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Abstract:



A new organic-inorganic compound based on octamolybdate building blocks and copper(II) complexes of tetradentate N-donor ligands has been hydrothermally synthesized, namely [Cu(cyclam)]2[Mo8O26]·1.5H2O (1), (cyclam: 1,4,8,11–tetraazacyclotetradecane). Compound 1 has been chemically (elemental and thermal analyses), spectroscopically (infrared spectroscopy), and structurally (single crystal and powder X-ray diffraction) characterized. The crystal packing of 1 shows a covalent framework structure formed by [Mo8O26]n4n− chains running along the 100 direction which are linked to each other through the coordination spheres of {Cu(cyclam)}2+ complexes leading to a three-dimensional open network. This structural assembly generates voids that can be described as a succession of cavities communicated through narrow bottlenecks with approximate cross section of 4 × 7 Å2 where the hydration water molecules are hosted. The robust open structure of 1 remains virtually unaltered upon thermal evacuation of guest solvent molecules at 130 °C, resulting in the anhydrous phase [Cu(cyclam)]2[Mo8O26] (1a) with potentially accessible micropores as demonstrated by single-crystal X-ray diffraction measurements. Electron paramagnetic resonance spectroscopy analysis of 1 has also been assessed.
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1. Introduction


Porous crystalline materials such as metal-organic frameworks (MOFs) and covalent organic frameworks (COFs) are of great interest due to their wide range of applications (gas separation and storage, ion exchange, host-guest chemistry) related to their permanent porous nature [1,2,3,4,5]. Particularly, the former field has entered a new stage where not only the porosity but also other physical properties are playing a key role in their potential application in current fields of interest like catalysis, magnetism or biomedicine [6,7,8,9,10]. However, this often requires the activation of the functional material through evacuation of solvent molecules. The presence of organic linkers results in frameworks with limited thermal and chemical stability that collapse when guest molecules are removed from their cavities. These difficulties could be a priori overcome by the incorporation of rigid metal clusters such as polyoxometalates (POMs) to the system. Moreover, recent work in MOF-chemistry have shown that small pores (that have been achieved by the interpenetration of metal-organic networks) and the use of small inorganic oxoanions (e.g., dichromate, molybdate) with electronegative atoms like oxygen pointing at the interior of the cavities, improve the selectivity of coordination frameworks towards small polarizable molecules like CO2 [11,12,13]. In view of this, the synthetic approach could be extended to larger oxo-units (or POM clusters), the crystal packing of which leads to relatively small pores within the structure.



POMs constitute a large family of anionic metal-oxo clusters with intrinsic multifunctional nature [14,15,16]. The POM-based porous crystalline solids have attracted great attention due to the possibility of combining the properties of the clusters (e.g., catalytic activity, magnetisms, luminesce) with those related to open-framework materials with high internal surface area [17,18,19]. Different synthetic methods have been developed to prepare POM-based open-frameworks including both supramolecular compounds and covalent extended lattices (POMOFs). The former strategy can be exemplified by the large family of ionic crystals formed by Keggin-type anions and bulky carboxylate-bridged trinuclear macrocations [20,21]. In contrast, the covalent approach involves i) the linkage of clusters directly by metal centres to result in purely inorganic open structures [22,23], or ii) the assembly of hybrid organic-inorganic frameworks in close analogy to classical MOFs. The latter requires organically derivatized POMs fragments that connect cationic metal nodes [24,25] or metal-polysubstituted POM clusters that are linked through organic bridging ligands [26,27], and hence, it usually involves multistep synthetic work.



