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In the present work, the synthesis and structural characterization of two new polyoxovanadoborate
(BVO) frameworks, based on the [V12818060H5]107 polyanion, are reported, K(H;O)
(enH2)4[V12B13060H5]-9.60H20 (1) and Lig(NH4)2[V|2B|8060H6]'8.02H20 (2) Both compounds
are obtained in a mixed valence ratio of 10V'Y/2V". Framework 1 is characterized by potassium
ions coordinated by the BVO cluster and ethylenediammonium and hydronium ions as charge-
compensating agents. In framework 2, the BVO clusters are coordinating lithium ions and the charge
is compensated by ammonium ions. Using the SHAPE 2.1 program, it was possible to calculate the
best geometry for the existing lithium and potassium ions. For 2, the lithium ions are five-
coordinate, best described by a square pyramid (SPY-5), while the coordination sphere around the
potassium ions in 1 are six-coordinate. For 1, the coordination sphere of the existing potassium ions
in the framework can be described as trigonal prism (TPR-6). Calculations were also done for a
previously reported cluster [Na;o[(H,O)V,B13060Hg] 18H,0] (3), in which the sodium ions are
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six-coordinate but in two different geometries, these being octahedral and TPR-6. The influence of
the interactions of the alkali ions with the [V,B13040H]'"” polyanion, on the vanadate and borate
absorption bands observed in the infrared spectra, is discussed.

Keywords: Polyoxometalate; Mixed valence; BVO; Lithium; V,B;50¢0

1. Introduction

Polyoxometalates (POMs) are clusters that can act as ligands through many peripheral oxy-
gens that they possess and can act as donors to different cationic species, such as alkali
ions, alkaline earth ions, transition metal ions, and/or lanthanide ions. Thus, POMs, acting
as multidentate polyanionic inorganic ligands, are used as building blocks to obtain struc-
tures that range from 0-D to supramolecular 3-D frameworks [1-10].

The mixed valence V'V/VY systems based on polyoxovanadoborate (VBO) POMs have
attracted attention, and POMs with different vanadium to boron ratios can be found in the
literature. Since the first BVO clusters were reported by Rijssenbeek in [11], several frame-
works based on these clusters have appeared in the literature: VB, [12—15], VB, [16],
VioBas [17, 18], Vi2Bis [19-21], V2By7 [11], V2B [11, 16, 22-33], and V,Bs,
[34, 35], with the most frequently reported clusters V¢B,g, V1oB2s, V12B1s and V,B 5.

Alkali ions and/or transition metal ions, or the corresponding complexes, are usually
present in the crystalline lattice coordinated by the polyanions. They can be present only as
charge-compensating species and sometimes together with protonated diamines. To the best
of our knowledge, three crystalline lattices have been reported in the literature, in which
only alkali ions are present coordinated by the VBO clusters, Rby[(VO)e
{B10016(OH)6}2]-0.5H,0  [12], H5[V12B32084Nas]- 13H,O  [34], and  [Na;o[(H20)
V1,B130¢oHg]- 18H,0 [30]. Continuing with our interest in understanding the role of these
clusters acting as polydentate ligands toward transition metal ions and complexes, and alkali
ions, we obtained two new frameworks with Li" and K. Herein, we report two new crystal-
line lattices, K(H30)(CHH2)4[V] 2B 1 8O6OH6] : 960H20 (1) and Lig(NH4)2 [V] 2=
B15060Hs]-8.02H,0 (2), which are constructed by the bonding of [V,B;506Hs]'"” to
potassium, ethylenediammonium and hydronium ions (1), and lithium and ammonium ions
in 2. These networks will be compared with that based on sodium ions, (Na);o[Vis-
B130¢oHg]*19H,0 (3) [30-32], and the different coordination environments of the alkali
ions will be also discussed.

2. Experimental

2.1. Syntheses of compounds

All chemicals were reagent grade and used without purification. Compound 1 was prepared
in a 23 mL Teflon-lined Parr reactor by heating at 180 °C for 5 days, while 2 was also
obtained in a 23 mL Teflon-lined Parr reactor, but heating at 170 °C for 3 days. After cool-
ing to room temperature, dark red crystals of both compounds were collected by filtration.
The crystals were washed with water and dried at room temperature.

