly the higher increase of the fluorescence 
compared to the luminescence in presence of H2O2, used as positive 
control for the necrotic effect. Based on these results, we can conclude 
that compound 1 has a pro-apoptotic effect. Our results are in line with 
several other studies on vanadium-based compounds reporting that 
these molecules trigger or increase apoptosis on different cancer cell 
lines [85,116,125–127].

2.6. Vanadium species responsible for the biological effects observed

As recently reported by Xu, et al., that VIVO(acac)2 efficiently and 
selectively suppress growth of U251 and GL261 glioblastoma cell lines, 
with IC50 values in the range 4 to 6 μM [79]. It is known that, at these 
low concentrations, VIVO(acac)2 extensively hydrolyses [128–130]. To 
improve potency and reduce toxicity issues, the authors reported the 
successful use of graphene oxide quantum dots as an administration 
route.

In aqueous solutions at pH ~7, PV14 anions are expected to display 

Fig. 10. U87 glioblastoma cells were treated by different concentrations of compound (C7H10N)6[H3PV14O42]•7H2O (1) ranging between 200 μM to 0.1 μM for 24 h, 
and concentrations ranging between 10 μM to 0.1 μM for 72 h, using the MTT assay. Cell viability was calculated in percent as (OD560 Sample - OD560 negative 
control) X 100. Each test was repeated three independent times and treated cells were compared to negative control (* p < 0.05, *** p < 0.001 and **** p < 0.0001).
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extensive hydrolysis and are not predicted to exist, particularly at the 
low concentrations where it was found that compound 1 was effective 
against U87 glioblastoma cells. Remarkably, the 51V NMR spectra of 
Fig. 6 indicates that PV14 anions may possibly exist at pH ~7 in the 
presence of HSA due to interactions of the PV14 anions with positive 
amino acid side groups of the albumin. Such type of binding was found 
for decavanadate anions with several proteins, and it may be tentatively 
extrapolated that both decavanadates and PV14 anions may also bind to 
BSA, the albumin present in the cell medium. However, in Fig. 6 the 
concentration of 1 is 0.90 mM while the IC50 values are in the μM range, 
where the propensity for the hydrolysis of PV14 anions is much higher. 
Notwithstanding, the molar ratio [BSA]:[PV14] is much higher in the 
incubation media used that in the conditions of Fig. 7, this enabling a 
binding to BSA and consequent stabilization of PV14 anions. Above, we 
highlighted the interesting finding of effects of POVs on CHO cells 
growth inhibition, namely of K(NH4)4[H6V14O38(PO4)] (3), although it 
was recognized that it would only be present in the cell medium for very 
short periods of time. This observation led to the suggestion that the 
signaling with 3 was very fast [62]. Whether this may happen with 
compound 1 or not cannot be confirmed with the available data.

We emphasize that the correct characterization of the VC responsible 
for the observed biological effects either in this study or in others pre
viously reported [37], presents additional levels of complexity. In fact, 
there are several reports of binding of oligomeric vanadium inorganic- 
based species to proteins characterized by SC-XRD or Cryogenic Elec
tron Microscopy (cryo-EM). These include V2, V3, V4, V6, V10, V15 
(V18) and V20 entities, and in some cases mixed-valence species form 
[54–58,131,132]. The binding normally involves non-covalent in
teractions, while in some cases covalent bonds are established. In many 
cases the starting VC is a complex of VIV or VV with an organic ligand 
that gives rise to the POV bound to the protein.

In conclusion, due to the complexity of the speciation that may be 
established upon interaction of the diverse molecules present in the 
incubation medium with the U87 glioblastoma cells, advancing identi
fication of any specific VC as responsible for the cytotoxicity observed 
would be mainly speculation. However, considering the reported effects 
of POVs on CHO cells growth inhibition [62] the possible stabilization of 
PV14 anions by BSA present in the incubation media, and their redox 
properties, we may state that PV14 anions are among the stronger 
candidates as species initiating the cytotoxic effects observed.

