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ABSTRACT: The reaction of VOSO, with 2-carboxyethylpho-
sphonic acid (H,-CEP) in presence of piperazine (PIP) pro-
duces a 3D inorganic—organic hybrid framework, {(H,PIP), s
[VO(CEP)]-H,0} (1) with bidirectional channels occupied
by the H,PIP cations and H,O molecules. The PO5>~ unit of
CEP connects three V'V centers to generate a 1D ladder, which
is further linked to four such ladders by the CEP linkers to
form a 3D hybrid framework. The dehydrated framework,
{(H,PIP),s[VO(CEP)]} (1') shows selective and gated ad-
sorption behavior with H,O but not with methanol and ethanol.

aq. NaNO, solution

T vomudtum MOF

A polyvoxovanadate cluster

Very interestingly, when 1 is treated with an aqueous solution of LINO;/NaNOj, the framework breaks down and results in a new
polyoxovanadate (POV) cluster, [Hs(H,PIP);] [V 1,V'Y,055(PO,4) ] 8H,0 (2) at pH A 2.1. The cluster has been characterized by
single-crystal X-ray diffraction, *'P NMR, EPR, and magnetic studies. The temperature-dependent magnetic susceptibility
measurement suggests antiferromagnetic ordering in 1 with Ty &~ 3.8 K.

B INTRODUCTION

Metal—organic frameworks (MOFs) or porous coordination
polymers (PCPs) are crystalline hybrid materials and are strate-
gically constructed by linking metals, metalloligands, or metal
clusters with bridging organic linkers." MOFs with regular and
tunable pore structure are very attractive for many practical
applications, such as gas storage, selective adsorption, separation,
catalysis, exchange processes, sensing, and drug delivery.” ®
Realizing the enormous means of combining metals and ligands,
the syntheses of MOFs have a very wide scope, and this is reflected
in the current literature, which display a wide variety of structures.
Although the last statement holds good for most of the first row
transition metals, to our surprise, reports on vanadium MOFs
(VMOFs) are scanty in the literature.” During the early period of
the last decade, Férey and co-workers have reported structures of
few VMOPFs (e.g, MIL-26 and MIL-47), which they synthesized
under hydrothermal conditions.”*'® At a later stage, MIL-47 has
been explored for several applications, for example, separation of
xylene isomers, incorporation of metallocenes, etc.'" A couple of
reports appeared in the middle of the last decade that describe the
use of phosphonates and organodiphosphonates for the construc-
tion of vanadium open frameworks.”> ¢ A few reports also exist
where synthesis and characterization of mixed metal (vanadium
and other metal) frameworks have been reported.”®'? Because of
the high nuclear charge of vanadium (43, +4, and +5), VMOFs
show structural rigidity and robustness and hence exhibit many
interesting electronic and magnetic properties.10
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Apart from this, recently polyoxovanadate (POV) clusters, a
class of polyoxometalates (POMs), have also been used as a linker
for fabricating functional vanadium framework structures,'>!3
POM clusters are an interesting class of compounds because of
their versatile electronic and magnetic properties and also exhibit
potential applications in biology and catalysis."* Mixed-valent
POV/POM clusters have evoked considerable interest because
these molecular fragments encapsulate charged or neutral species
that function as structure directors in the self-organization
process of the formation of the metal oxide cage; they can also
be good model systems in the design of complex materials
intermediate between molecular compounds and infinite solids.
Although, several reports have appeared in the literature on the
construction of MOFs from POMs, to the best of our knowledge,
the other way, that is, POMs from MOFs, has never been
realized.'?*'>

In this work, we report a VMOF, { (H,PIP),s[ VO(CEP)] -H,O}
(1), which has been synthesized using a bifunctional ligand,
2-carboxyethylphosphonic acid (H,-CEP) under hydrothermal
conditions and autogenous pressure. The compound shows
selective adsorption of water vapor over organic solvents at
ambient temperature. Moreover, the presence of an unpaired
electron in the d-orbital of V*" gives rise to interesting magnetic
properties, and the compound orders antiferromagnetically below
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Figure 1. (a) View of the coordination environment of V in framework 1. Color specifications: vanadium, blue; phosphorus, green; oxygen, red; carbon,
gray. (b) View along crystallographic ¢ direction (green color molecules imply piperazine cations); guest water molecules are shown as large balls. (c) 3D
view of compound 1 showing H,-PIP molecules in the channels along the a direction. Color specifications for panels b and c: vanadium, sky blue;
phosphorus, pink; oxygen, red; carbon, gray; nitrogen, blue. (d) Schematic representation of the four-connected net; the green balls represent V1 nodes,

and pink balls represent the four-connected ligand CEP.

