4130

Inorg. Chem.2000,39, 4130-4136

Characterization of a New Hexasodium Diphosphopentamolybdate Hydrate,
Nag[P2M050,3]-7H,0, by 2°Na MQMAS NMR Spectroscopy and X-ray Powder Diffraction
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A novel hexasodium disphosphopentamolybdate hydratgPhMos0,3]- 7H,0, has been identified using X-ray
powder diffractionH, 2Na, and®'P magic-angle spinning (MAS) NMR, artéNa multiple-quantum (MQ) MAS

NMR. Powder XRD reveals that the hydrate belongs to the triclinic spaced?bupith cell dimensionsa =
10.090(3) Ab = 15.448(5) A,c = 8.460(4) A,o. = 101.45(63, B = 104.09(23, y = 90.71(5}, andZ = 2. The

number of water molecules of crystallization has been determined on the basis of a quantitative evaluation of the
IH MAS NMR spectrum, the crystallographic unit cell volume, and a hydrogen content analyst8NaHdQMAS

NMR spectra of NgP-Mos03]:7H,O, obtained at three different magnetic fields, clearly resolve resonances
from six different sodium sites and allow a determination of the second-order quadrupolar effect parameters and
isotropic chemical shifts for the individual resonances. These data are used to determine the quadrupole coupling
parametersGq and#g) from simulations of the complex line shapes of the central transitions, obsergédan

MAS NMR spectra at the three magnetic fields. This analysis illustrates the advantages of combining MQMAS
and MAS NMR at moderate and high magnetic fields for a precise determination of quadrupole coupling parameters
and isotropic chemical shifts for multiple sodium sites in inorganic systéfRsSMAS NMR demonstrates the
presence of two distinct P sites in the asymmetric unit aff RM0s0,3] - 7H,O while the3P chemical shielding
anisotropy parameters, determined for this hydrate and fePios0.3]-13H,0, show that these two hydrates

can easily be distinguished usig® MAS NMR.

[P2M050,3]~ anion contains five Mo@octahedra, which form
a pentagonal ring by sharing edges and corners, and two PO

Heteropolyoxyanions of molybdenum have attracted a Sig- oyranedra connected to each side of the ring and sharing three

nificant research interest due to the relationships of these specie
with metal oxide based catalysts and the actual use of some of,
these polyanions as cataly$&The phosphomolybdates con-
stitute a particularly well-researched group of heteropolyoxo-
metalates:® For example, compounds with Mo:P ratios ranging
from 2.5 to 12 have been characterized in the solid Statd/

or shown to be present in aqueous solutiérror the diphos-
phopentamolybdate anidiiP,M0s0,4]~, crystal structures have
been reported for two sodium salts,dixMos0,3] - 13H,O° and
Nag[P.M050,3]-14H,0,” a 4-aminopyridinium saft,and an
ethylenediammonium sdltProtonation of the phosphomolyb-
date anion is possible as seen in, for examplg[HN&,Mos0,3]*
10HO” and (NHy)gNi(HPOy)2(POy)2M010030:12H,0.2 The

%xygen atoms with different Mogunits. The main difference
between the two sodium salt hydr&téss the interconnection
of the [RM0s50,3]®~ anions by sodium ions and water molecules,
forming the three-dimensional framework.

Phosphorus is a common additive in the heterogeneous,
alumina-supported cobalt-molybdenum and nickel-molybde-
num hydrotreating catalysts that are used at oil refineries for
desulfurization, denitrogenation, and hydrogenation of oil frac-
tions10 Although these catalysts in their active (sulfided) state
contain Mo$-like structures, phosphomolybdates are present
in some impregnation solutioHsused for catalyst preparation,
and the interaction between phosphomolybdates and alumina
is accordingly of importance in determining the activities of

the catalystd213
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using a combination of X-ray powder diffraction and solid-state been reported fof’Al in aluminosilicate$® and in the mi-

1H, 28Na, 3P magic-angle spinning (MAS) arfdNa multiple-
quantum (MQ) MAS NMR spectroscopy. The latter tech-
niquet*1% improves spectral resolution, since thiNa MAS
NMR spectra of the central transition exhibit complex line

croporous aluminum phosphate AlR@0 36

Experimental Section
Synthesis. Ng[P.M0s023]:13H,0. Strandberg’s procedufevas

shapes, because of overlap of several second-orderquadrupolagmployed to reproducibly give a powder-XRD-pure orthorhombic,

patterns. TheNa MQMAS NMR spectra, recorded at three

crystalline material. Crystals grew as the mother liqguor was allowed

different magnetic fields (7.1, 9.4, and 14.1 T), nicely resolve to slowly evaporate at room temperature.