2.1.1. K(H3O)(enH2)4[V12B18060H6]'9.60H20 (1). A  mixture of V205 (01818 g,
1.00 mM), H;BO; (1.0000 g, 16.0 mM), K,HPO, (0.2612 g, 1.50 mM), CrCl;-6H,0O
(0.5330 g, 2.00 mM), H,O (2.0 mL, 111 mM), and ethylenediamine (0.4 mL, 6.00 mM)
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was used to prepare 1. The initial pH of the reacting mixture was 8.63, and the final value
was 8.62. Yield: (0.2052 g, 55% based on V).

2.1.2. Lig(NH4),[V12B1806oHg]-8.02H,O (2). A mixture of NH4VO; (0.2164 g,
1.85 mM), Li,B40; (0.8354 g, 4.94 mM), H,O (2.0 mL, 111 mM), and ethylenediamine
(0.08 mL, 1.24 mM) was used to obtain 2. Initial pH was 10.85, and the final value was
10.75. Yield: (0.0815 g, 26% based on V).

2.1.3. Nayy[V12B13060Hg]- 19H,0 (3). Compound 3 was obtained using the synthetic
procedure reported by Brown et al. [30].

2.2. Crystal structure determination

For each compound, a single crystal was taken directly from the synthesis vessel. Examina-
tion under microscope suggested acceptable quality; these were mounted on the tip of a
glass fiber. Preliminary examination with X-rays confirmed the quality suggested by micros-
copy, proceeding to full data collection. Data collection for 1 was performed at room tem-
perature on a Bruker-Kappa-CCD diffractometer with graphite-monochromated Mo-Ka
radiation (A=0.71073 A). Intensities were collected by the program COLLECT [36].
Reflection indexing, Lorentz polarization correction, peak integration, and background
determination were carried out with the DENZO program of the Kappa-CCD software
package [37]. Unit-cell parameters, refinement, and frame scaling were performed with the
program DIRAX/LSQ [38]. Data integration and scaling of the reflections were performed
with the suite SCALEPACK [39]. The intensities for 2 were recorded at room temperature
on a Bruker Smart Apex diffractometer using separations of 0.3° between frames and 10s
by frame. Data integration were made using SAINTPLUS [40]. The structures were solved
by direct methods using XS in SHELXTL [41] and completed (non-H atoms) by Fourier
difference synthesis. Refinement until convergence were obtained using XL SHELXTL
[42] and SHELXLO97 [43]. The H-atom positions were calculated after each cycle of
refinement using a riding model, with C-H=0.97 A and U,(H)=1.2 Ueq(parent) and
N-H=0.89 or 0.91A and U,,(H)=1.5 Ucq(parent). Efforts to locate the borovanadate
hydrogens in the final Fourier difference map were unsuccessful; those reported for the for-
mula are based on charge-balance analysis. For 1, the 10.60 oxygens occupy 18 positions.
No hydrogens from the hydronium ions or water were located in the final difference Fourier
map. For 2, the occupancy of lithiums Lil, Li2, and Li3 was refined and finally set to 0.60,
0.90, and 0.80, respectively. No hydrogens from the ammonium ions or water were located
in the final difference Fourier map. Efforts to lower the rather high residuals on the refine-
ment for each compound included the evaluation of different models of solvation, and the
use of squeeze for the modeling of the remaining density was unsuccessful. Some parame-
ters remained high; this should be considered as arising from the complexity of the model
used for the solvation and counterbalancing. Moreover, it is not related to the main charac-
teristics of the structures, whose determination should still be considered as correct. The
crystal data and structure refinement for 1 and 2 are summarized in table 1. For the crystal-
lographic description, distances up to 3.1 A were considered to define hydrogen bonds in
the crystalline lattice [44]. For the crystallographic discussion of 3, the crystallographic
information file provided by the Cambridge Crystallographic Data Center was used
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Table 1. Crystal data and structure refinement for 1 and 2.

