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Abstract

Two novel decavanadate salts with organic cations, (CsH12N)a[H2V1002g]-3.25H20 (1) and

(CsH12N(OH)3)2[HaV10028]- 10H2O (I1), have been synthesized in aqueous solution and

characterized by IR, UV-Vis spectroscopies, EDX-SEM and single crystal X-Ray diffraction

completed by DFT calculations. The asymmetric unit of (CsH12N)4[H2V10028]-3.25H20 is

composed of one decavanadate [H2V1002s]*, four piperidinium cations and water molecules.

The structures of (1) is based on one decavanadate cluster, two triethanolaminum cations

(TEAH)* and ten water molecules. The cohesion of the crystal packing in both compounds is

provided by a complex network of N-H --- O, Ow-H ---O and O-H ---O hydrogen bonds

involving water molecules and organic molecules as well as vander Waals interactions for the



connection between the organic molecules. The IR spectra confirmed the presence of organic
cations, decavanadate (V10028)® groups and water molecules. The UV-Vis diffuse reflectance
spectrum shows that these compounds exhibit semiconducting behavior with an optical band
gap of 2.22 eV and 2.13 eV respectively for compound (I) and (I1). Furthermore the Hirshfeld
surface analysis shed more light on the intermolecular interactions occurring in the two crystals
and the structure-properties relationships.

Keywords: Inorganic-organic hybrids, Decavanadate, X-ray Diffraction, IR Spectroscopies,

UV-visible Spectroscopies, Hirschfeld surfaces, DFT calculations.

1- Introduction

Polyoxometalates (POMs) are a class of inorganic metal oxide materials formed from early-
transition metals in their highest oxidation states (V, Nb, Mo, W...). The physico-chemical
properties of POMs allowed them to be envisaged in various applicative devicesin different
fields such as catalysis, energy storage, medicine, magnetism and electrochromic application.
[1-3].

Polyoxovanadates (POVs) are a subfamily of POM compounds characterized by atomic
architectures different than those found for classical POMs. Among POVs, the decavanadate
anion is a well-known isopolyoxovanadate stable in acidic medium and recognized as a
biologically active chemical system. This entity of general formula [HnV1002g] can be found
in different protonation states such as [HnV10025]©® ™ with n= 1-4 depending first on the
chemical acidity range of then on the medium and the nature of the counter ion. [4]

A variety of POV species are structurally characterized by single crystal X-ray diffraction. As
examples we can note the following anions: [V207]* [5], [V3Oq]* [6], [V4O12]* [7], [V5014]*

[8], [V10028]% [9], [V12032]* [10], [V13034]* [11], [V15042]* [12]y[V16042] * [13].



This paper reports a detailed study of the synthesis, single-crystal X-ray diffraction and IR
spectroscopy characterization of two new decavanadates, (CsH12N)a[H2V10028]-3.25H20 (1)
and (CsH12N(OH)3)2[H4V10028]-10H20 (11). Furthermore, theoretical calculations using DFT
applied to POVs supplemented by the calculation of the topologies of interatomic contacts from
the experimental structural data (Hirshfeld surfaces) can provide useful information about the
characteristics of interactions and energy, and also additional insight on the electronic structure
in terms of molecular orbitals and of derived properties such as the molecular electrostatic
potential and the electron density distribution, to name a few.[14] We therefore propose here
to apply such approach to the two new synthesized POVs by combining spectroscopies (IR,
UV, EDX), X-ray diffraction (single-crystal and powder) as well as DFT.
2- Experimental:

2.1. Materials and measurements:

For the titled compounds, all reagents were purchased commercially and used without any
further purification. The infrared spectra of (CsH12N)4[H2V1002¢]-3.25H20 (1) and
(CsH12N(OH)3)2[HaV10028]- 10H2O (1) were recorded at room temperature with a Perkin
Elmer Spectrum. Tow ATR FTIR between 4000 and 400 cm™. UV-visible diffuse reflectance
spectra are collected on an UV-visible two-channel spectrometer Cary 5 from CarianTechtron
Pty., Darmstadt, using BaSO4 as white standard. Optical electronic properties are evaluated
applying the Kubelka-Munk method [15].Energy dispersive X-ray analyses (EDX) are done on
a Philips Environmental Scanning Electron Microscope ESEM XL30 with an EDX detector.
Powder X-ray Diffraction (PXRD) pattern and CHN analyses support the compositions
determined from the Single-Crystal X-ray Diffraction (SCXRD) crystal structure

determination.