the individual resonances from the differé@ila sites for the

Nag[P2M05023]-7H20. A sample of Ng[P.M050,3]13H,0 prepared

new hydrate. To our knowledge this sample represents the mostas described above was at one point split into two batches that were

complex structure studied so far B5Na MQMAS NMR. Thus,
this work mainly focuses on the analysis of #isla MQMAS

stored in (not necessarily perfectly) sealed containers at room temper-
ature in different laboratories. After one year, powder XRD of one

NMR spectra and on the determination of the quadrupole batch of the 13-hydrate showed partial and the other complete

coupling constantQg), the asymmetry parameteyd), and the
isotropic chemical shiftdsg) for each of the sodium sites.
The determination ofCq and 7o for 2Na in inorganic

conversion into a hitherto unknown pure hydrate. On the bastsl of
MAS NMR, unit cell volume, and elemental analysis the new hydrate
was formulated as a 7-hydrate, i.e.,sffaMo0sO3]- 7H,O. Anal. Calcd

for Nag[P.M050,5] 7H,O: H, 1.20. Found: H, 1.20. Thermogravimetric

compounds is of general interest, since these data reflect theyn,jyses (TGA) gave inconclusive results. Attempts to determine the
electric field gradients surrounding the sodium atoms while the number of waters of crystallization by Karl Fischer titration failed

Oiso Values are related to the local electronic structure. Thus, because the compound was insoluble in methanol and/or the water of
there is an ongoing interest in improving the understanding of crystallization did not extract into solution.
the relationships between these parameters and the geometry X-ray Powder Diffraction. X-ray powder diagrams were recorded

and site symmetry of the sodium environmek§ts? For several
crystalline materials with only a small number of different
sodium sites, these parameters can be determined i
MAS NMR spectra with high precision from either the central
transitior?® or the satellite transition®:22However, for complex
systems, techniques such as double-rotation (DOR) N#MR,
dynamic-angle spinning (DAS) NMR;?6or MQMAS NMR14.15

on a Philips vertical goniometer equipped withfacompensating
divergence slit and a diffracted-beam graphite monochromator utilizing
Cu Ka radiation. Si powder was used as an external standard. The
program TREOR was used for indexing the powder patterns of the
pure hydrates followed by least-squares refinement.

NMR Measurements.The solid-stat&Na MAS NMR spectra were
obtained at 79.3, 105.8, and 158.7 MHz (i.e., 7.1, 9.4, and 14.1 T) on
Varian INOVA-300, -400, and -600 spectrometers, respectively, using

may advantageously be employed to improve spectral resolutionpome-puilt CP/MAS NMR probes for 4 and 5 mm o.d. rotors. Rf field
by ellmlnathn of the second-(_)rder quadrupolar broadening. Of strengths of/By/2z = 70, 80, and 75 kHz were employed for the spectra
these techniques most studies have recently focused on theecorded at 7.1, 9.4, and 14.1 T, respectively. Pulse widths of©.5

MQMAS method, and in particula®Na MQMAS NMR has

were used for the single-pulse experiments along with relaxation delays

been used to further exploit or extend the original experiment of 1 s. The MQMAS spectra were recorded using the basic two-pulse

(see for example the references cited in refs-29). Further-
more, 2°Na MQMAS NMR has been routinely employed in
studies of sodium-containing inorganic mated&fdincluding
sodium cations in zeolite®€ microporous silicate®’ and layered
silicates>* MQMAS NMR spectra of higher complexity have
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117, 12779.
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T.; Pines, A.J. Magn. Reson199Q 86, 470.

(26) Mueller, K. T.; Wooten, E. W.; Pines, A. Magn. Resonl1991, 92,
620.

(27) Ding, S.; McDowell, C. AJ. Magn. Reson1998 135 61; Chem.
Phys. Lett.1999 307, 215.

(28) Kentgens, A. P. M.; Verhagen, Rhem. Phys. Letfl999 300, 435.

