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The two anhydrous polymorphs of M&O;o have been characterized BjNa and®'P MAS NMR spectroscopy.

The 28Na multiple-quantum (MQ) MAS NMR spectrum of the low-temperature form (phase Il) displays three
resonances for which the quadrupole coupling parameters and isotropic chemical shifts have been accurately
determined from the MAS NMR spectra of the central transition. Thereby, discrepancies between recently reported
23Na MQMAS spectra of this phase and the crystal structure have been clarifie@*Ndeesonances observed

for the low-temperature form are assigned to the crystallographically nonequivalent Na sites in the crystal structure
using point-monopole calculations of the electric-field gradient tensors. PAxgeresonances have also been
observed for the high-temperature form (phase 1), with two signals having very similar quadrupolar couplings
and isotropic chemical shifts indicating similar coordination environments for the corresponding Na sites, in
disagreement with the reported single-crystal structure. Point-monopole calculations of the electric-field gradient
tensors based on the crystal structure fail to reproduce the experimental value¥PTtieemical shielding
anisotropies, obtained frofP MAS NMR spectra, show that the terminal P atoms of th®,~ ions have a
negative shielding anisotropy parameté; € diso — 033) in agreement with similar observations reported for
diphosphates. This characteristic feature has been used in the assignment of tfi® ttesenances observed for

the hexahydrate NB;O;0-6H,0.

Introduction NasPs010 from air, however, occurs only slowly and at high
. . . ) relative humidities.
Pentasodium triphosphate, $gO, is one of the main The coexistence of three different crystalline forms under

products made from phosphoric aéidn the 1940s it was  ambient conditions presents a challenge for technical applica-
introduced as a builder for Synthetic detergents, and in 1970 itStions since the physica| properties of the three phases are very
production in the U.S.A. alone topped 1 million metric tons different. For example, phase | hydrates much faster than phase
per year. Due to changed environmental regulations and the||, forming crystals of the hexahydrate which then determine
following substitution of sodium triphosphate by other com-  the solubility. On the other hand, the overall solubility of phase
pounds (e.g. zeolites) in most household laundry detergents, || is much greater than that for phase I, and highly supersaturated
production has significantly decreased since then. However, solutions can be obtainédObviously, these properties have
NasP:O1p is still widely used in automatic dishwashing formula-  important implications in many industrial applications and a
tions, industrial cleaners, car washes and various industriallarge number of investigations have been devoted to their
applications. Thus, it remains one of the commercially most understanding:
significant phosphorus compoungls. Because X-ray diffraction (XRD) directly reflects the crystal
NasP301 crystallizes in two anhydrous polymorphic forms ~ structure, such techniques are probably the most widely used
of which the low-temperature polymorph (phase I1) is thermo- Methods to investigate and distinguish different crystalline forms
dynamically stable up to about 416 34 At higher temperatures ~ Of substances. However, since only one polymorph is thermo-
it is easily converted to the high-temperature polymorph (phase dynamically stable under a given set of environmental condi-
1). Since the reverse process is very slow, phase | is metastabldions, it is often impossible to obtain crystals of suitable size
at room-temperature and both polymorphs can coexist. Depend—and _quahty for straightforward single-crystal structure analysis.
ing on its thermal history and technical grade,sRi®o is In this case, one has to resort to powder XRD techniques where

usually a mixture containing varying amounts of the two phases. the overlap of reflections limits the information contéfiOther

From aqueous solutions pentasodium triphosphate crystallizesimportam analytical tools include optical and electron micros-

as the hexahydrate, NaO:o6H,0. Hydration of anhydrous  SOPY: thermql analysis (e.g. calorimetry, DTA, _DSC, and TGA_),
y BR010-6H; y y IR, and solid-state NMR spectroscopy. Solid-state NMR is
particularly useful since it directly reflects the local environment