2.2. Chemical preparation and crystallization of compounds I and 11



The decavanadate complexes of Piperidinium, (CsHi12N)a[H2V10028]-3.25H20 (1) and
Triethanolaminium, (CsH12N(OH)3)2[H4V10028]-10H20 (I1), have been prepared as described
below and isolated from aqueous solutions.

2.2.1. Synthesis of (CsH12N)a[H2V1002g] -3.25H.0 (1)

Compound (I) was synthesized by dissolving ammonium metavanadate (0.06g, 0.5 mmol) and
piperidine (0.03 mL, 3.03 mmol) into H20 (20mL) in a round-bottom flask. The solution was
adjusted to a pH of 3.8 by adding acetic acid dropwisely and then heated at 65°C for 48h.
After the reaction the mixture was filtered and the yellow filtration evaporated slowly in the
open air at room temperature. A few weeks, later orange small crystals suitable for X-ray
diffraction analysis were separated from the liquid with 40% yield.Qualitative analysis (Fig.1a)
of these crystals by electron microscope probe revealed the presence of the V, O, N and C
atoms. Elem. Anal. Found: C, 16.837; H4.466; N, 5.426 (%). Calcd: C, 17; H, 4; N, 4 (%).
2.2.2. Synthesis of (CsH12N (OH) 3)2[H4V10028]-10H20 (11)

Product (1) has been obtained from a solution of (0.03mL; 2.27 mmol) of Triethanolamine in
10 mL of water which was added to a suspension of NH4VO3z (0.06 g, 0.05 mmol) in 20 mL of
water. After stirring and heating under reflux for 3h, the suspension was filtered under vacuum.
Yellow crystals formed as soon as the solution cooled down to room temperature and were
dried in air.

The qualitative analysis by EDX-SEM spectroscopy (Fig.S1) of one of the yellow stick-like
crystals obtained revealed the presence of only V, C, N and O elements. Elem. Anal. Found:
C10.357; N, 5.741; H, 4.195 (%). Calc: C, 10; N, 2;H, 3.5 (%).

2.2.3 X-Ray Powder Diffraction Pattern of Compound (1) and (I1)

The homogeneity of the powders of phase (1) and (I1) were checked by comparing, using the
Origin software [16], the experimental diffractogram (Amo (Kal) = 0.71073A) with the

calculated diffractogram from single-crystal X-ray diffraction data (see below), obtained using



the VESTA program [17]. The superposition of the two diffractograms (Fig.S2a and 2Sb) and
their very good overlapping confirms that the two synthesized powders does correspond to
compounds (1) and (1) respectively without any significant presence of other phases.

2.3. Electronic structure calculations

The decavanadate anion was also analyzed with quantum mechanical calculations. Density
Functional Theory calculations (DFT) were carried out with the ADF2017 suite of programs
18]. For the geometry optimization, we applied the BP86 GGA-like functional [19] with a
triple-Z+ polarization basis set for all atoms, whereas a single point run with the B3LYP
hybrid-type functional[20] was carried out to obtain the final electronic structure. Both
runsaccounted for the effects of an aqueous solution on the target molecule by means of the
COnductor-like Screening MOdel (COSMO)[21] to mimic the experimental conditions. To
save computational time, the internal electrons were treated with the frozen core approximation
(1s for oxygen; 1s-2p for vanadium).Scalar relativistic effects via the Zeroth-Order Regular
Approximation (ZORA)[22] were considered.