(29) Madhu, P. K.; GoldBourt, A.; Frydman, L.; Vega, Shem. Phys.
Lett. 1999 307, 41.
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sequencé33839a 36-step phase cycttand pulse widths for the MQ
excitation and conversion pulses corresponding to & BaBe (liquid).
Each spectrum employedtaincrement of 5Qus, 128t; increments,
and a relaxation delay of 2 s. Pure absorption-mode, two-dimensional
line shapes were obtained by the hypercomplex meth&la isotropic
chemical shifts are reported relative to an aqueous 1.0 M solution of
NaCl. The isotropic triple-quantum shiftés) and theF; dimension

of the Na MQMAS spectra are referenced to an aqueous 1.0 M
solution of NaCl using®Na MQMAS spectra of solid Na€ (diso =

7.17 ppm anddsq = 15.24 ppm) as a second external reference.
Simulations and iterative fitting of the experimental spectra were
performed using software described elsewléfhe 3P MAS NMR
spectra were recorded at 121.42 MHz (7.1 T) using a 7-mm CP/MAS
probe, a 45 excitation pulse, and high-powéi decoupling. ThéH

MAS NMR spectra were recorded at 399.84 MHz (9.4 T) using a 4-mm
CP/MAS probe, a 45excitation pulse, and a 300-s relaxation delay,
corresponding to full spin-lattice relaxation for ffe.MosO23]-7H.0O

and the external intensity reference samplegH®&®, and CHCOONa
3H,0. 'H and?'P isotropic chemical shifts are reported relative to neat
tetramethylsilane (TMS) and 85%gPIOs, respectively.
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Following the synthesis and initidfP MAS NMR analysis,
the sample of NgP,M0s0.3]-13HO was kept for approxi-
mately 1 year at room temperature in a sealed container and
then subjected to a ne#P MAS NMR investigation. The
corresponding experimental spectrum is shown in Figure 1b and
exhibits partially overlapping spinning sideband manifolds from
two different 3P sites. Least-squares optimization to the
experimental spinning sideband intensities gives$tehemical
shielding data for the two sites summarized in Table 1. These
data are used for the simulated spectrum in Figure 1c which
shows that the twé'P sites are present in a 1:1 ratio. Thus, the
31P MAS NMR observations reveal that fB;MosO,3] - 13H,0
has undergone transformation into a new pure compound,
probably a hydrate, which contains two differé® sites in
the asymmetric unit. Thé'P chemical shift data in Table 1
shows that the new hydrate can easily be distinguished from
Nag[P2M050,3] - 13H0 using®!P MAS NMR. For both NgP-
Mo0s023]-13H,0 and the new hydrate thigs, andd, values are
very similar to those reported for orthophosphdfes. This
76543 indicates that the PQetrahedra only share oxygen atoms with

(opm) the MoQ; octahedra and that the environments of the, PO
tetrahedra in the basic fM0s03]%~ units are very similar for
the two studied samples.

The observation by'P MAS NMR of a new hydrate is
confirmed by the powder XRD pattern shown in Figure 2 where
all reflections can be indexed to a single phase belonging to
the triclinic space groufl. A refinement of the reflections
gives the cell dimensiona = 10.090(3) A,b = 15.448(5) A,

c = 8.460(4) A,o. = 101.45(6Y, § = 104.09(23, y = 90.71-

(5)° and a volume of 1251 Awith Z = 2. For compounds

7 6(pf)m£)‘ 3 forming several hydrates the volume of the unit cell per formula
unit is often found to be roughly proportional to the number of

crystal water molecules<). Hence, from the data for the 14-

hydraté and 13-hydrateone calculatex = 7.4 for the new

hydrate. A conservative estimate, based on powder-XRD alone,

Figure 1. *'P MAS NMR spectra (7.1 T) of (a) NEP2M0s024] - 13H:0 would accordingly be = 6—8. The water content of the hydrate

and (b) Ng[P,M0s0,3]-7H,0 recorded using high-powé decoupling is further investigated by a high-speeg € 15 kHz)H MAS

and spinning speeds of = 1.9 kHz andv, = 2.4 kHz, respectively. . o
(c) Simulation of spectrum b) using tlde, 7., anddis, parameters for NMR spectrum (not shown), which exhibits a broad and

