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results in formation of a one-dimensional inorganic polymer {Na,VO-

ABSTRACT: Crystallization of Na,VOP,0, from its aqueous solution ‘Wone-n D
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(H,0)P,0,+7H,0}, (1). When this polymer is dehydrated at elevated
temperatures this polymer undergoes a phase transition to form the
two-dimensional framework f-Na,VOP,0,, which although previously
reported had been difficult to access. Exchanging lithium for sodium via
ion-exchange chromatography results in formation of a discrete, cyclic,
tetramer species, Lis[ VOP,0,(H,0) - 4H,0], (2). Isolation of crystalline /3-
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Li,VOP,0; using a dehydration procedure analogous to the one employed
for the sodium derivative was unsuccessful. In contrast, we show that 5-K,VOP,0O; can be obtained from the amorphous phase

K,VOP,0,-nH,0 (n = 0—7) upon thermal dehydration.

B INTRODUCTION

Investigations into the chemistry of vanadyl pyrophosphates
have been motivated by their catalytic and biological relevance.
This family of compounds includes the only commercial catalyst
for selective oxidation of butane to maleic anhydride (vanadium—
phosphorus—oxide, VPO or VOPO,)" and insulin-mimetic com-
pounds relevant to diabetes research.'®® To date, structural
studies of these materials have been performed on samples ob-
tained from solid-state, high-temperature syntheses and crystalliza-
tions. Alternatively, organic compounds such as HTMP (2,4,6-
trimethylpyridinium),’ methoxy groups,” or bipyridine* have been
used as supporting ligands, countercations, and/or crystallization
enhancers.

On the other hand, the aqueous behavior of the pyrophos-
phate and vanadyl ions has been investigated extensively; early
studies by Rieger and co-workers determined the solution struc-
ture of sodium vanadyl pyrophosphate to be a cyclic trimer,
[Na,VOP,0,]5,° which was later confirmed by means of elec-
tronic, infrared, and Raman spectroscopies.6 No further attempts
at structural characterization or isolation have been documented.
Thus, we initially sought to isolate and fully characterize this com-
pound in order to study its potential as a catalyst for oxidation
reactions. Herein, we describe the synthesis and characterization
of a new series of vanadyl pyrophosphates, three of which were
prepared using simple benchtop procedures, without using sol-
vothermal methods or even high-temperatures synthesis. These
compounds were found to exhibit a fascinating cation-dependent
structural diversity.
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B EXPERIMENTAL SECTION

General Considerations. Aqueous solutions were prepared using
reagent-grade deionized water (r = 18 MQ/cm; Ricca Chemical Co.,
USA). Organic solvents were reagent grade or better and not dried prior
to use. Commercially available reagents, including Na,P,0,-10H,0,
K,P,0,, LiCl (Aldrich), and OVSO, - 2H, 0 (Strem), were used as received.
High-temperature syntheses were performed in a Lindberg furnace (model
51894).

High-resolution electrospray ionization mass spectrometry (ESI-MS)
was performed using a Bruker Daltonics APEXIV 4.7 T Fourier Trans-
form Ion Cyclotron Resonance Mass Spectrometer (FT-ICR-MS). Qua-
litative elemental analyses were performed using energy-dispersive X-ray
spectroscopy (view Supporting Information for experimental conditions
and images). Quantitative elemental analyses were performed by Mid-
west Microlab, LLC, Indianapolis, IN.

Synthesis of {Na,VO(H,0)P,0,-7H,0}, (1). An aqueous
solution of OVSO,-2H,0 (1.00 g; 1.50 mmol) in 20 mL of H,O was
slowly added to an aqueous solution of Na,P,0,-2H,0 (0.67 g; 1.50
mmol in 20 mL of H,0). After 2 h of stirring, THF (80 mL) was added.
After agitation, the mixture was allowed to settle until an oily, deep blue
gel was formed in the bottom of the flask. The supernatant liquid was
decanted away from the blue phase using a separatory funnel. The blue
gel was then washed with 20 mL of a mixture of water/THF (30:70).
The oily suspension was then diluted with water (S mL), and then in a
100 mL Erlenmeyer flask approximately 30 mL of THF was carefully
layered on top of the blue phase. After 3 days, the THF had diffused into
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the aqueous phase and compound 1 crystallized on the botton of the
flask. After decanting the mother liquid away from the crystals, com-
pound 1 was obtained in 82% yield (0.53 g; 1.23 mmol). Single crystals
of 1 suitable for X-ray diffraction studies were found among the
crystalline product. Crystalline 1 readily loses water with concomitant
loss of crystallinity. Therefore, 1 should be kept in the presence of the
mother liquor to maintain its crystalline form. Alternatively, 1 can be
dried to obtain amorphous 1-nH,0O (Figure 1S, Supporting Informa-
tion), where the value of “n” depends on the drying procedure, with
n values between zero and seven (n = 0—7).