3.8 K. Further, here we employ a top-down approach to fabricate
a POV dluster, [Hs(H,PIP),][VV1,V"Y,034(PO,)]-8H,0 (2),
by dismantling the VMOF 1 in aqueous medium and at low pH,
~2.1. To establish that use of the framework 1 is the prerequisite
for the formation of the POV, experiments have been carried out
by mixing the components of MOF 1 with NaNO;/LiNO; and
to our anticipation the latter did not yield any POV.

B RESULTS AND DISCUSSION

Synthesis and Structure of {(H,PIP), s[VO(CEP)]-H,0} (1).
In general, synthesis of higher dimensional MOFs in presence of
water or other coordinating solvents is not always trivial. Use of a
second spacer is helpful under the above mentioned conditions
as it can pillar the framework and imparts higher dimensionality.
A multifunctional ligand with more than one functional group,
such as carboxylate (—CO,) and phosphonate (—POj3), where
the latter has the capability of binding more than one metal
center, would be another choice to obtain higher dimensional
frameworks. Here we have employed a bifunctional ligand, H,-
CEP, and allowed it to react with V'V under hydrothermal
conditions resulting in a 3D VO*" framework 1. Piperazine
countercation acts as a structure-directing agent and balances the
residual charge in the framework; the cation was generated under
acidic conditions. X-ray single-crystal structural characterization
reveals that compound 1 crystallizes in a monoclinic space group,
P2,/n. The asymmetric unit comprises one oxovanadium (VO’%),

one CEP ligand, half of a piperazine countercation, and one guest
water molecule. Each V1 atom is octahedrally coordinated to one
oxo group (O6), one chelated carboxylate group (O1 and 02),
and three phosphonyl oxygens, O3, 04, and OS5, from three
different CEP ligands (Figure 1a). The V1—O bond lengths lies
in the range of 1.958(4)—2.317(5) A except V=0, which is
1.612(5) A. Each V1 center in the structure locates itself in a
highly distorted octahedral geometry, and the distortion is
reflected in cisoid (60.58(15)°—109.2(2)°) and transoid angles
(148.03(19)°—163.98(19)°). The PO5>~ group of each CEP
ligand binds three V1 centers in a tridentate fashion, while each
carboxy group binds one V1 center in a bidentate fashion. The
tridentate binding mode of PO,*~ with V1 results an eight-
membered ring containing two V centers, four oxygens, and two
P atoms from two PO5>~ groups (Figure 2a). The third oxygen
atom of PO;* group renders the eight-membered ring to
progress in the crystallographic a direction to form a ladder-like
structure where V1—04—P1 acts as a rung of the ladder
(Figure 2b). The ladders are connected to each other by CEP
ligand with the aid of carboxylate coordination to V center to
generate a 3D open framework structure (Figures 2¢ and
1b,c). Topological analysis with TOPOS 4.0'® reveals that
1 is a four-connected net with Schlifli symbol {4-6°-8}
(Figure 1d). The framework houses bidirectional channels: one
hexagonal along the a direction occupied by H,-PIP cations and
the other along the [101] direction occupied by guest water
molecules (Figure 1c and Figure S3, Supporting Information).
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Figure 2. A simplified and stepwise demonstration of the construction of 3D framework of 1 from eight-membered rings and ladders. From the
symmetry point of view, the ladders are generated in the unit cell by the successive application of 2, screw axis along b and by n-glide.

Figure 3. Crystal structure of the polyoxovanadate (2). (a) PO,>” anion
sitting in the cavity of POV is shown in polyhedron view. Color specifications:
vanadium, sky blue; oxygen, red; phosphorus, green. (b) Crystal packing of
the cluster viewed along crystallographic ¢ direction. Color specifications:
POVs, green; H,PIP cations, blue; guest water molecules, maroon.

A simplified demonstration of formation of the 3D framework of
1 is shown in Figure 2. The guest-free framework contains 33.9%

5147

void volume per unit cell volume (321 A®) as calculated by
PLATON."