Nas[PM0sO,4-7H;0 in Table 1 and a 1:1 intensity ratio for the two ~ @Symmetric isotropic resonance at 3.9 ppm (line width of 4.5
manifolds of3'P spinning sidebands. The asterisk in part a indicates PPM) and its associated spinning sidebands (up to fourth order).
the isotropic resonance while expansions of these resonances are showfihis resonance is ascribedid for the HO molecules of the
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as the right-hand insets in parts b and c. hydrate. Employing similatH MAS NMR spectra of weighed
_ _ samples of NgHPO, and CHCOONa3H,0 as quantitative
Results and Discussion intensity reference samples allows determination=of7 (+0.2)

H>O molecules for the molecular formula of compositiors[Ra
Mos023]-xH20 using either of the reference samples. Because
hydrogen microanalysis too giveés= 7, we therefore formulate
the new hydrate as Ng,M0s0,3]-7H,0.
23Na MAS NMR spectroscopy is a very useful tool for
determination of the numbers of nonequivaléiNa sites and
their relative occupancies. However, the presence of several
distinct sodium sites often complicates thidla MAS NMR
§ Spectra, because of the second-order quadrupolar broadening
of the resonances from tR&Na central transition. This is indeed
the case for NgiP,Mos0,3]- 7H,0O, and it may prevent a reliable
determination of the number of different sodium sites and of
the correspondin@is, and quadrupole couplingCg and 7q)
| parameters. Thus, N&-Mos0,3]-7H,0 represents a challenge
for unravelling these parameters for the individual sodium sites
Wfrom 23Na MAS and MQMAS NMR experiments.

Hexasodium disphosphopentamolybdate tridecahydragfRiNa
Mos0,3]-13H,0) can be formed by slow evaporation of an
aqueous solution of § MoO42~, and HPQ?~ ions in a NaCIQ
mediunt and unambiguously identified by X-ray powder
diffraction using the structural data obtained by single-crystal
X-ray diffraction® The structure and purity can also be
investigated by'P MAS NMR as illustrated by the experimental
spectrum of a freshly prepared sample 0§[RaVI0s0,3]-13H0
shown in Figure la. This spectrum reveals a manifold o
spinning sidebands which characterizes the chemical shielding
anisotropy (CSA) for a singlé'P site. This is in agreement with
the crystal structure which includes a singl® site in the
asymmetric unif. The3P CSA parameter®{ ands,), obtained
by least-squares optimization of simulated to experimental
spinning sideband intensiti@sare listed in Table 1. It is noted
that experimental spectra for a range of spinning speeds sho
no effects from homonuclea®P—3P dipolar couplings, in

; ; _ (42) Turner, G. L.; Smith, K. A.; Kirkpatrick, R. J.; Oldfield, B. Magn.
agreement with the fact that the P®@trahedra in NgP, Reson 1986 70, 408,

Mos0O,3]*13H,0 are situated on each side of the ring of five (43) Hartmann, P.: Vogel, J.: Schnabel, B Magn. Reson., Ser. A994
MoOg octahedra with a PP distance of 3.822 A. 111, 110.
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Table 1. 3P Chemical Shift Dataé(,, Moy (3|50, (311, 522, al"ld(333)el for N%[P2M05023]'13Hzo and Na[P2M05023]'7H20
0 (ppm) Mo Jise” (ppm) 011(ppm) 022(ppm) d33(ppm)
Nag[P2M050,3]- 13H,0 46.2+ 0.8 0.54+ 0.03 2.2+ 0.2 37.8+ 0.9 12.8+ 0.7 —44.04+ 0.8
Nae[P2M05023] '7H20
P(1) 43.3+0.8 0.79+ 0.05 5.6+ 0.1 444+ 1.3 10.1+ 1.3 —37.6+0.8
P(2) 61.0+ 1.0 0.68+ 0.03 4.1+ 0.1 55.3+ 1.2 13.9+0.9 —56.94+ 1.0

a4, andn, are defined by the principal elements) of the chemical shift tensor @ = diso — 033 andy, = (011 — 022)/0 » Wherediso = Y3(33
+ 022 + 611) and |3z — Jisol = |011 — isol = 022 — Oisol- P ISOtropic chemical shifts relative to 85%PiOs.
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Figure 2. Powder X-ray diffraction diagram of NgP;M0s0.3] - 7H,0. e s
The first 48 lines (2 < 31°) can be indexed in the triclinic system 3 40
with spacegroupPl (No. 2) and the lattice parameteas= 10.090(3) .
A, b= 15.448(5) Ac = 8.460(4) Ao = 101.45(6), = 104.09(2), o 50
y =90.71(5), V= 1251 B, Z = 2. B L AL NS
E, (ppm)
Contour plots of?2Na MQMAS NMR spectra, obtained at
7.1and 14.1 T, are illustrated in Figure 3 along with projections
onto the isotropicK;) and anisotropicK,) dimensions of the 14.1T
2D spectra. At both magnetic fields the anisotropic projections
resemble the single-pul3&Na MAS NMR spectra (vide infra), B :
which exhibit a number of singularities, shoulders, and edges v == .15
arising from second-order quadrupolar line shapes from several 5 ' :
distinct 2°Na sites. The complexity of th&Na MAS spectra g - 10
prevent a straightforward analysis of the overall line shapes for en F s R
the central transitions without any knowledge of the quadrupolar F (pp;,)
couplings and isotropic chemical shifts. In contrast, $id¢a E 0