2.4 Single-Crystal X-ray Diffraction

Both compounds are stable under ambient conditions and two single crystals were carefully
selected and glued at the end of a glass capillary. The intensities of the diffraction data were
measured using a Nonius Kappa CCD diffractometer with monochromated graphite Mo Ko
radiation (» =0.71073 A) at 293 K. A single crystal of (1) was carefully selected and glued on
the end of a glass capillary. The X-ray diffraction data were collected in the range of 2.9<
0<27.9. A total of 32950 reflections (6347unique) were measured (-37 < h <37, -25 < k < 23,
-22< | < 24) and multi-scan absorption correction was applied. The structure was solved by
direct methods using SIR-97 [23] and refined by full-matrix least-squares on F? using the
SHELXL-97 software [24]. All non-hydrogen atoms were refined anisotropically. The

hydrogen atoms attached to nitrogen and carbon atoms were fixed in ideal positions and treated



as riding on their parent atoms; other hydrogen atoms were partially located. For compound
(11) the numbers of collected and independent reflections were respectively, 27787 and 5221.
Unit cell dimensions were obtained by least-square refinement of the angular settings in the 3.3
< 0<27.9. The structure was successfully developed in the centrosymmetric space group Pbca,
solved by Patterson method using SHELXS97 and refined with anisotropic temperature factors
for no hydrogen atoms, by full matrix leastsquares based on F? using SHELXL-97. The final
full-matrix least-squares refinement on F? converged with R = 0.034 and wR(F2) = 0.102 for
4267 unique observed reflexions [I > 2s(1)]. Crystal parameters and details of the data
collection and refinement for structure (1) and (I1) are listed in Table 1. Molecular graphics are
made with Diamond 2.1.

3. Results and discussion

3.1. Crystal-structure description

The identity of (I) and (I1) was elucidated by single crystal X-ray diffraction analysis.
Investigated compounds crystallize in the monoclinic C2/c (I) and Orthorhombic Pbca
(Ispace groups respectively with one decavanadate [HnV10025] ©™-anion, organic cations and
several water molecules in the asymmetric unit of the crystal lattice. A projection of the
structure of (I) and (11) showing the displacement ellipsoids are presented in (Fig.1la and
Fig.1b) respectively. The number of above-mentioned solvent molecules in the independent
part of unit cell is respectively 3.25 and 5 in case of (I) and (I1). The crystal data and structure
refinement details for all compounds are summarized in Table 1.

The polyanion [V10025]% in (1) is a POMs structure containing ten fused [VOg] octahedra via
edge sharing. For compound (11), the centrosymmetric polyanions [V1002s]® consists of five
independent [VOs] octahedra sharing edges and has approximate Do, symmetry.

The V-V distances are in the range 3.0570(2)-3.1145(1) A for (1) and 3.0629(8)-3.0945(9) A

for (I1). In the structure of the decavanadate clusters, four different categories of oxygen atoms



are found (O, p2, u3, and ps). The bond lengths between V -O are in the ranges of 1.5933(29)—
1.6085(27)A for (1) and 1.6028(19)-1.6085(16) A for (11).The double joined oxygen atoms
exhibit a bond length 1.6797(26)—2.0881(27)A and 1.6737(16)-2.0697(19) A(2).1.8971(27)—
2.0273(25) A and 1.9211(16)-2.0223(18) A are the bond length between tripleps joined oxygen
and vanadium atoms. Bond lengths corresponding to distances between fourth joined oxygen
atoms and vanadium 2.101(25)-2.3017(27) A and 2.0953(17)-2.3263(17) A (p4) for (1) and
(I1). Those values are respectively, comparable with those found in other decavanadate
polyanions [25-28]. Selected bond lengths of (I) and (1) are listed in Tables 2 and 3.

Using the labelling in the Fig.S3, three types of V positions can be distinguished for V10O2s:
apical (Vze6.89), plane-internal (V15) and plane-external (V2,4,7,10). Four main types of oxygens
can be distinguished: terminal (8 in total), po-bridging in-plane or out-of-plane (14), ps-
bridging (4) and internal p4 (2).