@ wiﬂg%thsrgﬁg.E&%ﬁ'%‘?gi""lg;g{%?iclas' Tpegggolpgyh ed;; John  f the nucleus under investigatidni® Thus, NMR interaction
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two cationic sited? The third sodium site in phase | possesses
a very unusual 4-fold coordination, with all four oxygen atoms
positioned on one side of the sodium atom and only very long
Na—O contacts ¥ 3 A) on the other side. This unique environ-
ment has been used to explain the greater ease of hydration of
phase | compared to phase'4lHowever, the author of the
original single-crystal study mentions that the accuracy of the
structure determination was limited by the poor quality of the
crystals and by experimental problefdsin light of these
remarks it is questionable whether such an extremely distorted
and unusual cation coordination really exists inR®1, (phase
).

The hexahydrate, NB;O10°6H,0, crystallizes in the triclinic
space groujP1 with two formula units per unit cel* All atoms
lie on general positions, and thus there are three independent
phosphorus and five sodium sites with equal multiplicities. The
conformation of the triphosphate anion is very similar to those
in the two anhydrous polymorphs. The water molecules are
distributed in such a way that they partially coordinate the
sodium ions and form hydrogen bonds to the triphosphate ion.
One terminal P@tetrahedron participates in nine such hydrogen
bonds and the other only in one, while the central,PO
tetrahedron does not take part in hydrogen bonding &t all.

NasPsO10 has been the focus of two recefiNa solid-state
NMR investigations>6 However, commercially available
samples were used in these studies and the results were not in
agreement with the crystal structures of any known polymorph.
In particular, only two signals were observec#la multiple-

Figure 1. Perspective diagram of the monoclinic unit cell for the low- quantum (MQ) MAS experiments and in one of the investiga-
temperature form of N&:Oyo (phase II) based on the data from the 45 5 1.3 intensity ratio was employed for the simulation of

ted single-crystal structuteTh it cell tains f its of ; ;
F\?;gzgm 2?3 i?scé%/ni:nssic:zg :m: iégb ?&eb Czog'g';i gu:r Lﬂ';g) the 2Na MAS spectrum. In neither of the studies was any

A, and 8 = 93. For clarity, the indices of the oxygen atoms are not additional characterization performed to test if the samples were
shown and only the PO bonds are included to illustrate the presence pure or presented mixtures of different phases.
of the linear ROy~ units. In this work we have characterized the two different crystal-

) _ _ . line forms of sodium triphosphate usiftiNa and'P solid-state
local subunits, bond distances and angles, or coordination\pR techniques. This includes (i) a determination 28Ka
geometries. Furthermore, the intensities of NMR signals are quadrupole coupling parameters and isotropic chemical shifts

proportional to the number of atoms per unit cell, and relative fom 23Na MAS and MQMAS spectra and (i) a determination
occupancies of different atomic sites can be determined. of the 31P isotropic and anisotropic chemical shielding param-

The structures of the two anhydrous polymorphs off¥@.o eters for the two anhydrous forms and the hexahydrate from
were determined in the late 1950s by single-crystal XRDB3 31p MAS NMR spectra. All NMR data are discussed in terms
Both polymorphs crystallize in the monoclinic space grazfc of the crystal structure data, and most of #éa and®P NMR
with four formula units per unit cell. The structures are resonances can be unambiguously assigned to atom sites in the
composed of sodium cations and lineagOR® ions as  grysal structures. Inconsistencies betweerfiNa quadrupolar
illustrated for the low-temperature form in Figure 1. The central oy plings determined here for phase | and its published structure
phosphorus atoms of the triphosphate groups lie on 2-fold axesgyggest that a crystallographic re-evaluation of the sodium

and there are three different sodium sites in each of the coordination environment in phase | should be performed.
structures, one of which occupies a center of symmetry. Thus,

in both structures there are two phosphorus sites in a 1:2 ratio Experimental Section
and three sodium sites in a 1:2:2 ratio.