3943

Complex

1

2

Formula
Moiety formula
Formula weight
Temperature (K)
Crystal system
Space group
a(A)

b (A)

c(d)

a (%)

pC)

7 ()
Volume (A%)
VA

Density (Caled) (gcm )
Absorption coefficient (mm™")

F(000)
Crystal size (mm®)

0 range for data collection (°)

Index ranges

Reflections collected
Independent reflections
Refinement method
Goodness-of-fit on F?
Final R indices [/>20(])]

R indices (all data)

Largest diff. peak/hole (e A™)

CsHeg 2B 15K NgO70.60V12
K(H30)(enH3)4[V12B18060Hs]-9.60H,0
2251.60

293(2)

Monoclinic

C2/c

22.784(1)

14.847(1)

21.946(1)

90.00

108.72(1)

90.00

7030.6(3)

4

2.100

1.715

4375.2

0.27x0.20x0.10
3.54-27.5

—29<h<29,
—19<k<18,

—28</<28

34,591

8082 [R(int)=0.0579]
Full-matrix least-squares on F>
1.043

R, =0.0660, wR, =0.1792
R;=0.1030, wR,=0.2095
2.49/-1.13

BigH30.04LigN20g5.02V 12
Lis(NH,),[V12B15060He]8.02H,0
2007.99

297(2)

Cubic

Pn-3

18.8424(7)

18.8424(7)

18.8424(7)

90.00

90.00

90.00

6689.7(4)

2

1.970

1.722

3816.7

0.32x0.17x0.16
1.87-25.97

—23<h<23,
—23<k<23,

—23<]<23

43,467

2204 [R(int) = 0.0404]
Full-matrix least-squares on F~
1.178

Ry =0.0702, wR,=0.2182
R;=0.0738, wR,=0.2228
2.46/-0.48

(CCDC-727716). Structure drawings were carried out with DIAMOND-3.2i, supplied by
Crystal Impact [45].

In order to describe the geometries around the alkaline ions found in the different frame-
works, the methodology of the continuous shape measures algorithm [46], the minimal dis-
tortion paths [47], and the generalized interconversion coordinates [48] were used, as
established in the SHAPE code [49].

2.3. Physical measurements

IR spectra of the compounds were determined on a Perkin Elmer FTIR spectrophotometer,
model BX II, from 4000 to 400 cm™' using KBr pellets. The UV—vis spectra for 1 and 2
were obtained at room temperature from 200 to 850 nm using a Lambda 1050 Wideband
UV-vis—NIR spectrophotometer equipped with a diffuse reflectance attachment (Biconical
DRA-CA-50M). The absorbance values were obtained by the use of the Kubelka—Munk
function [50].

3. Results and discussion

3.1. Syntheses

The preparation of framework 1 was done at 180 °C for 5 days. At lower temperatures
(170 °C) and fewer days of reaction (3 days), framework 2 was obtained.
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The synthetic method to obtain 1 was done in the presence of a transition metal salt. The
purpose to this salt was to obtain a framework with Cr'" and potassium ions coordinated by
the polyanionic cluster. Although the transition metal ions did not bind to the polyanionic
clusters or remain within the crystal lattice, their presence was absolutely necessary for the
formation of the respective crystalline packing [20]. Both syntheses were done using V"
source; however, mixed valence clusters were obtained due to the presence of the added
diamine that acts as a reducing agent. Only 1 has protonated amines in the crystalline
framework, while 2 resulted in a pure inorganic one.

3.2. Description of crystal structures

Lattices 1, 2, and 3 present the polyanionic multidentate [V,B;5040Hs]'®” coordinated to
alkali ions. 1 also has protonated ethylenediamine cations, which interact with the clusters
through hydrogen bonds. The BVO can be described as formed by two hexanuclear oxo-
vanadates [VOo]™", condensed to a central [B,3036(OH)e]**~ ring. All vanadiums are five-
coordinate, and each VOs unit has [4 + 1] geometry [51] and is condensed to another VOs
unit through edges. The central borate ring is formed by six B3O, moieties, each with one
trigonal boron (Bgig A) and two tetrahedral ones (By, T). The nomenclature for the topol-
ogy of the central borate fragment is 18[6A + 12T] [52, 53].