High-resolution negative ESI-MS results are as follows. Found,
837.5009 m/z; caled for [Nas(OVP,0,);] , 837.5012. Anal. Calcd
for Na,V(O)P,0,+8 H,0: P, 14.37; H, 3.74. Found: P, 14.59; H, 3.58.

Synthesis of f-Na,V(O)P,0; (1f). Crystalline 1 was dried
overnight under vacuum. After this procedure, amorphous 1-nH,0
was obtained. Repeated thermogravimetric analyses (TGA) determined
the hydratation state to be n = 3.12. These solids were loaded into an
alumina crucible (1.00 g, 2.91 mmol) and heated using a § °C/min ramp
up to 500 °C and then held at that temperature for an additional 60 min.
After controlled cooling (—10 °C/min), green crystallites (0.78 g, 2.68
mmol) of pure 18 were obtained in 93% yield.” Formation of 18 was
corroborated trough PXRD and SEM-EDX (see Supporting Information).

Synthesis Of Lig[VoP207(H20) '4H20]4 (2). A solution of
OVSO,-2H,0 (0.4S g; 223 mmol) in water (1S mL) was added
dropwise to a solution of Na,P,0-+ 10H,O (1.00 g; 2.24 mmol) in water
(15 mL). The reaction mixture was stirred for 1 h, after which time THF
was added (10 mL). After agitation, an intense blue gel-like product was
formed in the bottom of the flask. This gel was loaded into a 1 X 25 cm
column of Dowex 1 X 4 (200 mesh) ion-exchange resin in the Cl~ form
(after it had been washed with 1.0 M LiCl, followed by pure H,O
immediately before use). A 1 M solution of LiCl was used as the eluent.
Once the first fraction eluted, the eluent was changed to 1.5 M LiCl. The
second (and major) fraction was then collected. This fraction was con-
centrated using the rotovap and subsequently washed with an acetone/
water mixture (ca. 1:10 water/acetone) until no LiCl was observed.
Ultimately, by carefully layering acetone on top of an aqueous solution
of 2, 0255 g of Lig[VOP,0,(H,0) - 4H,0], crystallites was obtained
for a final yield of 33% (7.40 mmol). From among the obtained solids,
some crystals of 2 suitable for single-crystal X-ray diffraction studies were
harvested.

High-resolution negative ESI-MS results are as follows. Found,
502.7473 m/z; caled for [Lig(OVP,0,)4]>": 502.7496. Anal. Calcd for
Li,V(0)P,0,+SH,0: P, 17.96; H, 2.90. Found: P, 17.99; H, 2.92.

Synthesis of -K;V(0)P,0; (3f). A solution of OVSO,-2H,0
(2.40 g, 12.00 mmol in 20 mL of water) was slowly added to a solution of
K,P,0; (4.00 g; 12.00 mmol in 40 mL) in water at ambient temperature.
The reaction mixture was stirred for 1 h. After that, THF was slowly
added until a blue precipitate was formed. This precipitate was filtered
and washed several times with THF/water mixtures (50:50). After
drying under vacuum, a light blue powder was obtained. This powder
was then loaded into an alumina crucible, heated in a furnace using a
5 °C/min ramp up to 550 °C, and then held at that temperature for 2 h.
After controlled cooling (—10 °C/min), green crystallites of 3/ were
obtained in 76% yield (2.91 g; 9.12 mmol). Formation of 3f was cor-
roborated through PXRD and SEM-EDX (see Supporting Information).