An alternative route that could take place in a one-pot synthesis is that in which POM clusters are connected through transition metal complexes bearing peripheral organic ligands. The ligands block equatorial coordination positions, allowing the linkage of contiguous POM units through the axial positions of the metal centers. In this regard, we have recently studied the reactivity of vanadates and tungstates toward copper(II) complexes of macrocyclic N-donor cyclam (1,4,8,11-tetraazacyclotetradecane) ligands. In the case of vanadates, the synthetic systems have been shown to be pH dependent. The [Cu(cyclam)][{Cu(cyclam)}2(V10O28)]·10H2O supramolecular POMOF-like material was obtained at acidic pH, the microporous structure of which displays empty channels accessible for the selective adsorption of CO2 over N2 [28] In contrast, basic conditions afforded the [{Cu(cyclam)}(VO3)2]·5H2O three-dimensional open-framework hybrid. Its porosity drastically decreases upon a dehydration process that proceeds via two intermediate phases and hence, it is not useful for gas sorption applications [29]. On the other hand, the tungstate system represents a case where the dynamic three-dimensional covalent structure of [{Cu(cyclam)}3(W7O24)]·15.5H2O resulted in a microporous material with both N2 and CO2 gas sorption capacity upon full dehydration. Furthermore, a partially dehydrated phase was also isolated in the course of these studies [30]. In all cases, the crystallinity was fully retained throughout the thermal activation processes, which allows us to determine all the phases by single-crystal X-ray diffraction. Therefore, these systems can be included within the scarce examples of single-crystal-to-single-crystal (SCSC) transformations in POM-based compounds as indicated by a recent review [31]. SCSC transformations are currently a hot topic in crystal engineering because they provide the exact location of the atoms in a phase transition promoted by heat, light, or pressure and allows for correlating the structural changes with how a given property is modified upon the applied external stimuli.



Considering all the above, we are now interested in incorporating polyoxomolybdates to the system. The field of molybdates is one of the most active within the POM chemistry because of their interesting redox properties; some cluster can be reversible and easily reduced to blue species with retention of the POM skeleton. Addenda metals can also occupy a seven-coordinate polyhedron to lead to the development of several macrosized giant anions that represent some of the most spectacular POM clusters, including the ring-like {Mo154}, hollow icosahedral Keplerates or the “blue hedgehog” {Mo368} [32,33,34]. However, the equilibria in water solution are dominated by small and simpler species like [Mo7O24]6− or [β-Mo8O26]4−. In the case of heteropolyoxomolybdates, the use of Keggin or Wells-Dawson-type anions have been mainly limited to plenary structures due to the scarcity of available lacunary derivatives, in contrast to polyoxotungstates [14,15,16]. Alternatively, much work has been devoted to other clusters such as Anderson-Evans or Strandberg-type anions, and more specifically to the organic derivatization of these species [35,36].



Herein, we report on the synthesis, crystal structure, thermal behavior, and electron paramagnetic resonance spectra of a new POMOF-like compound, namely, [Cu(cyclam)]2[Mo8O26]·1.5H2O (1). Compound 1 is built of polymeric octamolybdate chains covalently linked to {Cu(cyclam)} cationic complexes resulting in an open three-dimensional framework. Dehydration of 1 into 1a proceeds through a crystal-to-crystal transformation, and the structure remains virtually unaltered upon thermal evacuation of guest solvent molecules. Therefore, the robustness of the open hybrid skeleton and associated permanent porosity of 1a have been confirmed.




2. Experimental Section


2.1. Materials and Methods


All reagents were purchased from commercial sources and used without further purification. Carbon, nitrogen, and hydrogen were determined on a EuroVector EA 3000 CHNSO analyzer (EuroVector, Milan, Italy). Fourier transform infrared (FT-IR) spectra were recorded on KBr pellets using a Shimadzu FTIR-8400S spectrophotometer (Shimadzu, Kyoto, Japan). Thermogravimetric analyses (TGA) were carried out from room temperature to 600 °C at a rate of 5 °C min−1 on a Mettler-Toledo TGA/SDTA851e thermobalance (Mettler Toledo, Greifensee, Switzerland) under a 70 cm3·min−1 flow of synthetic air. Powder X-ray diffraction (PXRD) patterns were collected on a Bruker D8 Advance diffractometer operating at 40 kV/40 mA and equipped with Cu Kα radiation (λ = 1.5418 Å), a Vantec-1 PSD detector, an Anton Parr HTK2000 high-temperature furnace, and Pt sample holder. Variable temperature patterns were acquired from 30 °C to 600 °C every 10 °C. Electron Paramagnetic Resonance (EPR) spectra were recorded on Bruker ELEXSYS 500 (superhigh-Q resonator ER-4123-SHQ, Bruker, Karlsruhe, Germany) and Bruker EMX (ER-510-QT resonator, Bruker, Karlsruhe, Germany ) continuous wave spectrometers for Q- and X- bands, respectively.




