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The interaction of decavanadate with the cationic organic dyes methylene blue (MB), toluidine blue (TB)
and rhodamine B (RB) was explored. For that purpose, a novel decavanadate salt (2,3-ampH)g[V10O2sl-
4H,0 (2,3-ampVyg), where 2,3-ampH* = 2-amino-3-methylpyridinium, and two salts with the organic
dyes (MB)4[H5V10026]-10.8H,0 (MBVyo) and (TB)4(H:V10026)-10H,O (TBVye) were synthesized. The
compounds were characterized by elemental analysis, powder X-ray diffraction, energy dispersive X-ray
spectroscopy, scanning electron microscopy and infrared spectroscopy. The salts 2,3-ampVio and
MBV;, were also characterized by single-crystal X-ray diffraction, while TBV3io was isolated as an
amorphous solid. The supramolecular features of MBV;o9 showed columns of MB cations connected to Vo
through H-bond interactions that resulted in channels filled with water molecules. The absorption spectrum
of MBV;o was studied by density functional theory (DFT) calculations at the X3LYP/def2-TZVP level using the
crystallographic data. The efficacy of 2,3-ampV;o to bleach MB solutions at pH 6.2—-6.5 was outstanding,

Received 28th May 2024, achieving nearly 90% discoloration in only 5 min, presenting moderate efficacy towards TB and quite negligi-

Accepted 29th July 2024 ble towards RB. Moreover, a metachromatic effect was observed in the TB solution at pH 3. The IR spectra
of the isolated solids and the mass spectra of the supernatants suggest both adsorption and cation exchange
as the main responsible processes for the bleaching of MB and TB solutions. The present work has tackled

many fronts related to the chemistry of POVs, mainly synthetic, structural, and environmental approaches.
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A mechanism of MB adsorption on the surface of the com-
mercial polyoxidomolybdate [Mo,0,,]°~ was proposed by Sabar-

Introduction

The use of organic dyes to impart color to textiles, leather, food
products, or other materials enormously impacts water bodies,
as approximately 10-15% of the waste from industries is dis-
charged into water systems without treatment.' Polyoxidometa-
lates (POMs), mainly those based on molybdenum and tungsten,
have been broadly explored for dye removal by adsorption and
photocatalytic degradation due to the high efficiency achieved
using simple and low-cost procedures.”> Among others, methy-
lene blue (MB), a dye belonging to the thiazine family, and
rhodamine B (RB), a dye that belongs to the xanthene family
(Chart 1), have worked as good models to test the color-removal
ability of various POMs in aqueous media.?
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inathan et al* In acidic medium, there is a higher degree of
protonation of the polyoxidoanion, favoring olation reactions that
generate an additional negative charge on the POM. This addi-
tional negative charge promoted the adsorption of MB cations on
the POM surface, which is regenerated for further adsorption
reactions in the presence of tetrabutylammonium cations.”
Polyoxidovanadates (POVs) are high-nuclearity negatively-
charged vanadium oxides that have been assessed for a number
of purposes, such as in biomedicine,” magnetism,® energy
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Chart 1 Structural formulas of the dyes.
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storage,” and catalysis.® The use of POVs for the removal of dyes is
less frequent, but some works show good results, mainly through
photocatalytic processes. For instance, the hexavanadate
[{Mn(salen)(H,0)}¢V¢O1 5], where salen®” = N,N'-(ethylene)bis(sali-
cylideneiminate), was able to remove RB up to about 75% after UV
irradiation for 90 min, showing better results than sodium
decavanadate and [Mn(salen)(H,0)].° Another POV, [V1,014(OH)g-
(CH3CH,CO0)eJ* ", a mixed-valence decavanadate functionalized
with propionate ligands, showed photocatalytic activity for MB
degradation, reaching 93% discoloration after 45 min of UV
exposure.'® Recently, [Cu(en),],V150.4,(H,0)-6H,0 (en = ethylene-
diamine) showed excellent photocatalytic activity for the degrada-
tion of MB and RB."

Decavanadate, [H,V00,5]® ™~ (x = 0 to 3) or simply Vy,, in
turn, is one of the most studied POVs. V;, is the thermodyna-
mically stable vanadate form in aqueous solution at pH from
3.0 to 6.0.'% There are hundreds of V, salts described in the
literature, mainly composed of three types: purely inorganic
decavanadate salts,"® decavanadate salts with cations made up
of metal complexes with organic ligands,'* and decavanadate
salts with purely organic cations."?

Among the latter, the organic species very often display a
nitrogen atom that is basic in the pH range in which Vj, is
formed, such as amino groups, pyridine and imidazole rings.
Recently, the 2-aminopyridine-containing salt of V;, [2-ampH]s
[V1002¢] was described as capable of bleaching MB solutions
through a mechanism involving cation exchange between the
salt and the dye solution.'® In our previous work, [Cu(OH,);(2-
amp)],(trisH), [V100a,s]-2H,0 (tris = tris(hydroxymethyl)amino-
methane) bleached MB with an efficiency of up to 84% in 20 min,
wherein the insoluble V,, salt was subsequently retrieved."”