The three-dimensional arrangement of the triphosphate group
and the sodium Ca_tlon_s, hO\{veve_r, IS very dlffe_renF for the two using home-built, double-tunédPP3Na MAS (MSL-400) and single-
pol_ymorphs resulting in quite different coordma_tlons of the tuned, narrow-bore MAS (AMX-500) probes, both equipped with a
cations. In the low-temperature phase Il all cations aré sur- commercially available 5-mm spinner system (Doty Scientific Inc.)
rounded by oxygen atoms in distorted octahedral arrangetents ajiowing spinning speeds up to 15 kHz to be employed. The wide-
while in the high-temperature phase | this is only the case for bore probe for the MSL-400 spectrometer included a single set of
gradient coils which were used for th#a pulsed field gradient (PFG)

(8) Engelhardt, G. Michel, DHigh-Resolution Solid-State NMR of =~ MQMAS experiments. The design of this probe has recently been

Silicates and Zeolitgeswiley: Chichester, 1987. described elsewheféThe gradient pulses were obtained from a Bruker

(9) Granger, P.; Harris, R. K. (EdsMultinuclear Magnetic Resonance [ ; o i
in Liquids and Solids: Chemical Applicatignluwer: Dordrecht, microimaging unit interfaced to the MSL-400 spectrometer and had a

The Netherlands, 1990.

The solid-staté&Na and®'P MAS NMR experiments were performed
at 9.4 and 11.7 T on Bruker MSL-400 and AMX-500 spectrometers

(10) Bell, A. T.; Pines, A. (Eds.NMR Techniques in CatalysiMarcel (14) Wiench, D. M.; Jansen, M.; Hoppe, R. Anorg. Allg. Chem1982
Dekker: New York, 1994. 488, 80.

(11) Davies, D. R.; Corbridge, D. E. @cta Crystallogr.1958 11, 315. (15) Medek, A.; Harwood: J. S.; Frydman, . Am. Chem. Sod.995

(12) Corbridge, D. E. CActa Crystallogr.196Q 13, 263. 117, 12779.

(13) Cruickshank, D. W. JActa Crystallogr.1964 17, 674. (16) Hanaya, M.; Harris, R. KJ. Phys. Chem. A997, 101, 6903.
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maximum gradient strength of approximately 60 G/cm. & MAS By By B,
and MQMAS NMR spectra were recorded using rf fields of 35 and 60 )
kHz at 11.7 and 9.4 T, respectively, while tiéP MAS NMR tl_, )
experiments (9.4 T) employed an rf field strength of 42 kHz and a I‘f !
pulse duration of s.%Na and®P chemical shifts are reported relative !
to an aqueous 1.0 M NacCl solution and 85%y, respectively. The :
simulations of the**Na central transitions and of th8P spinning !
sideband manifolds were performed using programs described else- !
:
1
[}
1

where!®®For the?®Na MAS NMR spectra the program considers the
average Hamiltonian for the second-order quadrupolar interaction and g
includes intensities from the centerband as well as the spinning
sidebands from the central transition. G, tD
Commercial samples of anhydrous gRgDio from two different —
manufacturers (Aldrich Chemicals and Alfa Products, technical purity

grades) were initially characterized BSNa MAS NMR and powder 3 TR
XRD which revealed that both samples represented mixtures of the 2o
two NasPs;010 polymorphs. Pure samples of both phases were obtained p (1) _______________________________

from the hexahydrate (NB;O10-6H,0) which was prepared by slow
evaporation of a concentrated aqueous solution ofPiGa,. After S N A
crystals had formed these were filtered from the solution, washed with B -
acetone, and dried in air at room temperature. The low-temperature _. . .
form was obtained by heating the hexahydrate at ZDGor 4 days. Figure 2. Radio frequency (rf) and gradient (g) pulse schemes for the