2.2. Synthesis of [Cu(cyclam)]2[Mo8O26]·1.5H2O (1) and [Cu(cyclam)]2[Mo8O26] (1a)


A mixture of H3[PMo12O40]·4H2O (0.18 g; 0.1 mmol), CuCl2·2H2O (0.17 g, 1.0 mmol) and cyclam (0.04 g; 0.2 mmol) in 1M NaOAc/HOAc buffer solution (15 mL) was stirred for 1 h, transferred to a 50 mL Teflon-lined autoclave, and kept at 140 °C for 72 h under autogenous pressure. After cooling the reaction mixture to room temperature for 48 h, dark brown crystals suitable for single-crystal X-ray diffraction were obtained. Crystals of 1 were washed with water and separated manually under the optical microscope. Yield: 35 mg, 15% based on Mo. Elemental Analyses (%): Calcd. (found) for C20H51Cu2Mo8N8O27.5: C, 13.88 (13.74); H, 2.97 (2.85); N, 6.48 (6.40). IR (cm−1): 3489 (m), 3227 (vs), 3126 (vs), 2968 (s), 2871(s), 1627 (m), 1456 (m), 1429 (m), 1292 (w), 1244 (w),1093 (m), 1008 (m), 939 (s), 900 (m), 850 (vs), 800 (m), 700 (m), 615 (vs), 518 (m), 480 (w), 460 (w), 410 (m). The anhydrous phase 1a was obtained upon heating single crystals of 1 in an oven for 1 h at 140 °C.




2.3. X-ray Crystallography


Crystallographic data for compounds 1 and 1a are summarized in Table 1. Intensity data were collected at 100(2) K on an Agilent Technologies SuperNova diffractometer (Santa Clara, CA, USA) equipped with an Eos CCD detector, mirror-monochromated Mo Kα radiation (λ = 0.71073 Å) and an Oxford Cryostream 700 PLUS (Oxford Cryosystems Ltd., Oxford, UK) temperature device. Data collections, unit cell determinations, intensity data integrations, routine corrections for Lorentz and polarization effects, and multi-scan (1) or analytical absorption corrections with face indexing (1a) were performed using the CrysAlisPro software package (Agilent Technologies UK Ltd., Oxford, UK) [37]. The structures were solved using OLEX2 (OlexSys Ltd. in Durham University, Durham, UK) [38] and refined by full matrix least-squares with SHELXL-97 (University of Göttingen, Göttingen, Germany) [39]. Final geometrical calculations were carried out with PLATON (Utrecht University, Utrecht, The Netherlands) [40] as integrated in WinGX (University of Glasgow, Glasgow, UK) [41]. Bond valence sum (BVS) calculations [42] were carried out using the BVSumCalc program (courtesy of Dr. M. H. Dickman), whereas SHAPE (Universitat de Barcelona, Barcelona, Spain) [43] was used to perform continuous shape measures. Thermal vibrations were treated anisotropically for all non-H atoms in both compounds and hydrogen atoms were placed in calculated positions using standard SHELXL parameters. The population factor for the water molecule was initially refined without restriction and fixed to 0.75 in the last refinement cycle. The measured crystal for 1a is a non-merohedrical twin of two components (principal component: 78%). The refinement has been carried out with a hklf5 file taking into account only one component. CCDC-1810974 (1) and 1810975 (1a) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.



Table 1. Crystallographic data for 1 and 1a.







	
Parameters

	
1

	
1a






	
Formula

	
C20H51Cu2Mo8N8O27.5

	
C20H48Cu2Mo8N8O26




	
FW (g mol−1)

	
1738.3

	
1711.26




	
Crystal System

	
Triclinic

	
Triclinic




	
Space Group

	
P-1

	
P-1




	
a (Å)

	
9.6366(5)

	
9.6460(5)




	
b (Å)

	
10.3864(6)

	
10.3541(7)




	
c (Å)

	
12.3411(6)

	
12.2349(8)




	
α (˚)

	
73.222(4)

	
73.882(6)




	
β (˚)

	
83.260(4)

	
84.087(4)




	
γ (˚)

	
76.865(5)

	
76.875(5)




	
V (Å3)

	
1149.92(11)

	
1142.22(12)