Single-Crystal X-ray Diffraction Studies. Low-temperature
diffraction data for compound 1 and 2 were collected on a Bruker D8
three-circle diffractometer coupled to a Bruker-AXS Smart Apex CCD
detector with graphite-monochromated Cu Ka radiation (4 = 1.54178 A).
In both cases ¢ and w scans were performed. The structures were solved
by direct methods using SHELXS and refined against F* on all data by
full-matrix least-squares with SHELXL-97° following established refine-
ment strategies.” All non-hydrogen atoms were refined anisotropically.
Coordinates for hydrogen atoms bound to oxygen were located in the

Table 1. Crystallographic Data for Compounds 1 and 2*

compound 1 2
empirical formula H;¢Na,0,6P,V H,oLigO4,PgVy
fw, g-mol ! 430.99 1199.21
temperature, K 100(2) 100(2)
wavelength, A 1.54178 1.54178
cryst syst monoclinic monoclinic
space group P2,/n C2/m
a A 8.7852(1) 18.3531(4)

b A 9.6094(1) 14.0324(3)
o A 16.7847(3) 11.9795(3)
a, deg 90 90
B, deg 98.571(1) 130.007(1)
Y, deg 90 90
volume, A* 1401.15(3) 2363.14(9)
V4 4 2
density (calc), g/cm® 2.043 1.685
abs coeff, mm ™" 9.539 9.975
F(000) 876 1185
goodness-of-fit on F> 1.228 1.116
final R indices R," = 0.0365, R," = 0.0679,
[ > 20(D)] WRy = 0. 0908 wRy = 0.1792
R indices (all data) R, = 0.0366, R," = 0.0725,
WR® = 0.0910 wRy* = 0.1821

“ Complete crystallographic tables, CIF files, and details regarding the
refinement of both structures can be found in the Supporting Informa-
tion. "Ry = N F,y| — | FIl /Z|F,|. “wR, = [Ew(F,> — F2)*/Z(F,>)*]">.

difference Fourier synthesis and subsequently refined semifreely with
the help of distance restraints. Isotropic displacement parameters of all
hydrogen atoms were fixed to 1.5 times the U value of the atoms they are
linked to. Details regarding the data quality and a summary of the
residual values of the refinements are listed in Table 1.

Both structures presented disordered water molecules and H,O- - -
V=0 moieties (see Supporting Information for further details in
refinement of 2). Disorders were refined using similarity restraints on
1,2 and 1,3 distances and displacement parameters as well as rigid bond
restraints for anisotropic displacement parameters. The ratios between
the components of all disorders were refined freely while constraining
the sum of the occupancies to unity. Similar rigid-bond restraints were
also applied to atoms not involved in disorders to stabilize the refinement.

Powder X-ray Diffraction (PXRD). Experiments were conducted
at the MIT Center for Materials Science and Engineering (CMSE) X-ray
facility using a Panalytical X'Pert Pro diffractometer with a Bragg—
Brentano geometry and High Speed X’Celerator Detector (see Support-
ing Information, Table 28, for further information regarding the experi-
ment and instrumental details). Variable-temperature powder X-ray
diffraction (VT-PXRD) experiments were carried out using an Anton
Paar HTK-1200N oven. Measurements were carried out with constant
flow of nitrogen gas over the sample. The heating program was such that
after initial data collection at room temperature the sample was heated to
100 °C and then in steps of 25 °C until a temperature of 650 °C was
reached. Before each experiment, a 10 min delay was introduced to
ensure equilibrium conditions. All PXRD data was analyzed using X'pert
HighScore Plus Program.'® Theoretical powder patterns were calculated
using the crystallographic information files (*.cif) obtained from the In-
organic Chemistry Structural Database (13 and 3f) or from single-crystal
X-ray experiments (1 and 2).

Thermogravimetric and Calorimetric analyses. Thermogra-
vimetric analyses (TGA) and differential scanning calorimetry (DSC)
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Figure 1. Polyhedral-ellipsoid representation of 1 viewed along the
a axis and with hydrogen atoms omitted for clarity. Displacement ellip-
soids are drawn at the 40% probability level. Color code: V = gray, P =
orange, O = red, Na = purple.

were performed in the Materials Research Science and Engineering
Center at Harvard University using TA Q5000 and Q200 Instruments,
respectively. Unless otherwise noted, samples were usually between S
and 15 mg weight and heated in a platinum (TGA) or aluminum pan
(DSC) under argon (TGA) or nitrogen (DSC) flow with a heating ramp
of 10 °C/min up to 550 °C.

