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Abstract

Two decavanadates (trisH)4[H2V10O025]- 10H,0 (1) and (trisH)g[V10O02s] (2) have
been synthesised from NaVO; or V,05 in an aqueous solution of
tris(hydroxymethyl)aminomethane (tris). Bimetallic derivatives
[Cu(OHy)s(trisH)12[V10026] 6H,0  (3)  and  [Cu(OHz)s(2—amp)]a(trisH).
[V10025]:2H,0 (4) were obtained by the addition of CuCl, or CuCl, / 2—amp (2—
(aminomethyl)pyridine) to the route that gave 2. The products were characterised
by single-crystal X-ray diffractometry, thermogravimetric analysis, FTIR, Raman
and EPR spectroscopies. Moreover, 4 was effective in bleaching a methylene
blue (MB) solution under natural light in acidic media by either degradation of the
dye or precipitation of a MB-decavanadate salt depending on the experimental

conditions.

Keywords: decavanadate; copper(ll); tris(hydroxymethyl)aminomethane; 2—
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1. INTRODUCTION

Polyoxovanadates (POV) form a subclass of metal oxoanions that has attracted
considerable attention due to its rich structural diversity [1, 2], electronic
properties [3, 4], and applications in biology [5, 6], material sciences [7, 8],
magnetism [9, 10], and catalysis [11-13]. Decavanadate, [HyV1002s]®*~ (V10), is

the most stable vanadium(V) species in acidic conditions [14] and has been



widely investigated in its interaction with several biomolecules, interfering in a
number of biological processes. The anion has also been explored in the
crystallisation of proteins [15] and in the design of supramolecular assemblies
with 1D, 2D and 3D networks built via electrostatic forces and intermolecular

interactions, such as hydrogen bonding, n—=r stacking, etc [16, 17].

Decavanadate has been associated with organic cations [16] or cation complexes
of other transition metals, including Mn''[18], Zn'"[19], Co"[19], Ni" [20], Cu"" [21]
and Ag' [19]. Structures with a second metal ion produced Vo—scaffolds
decorated with metal complexes through their terminal or bridging oxygen atoms
[18, 19], heterometallic polymers [22, 23], or ionic salts in which the two metals
are separated [24, 25]. The combination of V4o with Cu'' complexes has yielded
structures that fall into all these classes [21-26]. These compounds have been
explored in the selective adsorption of CO, over N,, and as catalysts of

cycloaddition reactions and oxidation of adamantane [21].

Polyoxovanadates containing tris(hydroxymethyl) derivatives are well known [27].
The most common structures include trisalkoxo-derived hexavanadates [28-35],
whereas functionalised V, [33, 36], V7 [33] and Vo [37] structures were seldom
described. Among them, tris(hydroxymethyl)aminomethane has been especially
used for additional functionalisation with a variety of organic groups [31, 38, 39].
Nevertheless, polyoxovanadates having protonated
tris(hydroxymethyl)aminomethane as a counterion remain rare. To the best of our
knowledge, two structures have been crystallographically characterised: a mixed-

valence hexadecavanadate prepared under hydrothermal conditions [40], and a



decavanadate anion decorated with manganese aquo complexes [18], the latter

previously reported by our group following another methodology.

Recently, the interest in the rationalisation of synthetic routes that produce V4o—
based hybrid compounds has quickly increased, and alternative methodologies
at room temperature have already arisen [41]. Among the possible starting
materials, vanadium pentoxide (V,05) is a convenient reactant since it does not
provide extra metal ions. Even though some efforts have been made to overcome
its poor solubility in water and to avoid the use of strong bases or hydrogen
peroxide, the improvement of yields and the elimination of impurities generated

by precipitation products remain as common challenges [42, 43].

Methylene blue (MB) is a hazardous cationic dye widely employed in the textile
industry and frequently discharged directly in natural water bodies such as rivers
and lakes [44]. Metal oxides doped with vanadium and several polyanionic
clusters, including polyoxometalates, have been applied for removing MB from
aqueous solution by catalytic degradation, flocculation or adsorption [45-47]. The
degradation properties of organic dyes by POV is well known; however, only very
recently, this class of compounds started to be evaluated in its potential to MB
bleaching. The few reports showed both rapid MB adsorption and excellent
photocatalytic degradation of the dye depending on the nature of the POV and

the reaction conditions [45, 48, 49].

We describe herein the development of a facile methodology to obtain

decavanadate salts in an aqueous solution of the common buffer



tris(hydroxymethyl)aminomethane (tris) at room temperature. The high purity and
yield of (trisH)g[V10O02s] (2) allowed us to expand the route to produce two new
V4o-copper(ll) products by adding CuCl, and 2—(aminomethyl)pyridine (amp) to
the reaction medium. Moreover, the product [Cu(OHy)3(2—
amp))a(trisH),[V10025]:2H,O (4) showed efficient bleaching of a MB aqueous

solution.

2. EXPERIMENTAL

2.1. Materials and methods

2.1.1. General considerations

Ultrapure water (Milli-Q, Millipore type 1, resistivity of 18.2 MQ cm at 25 °C) was
employed to prepare all solutions used in the syntheses and reactions with MB.
Reactants vanadium pentoxide (V,0s5, = 99.6%), sodium metavanadate (NaVOsg,
98.0%), methylene blue (97%), 2—amino—2—hydroxymethyl-propane—1,3—diol
(tris, 99.0%), 2—(aminomethyl)pyridine (2—amp, 98.0%) and copper(ll) chloride
(CuCl,) were purchased from Sigma-Aldrich and used with no further purification.

Hydrogen peroxide (H20,) 35% was acquired from Neon.

2.1.2. Analytical methods and instruments



Vanadium and copper contents were obtained by inductively coupled plasma
optical emission spectrometry (ICP-OES) from a Perkin Elmer Optima 8300
series spectrometer. Microanalyses were carried out in a Perkin Elmer 2400
Series Elemental Analyzer. FTIR spectra were registered from KBr pellets on a
Bomen MB100 spectrophotometer, from 400 to 4000 cm~'. Raman spectra were
obtained with a Raman Confocal Witec alpha 300R microscope, which focuses
the incident radiation on a 1-um? area. Spectra were recorded using He-Ne
(633.120 nm) laser excitation over the range of 0 to 2750 cm-'. Electron
paramagnetic resonance (EPR) data were recorded with an X-band (9.5 GHz)
Bruker EMX-Micro spectrometer from the pulverised solid at 77 and 298 K.
Spectra simulations were run with the EasySpin software [50]. 5'V NMR spectra
were acquired at 295 K in H,O/D,O (10%) in a Bruker Avance 400 MHz
spectrometer using VOCI; (neat, capillary) as reference for5'V. Electronic spectra
were recorded in a PerkinElmer Lambda 1050 UV-vis spectrophotometer in the
spectral range of 550-700 nm using a 1 cm quartz cuvette. Thermogravimetric
analyses (TGA) were performed on a Netzsch STA449 F3 Jupiter analyser
instrument with a silicon carbide furnace. Aluminum pans were used for heating
samples (approximately 4 mg) from 25 °C to 900 °C at a heating rate of 10 °C

min~" using N,/O, as carrier gas.