3.1.1. Structural description of K(H;0)(enH,)4[V,B1306oHgl-9.60H,O (1). Two differ-
ent crystallographic types of ethylenediammonium cations are present in the crystal packing
of 1. Both cations connect three clusters and two water molecules through hydrogen bonds.
The first with four bifurcated and two single bonds (figure S1, see online supplemental
material at http://dx.doi.org/10.1080/00958972.2014.960407) and the second with one
bifurcated and five single bonds (figure S2). The hydrogen bond interactions scheme and
distances between the cations, cluster units, and water molecules in the lattice can be seen
in figures S3 and S4, and table S1. Each type of crystallographically different protonated
diamine is oriented in the same direction in the lattice (figure 1).

This crystal lattice contains a potassium cation coordinated by the polyanionic ligand. K1
is six-coordinate symmetrically by two clusters (POM1 and POM2) through the following
bonds: K1-O7 (vanadyl oxygen), K1-O9 (vanadyl oxygen), and K1-O25 (a bridging
oxygen between a trigonal and a tetrahedral boron), with distances of 2.775, 2.866, and
2.852 A, respectively (figure 2).

3.1.2. Structural descripﬁon of Lig(NH4)2[V12B18060H6]'8.02H20 (2). In 2, the connec-
tivity of the polyanionic clusters coordinating the lithium cations is gained by the presence
of ammonium ions and water molecules. This lattice is characterized by three different crys-
tallographic types of Li ions. Lil is five-coordinate with four oxygens donated by two BVO
ligands (Byig-O9-Byet and Bi-O7-By), while the fifth oxygen corresponds to a water. Each
polyanionic cluster is surrounded by six Lil ions, which are crystallographically equivalent
(figure 3). Li2 is also five-coordinate, but it is bonded to three BVO clusters, by two
oxygens from vanadyl groups: O3=V (BVO1), O6=V (BVO2), one bridging oxygen By,-
09-By; (BVO2) and one terminal oxygen O10-Bgi, (BVO3); the coordination sphere is
completed by a water molecule (figure 4).

Li3 is six-coordinate, formed with equidistant Li3—O10 bonds (3.142 A; Byig-010),
where each oxygen belongs to a different BVO cluster [figure 5(a)]. These oxygens adopt a
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Figure 1. View of the crystalline packing of 1 in the plane (0 1 0).

chair conformation, as shown in figure 5(b). This six-coordinate mode has long distances
(3.142 A); lithium in crown ethers (15-crown-5) can also be six-coordinate, five oxygens
from the crown ether and one chloride; all the lithium—oxygen distances are shorter
(2.08-2.28 A) [54]. Taking this into account, it is better to classify the observed distances
for this ion as a pseudo-coordinative interaction.

The perpendicular view to the bc plane shows the position of the ammonium and lithium
ions in the framework [figure S5(a)], while figure S5(b) shows that of the BVO clusters.

«8

Figure 2. Coordination sphere of K1 for 1.
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Figure 3. Coordination sphere of Lil for 2.

Two types of cavities formed by the BVO clusters alternate in the bc plane. Cavity 1 is
formed by the oxygens provided by Bi-O7-B;; moieties and are filled by coordinated Lil
ions and water molecules. Cavity 2 is formed by the O3 atoms which belong to vanadyl
groups, being occupied by ammonium ions and water molecules.

By taking into account the cations present in the lattices of 2 and 3, they can be consid-
ered as completely inorganic. Framework 2 has also NH," ions which are responsible for
the charge compensation. On the other hand, 1 can be considered as a hybrid lattice in
which enH,?" and H;0" are the countercations.