Synthesis and Characterization of the Polyoxovanadate
(POV), [Hs(H,PIP);3] [VY1,V"V,035(P0,)]-8H,0 (2). POVs are
widely known to assemble in aqueous solution where fH of the
reaction media (usually low pH) is always crucial.'® Organic
molecules as templates play a significant role in the formation of
unusual structures of POVs;'? a large number of clusters have
been assembled with varying V**/V°" through the linking of
VO,"" polyhedra (tetrahedra, square-pyramids, and octahedra),
using a variety of organic bases. In the case of POVs, in most
cases, the structure-directing organic molecules are either found
inside the cavity of the cluster or outside as countercations.
N-containing ligands, such as ethylenediamine (en), tetrame-
thylammonium (TMA), 1,4-diazabicyclooctane (DABCO), 2,
2/ bipyridine, etc., have been commonly employed as templates.*
The geometry of the guest has been identified as the major
influence in the formation of these POVs although in many
instances the organic molecules merely appear as countercations.
Although, several routes have been employed to obtain POVs
with variety of structures, a MOF has never been used as a
precursor to synthesize such cluster compounds. We have
adopted a simple “top-down” approach for obtaining a POV by
the reaction of the parent VMOF (1) with either NaNOj or
LiNOj; under aqueous solution at pH & 2.1. At low pH, the
VMOF disintegrates, and most probably, concomitant hydrolysis
of the CEP ligand results in PO, anions (found to occupy the
cavity of the cluster) that initiate the nucleation. Moreover, the
VMOF also houses piperazine cations in the framework, a
structure-directing agent for POVs. We believe it is the culmina-
tion of these two factors, formation of the PO,>~ anion and
presence of the piperazine cation in the framework, that provide
the necessary driving force for the assembly of the present POV
at the mentioned pH.

Single-crystal structural determination reveals that the com-
pound 2 crystallizes in a monoclinic system with C2/c space
group and consists of one [V ,V'",055(PO,4) 1"~ moiety, three
(H,PIP)®" cations, five protons, and eight lattice water molecules.
As shown in Figure 3a, the polyoxoanion [VVIZVIVZO38(PO4)] 1
is based on the well-known Keggin structure with seven pairs of
four-coordinated terminal {VO>*} units where each V is five-
coordinated and has a distorted square-pyramidal geometry.
V—0O bond distances and O—V—O bond angles are in the range
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Figure 4. (a) *'P NMR spectrum of compound 2; (b) X-band EPR
spectrum of solid sample of compound 2 at 295 K.

of 1.579(7)—2.384(6) Aand 72.3(2)°—169.4(3)°, respectively.
The peripheral {VOs} square pyramids are connected with each
other via two types of oxo-bridges (14,-O and u3-O bridge). The
cluster houses a {PO4}37 anion in its cavity (Figure 3a), which
has several semibonding interactions (average V- - - O distance,
2.374 A) with vanadium atoms of the POV. The presence of P in
the cluster has been confirmed by *'P NMR spectrum (Figure 4a)
and EDX analysis (Figure S4, Supporting Information). The P—O
distances are in the range of 1.526(6)—1.531(6) A and the
O—P—O0 angles vary from 109.1(3)° to 110.0(3)°. H,PIP cations
are intercalated between the polyoxoanions (Figure 3b) and are
involved in several hydrogen bonding interactions resulting a 3D
supramolecular structure (Figure SS, Supporting Information).
The assignments of oxidation states for the vanadium atoms
are consistent with the overall charge balance of the compound
and are confirmed by EPR (Figure 4b), magnetism (Figures S6
and S7, Supporting Information), and valence sum calculations.
The EPR spectrum of compound 2 shows a sharp isotropic signal
with a relatively small g value (g = 1.99633 at room temperature)
indicating the existence of unpaired electrons.”" Variable-tem-
perature magnetic susceptibility of 2 was measured between 5
and 300 K, and the magnetic behavior in the form of )5, vs T and
AmT vs T are shown in Figure S6, Supporting Information. As can
be seen from )T vs T plot, the value of yyT (at 300 K 0.57 cm®
mol ' K) continuously decreases with temperature, and at $ K, it
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Figure 5. TGA of compound 1 carried out under N, atmosphere.