2.1.3. Syntheses

Preparation of (trisH)4[H2V1902s]- 10H,0 (1)

A suspension of NaVO; (0.610 g, 5.00 mmol) in 20 mL of water at 100 °C was

stirred until complete dissolution. The resulting solution was left to cool down to



room temperature, when the pH was adjusted to 4.0 with HCI 1.0 mol L-' and the
addition was made of an aqueous solution of tris (0.360 g, 3.00 mmol, in 10 mL).
After stirring for 1 h, the resulting orange solution received an ethanol overlayer
and was stored at 4 °C. Orange crystals, formed after 3 days, were washed with
cold ultrapure water and dried in air (0.480 g, 0.300 mmol). Product 1 was soluble
in water and dimethylsulfoxide. FTIR (KBr, cm~!, s = strong, m = medium, w =
weak, br = broad): 3448(br), 1630(s), 1490(m), 1400(m), 1072(m), 955(s), 839(s),

741(m), 604(m).

Preparation of (trisH)s[V1002g] (2)

A 40 mL aqueous suspension of V,05 (0.460 g, 2.50 mmol) received 10 mL of an
aqueous solution of tris (0.360 g, 3.00 mmol). After stirring at room temperature
for 2 days, the initial suspension turned into an orange solution that was then
stored at 4 °C with an overlayer of isopropanol. Orange crystals formed after 2
weeks were dried in air (0.540 g, 0.320 mmol). Yield: ca 63% based on vanadium.
Product 2 was soluble in water and dimethylsulfoxide. Elemental analysis:
calculated (%) for Co4H72NgO46V1o (2): V, 30.1; C, 17.2; H, 4.30; N, 5.00; found
(%) for 2: V, 30.9; C, 17.0; H, 4.20; N, 4.90. FTIR (KBr, cm-1): 3392(br), 3126(br),

1593(s), 1498(w), 1269(w), 1059(m), 955(s), 841(m), 737(m), 600(m), 449(m).

Preparation of [Cu(OH;)s(trisH)]2[V1002g]-6H20 (3)

V,05 (0.460 g, 2.500 mmol) was suspended in 40 mL of water and 10 mL of an
aqueous solution of tris (0.360 g, 3.00 mmol) were added under stirring at room
temperature. To the orange solution obtained after 48 h, 5 mL of an aqueous

solution of CuCl,-2H,0 (0.170 g, 1.00 mmol) were added. After stirring for 14 h,



the precipitate formed was filtered off, and the liquor mother received an overlayer
of isopropanol. Orange crystals were isolated after 20 days under storage at 4 °C
(0.520 g, 0.320 mmol). Yield: ca 64% based on vanadium. Product 3 was soluble
in water. Elemental analysis: calculated (%) for CgHsgN2O50V4oCus (3): V, 31.5;
Cu, 7.90; C, 5.94; H, 3.49; N, 1.73. found (%) for 3: V, 31.4; Cu, 7.80; C, 6.20; H,
3.51; N, 1.75. FTIR (KBr, cm~): 3070(br), 1583(m), 1485(w), 1294(w), 1054(m),

941(s), 839(m), 744(m), 590(m), 455(m).

Preparation of [Cu(OH,)s(2—amp)]x(trisH)2[V1002s]-2H,0 (4)

Product 4 was synthesised through a methodology analogous to that used for
obtaining product 3, except for the addition of 2—amp (103.5 uL, 1.00 mmol) to
the orange solution along with the 5 mL of aqueous CuCl,-2H,O (0.170 g,
1.00 mmol). After stirring for 48 h the green precipitate was filtered off and
received an overlayer of isopropanol. Dark green crystals were isolated after 12
days under storage at 4 °C (0.280 g, 0.160 mmol). Yield: ca 33% based on
vanadium. Elemental analysis: calculated (%) for CooHs6NgO42V1oCu, (4): V,
30.16; Cu, 7.52; C, 14.22; H, 3.34; N, 4.98; found (%) for 4: V, 30.2; Cu, 7.42; C,
14.3; H, 3.36; N, 4.88. FTIR (KBr, cm="): 3495(br), 3236(br), 3088(br), 1581(m),

1481 (w), 1284(w), 1153(w), 1063(m), 941(s), 835(m), 736(m), 578(m).

Direct reaction of decavanadate with methylene blue in solution

A suspension of NaVO3; (0.609 g, 5.00 mmol) in 30 mL of water was heated under

stirring until complete dissolution. The pH of the resulting colourless solution was

adjusted to 4.0 giving an orange solution typical of the decavanadate. An



aqueous solution of MB (0.096 g, 0.3 mmol) was slowly diffused for a period of
24 h at room temperature. The green crystals formed were filtered, washed 5
times with 2.0 mL of water and dried in air (0.203 g, 0.086 mmol). Yield: ca 17%
based on V. MBV,, was slightly soluble in water, dmso, methanol and ethanol.
Elemental analysis: calculated (%) for Ce4H104N12S4043V10 (MBV4y): V, 21.5; C,
32.5; H, 4.43; N, 7.10; found (%) for MBV4,: V, 23.8; C, 32.6; H, 3.92; N, 7.03.
FTIR (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).

2.2. Single-crystal X-ray diffraction analysis

Crystals of 1-4 were mounted on a Bruker D8 Venture diffractometer with a
Photon 100 CMOS detector. For samples 1, 2 and 4 the Mo-Ka radiation and a
graphite monochromator were used; for sample 3, a Cu-Ka pS-microsource
radiation and Gobbel mirrors monochromator were chosen. Intensity data were
measured by thin-slice - and ¢-scans. Data processing employed the APEX2
program [51] for sample 1 and the APEX3 program [52] for the other samples.
The structures were determined by the intrinsic phasing routines in the SHELXT
[53] program and refined by full-matrix least-squares methods, on F?'s, in
SHELXL [53]. Refinement of non-hydrogen atoms was carried out using
anisotropic thermal parameters. Scattering factors for neutral atoms were taken
from the literature [54]. Computer programs used in the analysis were run through

WinGX [55], and figures that refer to the structures were made using programs



ORTEPS3 [55] and Diamond 4 [56]. Refinement details for each of the products

can be found in the Supplementary Material.