MQMAS spectra clearly reveal the presence of six different
resonances when the contours in the isotropic and anisotropic
dimensions are evaluated. This is best appreciated from the 14.1
T spectrum which exhibits an improved resolution of the six
resonances as compared to the MQMAS spectrum at 7.1 T. The
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projections onto theé™; dimension exhibit only five distinct 0 5 0 (‘15m)'20 -25 -30
resonances for both spectra as the result of a partial overlap of 2 PP
two resonances in this dimension. However, the resonancesFigure 3. Contour plots o*Na MQMAS NMR spectra of NP.-

; ; ; ; e ; Mos0O,3]+7H,O recorded at 7.1 and 14.1 T using spinning speeds of
szﬂg:: t(k)l\éeél()arﬁc)lzr;hiﬁ:tlhgm?r%iggioar:earcelecaorlr?si(:jls:g dnghEd 13.0 and 12.2 kHz, respectively. The projections onto the isotrép)c (

and anisotropicKz) dimensions correspond to summations over the
Summations over thE; dimension ir®Na MQMAS NMR 2D spectra. The assignment of the six resonances is shown for the
spectra recorded at 7.1, 9.4, and 14.1 T are illustrated in Figurespectrum recorded at 14.1 T and is given byf see Table 2 and
4. The variation in isotropic shifts in the triple-quantum (3Q) Figure 4).
dimension §sq) reflects the fact that this parameter depends
on diso and the quadrupolar product parametes & Co(1 +
né/3)1/2), which exhibit different magnetic field dependen-
cies1*1538However, it is possible to link together the individual
resonances in thg; projections at the different magnetic fields
using the widths and frequencies of the resonances irfFthe
dimension of the®Na MQMAS spectra. This results in the
assignment (Na(a)Na(f)) of the resonances illustrated in Figure
4 for the three isotropic spectra. The corresponding isotropic
3Q shifts p37) are determined from an evaluation of the
resonance frequencies in the full 2D MQMAS spectra (i.e., for which holds for thep = 0 — —3 — —1 coherence transfer
overlapping resonances in thg& dimension) and are sum- pathway, observed in a MQMAS experiment for b= 3/,
marized in Table 2. nucleus'*1538The graph in Figure 5 illustrates a plot of the

The observation of isotropic 3Q shifts at different magnetic
field strengths allows a determinationd, and the quadrupolar
effect parameterRg) as shown earlier fron¥’Al MQMAS
experiments at two magnetic fields for the aluminosilicates,
leucite and anorthité This approach employs the relationship

2,

calc _ 1_7
63Q - 8 6iso + 32 VE (1)
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exp
83Q
soj_ (ppm)
] Na(a)
40
30 Na(b)
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104 Na(c)
] Na(d)
] Na(e)
07 Na(f)
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] 2
] 1(32vd)
20T T T e
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Figure 5. Plot of the isotropic 3Q shiftség]), observed at 7.1, 9.4,
and 14.1 T for NgP.MosOz3-7H:0, as a function of 1/(3%). The

lines correspond to the results of linear regression analysis of the data,
which gives thedis, and Pq parameters for th&Na resonances listed

in Table 2.