become 0.26 cm® mol ™' K. The y; ' vs T plot is almost linear
down to 30 K (Figure S7, Supporting Information) and follows
the Curie—Weiss law with C = 0.5040 cm® mol ' K and Weiss
temperature 0 = —1.19 K. These features indicate weak anti-
ferromagnetic interaction operating in the cluster. The magnetic
moment (i) calculated from susceptibility data turns out to be
2.1S uB at room temperature slightly lower than the theoretically
calculated value of 2.84 uB for two unpaired spins. The observed
magnetic moment, U g suggests the presence of two V* centers
in 2. The lower value of ¢ g can be attributed to the delocalization
of two unpaired electrons within the whole POV cluster. The
valence sum calculations give values of 4.94, 5.26,4.51, 4.92, 4.83,
4.95, and 4.88 for V(1), V(2), V(3), V(4), V(5), V(6), and V(7),
respectively, with average value of 4.90 (the expected average
value for V37 ,V*", is 4.86). The valence sum calculation and
Ueg calculated from magnetic susceptibility data suggest that only
2 out of 14 vanadium atoms are in +4 oxidation states with two
electrons delocalized within the whole POV cluster, which is also
in concord with slightly lower g value calculated from EPR data.

Thermal and PXRD Analysis. To evaluate the thermal stability
of the as-synthesised compound 1, thermogravimetric analysis
(TGA) was carried out in the temperature range 30—650 °C
(Figure S). Initial weight loss of ~4.5 wt % in the temperature
range 30—150 °C corresponds to the presence one guest water
molecule in the structure. The profile then shows a long plateau,
and the dehydrated compound, 1/, {(H,PIP),s[VO(CEP)]}, is
stable up to 290 °C and then starts decomposing to an uni-
dentified phase.

The PXRD pattern of compound 1 in different states is shown
in Figure 6. The very good correspondence between the simu-
lated and as-synthesized patterns suggest the high purity of the
bulk sample. PXRD pattern of the heated sample at 100 °C shows
small shift in peak positions suggesting structural rearrangement
upon loss of the lattice water molecule. The structural transfor-
mation is further confirmed by indexing the powder pattern of 1’
by Dicvol91** program, which suggests a new monoclinic cell with
parameters a = 17.214(17) A, b = 11.879(8) A, c = 15.553(13) A,
and 5 = 91.175(93)° (see Supporting Information). When the
dehydrated sample is exposed to water vapor for 48 h, the original
framework regenerates and is also confirmed by indexing (cell
parameters: a = 6.373(8) A; b = 8.982(9) A; ¢ = 16.753(19) A;
[ =100.788(183)°). Thus compound 1 is reversible with respect
to dehydration—rehydration process.
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Figure 6. PXRD pattern of compound 1: (a) simulated; (b) as-
synthesized; (c) dehydrated at 100 °C; (d) rehydrated for 2 days.
Similarity in simulated and as-synthesized pattern indicates high purity
of the compound.
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Figure 7. Solvent adsorption profiles of 1: H,O and EtOH at 298 K and
MeOH at 293 K. P is the saturated vapor pressure of the adsorbates at
the measurement temperature. Closed symbols indicate adsorption and
open symbols desorption.

Adsorption Study. Gas adsorption studies, such as N, (kinetic
diameter, 3.64 A) at 77 K and CO, (kinetic diameter, 3.3 A) at
195 K, with 1’ reveal no uptake suggesting a nonporous phase of
the framework (Figure S8, Supporting Information). Adsorption
studies with different solvent vapors were carried out with 1’ to
get an understanding about the affinity of the framework toward
small molecules. No guest inclusion was observed at very low
pressure and ambient temperature, which suggest a nonporous
phase of the framework. However, very interestingly as the
pressure increases and reaches P/P, ~ 0.2, a gate-opening
behavior was noticed in H,O (kinetic diameter, 2.68 A) adsorp-
tion isotherm (Figure 7). With MeOH (kinetic diameter, 4.0 A)
and EtOH (kinetic diameter, 4.3 A) even at higher pressures, no
uptake was recorded. This suggests hydrophilic nature of the
compound because it adsorbs molecules of H,O selectively over
MeOH and EtOH vapors. The noninclusion of N,, CO,, and
solvent molecules, MeOH and EtOH, can be correlated to larger
size of the adsorbates compared with the channel size and
dynamic nature of the framework. The gate-opening behavior
of H,O adsorption profile (Figure 7) can be explained as follows.
The PXRD pattern of 1’ exhibits small changes in the peak
positions as well as appearance of some new peaks suggesting
structural rearrangement upon dehydration. This suggests the
dynamic nature of the framework 1 and is perceivable because of
the presence of a flexible ethyl group in the CEP ligand that can
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Figure 8. Plot of molar magnetic susceptibility, xn, and yuT as a
function of T for 1 at 1 KOe. Inset: enlarged view of ) vs T plot
showing antiferromagnetic ordering at 3.8 K.