2.3. Bleaching of methylene blue in aqueous solution

In a typical procedure, 6.0 x 103 mmol (10.0 mg) of 4 were added to a
round-bottom flask containing 50 mL of MB aqueous solution (10 mg L' or
0.03 mmol L") and the system was stirred at room temperature under natural
light. After 2, 5, 10, 12, 15 and 20 min, a 3-mL aliquot of the supernatant was
taken to be analysed by UV-vis absorption spectroscopy. The absorbance peak
at 664 nm, which corresponds to the n—1* transition of MB, was monitored.
Alternatively, 1.0 mL of hydrogen peroxide (H.O,, 35%) was added to the MB
solution under visible light before the addition of 4. For the pH effect studies, the
pH of the MB solutions was adjusted with diluted HCl,q) or NaOH,q) before the
addition of 4. The solids produced were isolated by centrifugation, washed three
times with water and dried under vacuum. All reactions were performed at least
in triplicate. The percentage of MB-bleaching was calculated according to the
formula % = (Ag — A)/Ap x 100, wherein A, = the initial absorbance of the MB

solution and A = the absorbance at a given time point.

3. RESULTS AND DISCUSSION

3.1. Synthetic strategy



A vast array of synthetic routes has been employed for obtaining decavanadate
compounds containing organic and inorganic counterions. Herein V4, salts
containing trisH* have been synthesised using two different starting materials and
methodologies (Scheme 1). The addition of an aqueous solution of tris to a
solution of NaVO3; produced a mixture of crystals containing
[trisH]4[H2V10026]-10H,O (1) and a fully inorganic sodium decavanadate salt,
even after many attempts to adjust experimental conditions. On the other hand,
the simple addition of an aqueous solution of tris to a V,05 suspension slowly
solubilised the oxide, producing an orange solution that gave pure orange crystals
of (trisH)g[V10028] (2) in good yield. While the normal solubility of V,05 in water is
374 ppm, the tris aqueous solution was capable to solubilise 9080 ppm of the
oxide and was twice as effective as the ionic liquid choline chloride-urea, a deep

eutectic solvent [41].
10 VO5~ + 4 tris + 10 HY ——— (trisH),[H,V005] + 2 H,0
(1)
5V,05 + 6 tris + 3H,0 —— > (trisH)g[V1¢O0s4]
(2)

2 CuCl, /10 H,0
2 CuCl, / 2 (2-amp)
[Cu(OH,)s(trisH)[o[V1004s] + 4 trisH* + 4 CI™ 6 H,O

3)
Y

[Cu(OH,)3(2-amp)],(trisH)s[V190ss] + 4 trisH* + 4 CI~
(4)
Scheme 1. Synthetic proposal for decavanadates with organic and copper(ll)

complex counterions from NaVO; and a V,0s5 suspension in aqueous
tris(hydroxymethyl)aminomethane.




During the synthesis of (trisH)s[V1002s] (2), the pH of the solution slowly
decreased from 8 to 6 after 3 h, forming the V4o anion at room temperature in its
fully deprotonated form (pKa of [V4¢0,s]6~ ranging from 5.5 to 6) [57, 58]. At
pH = 6, tris is protonated to trisH* (pKa = 8.07 at 25 °C), favouring the formation
of the salt over functionalised polyoxovanadates, as earlier reported for
tetravanadates [33, 36], decavanadates [37] and, mainly, Lindqvist-type
hexavanadates [33-35, 59]. Different from the route adopted here, these
compounds have been usually synthesised under hydrothermal [28, 35, 37] and
solvothermal [33, 34] conditions, or using inert atmosphere [29-32, 60] to obtain
fully reduced [28, 29, 33, 37], fully oxidised [29-31], or mixed-valence [29, 33-36]
polyoxovanadates (Table S1). In face of the previously reported interactions of
vanadate with tris at room temperature [57], 'V NMR analyses at pH 7.6 and 9.0
showed that, in such conditions, tris effectively coordinates to vanadium(V),
giving a variety of vanadate esters with different geometries and V : tris ratios

[57].

The extension of the route that produced 2 by the addition of a copper(ll) salt
gave [Cu(OH.)s(trisH)]2[V10028]:6H-O (3), under mild conditions and without
additional purification steps. In face of this result, we decided to test if the same
route would be useful to produce more complex structures. Aiming to carry out a
sequential-one-pot preparation, the 2-amp pre-ligand was added to the reaction
mixture, yielding [Cu(OH;)3(2—amp)]x(trisH),[V10028]:2H,O (4). The role played
by tris seems to be similar to that played by ethylenediamine in the direct
synthesis of a series of decavanadate derivatives containing copper(ll)-

ethylenediamine complexes [43], including (H.en);[Cu(en)(H20),][V1002s];



however, in that case, the reactions were performed under reflux and ammonium

oxalate was added to the reaction medium.

3.2. Single-crystal X-ray diffraction analysis

Crystallographic data for products 1-4 are given in Table 1, and selected bond
lengths and angles are shown in Tables 2 and 3. Since product 1 was not
obtained pure, this work reports only its single-crystal X-ray diffraction structure,
while products 2-4 were further characterized in the solid state. The structural
moiety common to the complexes (1-4) is the decavanadate anion
[H,V10028]®>*)-, with bond lengths and angles in the range found in the literature
[16, 61]. V-0 bond lengths vary between the four kinds of oxygen atoms in the
following ranges: V—Oeminal from 1.5919 to 1.6216 A, V—u-O from 1.6763 to
2.0800 A, V—p3-O from 1.9175 t0 2.0186 A, and V—pg-O from 2.0920 to 2.3430 A.
Longer V-O distances, in the order of 2.3 A, are commonplace in vanadium oxide

chemistry [62].

3.2.1. Crystal structures of compounds 1 and 2

The crystal structures of complexes (trisH)4[H2V19O2g]-10H,O (1) and
(trisH)g[V1002s] (2) are composed of V4o anions and organic trisH* cations. They
differ from each other in the presence of water molecules in 1, in the degree of

protonation of the polyoxoanion and in the number of trisH* that balance its



charge, which was dictated by the pH of each reaction medium. The ORTEP

diagrams and crystal packing of compounds 1 and 2 are presented in Figure 1.