. ) PFG-MQMAS experiment selecting tipe= 0 — —3 — —1 coherence
The high-temperature form was prepared by heating the low-temperature 3 ) h L
form to 550°C for 1 day, then slowly cooling the solid to 43G over transfer pathway for ah= 3/, spin nucleus. The fixed tima includes

. . A a gradient ring-down delay in addition to the gradient timg). (For
a period of 12 h, and quenching the sample in liquid nitrogen. The gipjicity the acquisition begins at the top of the triple-quantum echo
purities of the two anhydrous polymorphs and of the hexahydrate were , hich is observed aity, wherek = 7/ for a spin®/, nucleus®# The

confirmed by comparing their powder X-ray diffraction patterns with phase of the first pulses() is shifted by 90 relative to the two spin-

the corresponding JCPDS files. lock pulses ;). Otherwise no phase cycling of the pulses and the
) ) receiver is employed. The first pulse is set to & Buid pulse while
Results and Discussion the spin-lock pulses have a length of approximateby.#/

23Na and3'P NMR spectroscopies are very useful tools for
determination of the numbers of nonequivaléfita and3'P
sites and their relative occupancies. Further information may
be gained from the anisotropic NMR parameters characterizing
the 2Na quadrupole coupling interaction (i.€g and#g) and
the 3P chemical shielding anisotropy tensors (i%¢.and 7,)
in addition to the?®Na and?3!P isotropic chemical shifts. The
first part of this section describé¥Na MAS and MQMAS NMR
spectra for the anhydrous pentasodium triphosphate phases an
the assignment of thé&®Na quadrupole coupling parameters,

obtained from these spectra, to the sodium sites in the CryStaIdimension have intensities which are considerably larger than
structures. The following part includes a determination of the . y 1arg
that of the third one. Moreover, the 3Q resonance with low

31
P CSA parameters for the two anhydrous phases and theintensity is shifted to higher frequency in thg dimension

hexahydrate and discusses the relationship of these parameters ;
to structural sites and bonding geometries. compared to the othéNa resonances which reflects a larger

. uadrupole coupling than that of the other two sites (assumin
The 2Na MQMAS NMR spectra were recorded using the d P bing ( 9

. . o that the three Na sites h imilar isotropic chemical shifts).
recently introduced PFG-MQMAS method which utilizes pulsed It ?s W(—:Aell-krrf)svn ztihzlt ehiQa\,/A\eSSll\lnI;I/II;r;iggﬁmgrﬁsesmulf?:r fsrolms)
f|eIr$I gradients (PfFGS) Lor sel_ectr:onlvtl)f t'aeA=S—3 and%;m:_l a reduced excitation efficiency of 3Q coherences for structural
ﬁo err]encg transter %at wayr:nt e IQ fiXp?” | IS dth sites having strong quadrupolar interactions. Thus, the reduced

as the advantage that no phase cycling of the rf puises and t Efntensity observed for the high-field signal in the 3Q dimension
receiver needs to be employed, which may be of significant

. . . may reflect a very strong quadrupole coupling and/or a lower
importance for extensions of the MQMAS sequence to include relative multiplicity for this site compared to the two other Na

a magnetization transfer step to a heteronucleus. The pulse_; .. : .

sequence, used in this work and shown in Figure 2, combinesSIteS in the unit cell of NsPOso (I).
PFGs to select thep = —3 andp = —1 coherence transfer
pathway with a pulse scheme which utilizes the rotation-induced
adiabatic coherence transfer (RIACTthat occurs between 3Q
and central transition (1Q) coherences for spia %, nuclei.

The RIACT method is chosen since this excitation/conversion

scheme is expected to be less sensitive to variations in the
magnitude of the quadrupolar interactions compared to the two-
or three-pulse sequené@sonventionally used.