In the past few years, we have been interested in investigating
the interactions between decavanadate and large cationic
organic dyes, not only because they are emergent surface water
pollutants, but also due to their biological use as cell and tissue
colorants and fluorescent biological markers.'® In an effort to
better understand the interaction of organic dyes with V;,, we
have studied the direct reaction between V;, and MB or RB,
producing decavanadate salts with MB or RB as counterions. The
Vo salt with rhodamine B, (RB),[H,V;00,s]-2RB-14H,0 was fully
characterized, including by single crystal X-ray diffraction
(SCXRD), and was used as a fluorescent marker to study the
inhibition mechanism of V;, towards ABC transporters, a large
class of transmembrane proteins associated with multidrug
resistance to chemotherapeutics.*® The V,, salt with MB, in its
turn, was previously obtained as an amorphous solid and
primarily characterized. This work describes the SCXRD struc-
ture of (MB)4(H,V;00,5)-10.8H,0 (MBV;,) and expands these
studies to include toluidine blue (TB, Chart 1), which is also a
thiazine dye used in textile industries and in biological assays to
stain tissues rich in DNA and RNA.?° Moreover, a novel V;, salt
with 2-amino-3-methylpyridinium (2,3-ampV,,) was synthesized
and tested for the adsorption of MB, TB and RB. The 2,3-ampV;,
compound selectively adsorbed MB over RB, and promoted
metachromasia of TB at pH 3. The products of the direct
reaction of MB and TB with decavanadate, and particularly
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MBV,,, contributed to a better understanding of the
interaction mode of cationic dyes with large polyoxidoanions.

Materials and methods

All syntheses and bleaching experiments were made using ultra-
pure water (conductivity lower than 0.35 pS ecm™* at 25 °C).
Reactants NaVO; (98%, Aldrich), 2-amino-3-methylpyridine
(95%, Aldrich), methylene blue (MB, 3,7-bis(dimethylamino)-
phenothiazin-5-ium chloride, 97%, Aldrich), toluidine blue,
(TB, (7-amino-8-methylphenothiazin-3-ylidene)-dimethylammo-
nium chloride, >85%, Merck) and rhodamine B (RB, 9-(2-car-
boxyphenyl)-6-(diethylamino)-N,N-diethyl-3H-xanthen-3-iminium
chloride, 90%, Merck) were all used as received, without further
purification. Vanadium contents were measured by titration
according to the literature®" or by thermal decomposition, treating
samples at 550 °C to obtain V,0s. Elemental analyses (C, H, N)
were determined by combustion in a Perkin Elmer 2400 Series
elemental analyzer. The crystalline phase purity of all products
was investigated by powder X-ray diffraction (PXRD) using a
Shimadzu XRD-6000 diffractometer equipped with Cu-Ka radia-
tion (2 = 1.5418 A) in a 20 range of 5-80°, at room temperature,
with applied voltage and current of 40 kv and 30 mA. The
calculated PXRD patterns were obtained using the Mercury
software*® from the data in the CIF files. Infrared spectra (IR)
were obtained from KBr pellets in a VERTEX 70v spectrophot-
ometer, with a resolution of 2 cm™" within the range of 400 to
4000 cm ™. The reflectance spectra of solids and the electronic
spectra of the solutions resulting from the bleaching reactions
were obtained in a Perkin Elmer Lambda 1050 UV-vis-NIR spectro-
photometer. The scanning electron microscopy (SEM) analyses
were carried out in a TESCAN VEGA3 LMU equipment at different
magnifications, with a resolution of 3 nm. Energy dispersive
spectroscopy (EDS) data were obtained using a chemical analysis
system (Oxford) with AZ Tech software (advanced) with 80 mm?
SDD type detector. The mass spectrum (electrospray ionization
mass spectrometry, ESI-MS) was obtained using a Thermo Scien-
tific LTQ XL™ linear ion trap mass spectrometer.

Synthesis of (2,3-ampH)g[V;00,5]-4H,0 (2,3-ampV,,)

NaVvO; (0.610 g, 5.00 mmol) was solubilized in boiling water
(20 mL) under stirring. The pH of the resulting colorless
solution was adjusted to 4.0 using diluted HCI, giving an
orange solution. A 10 mL aqueous solution of 2-amino-3-
methylpyridine (302 pL, 3.0 mmol) was slowly dropped onto
the decavanadate solution at room temperature (rt). The system
was stored at rt and crystals suitable for SCXRD analysis were
obtained after 24 h. These crystals were washed three times
with cold water and dried in air. The solid was soluble in
dimethyl sulfoxide, insoluble in water at pH 6, and poorly
soluble in water at pH 3. Yield: 0.223g, 38% based on vanadium
(C36He2N1203,V10). IR (KBr, em™%): 3551(br), 3356(br), 3176(br),
1653(s), 1566(w), 1470(m), 1387(w), 1362(w), 1304(m), 1252(w),
947(s), 839(s), 737(m), 594(m), 538(m), 453(w). Elemental ana-
lysis (% m/m): calculated for C3sHgN1,03,Vio: C, 25.67; H,
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3.71; N, 9.98; V, 30.24. Found for 2,3-ampV,,: C, 25.81; H, 3.57;
N, 9.88, V, 29.4.

Direct reactions between decavanadate and the organic dyes
MB and TB

General method. A suspension of NavO; (0.610 g, 5.00 mmol)
in 20 mL of water was stirred at 100 °C until complete dissolu-
tion. The resulting colorless solution had its pH adjusted to 4.0
with diluted HCI, giving an orange solution characteristic of
decavanadate. This solution received the dropwise addition
of 10 mL of aqueous solutions of the desired organic dye
(MB: 0.096 g, 0.300 mmol, or TB: 0.027 g, 0.100 mmol) at rt,
and the resulting reaction mixtures were left on the bench for
24 h. The solids formed were filtered under vacuum, washed
5 times with 2 mL of cold water (4 °C) and dried in air.