3. Conclusion

A POV hybrid, based on phosphotetradecavanadate anions and 
benzylammonium cations, was synthesized in acidic media and formu
lated as (C7H10N)6[H3PV14O42]•7H2O. The crystal structure revealed 
that the compound displays a supramolecular 3D architecture estab
lished by hydrogen-bonding interactions involving the organic cations, 
hydration water molecules and surface POV O-atoms. The FTIR and 
PXRD spectroscopic results are in accordance with the single-crystal X- 
ray results. Non-covalent interactions, such as H-bonding, were instru
mental in stabilizing the 3D hybrid structure, which is in close accord 
with the Hirshfeld surface analysis. Cyclic voltammetry electrochemical 
studies indicate that the redox waves of PV14 compounds involve multi- 
electron processes. Computational studies of the electronic structure of 
PV14 anions confirm that in aqueous acidic conditions the protonation 
state can comprise 2, 3, 4 or 5 protons. The precise location of the 
protonation sites was identified and the progressive stabilization of the 
molecular orbitals by protonation was demonstrated. Additionally, the 
calculations confirmed the inherent tendency of the PV14 anions to 
accept several electrons at sufficiently low pH values, hence the pro
pensity for formation of reduced forms and appearance of multi-electron 
redox waves at negative electrode potentials. The tendency to bind 
several protons yielding [HxPV14O42](9–x)– POVs and to form mixed- 
valence species are characteristics of PV14 compounds that are rele
vant for their biological effects. Furthermore, molecular dynamics cal
culations indicate that aggregation between PV14 units in aqueous 
solution can be ruled out, and just a moderate interaction between PV14 
species and the benzylammonium counter cations is expected.

51V NMR spectra recorded at pH ~2.5 with milimolar concentrations 
of the PV14 compounds demonstrate that they decompose slowly; in 
fact, only very minor peaks of decavanadate are detected after 24 h, 
demonstrating their kinetic stability. In contrast, at pH ~7 the PV14 
species decompose quite fast. However, in similar conditions but in the 
presence of human serum albumin, the 51V NMR bands due to PV14 
anions broaden significantly, demonstrating rather strong interactions 
between the POVs and HSA, and their decomposition becomes much 
slower.

The compound formulated as (NH4)6[H3PV14O42]•19H2O (5) also 
strongly inhibited the growth of glioblastoma U87 cells by triggering 
their apoptosis. In contrast, benzylamine alone was not cytotoxic against 
these cells. The vanadium species responsible for the biological effects 
observed could not be definitively identified, but it is reasonable to state 

Fig. 11. U87 glioblastoma cells were treated by three doses IC50 (3.25 μM), ½ IC50 (1.62 μM) and 2 × IC50 (6.5 μM) of compound 1 for 24 h using the RealTimeGlo™ 
Annexin V Apoptosis and Necrosis Assay (OD was measured for Luminescence and fluorescence (Excitation 485 nm, Emission 525–530 nm). Each Condition was 
repeated three times and treated cells were compared to negative control (**** p < 0.0001).
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that PV14 anions were at least partly responsible for the observed bio
logical effects.

4. Experimental section

4.1. Materials and methods

All chemicals were obtained from commercial sources and used 
without further purification. Carbon, hydrogen, and nitrogen were 
determined on a Perkin-Elmer 2400 CHN analyzer. FTIR spectra were 
obtained on a Bruker Alpha P spectrometer, and the electrochemical 
measurements were carried out on a CHI 660B electrochemical analyzer 
at room temperature. For the cyclic voltammetry (CV) measurements, a 
three-electrode electrochemical cell was used with platinum as the 
working electrode, platinum gauze as the counter electrode and a 
saturated calomel electrode (SCE) as reference electrode.