T T T T T T

0 5 q0 15 . . . . .
(ppm) for the sites possessing strong quadrupolar interactions. This
Figure 4. Isotropic projections fron#®Na MQMAS NMR spectra of may reflect _the fact that the excitation-conversion of 3Q
Nag[P2M0s0,4 7H,0 recorded at 7.1, 9.4, and 14.1 T using spinning coherences in MQMAS NMR depends strongly upon the
speeds of 13.0, 15.0, and 12.2 kHz, respectively. The spectra aremagnitude of the quadrupolar coupling interaction and the
obtained as summations over the resonances in the MQMAS spectragpplied rf field strengtR53844 For most of the®Na sites,
The assignment of the six resonances is given by, @nd the 4 aple estimates oo and 7o can be achieved from
corresponding isotropic 3Q shiftég]) are summarized in Table 2. simulations of theF, summations employing fixed values for

Table 2. Na Isotropic Triple-Quantum Shift$){7}), Isotropic diso (Table 2) and the restrictions dBg imposed by thePq

Chemical Shifts §is0), and Quadrupolar Product Parametd®s) (for parameters in Table 2. However, we find that an improved
Nae[P2M05023] - 7H;0 from 22Na MQMAS NMR Spectra at 7.1, 9.4, precision in theCq and 1o parameters is obtained by least-
and 14.1 T squares fitting of six overlapping second-order quadrupolar line
%% (ppm) shapes to the central transi_ti(_)r_]s observed in_ the sing_le-_pulse
. oo 23Na MAS NMR spectra. As initial parameters in the optimiza-
71T 94T 14.1T  dis’(ppm) PoP¢(MH2) tions we employ the estimate@q and 7q values from the
maggg gg-gi 8-2 i‘l‘rei 8-2 g-gi 8-3 —%-g g-éi simulations of the=; summations and thés, values in Table
al . . . . —o. . — . . i i H H
Na(c) 85L04 24+03 —23+03 —27 169 gl,qifczgtamed from the field dependence of the isotropic 3Q
Na(d) 7.5+0.4 -5.9+0.4 —-15.6+0.3 -11.0 2.49 )
Na(e) 2.6+£0.4 —3.1+04 —-7.7+0.3 —5.2 1.66 The 2Na MAS NMR spectrum of the central transition at
Na(f) —0.6+0.4 —24+04 -44+03 -21 0.88 7.1 T is illustrated in Figure 6a and exhibits an improved

2The 03 and 0., values are relative to an external aqueous resolution of the spectral features for the individé#a sites
solution of 1.0 M NaCl® Parameters determined from the dependency &S compared to th&Na MAS NMR spectra at 9.4 and 14.1 T.

of 653 on the magnetic field strength (cf. eq 1 and Figure°S)he The optimized simulation of the six overlapping quadrupolar

quadrupolar product parameter is definedPas= Cq(1 + 77(29/3)1/2, line shapes (with equal intensities) to the experimental central
transition is shown in Figure 6b, while the traces shown below

039 values as a function of 1/(32) for the three different illustrate simulations of the individual line shapes for the six

magnetic fields (Larmor frequencies,). Linear regression of ~ 23Na resonances. The reliability of ti@&, andnq parameters,
these data employing eq 1 gives ihg, andPg values for the obtained from the 7.1 T spectrum, is confirmed by similar
individual Na sites listed in Table 2. optimizations to the experimentdfNa MAS NMR spectra

A determination of theCqy and 7q parameters may be recorded at 9.4 T (Figure 7a) and 14.1 T (Figure 7c). The
achieved from simulations of the individual line shapes observed optimized simulations corresponding to these spectra are shown
in the F» dimension of the MQMAS spectra or from simulations in Figure 7b and Figure 7d, respectively, and are observed to
of the line shapes for the central transitions observed in single- convincingly reproduce all spectral features of the experimental
pulse?®Na MAS experiments. Examination of the line shapes, line shapes for the central transitions.
obtained by summation over the individual resonances in the
F2 dimension of the MQMAS spectra, reveals that these are (44) amoureux, J.-P.; Fernandez, C.; FrydmarChem. Phys. Letf.996
somewhat distorted especially at low magnetic field (7.1 T) and 259, 347.
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Figure 6. (a)?°Na MAS NMR spectrum of the central transition for
Nas[P.M050,3]- 7H,O obtained at 7.1 T using a spinning speed of 7.0
kHz. (b) Optimized simulation of the central transition in spectrum a (d
using six overlapping quadrupolar line shapes with equal intensities
and corresponding to theg, 170, anddis, parameters listed in Table 3 T T ———
for Na(a)-Na(f). Simulations of the individual line shapes, which 6 5 -0 15 20 -25 -30(ppm)
constitute the simulated spectrum in part b, are shown below the Figyre 7. 2Na MAS NMR spectra of the central transition for difR-
spectrum in part b and are indexed according to the parameters in Tableno40,4-7H,0 obtained at (a) 9.4 and (c) 14.1 T using spinning speeds
3. of 11.0 and 11.8 kHz, respectively. Optimized simulations of the central
transitions at (b) 9.4 and (d) 14.1 T corresponding to@enq, and