B RESULTS AND DISCUSSION

Compound Na,VOP,0- was prepared from reaction of sodium
pyrophosphate with vanadyl sulfate in aqueous media. Use of
vanadyl perchlorate (resembling Parker’s original procedure)®
does not affect the results described hereafter. When THF was
allowed to slowly diffuse into a concentrated aqueous solution of
Na,VOP,0,, light blue, prismatic crystals were obtained in 83%
yield. Such crystals could also be obtained by diffusion of acetonitrile
into an aqueous solution of Na,VOP,0O; or very slow evapora-
tion of an aqueous solution of Na,VOP,0,. Regardless of the
crystallization method, crystals obtained were suitable for single-
crystal X-ray studies and determined to be a polyhydrate of the
compound: {Na,VO(H,0)P,0,-7H,0}, (1). In all cases, the
crystals exhibit identical cell parameters and feature compound 1
in the monoclinic space group P2,/n, accompanied by eight water
molecules per vanadium atom (Figure 1).

Compound 1 adopts an unexpected one-dimensional poly-
meric motif with [(H,0)VOP,0,], chains running along the
b axis. The vanadyl ion is situated in a distorted octahedral co-
ordination environment comprised of two bidentate pyrophos-
phate ligands in the equatorial positions and a water molecule
and the vanadyl oxo group in the axial positions. The oxo groups
of adjacent vanadium centers point in alternating directions and
are involved in an extensive hydrogen-bonding network together
with the interstitial water molecules coordinated to the sodium
countercations. The solid structure differs from the freviously
reported trimeric solution structure of this compound.>® We sug-
gest that 1 undergoes a depolymerization—polymerization pro-
cess when going from solution to the solid state and vice versa.

Temperature [°C

8]
g

40 50
Position [20] (Copper)

Figure 2. Variable-temperature powder X-ray diffraction study of
crystalline 1. Only selected runs are plotted for clarity.

Figure 3. Polyhedral representation of 18 along the b (left) and
c (right) axes. Color code: V = gray, P = orange, O = red, Na = purple.
Created from the crystallographic information file downloaded from the
Inorganic Crystal Structure Database (ICSD, reference code 50376).

Therefore, cyclic trimers should predominate in solution, while
the polymeric structure is limited to the solid state. This hypo-
thesis is supported by negative-ion ESI-MS, which contained no
fragment heavier than [Nag(OVP,05);] , and from the reluc-
tance of crystalline 1 to redissolve in water.

Upon manipulation, crystals of 1 readily lose water with
concomitant loss of crystallinity. Nevertheless, powder X-ray dif-
fraction (PXRD) studies confirmed that the bulk of the product
corresponds to the same crystal system found in the single-crystal
experiment (Figure 1). Furthermore, while attempting to quan-
tify the amount of water in the isolated solid using thermo-
gravimetric analysis (TGA), it was observed that the light blue
powder turned irreversibly into green crystallites. This observa-
tion led us to conduct a variable-temperature powder X-ray
diffraction (VT-PXRD) experiment that revealed a phase transi-
tion at approximately 450 °C (Figure 2).

The resulting dehydration product was identified as the
previously reported f-polymorph of 1, 8-Na,VOP,0, (18)."
Pralong and co-workers reported that compound 1/ is difficult to
access based upon unsuccessful attempts to isolate this phase.'®
Nevertheless, our procedure can be easily scaled up to multigram
quantities with use of a conventional furnace. From a molecular
perspective, this transformation is even more notable as it involves
a condensation reaction in which the one-dimensional chains
ostensibly fuse to form two-dimensional layers. The vanadium ions
go from a six-coordinate, octahedral environment to a five-coordinate,
square-pyramidal mode, and all of the vanadyl moieties realign to
point in the same direction, perpendicular to the sheets. The
pyrophosphate groups rearrange to bridge four different vanadium
atoms each, shifting from a t4,- to a y,-bridging mode (Figure 3).
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Figure 4. Thermogravimetric analysis (blue/solid) and differential
scanning calorimetry (green/dashed) of Na,V(O)P,0,nH,0. The
first peak in the DSC (119 °C) corresponds to the dehydration step,
whereas the second peak (494 °C) is related to the phase transition.

Figure S. Polyhedral-ellipsoid representation of 2 with hydrogen atoms
omitted for clarity. Displacement ellipsoids are drawn at the 40%
probability level. Color code: V = gray, P = orange, O = red, Li = aqua.