relax upon guest evacuation and subsequently block the pore.
Hence, initially at very low P/Py, it is difficult for the H,O
molecules to penetrate into the framework. However, as the
pressure increases to P/Py, ~ 0.2, the H,O molecules start to
penetrate into the framework because of the enhanced adsorba-
te—adsorbent interaction, and the adsorption curve shows a
steep rise. The H,O adsorption profile becomes almost saturated
at higher P/P and ends with a maximum uptake of 83 mL/g. The
maximum uptake corresponds to 1 mol of H,O per formula unit
of 1. The desorption profile does not trace the adsorption profile
and shows small hysteresis, which also suggests structural
transformation upon dehydration—rehydration.

Magnetic Properties of 1. The temperature dependence of
the magnetic susceptibilities for 1 in the temperature range
2.5—300 K under a 1 kOe applied field was measured using a
Quantum Design PPMS magnetometer. The T value at 300 K
is about 0.39 cm® mol " K (= 0.0013 cm® mol '), close to the
spin only value (0.37 cm® mol ' K) expected for a magnetically
isolated V** with g = 2.0. As the temperature is lowered, y T is
almost constant to 60 K (0.37 cm® mol ' K) and then decrease
rapidly to 0.08 cm® mol ' K at 2.5 K (Figure 8). Moreover y
increases gradually with decreasing temperature and reaches
maximum of 0.0034 cm® mol ' K at 3.4 K, and then Am value
decreases to 0.033 at 2.5 K. The y ' vs T plot is almost linear
down to 30 K (Figure S9, Supporting Information) and follows
the Curie—Weiss law with C = 0.39 cm® mol ' K and Weiss
temperature 0 = —4.32 K. This feature clearly indicates that
antiferromagnetic interaction is operating between the V**
centers bridged by the POy units. The M—H curve at 2.5 K
is almost linear reaching a maximum value of 0.26 N3 at 50 kOe,
which is markedly below the expected value fora V** with S="'/,
(Figure S10, Supporting Information). Taking into account the
structural features of compound 1, further inspection of the
magnetic behaviors is worthwhile. The PO5>" unit of the linker
CEP connects three V*" centers forming a 1D ladder-like
structure; four ladders are connected to each other through the
linker forming a 3D framework (Figure 1c). In the 1D ladder, P
centers and V*" centers are alternately positioned and VOP
forms the rungs of the ladder. Further inspection suggests that
such arrangements of the V centers in the ladders form alter-
native triangles of v (Figure 9), which are inherently fru-
strated, which is clear in the corresponding feature of )T vs
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Figure 9. Figure showing the ladder-like structure formed by PO3>~
group of CEP ligand and V*" center. The V*" ions lie on the vertices of
the triang]e.

T and M vs H curves.”® It has been stated that magnetic
frustration can suppress or significantly reduce long-range order-
ing. Experimentally, the degree of frustration in an antiferromagnet
is defined by the ratio of the Weiss constant to the ordering
temperature, f = [6]/ T2 For compound 1, it is 1.4, which
suggests that frustration is very small in this system. The
observed low-temperature drop in j for 1 suggests that the
net spin moment is suppressed by interladder antiferromagnetic
interactions through the CEP ligand leading to the 3D anti-
ferromagnetic ordering at T = 3.8 K.