Complex 1 crystallises in the P-1 triclinic space group and the asymmetric unit
contains half an [H,V4002g]*~ anion, 2 trisH* cations and 5 water molecules. The
V40 anion is caged in the unit cell and embedded by waters and trisH* cations in
an extensive three-dimensional hydrogen bond network, with all the V¢ anions
aligned in each layer. A medium-strength hydrogen bond involving
O(31)-H(31)---:O(6) of a nearby trisH* cation (O...O donor-acceptor
distance = 2.7096(19) A, 175(6)°) defines a chain containing V4, and two trisH*
along the c¢ axis that also involves the medium-strength hydrogen bonds
N(5)-H(2N5)---O(32) and O(8)-H(8)---O(28) (Figure S1), respectively. Along the
b axis, the trisH* cation of N(1) interacts with V4o through hydrogen bonds
between O3-H(3)---us—0(26), and N(1)-H(2N1)---u,—0(29); it is also connected

to three water molecules.

The structure of 1 contains cyclic water octamers, generated through O-H---O
interactions and linked to the supramolecular structure by further rings formed by
hydrogen bond interactions of the water molecule containing oxygen atom O(3W)
with trisH* cations containing N(1) (Table S2). The appearance of water rings is
not unknown in decavanadate supramolecular chemistry and they are especially
present in highly hydrated structures [17, 63]. They can consist of cyclic
structures formed only by water molecules [63] or by water molecules and

counterions [17]. Recently, compounds (DMAPH)e[V1002s]'H,O and



(DMAPH)g[V10028]:16H,0O (DMAPH = dimethylaminopyridinium) were isolated at
25 °C and 10 °C, respectively. In the latter, the water molecules form cyclic
pentamers and hexamers involved in the stabilisation of the 3D network [63]. In
[4-ampH]4o[{Na(H20)e}{HV 10028}1[V10028]- 15H,0 [17], the sodium aquocomplex
participates in a dumbbell-shaped cyclic water pentamer found in the
supramolecular lattice of the compound.
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Figure 1. (a) and (c): ORTEP representation with atom-labelling scheme of
(trisH)4[H2V10028]:10H,O (1) and (trisH)e[V1002s] (2), showing only the
crystallographically independent water molecules and trisH* cations. Hydrogen
atoms were omitted for clarity, except for those on the protonated decavanadate
in 1. Thermal ellipsoids were drawn at the 50% probability level. The dark bonds
within the polyoxovanadate represent the longest V-0 bonds found in the anion.
(b) and (d): Unit cell of (1) and (2), displaying Z =1 and Z = 2, respectively.

The structure of 2 belongs to the monoclinic system, P24/n space group, with the
V40 anionic units lying across crystallographic inversion centres at the centre of

the cell and at the cell vertices, giving a total of two (trisH)s[V1002s] (2) molecules

per unit cell. The 3D crystal structure is stabilised by a complex hydrogen bond



network, which involves the fully deprotonated [V19O.s]®~ anions and trisH*
cations; the organic cations are the sole electronic density donors of O-H:--O,
N-H---O and C-H---O interactions (Table S3). A view along the a axis
demonstrates alternating layers of V4o anions oriented orthogonally to each other
(Figure S2). Each Vg is connected to other V4 anions along the a axis through
an extensive hydrogen bond network involving the trisH* cations containing N(9)
and N(1). The N(5)-containing trisH", in turn, interacts strongly with other cations,

but forms weaker hydrogen bonds with V.

Figure 2. 2D sheet formed by O—H---O and N-H---O interactions of trisH* cations
with V49 anions and water molecules in the lattice of (trisH)4[H2V1002s]- 10H,0 (1).
In this view, the octamers formed by water molecules were evidenced.

As expected, the V(4)-O(31) bond length of 1.803(2) A in the fully deprotonated
V10 in 2 is shorter than the distance of 1.8723(12) A observed for the equivalent
bond in the protonated site of the [H,V19025]* anion in 1. Bond valence sums
(BVS) [64], given by =S = %(d/1.791)%" (d = V-0 distances, S = bond number)

for u3—0O and p,—0O bridging oxygens are given in Table S4. The low valence value



found for O(31), in the order of 1.5, remarkably lower than the valence values
found for the remaining u;—O and p,—O atoms, confirms that O(31), along with
the symmetrically related atom O(31/), are the protonated sites. Thus, the
protonation yielding the dihydrogendecavanadate anion in 1 occurred on doubly
bridging oxygen atoms O(31) and O(31A), of intermediate basicity [16], and not

on the most basic sites (the triply bridging oxygens).

In both crystalline structures of 1 and 2, the Vo bridging oxygen atoms with the
lowest BVS values generally participate in the strongest hydrogen bonds, as seen
in Table S4. Hydrogen bonding distributes electronic density across the crystal
lattice and helps balance the overall valence of atoms most deficient in electrons
[65]. Atoms O(29), O(31) and O(33) in 2, for instance, exhibit BVS values of
1.715, 1.714 and 1.651, respectively, and participate in hydrogen bonds whose

angles are above 175°, characterising strong interactions.

3.3.2. Single crystal structures of 3 and 4

The X-ray diffraction analysis of [Cu(OH,)s(trisH)]>[V10025]:6H20 (3) showed one
fully deprotonated [V1002g]%~ anion along with two mononuclear copper(ll) cation
complexes and six lattice water molecules (Figure 3). Copper(ll) in the
[(Cu(H20)s(trisH)]3* cation presents four water molecules occupying an equatorial
plane, with an additional water molecule and one trisH* ligand coordinated
through hydroxyl oxygen O(2), completing the Jahn-Teller-distorted octahedron.

Product 3 crystallises in the monoclinic centrosymmetric space group P24/n, with



the Vo ions localised on the inversion centre and on each vertex. The central V4q
and the two cation complexes are positioned between two glide planes, while the
other anions are orthogonally oriented and lie in parallel layers above and below
these planes (Figure S3). Each V4 interacts with the cation complexes through
hydrogen bonds involving terminal and bridging oxygens O(3W)-H(1W3)---O(33)
(n2),  O(4W)-H(2W4)---(023)  (terminal),  N(1)-H(2N1)--O(28)  (—up),
0O(2)-H(2)---O(27) (u3), forming a zig-zag structure along the b axis. The crystal
structure is stabilised by a complex pattern of hydrogen bonds that also involves

the three uncoordinated water molecules (Table S5).