3.3. Comparative description of the geometries around the alkaline ions

The alkali ions in 1-3 have different coordination numbers. Using the SHAPE 2.1 program,
developed by Alvarez et al. [49], it was possible to establish the best geometry for the exist-
ing lithium, potassium, and sodium ions. For 2, the lithium ion is five-coordinate in a
square pyramidal geometry (SPY-5), while the coordination spheres around the potassium
(1) and sodium (3) ions are six-coordinate. The coordination sphere of the potassium ions
can be described as trigonal prism (TPR-6), and that of the sodium ions as octahedral
(OC-6) and TPR-6. All these coordination numbers for the alkali ions have been previously
reported by Delgado et al. [S55]. The obtained geometries of the alkali ions are shown in
figure 6.

Based on the bond valence sum method [56], and using the crystallographic data, the
mixed valence states of all the characterized clusters can be identified with the ratio of 10/2
(VIV/VY), since the calculated mean values were 4.16 for 1 and 4.14 for 2, which are close
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Figure 4. Coordination sphere of Li2 for 2.
(a) _— (b)
ORI 010
oS 010 . 010
i3 010
010
010

Figure 5. The oxygens adopt a chair conformation for Li3 in 2.

to the expected value of 4.17 for 10 vanadium(IV) and two vanadium(V) centers. For 3, a
value of 4.24, which is also close to the expected value, was previously reported [30].

3.4. FTIR spectrum

Compounds 1, 2, and 3 show the same features in the FTIR spectra from 1500 to 600 cm !,

where the main absorption bands correspond to vg_o B03), VB-0 B04) Vv=0, Vv_o-v of the
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Na

0C-6 TPR-6

Figure 6. The different geometries of the alkali ions; SPY-5 (square pyramid), OC-6 (octahedron), and TPR-6
(trigonal prism).

[V12B15060Hs] "~ polyanionic cluster (figure S6, table 2). The bands associated to the
vy_o_y Vibration in the above-mentioned cluster are shifted to lower wavelengths, as
compared to a pure oxovanadium system, where they appear at 818 and 742 cm™' [57]. The
pattern of bands in the characteristic region of the terminal oxovadium group shows an asym-
metric band at 941-952 and 885-892 cm™' for the three studied lattices and is attributed to
the presence of V¥ and V', respectively. In the three studied spectra, the bands are broad
enough that the lower energy band appears as a shoulder, instead of a well-defined band, as
reported by Keene et al. [57]. This can be interpreted as corresponding to more delocalized
systems than the one reported by Keene [57].

The nature of the countercations in the lattice for 1 (K', enH,*"), 2 (Li"), and 3 (Na")
produces different shifts in the values of the corresponding absorption bands of the vanadyl
groups.

As stated before, in 2, the distances between Lil to Be-O-Bye; and Lil to Byg-O-Bye are
1.921 and 2.303 A, respectively. Li2 is also within bonding distance with Byrig-O-Bye¢ and
terminal By;,-O (2.894 and 2.902 A). The vibrations associated to bridging oxygens are
affected by the stronger coordination of Lil (shortest distance), and this is evidenced with
the increase of the vibration energy of the B-O—B bands (1097-1053 cm ™).

Table 2. Most relevant absorption bands in the FTIR spectra and the corresponding assignments for 1, 2, and 3.

Compound Cation VB-0 (BO3) (cmfl) VB-O (BO4) (cmfl) V=0 (cmfl) W_O_v (cmfl)
1 K*, enH,*" 1398,1353 1082,1041 941,885 779,635
2 Li" 1403,1373 1097,1053 952,891 792,610

3 Na* 1414,1358 1087,1048 951,892 789,611
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Table 3. Bond distances from the oxygen atoms of the ligands to the alkaline cations in 1, 2, and 3.