	
Z

	
1

	
1




	
ρcalcd (g cm−3)

	
2.510

	
2.488




	
μ (mm−1)

	
3.102

	
3.118




	
Collected Reflections

	
7539

	
8043




	
Unique Reflections (Rint)

	
4062 (0.035)

	
4362 (0.031)




	
Observed Reflections [I > 2σ(I)]

	
3394

	
3527




	
Parameters

	
304

	
293




	
R(F)a [I > 2σ(I)]

	
0.038

	
0.026




	
wR(F2)a [all data]

	
0.104

	
0.065




	
GoF

	
1.059

	
0.950








aR(F) = Σ||Fo−Fc||/Σ|Fo|; wR(F2) = {Σ[w(Fo2−Fc2)2]/Σ[w(Fo2)2]}1/2.










3. Results and Discussion


3.1. Synthesis and Infrared Spectroscopy


Reactions aiming the preparation of [Cu(cyclam)]2+/[PMo12O40]3− hybrids were initially performed in open bench conditions using acetate/acetic acid buffered media. No identifiable solid product was obtained after testing different temperatures (room temperature, 60 °C, reflux conditions) and stoichiometric ratios. However, the hydrothermal synthesis involving equimolar amounts of phosphomolybdic acid and cyclam ligand and a great excess of a copper(II) salt in a buffered NaOAc/HAc media resulted in crystals of compound 1. The success of the reaction was firstly identified by infrared spectroscopy (FT-IR). As shown by the FT-IR spectrum of 1 when compared with that of the H3PMo12O40 precursor (Figure 1), the stretching vibrational band ν(P–O) at 1064 cm−1 was absent in 1, indicating that the reaction promotes the decomposition and subsequent rearrangement of the POM precursor to lead to a isopolyoxomolybdate anion. In addition, major modifications in terms of position and relative intensity took place in the 700–100 cm−1 region for the bands arising from Mo-Ot and Mo-Ob-Mo bonds (t = terminal, b = bridging). The organic region above 1000 cm−1 in 1 was dominated by signals of medium-weak intensity associated with C–N, C–C, C–H bonds that confirmed the presence of the cyclam ligand. Consequently, in order to optimize the reaction conditions, additional experiments were performed under similar conditions, but using a molybdate source, i.e. Na2MoO4·4H2O or (NH4)6Mo7O24·4H2O, instead of the POM precursor. Unfortunately, no identifiable crystalline product was obtained in the course of these studies.


Figure 1. Fourier transform-infra-red (FT-IR) spectrum of 1 compared with that of the H3PMo12O40 polyoxometalate (POM) precursor.
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3.2. Thermostructural Analysis


The thermostructural behavior of 1 was investigated by a combination of thermogravimetric (TGA) and variable temperature powder X-ray diffraction (PXRD) analyses. The TGA curve (Figure 2a) shows that the thermal decomposition proceeded via three well-differentiated steps. The initial continuous mass loss below 130 °C corresponded to the dehydration process and implies the release of 1.5 water molecules [% mass, calc. (found): 1.55 (1.62)]. Total dehydration leads to the anhydrous phase (1a), which is thermally stable up to ca. 290 °C. The relatively long thermal stability range for 1a suggests its robust nature. Above this temperature an exothermic mass loss takes place that corresponds to the combustion of two cyclam ligands per octamolybdate unit [%mass, calc. (found) for 2 × C10H24N4: 23.05 (22.74)] and the breakdown of the POM framework. The final residue is obtained at ca. 510 °C and it accounts for the 75.64% of the initial mass (%mass, calc. for Cu2Mo8O26 75.40).