MBV,,. 0.203 g of a dark green solid; yield: 17% based on
vanadium. IR (KBr, cm™"): 3431(br), 3348(br), 1599(s), 1489(m),
1441(w), 1392(s), 1356(s), 1252(m), 1221(m), 1178(m), 1153(m),
1040(w), 964(s), 887(s), 831(s), 760(w), 669(w), 607(w), 538(w),
451(w). Elemental analysis (% m/m): calculated for (MB),[H,V;o-
0,]-13H,0, CgqHigoN158:041Vig: C, 32.97; H, 4.32; N, 7.21; V
21.85. Found for MBV,: C, 32.6; H, 3.92; N, 7.03; V 21.6.

TBV;. 0.0611 g of a dark blue solid; yield: 6.5% based on
vanadium. IR (KBr, cm "): 3312(br), 3182(br), 1640(m), 1599(s),
1520(w), 1489(m), 1441(m), 1383(s), 1325(s), 1238(m), 1176(m),
1138(m), 1024(w), 959(s), 878(w), 827(s), 744(m), 663(w), 596(m),
447(w). Elemental analysis (% m/m): calculated for (TB),(H,V10-
0,5)- 10H,0, CgoHgsN;2S:V1005s: C, 32.48; H, 3.82; N, 7.57; V,
22.96. Found for TBV,q: C, 32.7.; H, 3.53; N, 7.52; V, 21.6.

Single crystal X-ray diffraction analysis (SCXRD)

A single crystal of each decavanadate salt was analyzed in a Bruker
D8 Venture diffractometer equipped with a Photon 100 CMOS
detector. Mo-Ko radiation and a graphite monochromator were
used for the analysis and intensity data were measured through
thin slices @ and ¢ scans. Data processing was performed
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employing the APEX3>* program. The structures were determined
through the intrinsic phase routines on SHELXT** and refined
using the full matrix least squares method on F*’s on SHELXL.>*
The crystallographic data and refinement parameters of 2,3-
ampV;, and MBV,, are listed in Table 1.

2,3-ampV;,. Non-hydrogen atoms, with the exception of those
of one 2-amino-3-methylpyridinium cation that is affected by
disorder (see below), were refined using anisotropic thermal para-
meters. Scattering factors for neutral atoms were taken from the
literature.”® The disorder affecting one 2-amino-3-methylpyridi-
nium cation was refined by using two models (occupancy factors
were refined to the following values: 0.84 and 0.16 for the A, and B
models). In the asymmetric unit there are two disordered water
molecules, these molecules were not introduced in the refinement
that was carried out by using the squeeze routine in Platon. All
hydrogen atoms, with the exception of those belonging to the
disordered 2-amino-3-methylpyridinium cation, were found in the
Fourier density map (for these atoms DFIX and DANG instructions
were used during the refinement). The hydrogen atoms of the
disordered cation were put in calculated positions.

MBV,,. Single crystals of MBV,, were obtained from a syn-
thetic procedure similar to that described to prepare the MBV;,
powder sample, but diluted 10 times. A lot of crystals were tested
and the data reported in the present article are those obtained by
the best single crystal we were able to find. Non-hydrogen atoms
were refined using anisotropic thermal parameters. Scattering
factors for neutral atoms were taken from the literature.>® All
hydrogen atoms of the MB cations were put in calculated posi-
tions and refined in accordance with the atom to which they are
bonded. Finally, the hydrogen atom that protonates the V,, anion
and those of the water molecules that were not found in the
Fourier density maps were not introduced in the refinement.

Theoretical calculations (computational details)

Quantum chemistry calculations were performed using the den-
sity functional theory (DFT) computational method, employing

Table 1 Crystallographic data and refinement parameters 2,3-ampV10 and MBV;o

2,3-ampVy,

MBV,,

Molecular formula

Molar mass (g mol ")
Crystal system, space group
Cell parameters (A, °)

1684.37

a = 8.8451(5)

b = 15.2198(8), f = 93.605(2)
¢ =21.2242(13)

Volume (A%) 2851.6(3)
zZ 2

T (K) 100

2 (&) 0.71073
Density (mg m ™) 1.962
F(000) 1696
Absorption coefficient (mm ) 1.664

Crystal dimensions (mm)

Theta range for data collection (°)
Reflections collected/unique/Ryy,
Data/parameters/restrains 7083/434/40
Goodness-of-fit on F* 1.161

Final R indices (I > 2a(I))
Final R indices (all data)

2.7 to 28.3

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

V10023, 6(C6H9N2)7 4(H20)

Monoclinic, P2,/c

0.463 x 0.080 x 0.068

230611/7083/0.0694

R; = 0.0508, WR, = 0.1273
R; = 0.0644, wR,, = 0.1351

H,V10028, 4(C16H15N3S), 10.8(H,0)
1155.58

Triclinic, P1

a =12.191(2), « = 90.970(6)

b =13.129(3), f = 101.144(6)

¢ =15.478(3), y = 108.890(6)
2291.3(8)

2

300
0.71073

1.675

1178

1.155

0.363 x 0.116 x 0.034
2.5 to 21.4
40861/5174/0.113
5174/604/0

1.048

R; = 0.0559, WR, = 0.1441
R; = 0.0957, R, = 01638

New J. Chem., 2024, 48,14873-14883 | 14875
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the X3LYP?® functional and the def2-TZVP basis set,”” as imple-
mented in Orca 5.0.4 quantum chemistry package.”®* The reso-
lution of identity approximation was used for the Coulomb part of
the two electron integrals employing the def2/j auxiliary basis set,
in order to accelerate the calculations. The solvent effect was
modelled using the SMD solvent model.*® Electronic transitions
and absorption spectra were calculated using the path integral
approach.** For this, the crystallographic geometries with
optimized hydrogens were used for the ground state Hessian
calculation, while, for the excited state, we employed the time
dependent density functional theory (TDDFT) with the Tamm-
Dancoff approximation®* (searching through 5 roots) to determine
the first ES and the Adiabatic Hessian after the step (AHAS)**
approximation to determine its Hessian.