Bl CONCLUSION

In summary, we have synthesized a 3D metal—organic frame-
work of vanadium using a doubly functionalized linker, H,-CEP
(carboxy and phosphonyl), under hydrothermal conditions.
The framework shows high thermal stability and a highly selec-
tive gated water adsorption property among a number of gases
(N, CO,) and solvent molecules (MeOH, EtOH). The adsorp-
tion behavior is correlated by smaller channel aperture and
dynamic nature of the framework. The framework exhibits
antiferromagnetic ordering at low temperature through super-
exchange processes between the V** centers bridged by PO5>~
moieties. For the first time, we have shown that a simple 3D
VMOF can act as an eloquent precursor for a novel POV cluster.
Our simple approach would open up new directions toward
synthetic methodologies of novel polyoxometalate clusters.

B EXPERIMENTAL SECTION

Materials. All the chemicals and reagents were commercially available
and used as supplied without further purification. VOSO,-xH,0, 2-car-
boxyethylphosphonic acid, piperazine, and hydrofluoric acid (35%) were
obtained from Aldrich Chemical Co..

Physical Measurements. The elemental analysis was carried out
using a Thermo Fischer Flash 2000 Elemental Analyzer. IR spectra were
recorded on a Bruker IFS 66v/S spectrophotometer using KBr pellets in
the region 4000—400 cm . Thermogravimetric analysis (TGA) was
carried out on a METTLER TOLEDO TGAS8S0 instrument in the
temperature range 30—650 °C under nitrogen atmosphere (flow rate of
50 mL/min) at a heating rate of 5 °C/min. Powder X-ray diffraction
(PXRD) patterns were recorded on a Bruker D8 Discover instrument
using Cu Kot radiation. EPR measurements were carried out in a Bruker

spectrometer in X band with microwave frequency of 9.43 GHz at RT.
*'P NMR spectrum was recorded on a Bruker AV-400 spectrometer
with 85% H3PO, as internal standard.

Magnetic Measurements. DC magnetic susceptibility data of
powdered crystalline samples of 1 and 2 were collected on a vibrating
sample magnetometer, PPMS (Physical Property Measurement System,
Quantum Design, USA), in the temperature range 2.5—300K (5—300K
for 2) with applied field of 1000 Oe (500 Oe for 2). Field variation (—$
to S kOe) magnetization measurement was carried out at 2.5 K.

Adsorption Measurements. CO, at 195 K and N, at 77 K
adsorption studies with the dehydrated sample of 1 prepared at 373 K
under high vacuum were carried out using QUANTACHROME
QUADRASORB-SI analyzer. Dead volume of the sample cell was
measured using helium gas of 99.999% purity. The adsorption isotherm
of different solvents (like H,O and EtOH at 298 K and MeOH at 293 K)
were measured in the vapor state by using BELSORP-aqua volumetric
adsorption instrument from BEL, Japan. In the sample chamber
(~12 mL) maintained at T £0.03 K was placed the adsorbent sample
(100—150 mg), which had been prepared at 373 K at 10" Pa for about
12 h prior to measurement of the isotherms. The adsorbate was charged
into the sample tube, and then the change of the pressure was monitored,
and the degree of adsorption was determined by the decrease in pressure
at the equilibrium state. All operations were computer-controlled and
automatic.

Synthesis of {(H,PIP)o s[VO(CEP)]-H,0} (1). VOSO, (0.196 g,
1.2 mmol), 2-carboxyethylphosphonic acid (H,-CEP) (0.166 g, 1.08 mmol),
and piperazine (PIP) (0.103 g, 1.2 mmol) were taken in a 23 mL Teflon
bomb, and to it 14 mL of H,O was added and the mixture was stirred for
half an hour. To this solution, then two drops of hydrofluoric acid (35%)
was added to adjust the pH to ~S. Then the Teflon bomb was placedin a
stainless steel reactor and heated at 180 °C for 170 h. After completion of
the reaction, the reactor was cooled to RT for 12 h. Good quality light
green crystals together with some green precipitates were obtained. The
crystals were separated, and a suitable crystal was mounted for single-
crystal data. Yield: 35%, relative to V. Anal. Calcd for CsH;,VNO,P: C,
21.44; H, 4.32; N, 5.00. Found: C, 21.14; H, 3.97; N, 4.55. FT—IR (KBr
pellet, 4000—400 cm ™ '): ¥(V=0), 952; v(V—0—V), 815, 749, 717,
614; v(C=0), 1528, 1454; v(CPOs5), 1056, 1018; v(lattice H,0), 3624
(Figure S1, Supporting Information). The vibrations at 3059, 2937,
2829, 1578, 1542, 1412, 1325, 1217, and 1123 cm ™ in the IR spectrum
of 1 can be regarded as features of the piperazine cations. The purity of
the product was confirmed from similarity of PXRD patterns of the bulk
phase with the simulated pattern.