The solution speciation diagrams were calculated using the computer 
program HYSS [111]. This computer program may be downloaded free 
of charge from the internet. The formation constants used are from 
[86,109,112]. In this work the equilibria are written considering the 
components H+, H2VO4

− , and H2PO4
− , and the complexes are formed 

according to eqn:
pH+ + q H2VO4

− + s H2PO4
− _⇆ (H+)p (H2VO4

− )q (H2PO4
− )s p− q− s.

Formation constants are thus denoted βp,q,s, and vanadium and 
phosphorus containing species are given the notation HpPsVqOn, 
including an adequate number of O atoms.

The biological data were analyzed by Graphpad prizm 8 software 
using Anova one-way Tukey's multiple comparison test. Results are 
represented as mean ± SD and P value <0.05 was considered statisti
cally significant (* p < 0.05; *** p < 0.001 and **** p < 0.0001).

4.2. Synthetic procedure

Compound 1. In a small vial, a suspension containing 4.75 mmoles 
(0.556 g) of NH4VO3, 1.19 mmoles (0.297 g) of CuSO4⋅5H2O and 1.25 
mmoles (0.144 g) of NH4H2PO4 in ca. 30 mL of H2O, adjusted to pH =
3.7 by nitric acid (2 M), was left to reflux at 90 ◦C for 40 min. Then, 
0.0457 mol of benzylamine (C6H5CH2NH2) were added dropwise to the 
mixture, which was then left under reflux for additional 4 h. The mixture 
was allowed to cool down to room temperature and any solid product 
was filtered out. The solvent was removed under vacuum and the 
resulting solid recrystallized in MeOH. Brown crystals suitable for 
single-crystal X-ray diffraction analyses were isolated after the slow 
evaporation of the final solution at room temperature. Yield: 0.375 g, 
0.171 mmole (50.4 % based on V). Elemental analysis for 
C42H77N6O49PV14 (Mr = 2194.22 g mol− 1): Calc (%) C, 22.96; H, 2.87; 
N, 3.82; Found (%) C, 22.85; H, 2.75; N, 3.91. FTIR (s = strong, m =
medium, w = weak, br = broad): 3005(br), 2709(br), 2412(br), 1581(s), 
1459(m), 1404(w), 1241(w), 1065(s), 938(s), 802(m), 717(m), 582(w), 
509(m), Fig. S1.

Compound 5. Ammonium metavanadate (NH4VO3) (0.1169 g, 0.999 
mmole) and ammonium dihydrogen phosphate (NH4H2PO4) (0.2299 g, 
2.00 mmoles) were dissolved in 30 mL hot water. The solution's pH was 
adjusted to 2.2 by adding sulfuric acid at 60 ◦C. After 20 min NH4Cl 
(0.02674 g, 0.500 mmole) was added to this solution. The mixture was 
left under reflux for around 3 h and then it was allowed to cool down to 
room temperature. After ~24 h the solid product was filtered out. Yield: 
0.115 g, 6.15 × 10− 2 mmole (86.1 % based on V). Elemental analysis for 
C0H65N6O60PV14 (Mr = 1870 g mol− 1): Calc (%) C, 0; H, 3.48; N, 4.50; 
Found (%) C, 0.02; H, 3.25; N, 4.57.

4.3. Single-crystal X-ray crystallography

Crystallographic data for compound 1 are summarized in Table 3. 
Intensity data were collected at 100(2) K on an Agilent Technologies 
SuperNova diffractometer equipped with monochromated Mo Kα 

radiation (λ = 0.71073 Å) and an Hybrid Pixel Array detector. Data 
frames were processed (unit cell determination, multi-scan absorption 
correction, intensity data integration and correction for Lorentz and 
polarization effects using the CrysAlis Pro software package [133]. The 
structure was solved using OLEX2 [134] and refined by full-matrix least 
squares with SHELXL-2018/9 [135]. Final geometrical calculations 
were carried out with PLATON [136] as integrated in WinGX [137]. 
Thermal vibrations were treated anisotropically for all non-H atoms in 
both compounds. Hydrogen atoms of the organic ligands were placed in 
calculated positions and refined using a riding model with standard 
SHELXL parameters. Protonation sites from POV O-atoms in 1 were 
located in the Fourier map, in good agreement with BVS calculations. 
Seven positions suitable for water molecules of hydration were located 
on the Fourier map of 1, and their occupancy was initially refined 
without restrictions. These occupancies were rounded to the first deci
mal in the last refinement cycle. Molecular graphics were made using 
Diamond 3.2.