Reactions for the bleaching of the organic dyes

The experiments were conducted following the procedure
described in the literature.”” In a typical experiment, 10.0 mg
(6.0 pmol) of 2,3-ampV,, were directly added to 50 mL of a
10 mg L' aqueous solution of MB, TB or RB at rt under
magnetic stirring. The reactions were conducted at the initial
pH of the dye solutions (6.2-6.5), and at pH 3.0 (pH adjusted
with HCI, 0.10 mol L") 16 and 4.0 mg of 2,3-ampV10 were also
used for TB, following the same procedure described above.
Aliquots of 4.0 mL of the reaction media were taken at 2, 5, 10,
and 15 min after the start of the reactions. Each aliquot was
centrifuged at 8000 rpm for 1 min and the supernatant was
carefully removed for subsequent UV-vis analysis, monitoring
the intensity of the band at 664 nm (MB), 630 nm (TB) and
554 nm (RB). For MB, amounts of 1, 2, and 4 mg of 2,3-ampV10
were also tested, whereas the bleaching capacity of 2,3-ampVv10
towards each dye was calculated using the formula % = (4, — A)/
Ay x 100, wherein 4, is the absorbance of the dye solution
before the reaction and A is the absorbance of the reaction
solution at any time point. All experiments were run at least in
triplicate, and the results are expressed as arithmetic averages,
considering mean + standard deviation (SD).

Results and discussion
Characterization of 2,3-ampV,, by SCXRD

The reaction of decavanadate with 2-amino-3-methylpyridine in
aqueous solution produced yellow crystals suitable for SCXRD.
The elemental analysis (data are shown in the experimental
section) and the comparison between simulated and experi-
mental PXRD patterns (Fig. S1, ESIT) confirm the crystalline
purity of the sample. 2,3-ampV,, crystallizes in the monoclinic
crystal system, P2,/c space group. The asymmetric unit contains
three 2,3-ampH’ cations, half a completely deprotonated
[VwOZS]G’ anion and two disordered water molecules; hence,
the compound can be formulated as (2,3-ampH)g[V;00,5]-4H,0
(Fig. 1 and Fig. S2, ESIf). The decavanadate anion in 2,3-
ampVy,, as well as in MBV,,, consists of 10 edge-sharing
distorted VOg octahedra. Selected bond lengths and angles
are reported in Table S1 (ESIf) and are in accordance with
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Fig. 1 Asymmetric unit of 2,3-ampV,. Ellipsoids have been drawn at 30%
probability. Hydrogen atoms are represented as spheres with fixed radius
of 0.2 A. Just one model (the one with the biggest occupancy factor) for
the (N5, N6) 2-amino-3-methylpyridinium cation has been reported.

those found in the literature.>® The bond lengths increase in
the order V/—/0 < V-11,-0 < V-13-O < V-p-O.

The 2-amino-3-methylpyridinium cations are organized in
trimers, with the pyridine rings involved in n-m interactions
(Fig. 2A), with distances between centroids of 3.556(7) and
3.595(8) A (Table 2), which fall within the expected range for
this type of interaction.®®

The trimers are disposed along the ¢ axis forming a chain
(Fig. 2B), with a distance between consecutive trimers of about
4.31 A (Table 2).

A net of hydrogen bonds links the 2,3-ampH" cations to the
V,0 anions; as expected, the strongest hydrogen bonds involve
the protonated pyridine nitrogen atoms (N1, N3 and N5) and
the most basic oxygen atoms of decavanadate, i.e., pz-O (09)
and p,-O (011, O13). One of the three 2,3-ampH" cations (the
one containing the nitrogen atoms N5 and N6) interacts with
just one V;,, while the other cations connect two adjacent Vo,
thus forming a unidimensional chain that extends along the a
axis (Fig. 2C and Table 3). Finally, these chains are held
together by the 2-amino-3-methylpyridinium trimers (Fig. S2,
ESIT). The net of interactions involving the 2,3-ampH" and the
Vi anions gives rise to the formation of isolated pockets where
the water molecules are located (Fig. 2C). The voids were
calculated using the Mercury software® with a probe radius
of 1.2 A and approx. grid spacings of 0.7 A, leading to a volume
of 7.2% of the unit cell.

Aminopyridines have been largely employed as cations to Vj, in
diverse salts, either alone or as ligands to other metals in cationic
complexes. Table S2 (ESIt) gathers the V,, salts with aminopyr-
idines found in a recent search in the CCDC database.'®*" ¢
Among them, 7 are alkylaminopiridinium salts, wherein the struc-
tures of [3-ampH]e[V100,5]-2H,0 (3-ampH = 3-aminopyridinium),*
[4-dmampH]iV1¢Oss] 16H,0™** and [4-dmampH],(NH,),{V1¢Oss}- 8H,0"

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 2 (A) 2-Amino-3-methylpyridinium cation trimers viewed along the a axis (pink: the cation containing the N1 and N2 nitrogen atoms, light green:
the cation containing the N3 and N4 nitrogen atoms, pale blue: the cation containing the N5 and N6 nitrogen atoms). (B) Disposition of the 2,3-ampH*
trimers along the c axis. (C) Crystal packing of 2,3-ampV,, (with, in orange, the voids where the water molecules are located).