Table S1 shows that, in general, computed and measured distances compare quite well and,
thus, the DFT structure represents properly the characteristics of the POM crystal obtained. As
the imposed symmetry of the calculated structure is C;, it captured the distorted nature of the
structure, that is, an irregular distribution of the distances. From the table, some features stand
out: the V(plane)-O(u2) in-plane distances cover a wider range of values than the V(plane)-
O(p2) out-of-plane ones; the V(internal)-O(us) bonds are clearly shorter than the V(other)-
O(ua) ones; the V-O(terminal) distances are, overall, the shortest ones in average, attributed to
their pseudo double bond nature. The biggest deviations observed between X-ray and DFT
distances are found in some short distances, such as the V-O(terminal) ones, which are rather
long in the DFT version with respect to the X-ray ones. Such an expected effect is due to the
approximate treatment of the POM environment. While the X-ray geometry corresponds to a
crystal packing and, thus, a compressed structure, the DFT one is obtained by applying the

approximate solvent model COSMO, which cannot account for the compression exerted on the



POM in the real crystal. Even though, this deviations are not changing the main features of the
electronic structure of the system, as multiple publications on this field has shown before [21].
The O-V-0 angle deviations, from 90° for cis-standing oxygen atoms and from 180° for trans-
standing oxygen atoms, also reflect the extent of distortion within the VOg octahedra. Indeed,
the angle ranges cover 72.65(1)-105.03(13)° (1) and 74.17(6)— 104.63(9)°(11) for cis-standing
oxygen atoms and 154.06(12)-174.67(13)° (1) and 154.26(7)-174.51(9)° (I1) for trans-standing
oxygen atoms, consistent with [V1002s]® clusters observed in other compounds [29] and [30].
The full list of angles can be found in the supporting information (Table S2 and Table S3).

It can be seen that the V-0 bond lengths and the values of the O—V—0O valence angles intervals
in (1)-(11) are slightly different and this difference may be due to the influence of the different
number of water molecules and the various shape of the organic cations, i.e. it reflects the
influence of the surrounding entities within the crystal packings.

The angles and bonds within the VOe polyhedrons show that the octahedrons are distorted. The
distortion indices were calculated using the Baur method [31].The resulting parameters are
ranged from 0.077 to 0.1 for ID (V-O) and 0.132 to 0.234 for ID(O-V-0) for compound (1)
and from 0.077 to 0.088 for ID(V-0) and 0.221 to 0.225 for ID(O-V-0) for compound (I1).

BVS calculations using the Brown and Altermatt method [32] revealed that all the vanadium
atoms have valence sums ranging from 4.975 to 5.010 (1) and from 4.806 to 5.009 (II) with an
average value of 4.993 for (1) and 4.989 for (11), close to the ideal value of 5 for VV. The bond
valences of oxygen atoms in the two compounds are in the range of 1.689 to 1.764 valence
units for terminal oxygen atoms and 1.681-2.002 valence units for bridging oxygen atoms,
except 1.423 for O(9) and 1.11 for O(11) in compound (1) also in compound (I1) 1.496 for (O8)
and 1.495 for O(3), indicating that in each compound the cluster is a diprotonated core and the

protonation occurs at O(9) and O(11) for (1) and at O(8) and O(3) for (I1).



3.11. Compound (CsH12N)a[H2V10028] -3.25H20(1)

Single crystal X-ray diffraction analysis reveals that compound (1) is based on a relative
proportion of four cations, one decavanadate and 3.25 water molecules crystallization. A
projection of the crystal structure is shown in Fig.2. The two [H2V1002s]* are bound by short
hydrogen bonds to the four cations [CsH12N]*and are polymerized to form pseudo-1D chain.
The chain is spread along the crystallographic b axis and c axis. The adjacent inorganic-organic
chains are also joined to produce a 3D supramolecular architecture through a complex network
0f N-H --- O, Ow-H ---O and O-H ---O hydrogen bonds and vander Waals interactions between
cations pipiredium, water molecules and polyoxoanions.