Compound Alkaline ion Bond to BVO cluster Distance (A) Type of bond

1 K* K1-07 2.775 vanadyl oxygen
K1-09 2.866 vanadyl oxygen
K1-025 2.852 Birig-025-Byet

2 Li" Lil-07 1.921 Bie-O7-Bye
Lil-09 2.303 Birig-O9-Biet
Li2-03 2.816 vanadyl oxygen
Li2-06 2.976 vanadyl oxygen
Li2-09 2.894 Birig-09-Bie
Li2-010 2.902 Byig-O10
Li3-010 3.142 Byig-010

3 Na” Nal-06 2415 Blrig-06-Bret
Nal-024 2.771 0-13 2V, 1By
Nal-09 2.487 vanadyl oxygen
Nal-O11 2.451 vanadyl oxygen
Nal-016 2.753 0-13 (2V, 1By)
Nal-030 2.395 Birig-O30-Bye¢
Na2-07 2.392 vanadyl oxygen
Na2-0O11 2.362 vanadyl oxygen
Na2-0O15 2.481 Byig-O15
Na3-0O14 2.748 Byig-O14
Na3-029 2316 Biig-029-Bie;
Na3-018 2.404 vanadyl oxygen
Na4-019 2.484 Byig-019
Na4-012 2.902 Byig-O12-Bye(
Na4-07 2.734 vanadyl oxygen
Na4-010 2.461 vanadyl oxygen
Na5-09 2.562 vanadyl oxygen
Na5-03 2.458 Bie-O3-Biet
Na5-030 2.528 Birig-030-Bye(

Thus, these two lithium ions are within a coordinative distance to the oxygens of the
borate groups and therefore affect the vibrations of these groups as shown in table 3. When
one compares the borate absorption bands of 2 with those of 1, a shift is observed that
should account for the proximity of the lithium ions to the clusters. Thus, 1 and 3 (this last
one completely an inorganic framework with sodium ions in the crystalline lattice) can be
considered as examples in which the alkali ions are bonded to the peripheral oxygens of the
cluster, and therefore affecting the stretching vibrations of the borate groups.

3.5. Reflectance UV—-visible spectra

Due to the insolubility of the compounds, the solid diffuse reflectance UV—visible spectra
were recorded (figure 7). All the studied compounds crystallize as dark red crystals and
gave similar UV—visible spectra, as previously reported by Hermosilla-Ibafiez et al. [58].
The absorption centered at 555 nm for the three studied compounds was assigned to an
intervalence charge transfer transition (IVCT) between the V'V/V" centers of the BVO unit.
The absorptions observed in the high-energy UV region were assigned to O — V charge
transfer at 5.19 eV (239 nm) for 1 and 5.08 eV (244 nm) for 2, and to O — B charge trans-
fer at 3.89 eV (319 nm) for 1 and 3.99 eV (311 nm) for 2 [32]. Therefore, the electronic
absorptions observed in the solid state seem to be dependent only of the BVO moiety and
the characteristics of the lattice have little influence on the optical properties.
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Figure 7. UV-vis reflectance spectra for 1 and 2.

4. Conclusion

All compounds can be described as having a mixed valence ratio of 10V'Y/2V" and differ-
ent geometrical environments for the alkali ions in the frameworks.

The nature of the countercations in the lattice for 1 (K"), 2 (Li"), and 3 (Na") produces
different shifts in the values of the corresponding absorption bands of the vanadyl groups in
the infrared spectra. The sodium framework possesses a higher number of coordination
interactions, and therefore the greater shift of the vanadyl stretch.

When one compares the borate absorption bands of 2 with those of 1 in the infrared spec-
tra, a shift is observed that should be accounted by coordination of the lithium ions to the
clusters.

The observed electronic absorptions in the solid state correspond to the BVO moiety,
while the characteristics of the lattice have little influence on the optical properties.

The BVO clusters are good ligands, as can be observed in 2, where six polyoxo ligands
present a pseudo-coordinative interaction with one lithium ion with distances of c.a. 3.0 A.

Supplementary material

Additional figures, tables, and crystallographic data for structures of 1 and 2 reported in this
paper have been deposited with the Cambridge Crystallographic Data Center as supplemen-
tary publication number CCDC-932258, 963462. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road Cambridge CB21EZ, UK (Fax: int. code
+44 (123) 336 033; E-mail: deposit@ccdc.cam.ac.uk.
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