Figure 2. (a) Thermogravimetric (TGA) curve of 1; (b) variable temperature powder X-ray diffraction (PXRD) studies for 1; (c) expanded region of the PXRD patterns highlighting subtle differences between 1 and 1a.
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In order to investigate thermally triggered structural transformations that 1 could undergo, variable temperature PXRD experiments were carried out. As mentioned before, two different behaviors have been observed in related hybrid compounds based on {Cu(cyclam)}2+ units previously reported by some of us [28,29,30]. In the case of robust frameworks, they remained virtually unaltered upon thermal evacuation of guest solvent molecules, whereas dynamic structures undergo crystalline phase transitions promoted by the thermal stimulus. Experimental diffraction patterns registered between 30 °C and 600 °C (Figure 2b) showed that 1 retained its crystallinity upon dehydration up to temperatures in the 100–120 °C range. Total dehydration did not imply substantial variation in neither the positions nor the intensities of the diffraction maxima when comparing the PXRD pattern of the anhydrous phase 1a with that of the hydrated 1. No modification was observed in the two most intense diffraction maxima located at the low 2θ region (7–10°). However, subtle modifications could be noticed upon close inspection of weak intensity peaks in the 2θ = 20–35° domain. More specifically, the group of maxima centered at 22.5° and 24° appeared to shift slightly, whereas the intensity of those located at 26.3°, 28.4° and 33.3° underwent small but perceptible variations (Figure 2c). This fact indicated that dehydration did not result in drastic structural changes or changes in the cell parameters of 1. The crystalline phase 1a was stable from 130 °C up to 290 °C, as expected from the above-mentioned thermal studies. Signs of a high temperature phase were appreciable ca. 310 °C but unfortunately, we were not able to perform its reliable identification. A new crystalline phase started appearing at temperatures above 360 °C and it reached complete formation at 430 °C, which corresponded to the final residue of the thermal decomposition. At this point, the pattern was defined enough for being identified as a mixture of the orthorhombic Pbnm MoO3 [44] and the triclinic P-1 phase of CuMoO4 [45] in an approximate 6:2 ratio.




3.3. Crystal Structures of 1 and 1a


Compound 1 crystalized in the triclinic, P-1 space group and its asymmetric unit contained one-half of the {Mo8O26}4− unit, two crystallographically independent, centrosymmetric {Cu(cyclam)}2+ complexes and one water molecule of hydration with a population factor of 75% (Figure 3). The {Mo8O26}4− species belonged to a polymeric structure formed by γ-octamolybdate subunits. It is worth highlighting the large variety of octamolybdate-type clusters that can be found in the literature since crystal structures of as much as nine isomeric forms namely α, β, γ, δ, ε, ζ, η, θ, ι and the partially reduced χ have been reported to date [46,47,48,49,50]. The [γ-Mo8O26]4– anion consists of six octahedral {MoO6} and two five-coordinated {MoO5}, resulting in two {Mo4O15} rhomb-like tetramers linked to each other through edge sharing. Because of the presence of five-coordinated molybdenum centers, γ-octamolybdate anions can be organically derivatized with alcoxo groups [51,52], and tend to further condense in acidic conditions with analogous clusters, leading to polymeric chains based on the γ-Mo8O28 subunit. The connection usually takes place by sharing one or two corners with adjacent units that result in {Mo8O27}n and {Mo8O26}n like chains, respectively and less frequently via edge sharing. Furthermore, depending on the type of oxygen atoms (axial, Oa; or equatorial Oe) taking part in the linkage head-to-tail and side-to-side geometries can be distinguished [53] (Figure 4). The {Mo8O26}n polymers in 1 were constituted by γ-octamolybdate subunits linked to each other by sharing two corners in a head-to-tail fashion. In addition, Bond Valence Sum (BVS) calculations confirmed the absence of any protonation site within the POM anion [42]. All the structural evidences of {Mo8O26}n type chains found in the Cambridge Structural Database [54] are compiled in Table 2.


Figure 3. Ball & stick representation of the {γ-Mo8O26}4− unit and bridging {Cu(cyclam)}2+ complexes in 1, together with atom labeling. Hydrogen atoms and water molecules are omitted for clarity. Color code: Mo, blue; Cu, violet; O, red; N, green; C, grey. Symmetry codes: (i) 2 − x, 2 − y, 1 − z; (ii) x, y, 1 + z; (iii) 1 + x, 1 + y, z.
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Figure 4. Schematic representation of the polymeric entities based on the γ-Mo8O28 subunit. Highlighted head-to-tail {Mo8O26}n chains found in 1. (Code: ht = head-to-tail; ss = side-to-side; Oa = axial oxygen atom; Oe = equatorial oxygen atom).
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Table 2. List of compounds containing {Mo8O26}n4n− chains.







	
Formula

	
Ref.