The piperidine ligand is in the chair form, with a CNC angle of 113.97(0)°; the CCC angle
opposite the nitrogen atom is 110.35(2)°. The two NCC angles average to 109.85(5)°; the
remaining two CCC angles average to 111.82(1)°. The excellent agreement between
structurally independent, chemically analogous bond lengths is maintained in the piperidine
ligand with average values of (N-C) a= 1.489(5) A and (C-C) a= 1.516 (5) A.

The inter-atomic distances and angles describing organic cations are similar to the distances
and angles of the intramolecular bonds usually reported for these species [32].

The hydrogen bonding extended in the crystalline structure of (I) is listed in Tables 4, the
hydrogen bond N-H--- O between the complex cation [CsH12N]" and the oxygen atoms of the
decavanadate units with interatomic distances N---O ranging from 2.76(5) to 3.13 (6) A and
angles N-H---O between 115.77° and 175.47°. It should be noted that compound (I) has
hydrogen bonds O-H --- O between the O-H groups of the water molecule and the oxygen
atoms of the decavanadate units have inter-atomic distances O---O from 2.69 (1) to 3.06(6) A.
These hydrogen bonds hold the components together in a three-dimensional network and make

the crystalline structure of the compound more stable.



3.2.2. Compound (CeH13N (OH) 3)2[H4V10028]-10H2O(11)

The structures of (I1) are constructed by decavanadate clusters, two triethanolaminumcations
(TEAH)" and water molecules.

As seen in Fig.2 the structure of (Il) can be described as a 3D supramolecular architecture
formed by decavanadate clusters, triethanolaminium cation and water molecules which are
linked through a complex network of hydrogen bonding and van der Waals interactions.

The variety of hydrogen bonds O-H-:-O, Ow—H ---Owand Ow—H---O enhance the stability of
the crystalline building. The geometric characteristics of the hydrogen bonds are described in
Table 5. The majority of the interactions are between the terminal oxygen atoms of the clusters
and the hydrogen atoms of the hydroxide group of the organic molecule.

The interatomic distances and angles describing the organic cation are similar to intramolecular
bond distances and angles usually reported for such species. The characteristic C—O distances
of TEAH* range from 1.404(1) A to 1.424(1) A, which is the normal C—O bond distance in
organic molecules. [33-35]

3.2. IR spectroscopy Study of Compound (1) and (1)

The FT-IR spectra of the tow compounds in KBr pressed pellets is presented in (Fig.S4). The
characteristic peaks in the range 945-502 cm for (I) and 929-502 cm™ for (II), show the
polyoxoanion keep decavanadate structure [36].

The spectra of (I) and (I1) display the terminal V=0 stretching bond within the range 950-900
cm™ and those at about 810 and 833 cm to the asymmetric stretching vibration of V—Op/c—V.
The bands between 588 and 502 cm™ can be assigned to the (V—-O-V) remaining stretchings.
The lattice water absorption bands centered at 3554 cm™ and 3402 cm™ are more intense in
(11) than in (1) which is in agreement with its major water content.

The peaks from 1034 to 1458 cm™ could be regarded as the characteristics of the organic

molecules: The bands from 1170 to 1458 cm™ can be attributed to the C—H in-plane bending



vibrations. The pipiredinium ring stretching give rise to two bands at 3407 and 1592 cm™ [37]
for compound (1) and the medium bands at 1088 and 1034cm™ were attributed to the v(C-O)
and v(C-N) in triethanolamine [39] for compound (11). These results are fully coherent with
the SCXRD ones.