Table 1. Crystallographic and refinement data for (trisH)4[H2V10O025]-10H,0 (1), (trisH)e[V10028] (2), [Cu(OH;)s(trisH)]2[V10028]-6H,0

(3) and [Cu(OH,)s(2—amp)]x(trisH)o[V10O2g]-2H,0 (4)
1

2 3 4
Elemental formula C16H70N4O50V10 C24H72N6046V10 C8H56N2050V10CU2 C20H56N6042V10CU2
Molar mass / g mol-'! 1628.16 1690.27 1617.02 1689.18
Crystal system, space group Triclinic, P-1 Monoclinic, P24/n Monoclinic, P24/n Triclinic, P-1
alA 10.4309(7) 10.3934(6) 10.1240(3) 10.6095(5)
b/A 11.0433(8) 16.3523(11) 14.1401(5) 10.8867(5)
clA 13.5205(10) 15.9974(10) 16.6837(6) 13.1588(7)
al”® 76.258(3) 90 90 67.971(2)
Bl° 71.873(3) 91.132(2) 102.238(2) 70.075(2)
yl® 65.063(2) 90 90 63.512(2)
Temperature / K 100(2) 300(2) 200(2) 299(2)
Volume / A3 1331.90(17) 2718.3(3) 2334.07(14) 1233.14(11)
z 1 2 2 1
Density / mg m=3 2.030 2.065 2.301 2.275
F(000) 824 1712 1612 842
Absorption coefficient / mm-' 1.797 1.761 18.186 2.766
Crystal size / mm 0.393 x 0.259 x 0.124 0.152 x 0.125 x 0.106 0.232 x 0.149 x 0.092 0.195 x 0.130 x 0.047
drange/° 3.0to 27.5 3.21027.0 4.7t079.0 3.0to 27.5
Reflections collected 60077 128196 167920 61633
Unique data 6114 [R(int) = 0.040] 5923 [R(int) = 0.094] 5035 [R(int) = 0.073] 5642 [R(int) = 0.041]

Observed data, [I > 20(1)]
Number of parameters
Goodness of fit on F2

Rl > 25()], Ry [I > 25(1)]©)
R, R, (all data) ©)

Largest diff. peak and hole / e A-3

5285

457

1.058

R =0.024, R, = 0.058
R =0.032, R, = 0.061
0.70 and -0.35

4646

510

1.033

R=0.034, R, =0.074
R =0.054, R, =0.078
1.72 and -0.53

4391

437

1.066

R =0.026, R, = 0.058
R =0.034, R, =0.060
0.43 and -0.56

4825

486

1.066

R=0.022, R, = 0.053
R =0.031, R, = 0.056
0.33 and -0.57

w = [0?(Fo?)+(0.0268*P)?+1.3691*P] " where P = (Fo?+2Fc?)/3 for 1

w = [0%(
w = [0%(F
w = [0%(F

Fo0?)+(0.0324*P)2+4.1605*P] -' where P = (Fo?+2Fc?)/3 for 2
02)+(0.0291*P)?+2.1662*P] -' where P = (Fo?+2Fc?)/3 for 3
02)+(0.0254*P)?+0.9221*P] - where P = (Fo?+2Fc?)/3 for 4



Table 2. Selected bond lengths (A) for (trisH)4[H2V19O028]-10H,0 (1), (trisH)e[V1002s] (2), [Cu(OHy)s(trisH)]2[V1002¢]-6H,0 (3) and
[Cu(OH,)3(2—amp)]a(trisH),[V10028]- 2H,0 (4), with estimated standard deviations in parentheses.

Bond lengths (A)

1 2 3

V(1)-0(25)#1 1.6844(12) V(1)-0(25) 1.6763(19) V(1)-0(25) 1.6804(16) V(1)-0(25) 1.6815(13)
V(1)-0(26) 1.9176(12) V(1)-0(26) 1.9346(17) V(1)-0(26) 1.9422(14) V(1)-0(26) 1.9434(12)
V(3)-0(25) 2.0426(12) V(3)-0(25) 2.080(2) V(3)-0(25) 2.0439(16) V(3)-0(25)#1 2.0467(14)
V(3)-0(30) 2.3429(12) V(3)-0(30) 2.3209(18) V(3)-O(30)#1 2.3397(15) V(3)-0(30) 2.3289(12)
V(3)-0(32) 1.8307(12) V(3)-0(32) 1.804(2) V(3)-0(32) 1.8456(17) V(3)-0(32) 1.8620(14)
V(4)-0(23) 1.6130(12) V(4)-0(23) 1.6192(18) V(4)-0(23) 1.6216(15) V(4)-0(23) 1.6115(13)
V(4)-0(31) 1.8723(12) V(4)-0(31) 1.803(2) V(4)-0(31) 1.8192(16) V(4)-0(31) 1.8315(14)
V(4)-0(26)#1 2.0142(12) V(4)-0(26) 2.0010(18) V(4)-0(26) 1.9980(15) V(4)-0(26)#1 2.0079(13)

C(1)-N(1) 1.496(2) C(1)-N(1) 1.493(4) C(1)-N(1) 1.496(3) C(1)-N(1) 1.491(3)

C(1)-C(2) 1.526(2) C(1)-C(2) 1.527(4) C(1)-C(2) 1.528(3) C(1)-C(2) 1.534(3)

C(2)-0(2) 1.426(2) C(2)-0(2) 1.414(4) C(2)-0(2) 1.425(3) C(2)-0(2) 1.412(3)
O(31)-H(31) 0.82(2) Cu-0(2W) 2.4335(19) Cu-N(6) 1.9825(19)
Cu—0(4W) 1.9607(19) Cu—0(2W) 2.2045(16)

C(8)-N(13) 1.342(3)

C(7)-C(8) 1.493(3)

Symmetry transformations used to generate equivalent atoms: #1 —x+1, —y+1, —z+1



Table 3. Selected angles (°) for (trisH)4[H2V10O28]-10H,O (1), (trisH)s[V10028] (2), [Cu(OHy)s(trisH)]2[V10025]:6H,O (3) and
[Cu(OH,)3(2-amp)],(trisH),[V10025]- 2H.0 (4), with estimated standard deviations in parentheses

Angles (°)