Table 2 Selected distances between centroids and angles between
planes in 2,3-ampV;0 and MBV;o

2,3-ampV,o

Distances (A) between centroids of the pyridine rings and angles (°)
between the mean plane containing the pyridine fragment (the moieties
are identified by the nitrogen atoms)

Distance (A) Angle (°)

(N1, N2)/(N3, N4)*
(N3, N4)/(N5, N6)°
(N1, N2)/(N5, N6)°

3.545(6)
3.443(7)/3.801(4)
4.310(5)/4.065(6)

15.1(1)
6.1(2)/7.2(3)
28.2(3)/29.1(3)

MBV;,

Distances (A) between centroids of the 1,4-thiazine rings and angles (°)
between the mean plane containing the MB cations (the moieties are
identified by the sulfur atom)

Distance (A) Angle (%)
s1/s2 3.805(2) 5.2(2)
s1/51¢ 3.876(2) 0
S2/S2 3.726(2) 0

T2 —x,—0.+—y,15—z21+xy,2°1-x1-y,1—2%1—x, —y,
1-—-2z

(dmampH = 4-(N,N-(dimethylamino)pyridinium)) present compar-
able n—m interaction distances that define the pattern of the cations.
In addition, a similar pattern was found in [2-ampymH]¢[V;¢0,s]-
5H,0 (ampymH = 2-aminopyrimidinium).*®

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024

Table 3 Selected intermolecular interactions in 2,3-ampV;o

X-H.-Y X---Y (A) H-Y(A) X-H-Y()
V,0 anions- - -water molecules interactions®

O1w---O1 2.85(2)/2.86(2)/2.79(3)

O1lw: --010° 3.11(2)/3.27(2)/3.44(3)

02w - -06% 2.89(3)/2.94(2)/2.92(3)

V,, anions- - -2,3-ampH" cations interactions

N4-H3b---04 2.960(6) 2.146(3) 157.8(3)
N5-H5- - -09 2.733(6) 1.882(3) 170.0(4)
N6-Hé6a- --08 3.193(7) 2.378(3) 158.3(4)
N2-H2a---012%  3.044(6) 2.313(4) 143.1(4)
N1-Hia---013%  2.682(6) 1.844(3) 164.4(3)
N3-H3a---011°  2.671(5) 1.818(4) 171.1(3)
N4-H4a---012°  3.004(6) 2.207(4) 154.2(4)
N2-H2b. - .02/ 2.879(6) 2.081(3) 154.1(3)
N6-H6b- - -07¢ 3.153(7) 2.311(3) 166.1(4)
Water molecules interactions

Olw- - -02w 2.57(4)-2.90(4)"

0o2w- - -02w" 2.52(4)-3.02(4)

¢ Where three values are reported they refer to the three models of
water molecules used during the refinement. ® The range of the
retrieved distances between water molecules oxygen atoms is reported.
°1-x,-05+y,1.5—2.91-x05+y,1.5—2 ° —1+x,y,2.7 —x,05+
y)15—-28-x1-y1—-2z"1-x1-y2—z

Reactions between decavanadate and cationic organic dyes in
aqueous solution

The direct reactions of V;, with MB and TB in aqueous solution
immediately gave precipitates due to the high negative charge
and oxygen-rich surface of the decavanadate anion. The SEM
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images from these solids provided further information about
the microstructure and morphology of MBV,, and TBV,, salts,
and these solids were compared with the crystals obtained from
the reaction that gave product 2,3-ampV;, (Fig. 3A-C). Upon
examination of these SEM images, it was observed that the
crystallinity and surface properties of the products change
depending on the nature of the countercation. While 2,3-
ampV,, is crystalline, the reactions with the dyes gave pure
homogeneous microcrystalline MBV,,, and amorphous TBV;,
solids. The elemental analyses of both products suggested
similar formulations, with four cationic dyes for each Vi,
(MB),[H,V;00,5]-13H,0 for MBV;y, and (TB),[H,VioO,s]-
10H,0 for TBV,,, differing only in the number of water mole-
cules. The EDS analysis is a semiquantitative method that can
be performed concomitantly with the SEM imaging of the
samples. For all products, elemental percentages close to the
ones expected were found (Fig. 3).

Attempts to produce crystalline products were performed by
slow diffusion of highly dilute aqueous solutions of the selected
dyes to the V;, reaction mixture. However, even after several
attempts, we were capable to grow only few amounts of fragile
bright green single crystals of MBV;,. PXRD analysis of this
product batch revealed good correspondence between the
calculated and experimental diffraction patterns (Fig. S3, ESIT).
The partial differences in relative intensities might be due to
the preferred orientation of the crystallites in the powdered
sample. Unfortunately, none of the synthetic approaches
attempted produced crystalline samples of TBV,, even in
highly diluted reaction media. As expected, the PXRD pattern
showed low crystallinity, presenting broad peaks at 3.5, 9.5, 26,
43 and 65° 20 (Fig. S4, ESIY).

Infrared spectroscopy (IR)

The IR spectra of 2,3-ampV, o, MBV,, and TBV;, (Fig. S5-S7 and
Tables S3 and S4, ESIt) display typical decavanadate anion
bands*” at 947-964 cm ™!, 827-839 cm ™', 737-760 cm ™!, and
594-663 cm ™" assigned to Y(V=0), v,5(V-0), v,5(V-0) and 6(V-
0O-V), respectively.