3.4. Optical properties UV-vis region of Compound (I) and (I1)

To evaluate electronic transitions from UV-vis data, the Kubelka-Munk [15] relationship has
been applied. The measurement of the reflectance spectrum shows that this compound is a
semiconductor material. The absorption peaks observed at 460 nm and 420 nm for the two
compounds (1) and (Il) respectively (Fig.S5) can be assigned to the ligand-metal charge
transfer (LMCT) from terminal oxygen to the vanadium center (Ot—V) and responsible for the
typical yellow or orange color of vanadium solutions for the two compounds [40].

The band gap values of 2.22 eV and 2.13 eV respectively for compound (1) and (II), were
determined from the plot of the curve (ah)? versus h, (Fig.3) by extrapolating the linear portion
near the onset of the absorption edge at the energy axis. The optical band gap definitively shows
that the two compounds exhibit semiconducting behavior.

3.5. Hirshfeld Surface Analysis (HSA)

Intermolecular interactions and the distribution of electron densities in the crystal structure
were analysed using the CIF file within the Crystal Explorer package [41] using the Hirschfeld
surface (HS) mapped with the dnorm function [42], which contributes to the qualitative
evaluation of intramolecular interactions in the crystal lattice. Global interactions and their
contribution to SH construction is then quantified using 2D fingerprints [43].

The normalized contact distance (dnorm) based on two types of distances, of de and di
representing the external / internal distance between the point and the nearest core at the surface

(Fig.4 and Fig.6).



The 2D fingerprint plots (Fig.5) for compound (I) provide us with information about these
intermolecular interactions. It appears from the plots that the O --- H/ H --- O bond (50.9%)
are the major factor in the crystal packing whereas H --- H (37.9%), O --- O (7.5%) and O ---
N /N --- O (3.7%) contacts have also their significant contribution to the total area of the
surface. The remaining contacts are negligible. For compound (11), the 2D fingerprint plots
(Fig.7) provide us with information about these intermolecular interactions. It appears also
from the plots that the O--- H/H --- O bond (61.7%) are the major factor in crystal settlement,
whereas H --- H (21.6%), O -- - O (12%) ,0 ---V/V--- O (4.6%) andV --- H/H --- VV bond
(0.2%) contacts have their significant contribution to the total area of the surface. The
remaining contacts are negligible.

3.6. Frontier molecular orbital analysis (FMO)

From DFT calculations we obtained the electronic structure of the [V1002s]* system in aqueous
solution conditions. The most relevant molecular orbitals for the majority of physico-chemical
properties, namely the Highest Occupied MO and the Lowest Unoccupied MO (HOMO and
LUMO, respectively) are illustrated in (Fig.8). As usual in POM compounds, the HOMO and
other occupied orbitals close in energy present contributions of the bridging oxygen atoms
principally [44]. On the other hand, the LUMO and other virtual orbitals are made of
combinations of metal d valence orbitals. The HOMO-LUMO gap establishes the energy range
at which electromagnetic radiation can be absorbed for (1) and (I1), and to identify its chemical
reactivity and kinetic stability. The B3LYP results give HOMO and LUMO energies of—7.00
and-2.97 eV, respectively, which denote notable chemical stability in aqueous medium. In
relation to this, a large HOMO-LUMO energy gap of AE = 4.03 eV was computed. The results
allow us to consider compound (I) and (Il) to have electronic characteristics of a

semiconductor, which confirm the experimental investigation.



3.7. Molecular electrostatic potential

To visualize the relative polarity and active sites of molecules we can use molecular
electrostatic potential (MEP) maps. The electrostatic potential is a scalar function that, in
quantum mechanical molecular calculations, can be derived from the electron density. MEP
representations provide a simple pictorial method to grasp some fundamental surface molecular
properties such as molecular nucleo- and electrophilicity, which has revealed very useful in the
theoretical study of POMs [45] .The 3D mapped surface of the MEP is shown in (Fig.9)
According to the MEP map, the different values at the surface are represented by a color scale
ranging from red (more negative potential) to blue (less negative or positive potential). As
expected, the most negative potential regions are mainly localized at bridging oxygens of the
decavanadate anion [46], the most nucleophilic sites. In consequence, these regions are
susceptible for an electrophilic attack by a cation or the positive pole of another molecule. The
light green, yellow and orange regions (i.e., terminal oxygens) are somewhat less nucleophilic
than bridging ones, in relation with a potential halfway between the two extremes in red and
blue colors. It reinforces the idea that protonation of the decavanadate anion takes place
preferentially [9], and in an itinerant way, in the bridging oxygens located at both
‘hemispheres’ of the molecule.