	
Formula

	
Ref.






	
ht

	

	
ss

	




	
(H3tib)2[Co.(H2O)2(Mo8O26)2]·2H2O

	
[55]

	
[Ag2(trz)2]2[Mo8O26]

	
[56]




	
(H4bbpbm)[Mo8O26]·2H2O

	
[57]

	
[Cu(3-dpye)(Mo8O26)(H2O)8]·2H2O

	
[58]




	
[Cu(die)2(Mo8O26)]

	
[59]

	
[Cu(H2bbpbm)(Mo8O26)]·3H2O

	
[57]




	
(H2dmeen)2[Mo8O26]

	
[60]

	
(H2dmen)2[Mo8O26]·2H2O

	
[61]




	
edge

	

	
(H2dmpip)2[Mo8O26]

	
[62]




	
{[Ni(H2bpim)3(Mo8O26)2(H2O)2]·2H2O

	
[63]

	
(H2dabco)2[Mo8O26]·4H2O

	
[64]




	
(bmim)2[Mo8O26]

	
[59]

	
(H2dabco)2[Mo8O26]·4.66H2O

	
[64]








Abbreviations: 3-dpye = N,N′-bis(3-pyridinecarboxamide)-1,2-ethane; bbpbm = 1,1’-(1,4-butanediyl)bis[2-(4-pyridyl)benzimidazole]; bmim = 1,1’-bis(1-methylimidazolium)methylene; bpim = 1,1’-bis(pyridin-3-ylmethyl)-2,2’-biimidazole; dabco = 1,4-diazabicyclo[2.2.2]octane; die = 1,2-diimidazoloethane; dmeen = N,N'-dimethyl-N-ethylethylenediamine; dmen = N,N-dimethylethylenediamine; dmpip = 1,4-dimethylpiperazine; tib = 1,3,5-tris(imidazol-1-ylmethyl)benzene); trz = 1,2,4-triazole.








The two crystallographically independent {Cu(cyclam)}2+ complexes (Cu1 and Cu2) play the role of linking moieties between octamolybdate chains resulting in a three-dimensional covalent framework. The CuN4O2 coordination spheres around both copper ions can be best described as distorted octahedral, in which the N atoms of the cyclam ligand form the equatorial plane and terminal O atoms from adjacent POM-chains occupy the centrosymetrically related axial positions. Whereas Cu-N and Cu-OPOM bond lengths for Cu1 are in the expected range (around 2.0 Å and 2.3 Å, respectively) for an octahedron with a slight Jahn-Teller distortion, the axial elongation in Cu2 is much more pronounced with Cu–OPOM bond lengths approaching semi-coordination (2.7 Å). These observations are in good agreement with the continuous shape measurement (CSM) calculations [43] carried out for the six-coordinated centers in comparison to the ideal octahedral (Oh) geometry (Table 3). According to the literature, transition metal complexes of the cyclam ligand can adopt up to five different geometrical isomers (from trans-I to trans-V) depending on the ligand conformation and, more specifically, on whether the N−H bonds are located above or below the MN4 plane [65]. Both Cu1 and Cu2 display the so-called trans-III configuration in which two N−H bonds point to one side of the CuN4 equatorial plane and the other two N−H bonds point to the opposite side. This is in perfect agreement with previous reports in the literature, which have shown that the most favorable configuration of a {Cu(cyclam)} complex with an octahedral geometry is indeed the trans-III one [66].



Table 3. Bond lengths (Å) of the copper(II) centers in 1 and 1a.







	

	
1

	
1a






	
Cu1

	

	




	
Cu1-N1A

	
2.011(8)

	
2.008(8)




	
Cu1-N1A i

	
2.011(8)

	
2.008(8)




	
Cu1-N4A

	
2.026(8)

	
2.036(8)




	
Cu1-N4A i

	
2.026(8)

	
2.036(8)




	
Cu1-O1L

	
2.299(5)

	
2.287(6)




	
Cu1-O1L i

	
2.299(5)

	
2.287(6)




	
CSM (Oh)

	
0.562

	
0.477




	
Cu2

	

	




	
Cu2-N1B

	
2.000(5)

	
2.007(8)




	
Cu2-N1B ii

	
2.000(5)

	
2.007(8)




	
Cu2-N4B

	
2.013(6)

	
2.007(6)




	
Cu2-N4B ii

	
2.013(6)

	
2.007(6)




	
Cu2-O2L

	
2.725(8)

	
2.742(12)




	
Cu2-O2L ii

	
2.725(8)

	
2.742(12)




	
CSM (Oh)

	
2.442

	
2.569








Symmetry codes: (i) −x, −y, −z; (ii) 1 − x, 1 − y, 1 − z.