Broad bands in the region of 3200 to 3500 cm ' are
attributed to (O-H) of the water molecules.*® The spectral
profiles differ from each other due to the cations that balance
the charge of V,,. The spectrum of 2,3-ampV,, shows a band
related to the 1(C-C);ng of 2,3-ampH’ at 1653 cm ' and
vibrations expected for the pyridine ring at 1252, 839, 737,
and 538 cm ™ .* For MBV,, and TBV,,, the region between
1000 and 1600 cm™" presents bands of 1(C-S-C) at 1040 and
1025 em ', (C=S") at 1489 and 1486 cm ', and ¥(C=N) at
1599 and 1600 cm ™', referring to vibrational modes of the
thiazine rings.>*>'

Characterization of MBV,, by SCXRD analysis

Despite the well-formed appearance of the MBV,, crystals, they
don’t diffract very well, even at low temperature, thus impairing
the completeness of data. Hence, the crystal structure reported
here corresponds to the best set of data from several attempts
of syntheses at different dilutions. The MBV,, crystal belongs in
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Fig. 3 Scanning electron microscopy (SEM) images at different magnifi-
cations (left) and EDS spectra (right) of: (A) crystalline 2,3-ampVio x
10000, (B) microcrystalline solid obtained from the direct reaction of an
aqueous decavanadate solution with methylene blue (MBVyo) x 15000
and (C) amorphous solid obtained from the mixture of an aqueous
decavanadate solution with toluidine blue (TBV;o) x 1000.

the triclinic space group, P1 crystal system. In the asymmetric
unit two methylene blue cations and half a doubly protonated
decavanadate anion are present. In addition, several water
molecules (with a global occupancy factor of 5.4) are present,
giving the formula [MB],[H,V;0,5]-10.8H,0 (Fig. 4 and Fig. S8,
ESIT), which differs in 2.2 water molecules from that proposed
for the bulk sample considering the elemental analysis data.
The protonation hydrogen atoms of the anion [H,ViyOs]*™
were not found in the Fourier density map and were not
introduced in the refinement. Finally, the V;, anion and the
MB cations present bond lengths and angles in accordance
with those found in the literature.**>*

The MB cations, due to the presence of n-n stacking inter-
actions between their aromatic rings, are organized in columns
propagating along the ab plane bisector (Fig. 5A). The mono-
mers of the non-alternated dimer (S1/S2) are displaced by 5.2°,
while the two similar alternated face-to-face dimers (S1/S1 and
S2/S2) differ in the distance between centroids (Table 2). To
better visualize these dimers see Fig. 6A.

These MB columns are connected by H-bond interactions
with V;, anions (Table 4), and the resulting crystal packing
shows the presence of channels (Fig. 5C and D) where all water

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Fig. 4 Ellipsoid representation of [MBIl4[H,V10025]-10.8H,0. Ellipsoids
have been drawn at 30% probability. Hydrogen atoms of the MB cations
have been omitted for clarity.

molecules are located, except for O5w (occupancy factor = 0.8)
and O7w (occupancy factor = 0.6).

The structure of MBVj, is similar to the Keggin-type polyox-
idometalate [MB],[PM0,,0,0]-2dmf-H,O (structure not reported
on the CCDC databank)* but differs from those reported for the
Lindgvist-type MB,[M0O;¢]-2dmf (CCDC refcode IMIROM) and
MB,[W40,,]-2dmf (CCDC refcode IMIRIG).>*

The chemical nature of the anionic counterpart and the
presence of other species in the framework, especially water
molecules, alongside the possibility of n-n stacking interac-
tions between MB cations seem to determine a range of
different MB aggregates reported in the literature.>*>*

Absorption spectrum of MBV,, and theoretical calculations

The diffuse reflectance spectrum of MBV;, (Fig. 6) in the visible
region shows an asymmetric broadband with a maximum at
664 nm ascribed to the n— n* transition of MB cations® and a
shoulder that extends to near-infrared wavelength.

To further rationalize the contribution of MB aggregation, we
calculated the electronic absorption spectra for the MB mono-
mer and for the different dimers found in the crystallographic
structure (Fig. 6A), excluding Vi, and the water molecules,
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Fig. 6 (A) Representation of the dimers in the MB columns. (B) Diffuse
reflectance spectrum of MBV,q (dashed) and calculated absorption spectra
for the MB monomer and for the dimers at the X3LYP/Def2-TZVP/SMD
theory level.

Table 4 Selected? intermolecular interactions in MBVyq

X-H---Y X---Y (A) H---Y (A) X-H---Y ()
MB cations - - - V44 anions

C4-H4---09 3.30(1) 2.397(6) 164.4(5)
C15-H15b- --04° 3.60(1) 2.683(6) 158.9(7)
C2-H2a. --08¢ 3.21(1) 2.251(6) 176.1(7)
Cl1-Hia.--08¢ 3.50(1) 2.585(7) 158.4(6)
C1-Hic---013¢ 3.66(1) 2.779(5) 153(7)
C28-H28: - -02° 3.66(1) 2.784(5) 156.4(6)
C20-H20- - -05 3.40(1) 2.566(6) 150.1(6)
C12-H12.--012/ 3.22(1) 2.328(7) 161.3(6)
C17-H17a.--O1¢ 3.34(1) 2.385(6) 170.4(6)
C18-H18a.--01¢ 3.50(1) 2.578(6) 161.2(6)

“H..-O distance shorter than 2.8 A, C-H---O angle larger than 150.
b carbon atoms from C1 to C16 belong to the MB cation containing S1,
carbon atoms from C17 to C32 belong to the MB cation containing S2.
Cex1-y1-z%-x1-y2-2°1-x1-y,2-2"1-x1-y,1
—z.85x1+y, —1+z

applying a molecular modelling based on DFT.** The theoretical
absorption spectra for the S2/S2 and S1/S2 dimers, when com-
pared to the monomer one, present a hypsochromic shift
(Fig. 6B), which is in accordance with other experimental and
theoretical studies.’®>® In contrast, the $S1/S1 dimer shows a
bathochromic shift, leading to a possible correlation of the

VA
A A

K

Y=Y 7

Fig. 5 (A) MB column along the c axis (B) crystal packing of MBVy,, (C) voids in the crystal packing of MBV,q (voids were calculated with the “voids”
routine in mercury, probe radius = 1.2 A, approx. grid spacings = 0.7 A, voids are 19% of the unit cell volume).
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distances between the monomers in the dimers with the
band shift. Additionally, in MB aggregates, cations experience
non-bonding interactions that shift transition dipole moments
and broaden the electronic spectra.’® As reported for
[NBu,Jo[MsO1o], M = Mo"", W"",>* [MB],[PMo0,,0,0] and [MB],[Ge-
Mo,,04),>* charge transfer transitions between the MB donor
and the polyoxidoanion acceptor, excluded in the calculations,
could be responsible for the presence of the shoulder that
extends this band to over 850 nm.