Conclusion

In summary conventional aqueous solutions method synthesis has permitted the self-assembly
oftwo new inorganic-organic hybrid supramolecular decavanadate clusters. The compounds
are characterized by X-ray diffraction, UV and IR spectra completed by EDX. Compound (I)
is composed of one decavanadate [H2V1002s]*, four piperidinium cations and water molecules.
The structures of (11) are mainly constructed by decavanadate clusters, two triethanolaminum
cations (TEAH) * and ten water molecules. The cohesion is provided by a complex network of

N-H --- O, Ow-H ---O and O-H ---O hydrogen bonds involving water molecules and organic



molecules, and vander Waals bonds for the connection between the organic molecules.
Spectroscopic investigation is coherent in all points with the Single-crystal X-ray structural
analyses. The optical band gap shows that the two compound exhibits semiconducting
behavior. Hirshfeld surface analyses, especially dnorm surface and fingerprint plots were used
for decoding the intermolecular interactions topology in each crystal packing.
Supplementary material

CCDC 2044661 and 1902735, contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via http://www.ccdc.cam.ac.uk/data_reque st/cif,
by e-mailing data_request@ccdc.cam.ac.uk or by contacting The Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK. Fax: +44 1223 336033.
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Fig.1.View of the asymmetric unit contents for the crystal structures of compounds (1) and

(1)

eecee

Fig.2. Selected relevant hydrogen bonds structure within the crystal packing of (1) and (1)
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Fig.3. Determination of the optical band gap of compound (I) and (I1) from UV/Vis diffuse

reflectance spectrum using the Kubelka-Munk method
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Fig.4. Hirschfeld surfaces mapped with dnorm (mapped over a fixed color scale of -0.656
(red) to 1.884 (blue), de and di of (1)
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Fig.6. Hirschfeld surfaces mapped with dnorm (mapped over a fixed color scale of -1.077

(red) to 1.286 (blue)), de and di of(l)
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Fig.7. Hirschfeld 2D fingerprint plots of (1)




Fig.8. Frontier molecular orbital plots of polyoxoanion [V10O2s]®
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Fig.9. Electrostatic potential (red: more negative potential, blue: less negative potential)

Tablel. Crystal data and structure refinement parameters for Compounds (1) and (1)

Empirical formula

(CsH12N)4[H2V10028]-3.25H20

(CeH12N(OH)3) [H2V5014]-5H20

Formula weight (g.mol™?)
Temperature (K)

Crystal system

1360.32

293

Monoclinic

717.97

293

Orthorhombic



file:///C:/Users/Dell/Desktop/publication%20decavanadate/Puplication%20rim1%20final/rima5pbca%20_chemical_formula_weight

Space group

a(A)

b (A)

¢ (A)

)

V (A3

Z_space group

Crystal density (calc)

pu (mm)

F(000)

Index ranges

Radiation (A)
Reflectionscollected
Independent reflections ;
Rint

Reflections with [ >26(I)
Refinedparameters

S (goodness-of-fit)

Final R indexes [[>=20(I)]

Apmax/Apmin

C2lc

28.7460 (5)

19.2130 (5)

18.4853 (4)

113.374 (1)°

9371.5 (4)

8

1.928

1.99

5458
-37<h<37;-25<k <23;-22<1<24
Mo Ka(A =0.71073)
32950

11134

0.054

6347

588

0.97

R1=0.077, wR, = 0.130

1.47 eA3/-0.67eA3

Pbca

16.8955 (3)

13.4818 (2)

19.320 (4)

90

4400.8 (9)