The crystal packing of 1 consist in a three-dimensional covalent open-framework constructed by hybrid layers of {Mo8O26}n4n− anions running along the crystallographic x axis linked by the Cu1 bridging moieties along the [1] direction. These hybrid layers parallel to the xz plane are further connected through Cu2 complexes along the [10] direction, in such way that each polymeric anion results linked to the four neighboring chains. Two different grafting sites can be identified for the two complexes: inner (for Cu1) and bridging (for Cu2) {MoO6} moieties between Mo8O26 subunits (Figure 3). This arrangement leads to the formation of hybrid grids, the stacking of which results in water accessible voids (Figure 5a,c). The covalent hybrid framework is reinforced by C—H···O and N—H···O-type hydrogen bonds established between cyclam ligands and POM oxygen atoms as well as hydration water molecules (Table 4). At the first glance, the structural assembly seems to generate square-like channels parallel to the x axis where the hydration water molecules are hosted. However, the representation of the solvent accessible space shows that these channels are disrupted and could be best described as a succession of cavities communicated through narrow bottlenecks (Figure 5b,d). Thus, the wall of each void is delimited by rings of four octamolybdate units belonging to different chains and four {Cu(cyclam)}]2+ complexes in alternate fashion with an approximate cross section of about 4.0 × 6.8 Å2 (distances C6A···C6A and C5B···C5B). The total solvent accessible volume of the voids centered at (1/2, 1/2, 0) is 80 Å3 per unit cell, which only accounts for the 6.9% of the cell volume as calculated using PLATON [40].


Figure 5. (a) Crystal packing of 1 viewed along the crystallographic x axis and (b) surface representation of the solvent accessible voids. (c) Crystal packing of 1 viewed along the crystallographic z axis and (d) surface representation of the solvent accessible voids. Hydrogen atoms are omitted for clarity. Color code: same as in Figure 3.
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Table 4. Bond lengths (Å) of the copper(II) centers in 1 and 1a.







	

	
1

	
1a






	
N1A···O3 i

	
2.915(8)

	
2.901(8)




	
N4A···O4 i

	
3.494(7)

	
3.401(8)




	
N1B ···O1

	
3.089(7)

	
3.068(8)




	
N1B···O14

	
3.416(6)

	
3.403(7)




	
N4B···O23 ii

	
2.845(7)

	
2.827(8)




	
C2A···O2

	
3.324(9)

	
3.240(9)




	
C5A···O1w

	
3.366(13)

	




	
C6A···O4 iii

	
3.498(8)

	
3.394(9)




	
C7A···O1

	
3.513(9)

	
3.486(8)




	
C2B···O13 ii

	
3.154(8)

	
3.151(8)




	
C3B···O1

	
3.133(9)

	
3.139(9)




	
C5B···O2L

	
3.299(8)

	
3.287(9)




	
C6B···O14

	

	
3.349(7)




	
C7B ···O13 iv

	
3.273(9)

	
3.251(10)




	
O1w···O2 v

	
2.919(10)

	




	
O1w···O4

	
2.982(10)

	








Symmetry codes: (i) −x, 2 − y, −z; (ii) −x, 1 − y, 1 − z; (iii) x, y, 1 + z; (iv) 1 − x, y, z; (v) 2 − x, 2 − y, 2 − z.