The optimizedCq, 70, anddise parameters for the six sodium  diso parameters listed in Table 3.
sites are listed in Table 3 along with error limits, which have 23 _
been_evaluated from the smulapons of the e>_<per|m9ntal cer_ltral ?;%tt’:gpsié Cﬁgm?g;dsr%?f?&sf)o%flmgelii&aofgzzﬁﬁgdzg)magﬂ a
transitions at the three magnetic fields. The isotropic chemical \jas NMR Spectra at 7.1, 9.4, and 14.2 T
shifts in Table 2, as obtained from the field-dependence of

. b

6;6", are within the error limits of théis, values given in Table Co(MH2) (o) 90’ (PPM)
3. Furthermore, calculation of thH&, parameters, using thég Na(a) 2.94+0.02 0.72+0.02 —1.9+03

. - . Na(b) 2.85+ 0.02 0.68+ 0.02 —7.3+£03
andrq values in Table 3, giveRq values which on average Na(c) 1.50+ 0.03 0.85+ 0.03 27402
deviate by only 0.05 MHz from those listed in Table 2. The Na(d) 2.314+0.02 0.66+ 0.02 -10.9+0.3
excellent agreement between the data obtained fron3*Nie Na(?) 1.70+0.03 0.15+0.03 —5.1+0.2
MQMAS and MAS NMR spectra is also apparent from a Na(f) 1.02+0.05 0.28+£0.03 —2.2+02
calculation of the isotropic 3Q shift${3?) using theCq, 7q, 2 Assignment of the resonances according to ida MQMAS

and dis, parameters in Table 3. This gives mean deviations spectrum at 7.1 T, cf. Figure &lsotropic chemical shifts relative to
betwegrﬁgg'c andosg of 0.6, 0.4, and 0.3 ppm for the isotropic an external aqueous solution of 1.0 M NaCl.
3Q shifts at 7.1, 9.4, and 14.1 T, respectively, with the largest for other sodium phosphaté!® Finally, we note that the

deviation being 1.2 ppm (Na(f) at 7.1 T). tetradecahydrate, N&.,M0s024-14H,0 (orthorhombidP2,2;2;),”

The isotropic chemical shifts for NgP.Mos0,3]-7H,0 fall also contains six inequivalent sodium sites in the asymmetric
in a range of 10 ppm, which partially accounts for the severe unit. For this hydrate an assignment of t&la quadrupole
overlap of quadrupolar line shapes in thitla MAS NMR coupling parameters to the specific sodium sites in the reported

spectra. A somewhat larger dispersion is observed for the crystal structure should be possible, which may improve the
qguadrupolar couplings, which range from 1.02 to 2.94 MHz and understanding between quadrupole coupling parameters and
fall into two groups corresponding to relatively small (Na(c), structural features for sodium salts of phosphomolybdate anions.
Na(e), Na(f)) and somewhat larger ((Na(a), Na(b), Na(d)) Attempts are currently being made to obtain a pure sample of
quadrupole couplings. Overall, the quadrupole couplings for Nag[P.M050,3]-14H,O with the aim of characterizing this
Nag[P.M0s0,3]- 7H,O are similar in magnitude to those reported hydrate by?*Na MAS and MQMAS NMR.
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Conclusions pulseZ®Na MAS NMR spectra at three magnetic fields. These

The new hydrate of hexasodium diphosphopentamolybda‘re,data ‘?Xre In exc_ellent agreement with the parameigssPo,
Na6[P2M0sO24)- 7H,0, has been characterized using a combina- andd3g determined from the MQMAS NMR spectra, thereby
tion of IH, 8Na, and®!P MAS NMR spectroscopies and X-ray illustrating the advantages of combining MQMAS and MAS
powder diffraction. The latter method has demonstrated that the NMR spectra at different magnetic fields for characterization
hydrate is triclinic with the space groupl. QuantitativelH of multiple sodium sites in inorganic systems.

MAS NMR has proven useful for the determination of the
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shifts (©is)) and quadrupolar effect parameteRg, (= Co(1 + ) ) ) )
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from simulations of the central transitions, observed in single- 1C000309J