8

2.167

2.15

2872
-22<h<20;-17<k <17 ;-25<124
MoKa (A =0.71073)
27787

5221

0.036

4267

322

1.06

R1=0.034, wR, = 0.102

0.78 eA3/-0.74 eA3




Table6:Hydrogen bonds for compound (1):

D-H... A d(D-H)  d(H.A) <DHA d(D..A)

Owzo-Hwzoa... 025 0.851 1.977 140.89 2.691
Owz9-Hw29s ... 0200 0.851 2.430 118.12 2.929
Owso-Hwao ... 031 0.848 2.123 154.77 2.913
Owai-Hwata ...015( 0.851 2.596 115.97 3.066
Owsa1-Hwazsg ... O5™) 0.852 2.401 123.77 2.961
Ows1-Hwat ... Owag 0.852 2.239 145.88 2.983
N3-H3... 024 ¥ 0.682 2.094 175.47 2.774
N1-H1..03) 0.749 2.230 157.99 2.938
N1-H1 ... 013 VD 0.749 2.560 115.77 2.963
N1-H1 ... 017 ViD 0.749 2.552 136.24 3.136
N2-H2 ... 014 0.788 2.568 125.18 3.090
N2-H2 ... 023 0.788 2.115 161.87 2.874
N4-H4 ... 020 0.966 1.822 164.77 2.765

[ -x+3/2, y+1/2, -z+3/2 ]; ii: [ X, -y+1, z-1/2 ]; iii:[ -x+3/2, -y+1/2, -z+2 ]; iv:[ -x+3/2, y+1/2,
-z+3/2 1; vi[ -x+3/2, y+1/2, -z+3/2 |;vi:[ -x+3/2, y+1/2, -z+3/2 ]; vii: [ -x+3/2, y+1/2, -z+3/2 ];
viii: [ -x+3/2, y+1/2, -z+3/2 ]



Table7: Hydrogen bonds for compound (I1):

OW22-H22... O17

OW22-H22... OW20®

OW14-H14... 040

OW14-H14... 0130

015-H15 ... 016

O17-H17... OW14W

O18-H18 ... 04M)

018-H18... O9Vi)

OW19-H19... 010V

OWI19-H19... 012

d(D-H)

0.845

0.877

0.850

0.849

0.820

0.820

0.820

0.820

0.851

0.851

d (H..A)

1.930

2.315

1.949

2.062

1.888

1.870

2.569

2.052

2.382

2.569

<DHA

173.62

115.87

171.67

167.21

167.97

174.02

137.19

155.09

154.85

130.56

d (D.A)

2.772

2.811

2.793

2.896

2.696

2.687

3.219

2.817

3.172

3.188




OW19-H19... 011D 0.850 2.026 155.73 2.822
OW20-H20... OW22® 0.850 2.075 144.45 2.810
OW20-H20... 012 0.849 1.975 158.05 2.781
OW21-H21... 01¢) 0.850 2.170 157.72 2.974
OW21-H21... OW14&)  (0.850 2.625 115.28 3.085
OW21-H21... OW22%i  (.849 1.952 164.87 2.780

[ -x+3/2,y-1/2, 2 ] ;i : [ -x+1, -y+1, -z+1 ] ;iii o [ X, -y+3/2, z-1/2 ] ;iv ;[ -x+1, -y+1, -z+1 ] ;
V[ x+1/2, -y+3/2, -z+1 ] ;vi ;[ -x+3/2, y+1/2, z ] ;vii [ -x+3/2, y+1/2, 2] ;

viii ;[ x-1/2, -y+3/2, -z+1 ] viiii ;[ X-1/2, -y+3/2, -z+1 ] ;x ;[ -X+1, -y+1, -z+1 ] ;xi : [ -X+3/2,
y+1/2, z ] xii : [ -x+1, y+1/2, -z+3/2 ] ; xiii :[ -x+1, -y+2, -z+1 ] ;xiiii ;[ -x+3/2, y+1/2, z ]