According to variable temperature PXRD results, 1 preserves its crystallinity upon thermal evacuation of guest solvent molecules without any significant structural modification. In view of this, we decided to perform single crystal XRD experiments on crystals of 1 heated at 130 °C to determine minor changes that could take place or whether the three-dimensional assembly in 1 remains completely unaltered in the anhydrous 1a. Crystals of 1 preserved their integrity upon thermal treatment, so that we were able to perform a full data acquisition for 1a. Nevertheless, although five crystals from different batches were tested, all of them were twinned (for refinement details see experimental section). As expected from PXRD studies, the hybrid framework in 1a proved to be virtually identical to that of the parent 1. Cell parameters and the arrangement of the constituent building blocks, including bond lengths and geometrical distortion belonging to Cu(II) coordination spheres (Table 3), remained almost invariable. The release of water molecules hardly produces small changes in the hydrogen-bonding network that can be viewed in the shortening (about 0.1 Å) of contacts implying POM oxygen atoms (O2 and O4) that have been involved in Ow–H···OPOM interactions in the parent hydrated phase 1. The total solvent accessible volume remains almost constant as well (75 Å3 per unit cell, 6.6% of the cell volume). The absence of any important change upon dehydration confirms the robustness of the hybrid open-framework, and indicates that the lattice water molecules in 1 do not play any structural role. Since the solvent accessible volume of 80 Å3 in the hydrated phase 1 barely corresponds to two water molecules considering the 40 Å3 occupied per each entity according to PLATON and the minimal contraction that it undergoes upon thermal activation, the applicability of the hybrid material for gas storage has been completely dismissed. However, the permanent microporous nature of 1a could be potentially exploited for the separation of small neutral molecules (e.g., H2), which is considered a hot topic of a key interest from industrial and environmental viewpoints.




3.4. Electron Paramagnetic Resonance Spectroscopy


The X- (ν = 9.39 GHz) and Q-band (ν = 33.90 GHz) EPR spectra were recorded at room temperature on a powdered sample of 1 (Figure 6). Both spectra display the characteristic signal of a g tensor with rhombic symmetry, accompanied by the absence of any kind of hyperfine structure. The resonances could be reasonably good fitted to a single Lorentzian signal whose g values compare well with those expected for axially elongated octahedral CuIIN4O2 chromophores [67] (Table 5).


Figure 6. Experimental and calculated (a) X-band and (b) Q-band electron paramagnetic resonance (EPR) spectra of 1 at room temperature.
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Table 5. Rhombic g exchange tensors in 1 obtained from the fitting of the X- and Q-band EPR spectra.







	

	
X-Band

	
Q-Band






	
g1

	
2.159

	
2.168




	
g2

	
2.077

	
2.076




	
g3

	
2.049

	
2.048










Taking into account the structural features of 1, the absence of hyperfine splitting together with the presence of a single signal in a system showing two crystallographically independent CuII centers indicate that paramagnetic ions are not magnetically isolated in the structure; i.e., it suggests that the spectra originate from an exchange tensor with contributions from both magnetic centers, rather than from a molecular tensor. In good agreement with this hypothesis, G values (as defined by Hathaway [68]) corresponding to both spectra are considerably smaller than 4 (X-band: 2.5; Q-band: 2.7). The fact that all the ions of the same type are magnetically equivalent allows the good resolution of the spectra even if the coordination environment of the two inequivalent CuII centers is different. The observed value for g1 is smaller than that expected for any of the two individual species due to the perpendicular relative orientation of the main axis for both chromophores. Similarly, the g3 is greater than 2.04 as expected for a dx2−y2 type ground state centers. Finally, it is worth noting that the spectral resolution is similar for the two applied frequencies (X- and Q-band). This fact implies that the magnitude of the magnetic exchange has to be greater than the energy gap between the states arising from the Zeeman splitting in Q-band, that is, around 1 cm−1.





4. Conclusions


The study presented herein represents the first example of a POMOF-like compound based on polymeric molybdate units, namely, [Cu(cyclam)]2[Mo8O26]·1.5H2O (1) that have been hydrothermally synthesized and chemically characterized. The open covalent three-dimensional framework of 1 is constituted by chains formed by γ-octamolybdate subunits, linked to each other through the {Cu(cyclam)}2+ complexes and displays structural voids that can be described as pockets communicated through narrow necks. The open framework of 1 remains virtually unaltered upon thermal evacuation of guest solvent molecules resulting in the anhydrous phase 1a with potentially accessible micropores as demonstrated by single-crystal X-ray diffraction. Therefore, we plan to take advantage of this feature to explore the applicability of this compound in the purification of mixtures of small molecules by selective capture. Currently, additional synthetic work is being carried out for the Mo/transition metal/cyclam system, the result of which will be reported elsewhere in due course.
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