1 2 3 4
O(25)#1-V(1)-0(26) 97.81(5) 0(25)-V(1)-0(26)  98.64(8) 0(25)-V(1)-0(26) 97.05(7) 0O(25)-V(1)-0(26) 96.71(6)
O(25)#1-V(1)-0(30)#1  87.70(5) 0(25)-V(1)-O(30)  88.34(8) 0(25)-V(1)-O(30)#1  87.94(7) 0(25)-V(1)-O(30)#1 87.59(6)
0(26)-V(1)-0(27)#1 155.73(5) 0(26)-V(1)-0(27)  155.34(8) 0(26)-V(1)-0(27) 155.41(6) 0(26)-V(1)-0(27) 155.44(5)
0(32)-V(3)-0(28) 91.45(5) 0(32)-V(3)-0(28) 92.15(8) 0(32)-V(3)-0(28) 90.73(7) 0(32)-V(3)-0(28) 90.17(6)
0(22)-V(3)-0(32) 103.23(6) 0(22)-V(3)-0(32)  104.42(11) 0(22)-V(3)-0(32) 103.07(8) 0(22)-V(3)-0(32) 102.82(7)
0(32)-V(3)-0(31) 91.28(5) 0(32)-V(3)-0(31)  91.99(9) 0(32)-V(3)-0(31) 91.15(7) 0(32)-V(3)-0(31) 91.67(6)
0(22)-V(3)-0(31) 101.27(6) 0(22)-V(3)-0(31)  100.42(10) 0(22)-V(3)-0(31) 101.47(8) 0(22)-V(3)-0(31) 103.53(7)
0O(33)-V(4)-0(31) 95.01(6) 0O(33)-V(4)-0(31)  95.87(9) 0O(33)-V(4)-0(31) 95.29(7) 0O(33)-V(4)-0(31) 94.37(6)
O(31)-V(4)-0O(26)#1 87.98(5) 0(31)-V(4)-0(26)  90.50(8) 0(31)-V(4)-0(26) 89.27(7) O(31)-V(4)-O(26)#1 89.23(6)
0(23)-V(4)-0(30) 174.67(5) 0(23)-V(4)-0(30)  174.29(9) 0(23)-V(4)-0O(30)#1 175.80(7) 0(23)-V(4)-0(30) 174.26(6)
V(2)-0(27)-V(4)#1 101.00(5) V(2)-0(27)-V(4)#1 100.77(8) V(2)-0(27)-V(4)#1 100.41(6) V(2#1-0(27)-V(4)  100.24(6)
V(1)-0(30)-V(3) 170.02(6) V(1)#1-0(30)-V(3) 169.52(9) V(1)-0(30)-V(3#1  171.06(8) V(1)#1-0(30)-V(3)  86.97(4)
V(3)-0(32)-V(5) 114.58(6) V(3)-0(32)-V(5) 114.69(10) V(3)-0(32)-V(5) 114.28(8) V(3)-0(32)-V(5) 112.87(7)
N(1)-C(1)-C(2) 108.97(14)  N(1)-C(1)-C(2) 108.8(2) N(1)-C(1)-C(2) 107.25(19)  N(1)-C(1)-C(2) 106.53(16)
0(2)-C(2)-C(1) 110.51(14)  0(2)-C(2)-C(1) 109.9(2) 0(2)-C(2)-C(1) 111.7(2) 0(2)-C(2)-C(1) 109.91(17)

O(3W)—-Cu-O(1W) 86.51(8) C(8)-N(13)-Cu 114.76(14)
O(3W)—Cu—O(5W) 176.01(8) N(6)—Cu—N(13) 82.68(8)
O(1W)—Cu—0O(5W) 92.56(9) O(1W)—Cu—0O(3W) 91.68(7)
O(3W)—Cu—0(2W) 95.92(7) N(13)-Cu—O(2W) 109.33(7)
O(5W)—Cu—0(4W) 91.19(9) N(13)-C(8)-C(7) 116.2(2)

Symmetry transformations used to generate equivalent atoms: #1 —x+1, —y+1, —z+1
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Figure 3. (a) and (d): ORTEP representations of [Cu(OH,)s(trisH)]2[V1002s]-6H-0 (3) and [Cu(OH;)s(2—amp)]x(trisH)2[V10028]-2H,0
(4), showing only the crystallographically independent water molecules, trisH* cation and copper(ll) complexes. Hydrogen atoms were
omitted for clarity. Thermal ellipsoids were drawn at the 50% probability level. The dark bonds in decavanadate represent the longest
V-0 bonds found in the anion. (b) and (e): Unit cell of complexes 3 and 4, displaying Z =2 and Z = 1, respectively. (c) and (f):
Expanded three-dimensional structures of complexes 3 and 4. In (f) the layers are somewhat offset to evidence the presence of

channels between two symmetry-related copper complexes. All chemical entities are connected by an intricate network of hydrogen
bonds.



The structure of [Cu(OH,)s;(2—amp)]a(trisH)o[V10028]:2H,O (4) has been
determined in the triclinic space group P-1, with Z=1. Each V,y interacts
electrostatically with two trisH* cations and two distorted square pyramidal
copper(ll) cations, [Cu(OH;)3(2—amp)]?*; the copper centre is coordinated by one
neutral, chelating bidentate 2—amp ligand and three water molecules which
occupy the apical and two of the basal positions. Two water molecules fill the
crystal packing of the structure (Figure 3) and are involved in an extensive
hydrogen bond network with the ionic parts. Medium-strength interactions involve
the hydroxyl groups of the trisH* cations, typically O(2)-H(2)---O(29) (O---O
donor-acceptor distance = 2.718(2) A, 174(3)°), and the aquo ligands of the
copper(ll) complexes, as O(2W)-H(1W2)---0O(28) (O---O donor-acceptor
distance = 2.657(2) A, 172(3)°), with V4o as hydrogen bond acceptor in each case
(Table S6). The strongest interaction in this compound happens between trisH*
and the disordered lattice water molecule (O(3)-H(3)---O(4WA),
(O(3)-H(3)---O(4WB)), presenting O---O donor-acceptor distances of
2.449(15) A and 2.606(6) A, and D-H---A donor-hydrogen-acceptor angles of

164(4)° and 163(3)°, respectively.

In the expanded crystal packing (Figure 3) in 4, all decavanadates are aligned
along the c¢ axis. Pairs of square pyramidal [Cu(OH,)3(2—amp)],?* cation
complexes (related by symmetry) are arranged around each of the cell vertices,
and the bases of each pair are overlapping. Such a configuration gives rise to a
3D porous structure, defining cavities which present a 3.642-A distance between

the planes that contain two symmetry-related 2-amp aromatic rings (Figure S4).



A decavanadate compound, [{Cu(2—amp),(H,0)},H2V10025]-4H,0, with the
copper(ll) complex bound to V4o has been previously described [26]. This Vg
derivative differs from 4 in that it is neutral, the copper(ll) complex is
hexacoordinated and presents two 2—amp ligands. The factors that determine the
binding of the complex to V4o through a V41c—O—-M bond or its arrangement as a
counterion, balancing electrostatic forces, are not entirely understood yet. These
structural variations may arise from the nature of the reactants and the

stoichiometric proportions of 2—amp : Cu applied in each synthesis.