CCDC 2253859 (compound 1) contains the supplementary crystal
lographic data for the structure reported in this paper. These data can be 
obtained free of charge via http://www.ccdc.cam.ac.uk/conts/retrie 
ving.html or from the Cambridge Crystallographic Data Centre, 12 
Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223 336,033; or e- 
mail: deposit@ccdc.cam.ac.uk. Supplementary data associated with this 
article may be found, in the online version, at Doi: $$$$$.

4.4. Viability assay

U87 human glioblastoma cancer cells were generously provided by 
Pr. José Luis from Neurophysiopathology Institute, University of Aix 
Marseille. Cells were cultured daily on Dulbecco's Modified Medium 
(DMEM) (Gibco™, Sigma) supplemented with 10 % fetal bovine serum 
(FBS), antibiotic mixture (100 μg/mL) and L-glutamine (100 μg/mL) 
then placed in incubator with 5 % of CO2 at 37 ◦C. U87 cells were seeded 
on 96 wells plate at 104 cells per well and incubated for 18 h. Subse
quently, cells were treated with different doses of compounds and 
incubated for 24 h or 72 h. Then, 100 μL/well of MTT (3-(4,5-dime
thylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) solution (0.5 mg/ 
mL) was added and cells were incubated for another 3 h at 37 ◦C. After 
the transformation of MTT on formazan, 100 μL of DMSO was added to 
each sample and the optical density DO was measured at 560 nm.

Table 3 
Experimental details for the X-ray diffraction study and crystal data for 1.

Empirical formula (C7H10N)6[H3PV14O42]•7H2O

Formula weight (g.mol− 1) 2194.19
Temperature 170 K
Crystal system Monoclinic
Space group P21/n
A 18.7299 (3) Å
B 11.3011 (2) Å
C 35.8837 (5) Å
А 90◦

В 95.519 (1)◦

Γ 90◦

V 7560.2 (2)
Z 4
μ 1.77 mm
F(000) 4396
Index ranges − 25 ≤ h ≤ 24;-15 ≤ k ≤ 15; − 50 ≤ l ≤ 45
Radiation Mo Kα(λ = 0.71073)
Reflections collected 19,001
Independent reflections 19,001
Rint 0.039
Reflections with I > 2σ(I) 14,965
Refined parameters 1014
S (goodness-of-fit) 1.04
Final R indexes [I ≥2σ(I)] R1 = 0.032, wR2 = 0.087
Δρmax/Δρmin 1.15 eÅ− 3/− 0.66 eÅ− 3
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4.5. Apoptosis-induced detection

The pro-apoptosis effect of compound 1 was evaluated using the 
RealTimeGlo™ Annexin V Apoptosis and Necrosis Kit (Promega). Cells 
(at 104 cells per well) were seeded in 100 μL medium and incubated 
overnight. Three concentrations of 1 corresponding to the IC50, ½ IC50 
and 2xIC50 of viability, were used. H2O2 (200 μM) was used as positive 
control for apoptosis and necrosis at 200 μM and cells were incubated for 
24 h at 37◦. Luminescence and fluorescence (Excitation 485 nm, Emis
sion 525–530 nm) were then measured.