Studies of the discoloration of organic dyes using 2,3-ampV;,

The studies were initiated by the immersion of 10.0 mg of 2,3-
ampVy, in aqueous solutions of each dye (MB, TB and RB) at
10.0 mg L™ " under continuous magnetic stirring, monitoring the
absorbance of MB (664 nm), RB (554 nm) and TB (630 nm) over
time. For MB, a discoloration of 85% was reached after only
2 min, achieving a maximum of 90% at 15 min (Fig. 7A), whereas
solutions of RB were barely discolored after up to 4 h (see Fig. S9,
ESIY). Given the high efficacy of 2,3-ampV,,, decreasing amounts
of the compound were tested (Fig. 7D). Even as little as 2.0 mg
caused over 80% discoloration after 15 min; however, a marked
decrease in bleaching to 32% was noticeable with 1.0 mg.
Moreover, 2,3-ampVy, was also tested adjusting the pH of each
dye solution to 3.0 and fixing the amount of the compound at
10.0 mg. No changes were observed in the RB solution. By
contrast, for MB the bleaching effect increased from 85% to
95% after 2 min (Fig. 7B and E and Table S5, ESIt).

MB is a well-known redox indicator, wherein its oxidized
cationic form is blue, and its neutral form, protonated at the
central thiazine nitrogen, is colorless, known as leuco-methylene
blue (LMB).”” LMB typically absorbs only at UV wavelengths,
presenting two bands at 314 and 256 nm.** As depicted in
Fig. 7B, the full spectra of aqueous MB solutions after reactions

A ——O0min —2min —5min —— 10 min —— 15 min B

Absorbance / a.u.
Absorbance / a.u.

—MB —MBpH6 ——MBpH3 G
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with 2,3-ampV;, at pH 3.0 and 6.0 exhibit a maximum absorbance
at the UV region at 296 nm, related to the n-n* transition of MB,*
indicating that the discoloration promoted by 2,3-ampV;, is not
given by a simple redox process.

To check for any competitive or cooperative effects of the dyes,
we have also tested a binary system containing 5.0 mg L™" of each
dye (Fig. 7C). In comparison with pure solutions, RB interferes in
the interaction of MB with the V,, salt in the beginning of the
assay, resulting in only 10% bleaching after 2 min. From 10 min
onwards, a preferred removal of MB over RB was observed,
starting at a ratio of ca. 7:1 and reaching a 10:1 ratio after
20 min of stirring (Fig. 7F). Selectivity for certain cationic dyes has
been previously observed for other POMs. For example,
Cs;H,PM0,,Fe0,,>° and  H{Nd4L,(H,0),1[Zr3(OH)3(PWoO34),]},
L = 3,5(pyridine dicarboxylic acid)®® were shown to be excellent
selective adsorbents of MB when tested in an aqueous mixture of
MB, RB and methyl orange, an anionic dye. Here, the preferential
interaction with MB in contrast with RB might be attributed to the
lower stereo hindrance of the MB cation, which has dimensions of
17 A by 7.6 A in a planar structure,®* while RB is larger in size,
presenting a non-planar structure, with dimensions of approxi-
mately 16 A by 11 A, and a freely-rotating benzoate group.®* To
investigate the bleaching capacity of 2,3-ampV,,, another member
of the thiazine family, TB (11 A by 7 A),*® was also tested, starting
the experiment with 10 mg L™" of TB at pH 6 and pH 3 (Fig. 8A
and B). The bleaching effect was lower for the TB solution at pH
6.0 than for MB, reaching a maximum of 77, 70 and 50% after
15 min using 16.0, 10.0 and 4.0 mg of 2,3-ampV,,, respectively
(Fig. 8C and D). Despite structural similarities, in TB the charge is
localized on the nitrogen atom of the dimethylamine group, while
in MB its C,, point group symmetry indicates that its charge can
be equally found on both dimethylamine groups.®® These differ-
ences in location of the positively charged atom contribute to
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Fig. 7 Electronic spectra and bleaching assays using 50 mL of the dye solutions: (A) 10.0 mg of 2,3-ampV, in a 10.0 mg L™ MB solution at pH 6.0; (B)
10 mg of 2,3-ampVy in 10 mg L~ aqueous solutions of MB at pH 6 (red line) and pH 3 (blue line), as compared to the absorption spectrum of pure MB at
10 mg L™ (black line); (C) 10.0 mg of 2,3-ampVyo in a mixed solution of MB and RB at 5.0 mg L™ each, at pH 6.0; (D) decreasing amounts of 2,3-ampV
in MB solutions at pH 6.0; (E) line plots showing the percentage of MB (10 mg L™ bleaching upon addition of 2,3-ampV;, at two different pH in time; (F)

percentage of MB and RB bleaching (5.0 mg L™ each) in time.
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Fig. 8 Electronic spectra of the supernatants of the bleaching reactions
using 10 mg of 2,3-ampVy in 10 mg L™ aqueous solutions of toluidine
blue: (A) pH 6 and (B) pH 3, indicating the absorptions of momomeric
(TBmonomer 4max = 630 nm), dimeric (TBgimer) and metachromatic
(TBmethacromic Amax = 570 nm) forms. Line plots showing the % bleaching
efficiency of (C) various amounts of 2,3-ampV; to aqueous solutions of
TB at pH 6, and (D) at two different pH in time.

determine the interactions between each cationic dye and the V;,
anion.®® A noticeable change in color from dark blue to light
purple was observed when the TB solution at pH 3.0 received the
addition of 2,3-ampV,,, accompanied by a hypsochromic shift
from 654 nm to 570 nm (Fig. 8B).