The?Na PFG-MQMAS NMR spectrum of the low-temper-
ature form of NgPsO10 (phase ) illustrated in Figure 3 shows
the presence of three structurally different Na sites. The 2D
spectrum also displays a weak tilted line shape at the center of
'ﬁ:e F, dimension which is ascribed to single-quantum coherence

at has not been completely dephased by the pulsed-field
gradients. The?®Na resonances at 9 and 46 ppm in fRe

High-speed®Na MAS NMR spectra of the central transition
for NasP;O1 (I1) at 11.7 and 9.4 T are shown in Figure 4a and
c, respectively. Both spectra exhibit features which can be
associated with overlapping second-order quadrupolar line
shapes from three Na sites. Most remarkable is the observation
of the low-frequency singularity at39 ppm, the shoulder at
—54 ppm, and the edge af73 ppm at 11.7 T (Figure 4a) which
originate from &3Na site with a considerably larger quadrupole

(17) Fyfe, C. A.; Skibsted, J.; Grondey, H.; Meyer zu Altenschildesche,
H. Chem. Phys. Lettl997, 281, 44.

(18) Skibsted, J.; Bildsge, H.; Jakobsen, HJ.JMagn. Resonl991, 92, coupling compared to the two sites having second-order
669. ) ) quadrupolar line shapes ranging from approximately 16-to
19) gk'bSti%Qi-?g';"‘gge”' N. C.; Bildsge, H.; Jakobsen, H. Magn. 40 ppm. Simulations of the central transitions at 11.7 and 9.4
(20) ﬁj"g_; Rovn);ak, 'D_; Griffin, R. GJ. Am. Chem. Sod.996 118 T are shown in Figure 4b and d, respectively, and correspond
9326. to theCq, 170, @anddiso values for the three Na sites in 8010
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Figure 3. Contour plot of the”®Na PFG-MQMAS spectrum (9.4 T)

of NasPs;O10 (phase Il) obtained using the pulse scheme in Figure 2
with 7(51) = 1.8us, 1(f2) = 17.6us,G; = —17 G/cm,G, = 51 G/cm,

7y = 210 us, and the fixed delayA = 260 us. The spectrum was
recorded with a spinning speed= 14.2 kHz, a; increment of 25us,

and a total of 160 increments. For each increment, 500 scans were
acquired with a repetition delay of 3 s. The solid square indicates a
minor artifact in the spectrum resulting from single-quantum coherence
which has not been completely dephased by the gradients while the
asterisks indicate spinning sidebands in thedifnension. The®Na (C)
MAS spectrum is shown at the top while the projection onto Fhe

dimension corresponds to a summation over the 2D spectrum. The (x5)
contour lines are at levels of 1, 2, 4, 8, 16, and 32% of the maximum
intensity. The spectrum is referenced to a 1.0 M aqueous solution of
NaCl in both dimensions.

(I1) listed in Table 1. The simulations employ intensity ratios

of 1:2:2 for the three Na sites, where the largest quadrupole d
coupling corresponds to the low-intensity site, and they are ( )
observed to reproduce all spectral features of the experimental

quadrupolar line shapes in Figure 4a and c. An independent (x5)

test of the reliability of theCq, 7o, and dis, values, obtained e S ——————

from the 23Na MAS spectra, may be achieved by comparison 20 0 -20 -40 -60 -80  -100

of experimental and calculated isotropic 3Q shifts for a MQMAS (ppm)

experiment. For thgg = 0 — —3 — —1 coherence transfer  Figure 4. #Na MAS NMR spectra of the low temperature form of
pathway observed in a MQMAS experiment of an= 3, NasP;010 (phase Il) obtained at (a) 11.7 T and (c) 9.4 T using spinning

speeds of 12.7 kHz and 13.3 kHz, respectively. 1190 scans with a
repetition delay 62 s were acquired for the 11.7-T spectrum while
the spectrum at 9.4 T employed a 10 s repetition delay and 10,000