3.3. Vibrational spectroscopy

The infrared spectra of 2, 3 and 4 (Figure S5, Table S7) present the expected
decavanadate-related vibrations in the region below 1000 cm~' [66]. The IR
bands at 955 cm~' (2) and 941 cm~" (3 and 4) are assigned to v(V=0). The bands
in the range of 840 to ca. 600 cm~! indicate the V-0O-V stretching and angular
deformation vibrations. The region above 3000 cm~' presents a set of broad
bands referent to {O-H) and {N-H) of tris and water molecules in the lattices.
Further vibrations related to tris are observed in the region between 1600 and
1000 cm~*, corresponding to §{N-H), {C-C), §O-H), LC-N), and 1{C-0) [67].
The spectrum of 4 also presents a set of bands related to the pyridine ring of 2—

amp between 1600 and 1000 cm~" [68].

All products show characteristic bands of the tris counterion at the Raman spectra
(Figure S6, Table S8), attributed to S{N-H) at 1585 cm~" (2), 1580 cm~" (3) and

1572 cm™' (4), as well as stretching and angular deformation of the carbon



skeleton around 1400 cm~' and below 900 cm~! [67]. The bands of V4, were
observed at 984 cm~' (2), 993 cm~' (3) and 990 cm™', related to 1{V=0), and
broad bands in the range of 970-760 cm~', ascribed to v,s, vs, AV-0-V) [66].
Product 4 also presents weak bands attributed to  C—C);ing, ACH), n(CH), and
U C—N);ing vibration modes of the 2—amp ligand in the range of 1570-1034 cm™’

[68].

3.4. Thermogravimetric analysis

The thermogram of 2 (Figure S7a) presented three mass loss steps observed at
206, 374 and 508 °C, corresponding to the thermal decomposition of the trisH*
cations, to form CO,, NO and H,O [69]. The loss of 47.2% of the mass in different
steps, instead of the expected thermal decomposition at ca. 300 °C [69], is a
consequence of the extensive hydrogen bond net between the trisH" cations,
between each cation with V4o, and of the molecular rearrangements that occur
after the first mass losses. IR analysis of the solid treated above 600 °C

corresponds to V,0s.

The thermograms of the bimetallic compounds are presented in Figures S7b and
S7c. For 3, the 21% mass loss observed up to 178 °C corresponds to the loss of
16 water molecules, six from the crystal lattice and ten coordinated in each
[(Cu(H20)s(trisH)]** complex (Figure S7b). The last steps that go up to 430 °C
are more complex and could correspond to the loss of the 2 trisH* followed by
oxidation of the product to form more than one vanadium- and/or copper-based

oxide. For 4, the first two steps at 138 °C and 233 °C were attributed to the loss



of lattice and the copper(ll)-complex water molecules (Figure S7c). The
concomitant loss of the 2—amp ligands and the trisH* cations occurred from 233
to 472 °C due to the presence of strong hydrogen bonds involving trisH™ and V4

(e.g. O(2)-H(2)...0(29), 176(4) °) and the chelating effect of the 2—amp ligand.

3.5. Solid state EPR studies for 3 and 4

The X-band EPR spectra of pulverised samples of 3 and 4 at room temperature
and 77 K are characteristic of mononuclear Cu' species (Figure 4 and Figure S8).
The absence of additional signals indicates that vanadium(V) was not reduced.
The spectra of 3 showed three of the four expected hyperfine splitting lines of Cu'"
(8§=1/2, I=3/2) [70]. The simulated g-factor values (g =2.0302, g, = 2.1233
and g, =2.3923) obtained for 3 suggested a rhombic distortion from the
octahedral geometry due to the combination of the coordination of tris and the
dynamic Jahn-Teller effect [70, 71]. In this regard, XRD analysis of
[Cu(H,0)strisH]** shows that the bond lengths in the z axis (average 2.514 A) are
longer than those observed in the xy plane, with Cu—04W (1.9607(19) A) slightly
longer than the other Cu—OH, bonds (ca 1.940 A). The rhombicity of the complex
in the solid state can also be observed in the O-Cu-O angles of
O(BW)-Cu-O(1W)  (86.51(8)°),  O(1W)-Cu-O(5W)  (92.56(9)°) and
O(3W)—-Cu—-O(2W) (95.92(7)°) and was also associated to the extensive

hydrogen bond network that involves all ligands.

Simulated parameters for the spectrum of 4, (g, (x,y) =2.0711 and 2.0746 < g

(z) = 2.2466) reflect the axial symmetry of the g-tensor that originates from a



distorted square pyramid found in the [Cu(OH,)3(2—amp)]?* unit (z = 0.33).[70]
The absence of hyperfine splitting was associated with the electron density

withdrawal by the 2—amp ligand’s pyridine ring through the Cu-N bond [72].
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Figure 4. Experimental EPR spectra of products 3 (a) and 4 (b) in the solid state
at room temperature: simulated (red line) and experimental (black line). For 3:
0x=2.0302, g,=21233 and g,=23923, A=A,<50MHz and
A; =464.01 MHz. For 4: g, (x,y) =2.0711 and 2.0746 < g, (z) = 2.2466. Cationic
complexes [Cu(H,O)strisH]3* (top) and [Cu(OH;);(2—amp)]?* (bottom) and their
selected bond lengths are represented along each spectrum on the right.



3.6. Bleaching of methylene blue in aqueous solution

Since compounds 1-3 are highly soluble in water, only compound 4 was tested
as a MB adsorbent, under stirring and at room temperature, in a variety of
conditions. Firstly, the effect of the direct interaction of the polyoxovanadate with
the dye solution was evaluated (Figure 5a). The absorbance at 664 nm, gradually
decreased with time, achieving a solution bleaching of 84% after 20 min and
giving a green-blue solid. No signal referent to vanadium(V) species was detected
in the 'V NMR spectrum of the supernatant, confirming that the vanadium(V)

was not leached to the solution.

(a) (b)
.6, 1.6, )
0 min
1.4 .
) ) 2 min
3 3 1.4 .
© © 1 {10 min
> 3 10
2 2
© o 0.8
£ 2
? 2 0.6
fa} fa}
< <
0.4
0.2
0.0 . . ; . . ; 0 ——————————=\
560 580 600 620 640 660 680 700 560 580 600 620 640 660 680 700
Wavelength / nm Wavelength / nm
(€) 100 - (d) 100 -
90 90
R g0 X 80 -
5 %01 -o-pH:S 5 %97
§ 50 - pH:5 § 50 A —-10 mg
o 40 4 P : o 404 =-6 mg
g 30 A1 -.-p::g g 30 A1 --2 mg
20 - o 20
10 4 -o-pH=10 10 J
0 0 T T T T T 1
0 2 5 10 12 15 0 2 5 10 12 15 20
Time elapsed / min Time elapsed / min

Figure 5. Absorption spectra of aqueous MB (0.03 mmol L") in the range of 550
to 700 nm: (a) in the presence of 4 (10 mg) and (b) with the addition of H,0O,
before the addition of 4. Percentage of MB bleaching determined at 664 nm: (c)
for the reactions with pH adjustment and (d) for the reactions with different
amounts of 4.