The mechanism of this transformation has yet to be deter-
mined, but thermogravimetric studies (TGA) and differential scan-
ning calorimetry (DSC) experiments have shown that the phase
transition is not coupled to the dehydration process (Figure 4).

After these initial synthetic studies, we became interested in
extending this work to other cations, particularly lithium. Transi-
tion metal phosphates that contain lithium are of interest as solid
materials for development of more efficient batteries; this is one
of the keystones in the contemporary renewable energy revolu-
tion.'* In fact, the lithium analogue of 18, 5-Li,VOP,0, has
been considered as a potential cathode material for Li-ion bat-
teries.'> In the present work, Li,VOP,0- was obtained from 1 by
passing an aqueous solution of the latter through an ion-exchange
resin using LiCl as the eluent.”

After recrystallization from water layered with acetone, light
blue crystalline Lig[VOP,0,(H,0)4H,0], (2) was obtained
in moderate yield. Among the obtained solids, some crystals of 2
were suitable for single-crystal X-ray diffraction studies." Inter-
estingly, the crystal structure of 2 is not analogous to the
corresponding sodium derivative 1. Instead, 2 adopts a zero-
dimensional structure with a closed circular tetrameric core
[Li,VOP,0,(H,0)],. Three of the four vanadyl moieties are
pointed outward, while the remaining vanadyl unit points inward
and hydrogen bonds to an included water molecule (Figure S).
This water molecule is weakly coordinated to the vanadyl ions as
evidenced by the V—OH, distances, which range between
2.446(6) and 2.476(5) A and are notably longer than the
corresponding V—OH, distance found in 1 (2.308(1) A). As
corroborated by TGA, compound 2 crystallizes with five mol-
ecules of water per vanadium atom. Two and a half of the five
water molecules are located within large voids of the crystal (276
and 267 A3, respectively); thus, we were not able to obtain a
stable refinement for these water molecules due to high posi-
tional disorder.'®

Combustion analysis and PXRD studies confirmed that the
bulk of the product from the cation exchange is complex 2, and it
shares its composition and structure with the one elucidated by
single-crystal diffraction methods. To the best of our knowledge,
there is no crystallographic precedent for this structural motif of
pyrophosphate groups serving as the only bridging ligand between
metals to form a wheel structure. The contrast between the solid-
state structures of 1 and 2 may be explained by the difference in
the size of the cations affecting the cation coordination number
(and therefore hydration level) and the ability of the pyropho-
sphate groups to come within proximity of one another, thus
accounting for the structural differences between 1 and 2. At the
moment, it is unclear whether the tetrameric structure of
2 persists in solution. However, the negative-ion ESI-MS exhibits
a peak at 502.7473 m/z which is in close agreement with the
theoretical value for [Lig(VOP,0-),]*~ (502.7496 m/z), there-
by suggesting that this is indeed the case.

Attempts to obtain f3-Li,VOP,0O, (2f#) by means of high-
temperature dehydration proved to be unsuccessful. A VT-PXRD
experiment revealed that thermolysis of 2 results in formation of
lithium vanadyl orthophosphate (LiVOPO,) as well as other
unidentified products. Further attempts to synthesize crystalline
2f3, including a procedure analogous to the one used in the iso-
lation of -Li,VOP,0-"* from a-Na,VOP,0., were also futile.

Although we were unable to isolate a crystalline hydrated form
of K;0VP,0, (3), we observed that when amorphous 3 +1nH,0"
was heated at 550 °C for 1 h -K,OVP,0, (3f8), which is
isostructural with 1/3,'® is produced cleanly. This observation re-
presents a significant improvement in the synthesis of 33, because
previous methodologies required the use of h'ggher temperatures
(860 °C) and longer periods of time (12 h).'® Furthermore, we
we were able to confirm that it is possible to obtain 1f from
amorphous Na,V(O)P,0--nH,O under similar conditions.

In conclusion, we developed mild synthetic protocols for
several vanadyl pyrophosphates that can be produced in large
quantities from commercially available and inexpensive reagents
without the need for solvothermal methods and in some cases
without the need of high temperatures. Furthermore, we have
shown that solid-state structures of anionic vanadyl pyrophosphates
are highly dependent on the countercation and hydration state, both
of which are responsible for significant conformational changes.
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