The observed shift is related to metachromasy, a phenom-
enon in which aggregation of dye molecules over the surface of
a material or in the presence of large anions in solution causes
a shift of the absorption band."® A similar effect has also been
described when heptamolybdate [Mo0,0,,]°~ was used as com-
plexing agent for the removal of TB by ultrafiltration.®*

In an attempt to identify the chemical species that were
present in solution, the supernatants of the reactions were
analyzed by ESI-MS (Table 5). The mass spectra for the MB
solution and the supernatant of the reaction with 10 mg of 2,3-
ampV,,, after 15 min, showed peaks of higher molar weight
at m/z 284 (MB, C,,H;5N3S"), 270 (Azure B, C;5H;6N;S") and 268
(C15H14N3S", assigned to MB having lost a methyl group as a
methane molecule) (Fig. S10, ESI¥).%®

Azure B is commonly present in MB solutions and is formed
by the photooxidative demethylation of MB promoted by light.
Since the maximal absorption of Azure B is at 645 nm,*® the
bleaching of the solution cannot be explained by the presence
of this compound. At lower molar weight, a peak at m/z 109
(CeHoN,") corresponds to 2,3-ampH".

The ESI-MS spectra of the TB solution and bleached TB
(after the reaction with 10 mg of 2,3-ampV,, for 15 min) contain
peaks at mfz 284 (Ci6H1sN3S'), 270 (Cy5Hy6N3SY), 256
(C14H14N3S") and 254 (C,4H;,N;S"), that represent the species
in high abundance (Fig. S11, ESIt). The molecular weight of TB
is 270.37 g mol " but the presence of other compounds could
be attributed to impurities within the TB sample.®” There is
also a hypothesis that demethylation compounds (indicated by
the peaks at m/z 256 and 254) can occur because of oxidative

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2024
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Table 5 Main species detected by ESI-MS in the supernatants of each
colorant solution after reaction with 2,3-ampV;o

Dye Species mlz
MB C16H15N5S" (MB) 284
Cy5H16N3S" (Azure B) 270
CysH *
15H1aN5S 3 268
CeHoN," (2,3-ampH") 109
TB C151'116NS§r (TB) 270
C14H14N5S* 256
C14H15N3S* 254
CeHoN," (2,3-ampH") 109.9
CeHgN* 91.9

demethylation in the electrospray process.®® The peaks at m/z
109.9 and 91.9, present in the supernatant from the reaction
with 2,3-ampV,,, correspond to the 2,3-ampH" (C¢N,H,') and
CeNH,', respectively, as shown in Fig. S12 (ESI{). In summary,
despite the non-quantitative character of ESI-MS, it clearly
suggests that the dyes are not being degraded during the
bleaching process, evidencing a cation exchange process.

The remaining solids from each discoloration reaction were
analyzed by IR. For all conditions, the IR profiles show bands of
the parent solid 2,3-ampV;, and those expected for the dyes
(Table S3, ESI{). When the reaction with MB was carried out at
pH 6.0, there was a predominance of the bands of 2,3-ampV;,
in the retrieved solid (Fig. S6, top, ESIT). On the other hand, for
the MB solution at pH 3.0, the IR profile of the remaining solid
is more similar to the spectrum of MBV,, (Fig. S6, ESIt),
suggesting a higher incorporation of the dye into the final
product. As expected, this effect is less pronounced for TB,
probably due to its localized charge (Fig. S7, ESIt). For this dye,
the solids isolated from the reactions at pH 6.0 and 3.0 present
the same IR profile that resemble that of the parent solid. In
view of the exposed results, the bleaching promoted by 2,3-
ampV,, could be considered a complex process, involving at
least the interaction of the dye with the material surface and
cation exchanges.

Conclusions

Decavanadate-based materials have been barely explored in the
treatment of water bodies contaminated with emergent pollu-
tants. A few examples that addressed textile industries focused
on methylene blue removal. Herein, a new decavanadate salt
(2,3-ampH)g[V1¢0,5]-4H,0 was successfully synthesized and
initially evaluated for its capacity to bleach MB solutions.
Additional assays with RB and TB were used as model systems
to explore the potential of V;, for the treatment of dye-
contaminated wastewater. The preference for the bleaching of
MB and TB in contrast to RB was attributed to the larger size
and non-planar structure of the latter relative to the other dyes.
For the first time, the metachromatic effect of TB involving
decavanadate materials has been described and attributed to
the formation of aggregates. Despite our efforts to characterize
the remaining solids and supernatants by spectroscopic and
mass spectrometry techniques, the bleaching mechanisms of
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MB and TB solutions remain elusive. The available data pointed to
the occurrence of at least two processes that could involve cation
exchange and dye interactions with the surface of 2,3-ampV,,. The
direct reactions of decavanadate with the dyes gave products with
similar formulas, reflecting the high affinity of V,, for large cations.
Particularly, (MB),[H,V;00,5]'10.8H,0 (MBV,,) has provided a
set of results that contains many structural insights into the
interaction between V;, and a cationic organic dye. In summatry,
the results presented in this work bring light onto the under-
standing of the interaction processes of dyes, not only with V,, but
also, by analogy, with a range of large polyoxidoanions.
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