Synthesis of [Hs(H,PIP)31[V";,V"Y,054(PO,4)] - 8H,0 (2). Com-
pound 2 was synthesized by the following procedure. {(H,PIP)
[VO(CEP)]-H,0} (1; 0.027 g) was added to a 20 mL of 1 M
NaNO;/LiNOj solution at room temperature, and the resulting solu-
tion was stirred for 24 h at pH = 2.1. Then the reaction mixture was
filtered and left open in air for crystallization. After ~10 days black
colored crystals were obtained at pH ~ 2.1. Yield: 17%, relative to V.
Anal. Calcd for C;,Hs,V14NgOsoP: C, 7.88; H, 3.14; N, 4.59; Found: C,
7.95; H, 3.01; N, 4.27. FT-IR (KBr pellet, 4000—400 cm~'): ¥(P—0),
1055; v(V=0,), 942; v(V—0,—V), 763, 710; v(V—0O.—V), 586, 534;
v(lattice H,0), 3516; The vibrations at 3314, 3255, 3003, 2906, 1581,
1456, and 1384 cm ™" in the IR spectrum of 2 can be regarded as features
of the piperazine cations (Figure S2, Supporting Information).

Single-Crystal X-ray Diffraction. Suitable single crystals of 1 and
2 were mounted on a thin glass fiber with commercially available super
glue. X-ray single crystal structural data was collected on a Bruker
Smart—CCD diffractometer equipped with a normal focus, 2.4 kW
sealed tube X-ray source with graphite monochromated Mo Ko radia-
tion (4 = 0.71073 A) operating at 50 kV and 30 mA. Crystal data was
collected at 298 K. The program SAINT>* was used for integration of
diffraction profiles and absorption correction was made with SADABS

5150 dx.doi.org/10.1021/ic200463k |Inorg. Chem. 2011, 50, 5145-5152



Inorganic Chemistry

Table 1. Crystal Data and Structure Refinement Parameters
for 1 and 2

parameters 1 2
empirical formula CsH,VNO-P C,Hs7V14NgOsoP
formula weight 280.05 1829.75
cryst. syst. monoclinic monoclinic
space group P2,/n C2/c
a A 6.3846(5) 19.206(4)
b A 16.7722(19) 20.886(4)
o A 8.9996(12) 13.397(3)
Q, deg 90 90
B, deg 100.121(8) 110.247(7)
Y, deg 90 90
v, A3 948.72(18) 5042.0(18)
V4 4 4
T, K 298 298
u, mm " 1.231 2.626
Deyieay g/cm’ 1.947 2.367
F (000) 564 3500
reflns (I > 20(1)] 1352 1931
unique reflns 2448 2681
measured reflns 12711 20434
Rine 0.148 0.108
GOF on F? 1.07 113
Ry[I> 20(1)]* 0.0751 0.0574
R,I>20(1)]° 0.2081 0.1823
Ap max, min [e A7%] 1.13, —0.80 1.40, —1.46

“R=3||Fo| — |E|/ZIF,]. * R, = [S{w(F,> — F2)*}/S{w(E,>)*} ]2

program.”® The structures were solved by SIR 92%° and refined by full-
matrix least-squares method using SHELXL 97.” The non-hydrogen
atoms were refined anisotropically. The hydrogen atoms were fixed by
HFIX and placed in the ideal positions. Potential solvent-accessible area
or void space was calculated using the PLATON'” multipurpose
crystallographic software. All crystallographic and structure refinement
data of the compounds are summarized in Table 1. Selected bond
distances and angles are given in Table S2, Supporting Information. All
calculations were carried out using SHELXL 97,*” PLATON,"
SHELXS 97,*® and WinGX system, ver 1.70.01.%

B ASSOCIATED CONTENT

© supporting Information. X-ray crystallographic files in
CIF format for the two compounds, IR spectra, molecular
figures, magnetic plots, and bond length/bond angle tables
for compounds 1 and 2 and gas adsorption profiles of 1. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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