The addition of hydrogen peroxide, H,O,, improved the discolouration rate of MB
by 4, achieving 93% in 2 min (Figure 5b). This condition differs from the previous
one in the presence of a low-intensity signal at —689 ppm in the %'V NMR
spectrum of the supernatant. This signal is characteristic of the mononuclear
peroxovanadate [H,VO,(0O,),] [73] (Figure S9), which could be related to the
catalytic degradation of MB via an oxidative mechanism. Although this condition
gave excellent bleaching of MB, ca. 5-7% desorption of MB was spectroscopically
detected after 24 h, while in the reaction without H,O, a permanent discolouration
of the solution was observed for at least four months. Therefore, hereafter all the

experiments were carried out without hydrogen peroxide.

The MB bleaching rate was pH-dependent, as shown in Figure 5c. The most
acidic conditions reached discolouration of up to 90% after 2 min, producing a
deep blue solid (MB4-pH3). This result is not entirely unexpected since the
protonated form of MB interacts with the highly negative surface charge of the
decavanadate anion [48, 74]. The reaction was smoother closer to environmental
conditions (pH 5 and 6), presenting a decrease in the bleaching rate inasmuch
as the pH increased, and giving a blue-green solid (MB4-pH6). Finally, the
discolouration dropped considerably in basic media, achieving only 22% in pH 9,
even after 15 min, accompanied by the disappearance of 4. It is also well-known
that decavanadate is stable in the pH range of 3 to 6, suffering hydrolysis under

basic conditions, which might have contributed to the observed outcome [48].



Next, the adsorption performance was investigated varying the amount of 4 from
10 to 6 and 2 mg (Figure 5d) without pH adjustment. Although less effective, 4
was still able to remove 50% of MB from solution in 20 min at the lowest amount
employed. Attempts to calculate the first and second order kinetic curves (data
not shown) did not give any straight lines, suggesting that the bleaching might be
a competition between more than one process, possibly both degradation and

adsorption of the dye.

In order to gain some insight into the interaction of V,y with cationic dyes, a MB
solution was slowly diffused into a sodium decavanadate aqueous solution
(0.3MB:5V) in preparative scale. After 24 h, green crystals of
(C16H18N3S)4[H2V10028]- 15H,O (MBV4) were formed. Although these crystals
were not suitable for single-crystal X-ray analysis, they were analysed by powder
X-ray diffraction (Figure S10) and FTIR, and the latter was compared with those
spectra from MB4-pH3 and MB4-pH6. The FTIR spectrum of MBV,, showed
bands that are compatible with MB and Vo (Figure 6). The spectral region from
1600 to 1000 cm~' predominantly contains vibrations characteristic of MB, with
{C=N) and C-C) at 1599 and 1221 cm~', C=S*) at 1489 and 1356 cm~",
AC-H) at 1441, 1392, 1252, and 1178 cm~", §{C-N) at 1153 cm~', and {C-S—C)
at 1040 cm~" [75]. The region below 1000 cm~' presented typical vibrations of the
decavanadate anion at 964 cm~' (1{V=0)), 831, 760, and 607 cm™" (1.5, Vs, O

(V-0-V), respectively) [66].
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Figure 6. Comparative FTIR spectra of MB, MBV,o, MB4-pH3, product 4, and
MB4-pH6. The dotted vertical lines represent the MB bands common to the first
three spectra. The asterisks (*) represent the decavanadate bands common to
all spectra, except for MB.

The FTIR spectra of the solids isolated from different pH conditions were
markedly distinct from each other (Figure 6). The spectrum of MB4-pH3 is
practically superimposable to that of MBV,o, which suggests that, at lower pH,
the predominant process could be an exchange of the cation [Cu(OH,)s(2—
amp)]?* for MB. This hypothesis is reinforced by the presence of a low-intensity
signal with g = 2.083 in the EPR spectrum of the supernatant, probably related to
the copper species that could have been released in solution. This kind of

strategy was recently described by the adsorption of MB by

(NH2Me3)12[(Vs049Cl)s(1,4-ndc)q2] (ndc = naftalene dicarboxylate) [76] and [2-



ampH]s[V1002g]-2H,0, wherein the high efficiency of the latter was explained by

an exchange between 2-ampH cations for MB [48].

On the other hand, the absence of MB vibration modes in the spectrum of the
solid at pH 6 (in three independent runs), strongly suggests that the structural
integrity of compound 4 is maintained in conditions closer to neutrality and that
MB was degraded. An expressive photocatalytic degradation of the dye under
visible irradiation has also been reported for V;904¢(OH)e(CH3CH2CO,)s]?™ [45],
{[Ag(bpe)lsVeO17}n (bpe = 1,2-di(4-pyridyl)ethylene,[77] and [V(O)so(pdc)el*-
(pdc = 2,6-pyridinedicarboxylate) [49], but the rate of the degradation were higher
than the observed for 4. At a first analysis, the bleaching pathway was dependent
on the solution pH, which is intrinsically related to the solubility of 4. Indeed, 4
was poorly soluble in slightly acidic to neutral water (pH 5 to 7), but its solubility

increased at pH 3, favouring the interaction of V4o with MB precipitating.

4. CONCLUSIONS

Four new V400.g-based hybrid compounds have been synthesised, three of them
via a simple pathway that employed tris to solubilise vanadium pentoxide under
mild conditions. Advantages of the methodology are the use of non-hazardous
chemical reactants and solvents, and the possibility to extend the route for the
preparation of bimetallic systems, opening a path for the synthesis of Viq
derivatives with other transition metals. The solid-state studies help bring light

into the interactions of decavanadate with tris buffer and other related



compounds. Dramatic changes in the crystal packing were observed when the
degree of hydration varies, giving rise to distinct associations between the
constituents of the lattice. Compound [Cu(OH,;)s(2—amp)]z(trisH)2[V1002s]-2H,0
(4) was able to bleach an aqueous solution of MB in a pH-dependent form, by
cation exchange in more acidic conditions. In less acidic conditions, the
discolouration pathway is not clear yet, but, based on the results, it could be

associated to a partial or complete degradation of the dye.
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