nucleus, the isotropic 3Q shift) %'°3 is given by eq 1521

cale 17 1 C5 (1 +n3/3) ¢ scans. Simulations of the central transitions at 11.7 and 9.4 T are shown
i503Q7 g Oiso 32 .2 x 1 (1) in (b) and (d), respectively. The simulations use a 1:2:2 intensity ratio
YL and theCq, 7o, anddiso values listed in Table 1. The expansion of the
low-frequency part of the overlapping central transitions illustrates
wherey is the Larmor frequency. Employing ti@&,, 7o, and spectral features which mainly originate from the low-intensity Na
diso Values for NaPsOyo (II) and eq 1 give thasicsa:)lf:SQ shifts resonance (Na(1)) which has the largest quadrupole coupling.

listed in Table 1 which are observed to be in excellent agreement. . o ]
with the experimental isotropic 3Q shifts (Table 1), obtained |OW intensity for this site in the PFG-MQMAS spectrum (Figure
from the MQMAS spectrum in Figure 3. 3) when the decrease in 3Q excitation and 3Q-to-1Q conversion

To date the larges®Na quadrupole coupling observed in a  €fficiencies with increasing quadrupole coupling for the RIACT
MQMAS NMR experiment has been reported for the Na(3) site experiment’ is taken into account. It may also account for the
of NaHPQ, (i.e., Co = 3.84 MHz)1520.2223The quadrupole failure to observe this Na site in recent MQMAS investigations
coupling of 4.57 MHz for the low-intensity site of M&0Oy,  ©Of NasPsO10>*% especially in one of the investigations which
(Il) is somewhat larger than this value. This may explain the Was performed at a low magnetic field (4.7 P)Table 1 also
summarizes the recently report€g, 1o, and dis, values for
(21) Massiot, D.; Touzo, B.; Trumeau, D.; Coutures, J. P.; Virlet, J.; Florian, the Na(2) and Na(3) sites of MO1o (I1). For site Na(3) these

P.; Grandinetti, P. JSolid State Nucl. Magn. Resot996 6, 73. parameters are similar to those obtained in this work, while some

(22) Baldus, M.; Meier, B. H.; Ernst, R. R.; Kentgens, A. P. M.; Meyer zu ; ; ;
Altenschildesche, H.; Nesper, R.Am. Chem. S0od995 117, 5141. discrepancies a.re observed for ‘?’Ite Na(2). R .
(23) Wu, G.; Rovnyak, D.; Sun, B.; Griffin, @hem. Phys. Lett1995 The observation of three Na signals with relative intensities

249 210. of 1:2:2 is in agreement with the reported crystal structdire.
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Table 1. 2Na Quadrupole Coupling ConstantSdj, Asymmetry Parameterg), and Isotropic Chemical Shift$)) for the Anhydrous
NasP;010 Polymorphs

siter occupancy  Cq (MH2) o S0 (PPMP  Opag(PPMY 0o (ppmy  ref

NaP:Ow (phase ) Na(l) 1 138003  0.75:t0.05 65£02  19.0£05 19.4 e
Na(2)/Na(3) 2 372:004 017+ 0.05 1.8+ 0.4 } 4042 4238 e

Na(2)/Na(3) 2 3.62-004  0.29+ 0.04 0.9+ 0.4 39.5 e

NasPsOw (phase Il)  Na(l) 1 45%003 039+ 002 35+04  685+05 68.7 e
Na(2) 2 2.994+ 0.02 0.194+0.02 9.4+ 0.2 45.84 0.5 45.2 e

1.754+0.10 0.804+ 0.20 —14.54+1.0 15

1.324+0.01 0.81+4+ 0.02 7.2+ 0.4 16

Na(3) 2 1.37+ 0.02 1.00+ 0.05 0.5+ 0.2 8.7+ 0.5 8.0 e

1.404+0.20 0.90+ 0.20 —-454+2.0 15

1.364+ 0.02 1.00+ 0.06 0.2+ 0.9 16

2 Assignment of the quadrupole coupling parameters to the different structural Na sites from the X-ray structure determinations(kssrtmpit).
chemical shift relative to an external 1.0 M aqueous solution of NalGbtropic triple-quantum shifts observed experimentally at 9.43otropic
triple-quantum shifts at 9.4 T calculated from t8g, 7o, anddis, values derived from simulations of tféNa MAS NMR experiments? This
work.