4.6. Computational details

4.6.1. DFT calculations
We fully optimized the structures of the tetradecavanadate poly

oxovanadate for different degrees of protonation at the DFT level, as 
implemented in ADF 2019.3 package,[138] using the hybrid functional 
PBE0 [138–140] and a TZ2P Slater basis set. The solvent effects, 
necessary when comparing systems carrying different molecular 
charges, were included via the conductor-like screening model 
(COSMO) with ε = 78.39 for water [141]. The scalar relativistic effects 
via the zeroth-order regular approximation (ZORA) were included to 
electrons [142]. No imaginary frequencies were found after optimiza
tion of the fully deprotonated [PV14O42]9− structure, validating it as a 
real minimum. A data set of the collection of computational results is 
available in the ioChem-BD repository [143] accessible via doi: 
10.19061/iochem-bd-2-61. For the determination of accurate proton
ation energies, we computed several water clusters with and without a 
hydronium molecule, i.e. (H2O)nH3O+ and (H2O)n (n = 11–20), and 
their associated energies, to be applied in protonation reaction calcu
lations as previously done in ref. [87].

4.6.2. Molecular dynamics
We carried out atomistic molecular dynamics (MD) simulations with 

explicit solvent molecules to determine the benzylammonium cation 
distribution around the POMs in water, using the GROMACS 2019.3 
[144] code and a modified AMBER 99 Force Field [145] which has been 
satisfactorily employed to study the aggregation of POMs in different 
environments [146]. The force field provides the potential energy of the 
system as the sum of bond, angle and dihedral deformation energies, and 
non-bonding terms. The latter consist of pairwise additive electrostatic 
and van der Waals potentials, described by a 1–6-12 Lennard-Jones 
function, which accounts for interactions between atoms that are sepa
rated by more than three bonds, or non-bonded at all. For Coulombic 
interactions, we applied a cutoff of 10 Å, corrected for long-range 
electrostatics by using the particle-particle mesh Ewald (PKME) sum
mation method. Bonds involving H atoms were restrained by the LINCS 
algorithm. For van der Waals interactions we applied an atom cutoff of 
14 Å, and we set a 1–4 correction parameter to reduce the exaggeration 
of short-range interatomic repulsion caused by the LJ potential, speci
fying that contributions from pairs of atoms connected by three bonds 
are modified by the 1–4 factor. The force-field parameters for the POV 
were obtained from the work by López et al. [147] and the TIP3P model 
[148] to describe solvent water molecules. We used CHelpG atomic 
charges derived from the electrostatic potential obtained with the 
Gaussian16 package [149] at the DFT level using B3LYP functional and a 
6–31 + G* Pople atomic basis set for O-atoms and a LANL2DZ(f) atomic 
basis set for all the others. The MD trajectories were obtained under 3D- 
periodic boundary conditions with a fundamental cubic box of 8.06 nm 
side (~424 Å3 volume) containing five POM units, the number of ben
zylammonium cations required to neutralize the system, and water 
molecules as solvent for a [PV14] = 16 mM. Production runs were 
performed within a canonical (NVT) ensemble during 20 ns, collecting 
data at 1 ps steps. All simulations were carried out at 300 K, controlling 
the temperature by coupling the system to a thermal bath using the 
velocity-rescaling algorithm. Before production runs, all systems were 

equilibrated by an initial 500 ps run at constant NVT, followed by a 1 ns 
run at constant NPT to readjust the box size and a final 500 ps run at 
constant NVT. Production trajectories simulate 20 ns with a canonical 
(NVT) ensemble, with data collected every 1 ps.
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[17] J. Suárez-Guevara, V. Ruiz, P. Gomez-Romero, Hybrid energy storage: high 
voltage aqueous supercapacitors based on activated carbon–phosphotungstate 
hybrid materials, J. Mater. Chem. A 2 (4) (2014) 1014–1021, https://doi.org/ 
10.1039/C3TA14455K.

[18] K.Yu. Monakhov, W. Bensch, P.K. Kögerler, Semimetal-functionalised 
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[114] X. López, C. Bo, J.M. Poblet, Electronic properties of polyoxometalates: electron 
and proton affinity of mixed-addenda keggin and wells− dawson anions, J. Am. 
Chem. Soc. 124 (42) (2002) 12574–12582, https://doi.org/10.1021/ja020407z.
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