According to that study, all Na ions are octahedrally coordinated similar Cq, 770, anddis, values. Careful simulations of the spectra
by oxygens and one Na atom (Na(l)) lies on a center of at both magnetic fields give th€q, 7q, and diso parameters
symmetry while the other two sites (Na(2) and Na(3)) occupy listed in Table 1 for NgP;Oyp (I). The optimized simulated
general positions. Thus, the low-intensity site, possessing thespectra at 11.7 and 9.4 T, corresponding to these interaction
largest quadrupole coupling, originates from Na(1). The quad- parameters, are shown in Figure 5b and c, respectively, while
rupole couplings of the two other resonances are assigned toFigure 5e and f illustrate separate simulations of the second-
Na(2) and Na(3) from estimated quadrupole coupling constantsorder quadrupolar line shapes for the high-intensity sites (Na(2)
(Cg"'") using point-monopole calculatioffswhich only con- and Na(3)). The latter simulations and the parameters in Table
sider oxygen anions within the first coordination sphere of the 1 show that the main difference between these two line shapes
ZNa nucleus. The calculations employ effective oxygen chargesis related to a variation in the asymmetry parameter.

(i) for the oxygen anions obtained frog = (-2 + Zfi)e, Unfortunately, the small differences @y, 70, anddis, values
calculated from the equations of Brown and S_haﬁﬁand the experiment (9.4 T) of NgPsOxo (I). This spectrum (not shown)
chemical bond data of Brown and Alter_méﬁfl'hls method has  gisplayed a 3Q resonance at 19 ppm from the Na(1) site and a
recently proven successful for correlating structural geometries gecond resonance at 40 ppm which was considerably broadened

(i.e. C_%alc) with experimental quadrupole couplings f§Na in in the 3Q dimension. Calculation of the 3Q isotropic shifts at
a series of sodium compourfdand for'3*Cs in various cesium g 4 1 using eq 1 gives the valud&, = 42.8 ppm and®
. - :

salts?® Employing this method and using’Na quadrupole  — 39 5 ppm for Na(2) and Na(3), respectively. The cilsooégness
momentQ = 0.102 x 10728 m22° Sternheimer antishielding

< I of these shifts may partly account for the lack of resolution of

factory.. = —4.56;° and the structural data for BO1o (1) these two sites in the MQMAS experiment taking into account
from smgle-lcrystal XRD; gives estimated quadrupole cou- ot the digital resolution in thé; dimension was 1.7 ppm.
plings of C5™ = 4.29, 2.24, anld 1.32 MHz for Na(1), Na(2),  \oreover, the quadrupolar line shapes observed for these two
and Na(3), respectively. THeZ* values agree favorably with  sjtes in the?®Na MAS spectra (Figure 5) appear to be smeared
those observed experimentally and yielding the as_signr_nent of gut slightly which may indicate that our sample of §RD10
the observedq, 7o, anddis, values to the three Na sites listed (1) is imperfectly crystalline. Several attempts were made to
in Table 1. N . produce a N&P;01p () sample of higher crystallinity using

#Na MAS NMR spectra of the central transition for the high- gtferent heating/cooling temperatures and schemes but these
temperature form of N300 (phase 1) at 11.7 and 9.4 T are  fajled to improve the resolution of théNa quadrupolar line
shown in Figure 5a and c, respectively. At first sight these gphanes for Na(2) and Na(3). The observation of disorder is not
spectra indicate the presence of two quadrupolar line shapesy,rprising since the high-temperature phase is obtained through
having an intensity ratio of 1:4. However, simulations using 5 first_order solie-solid-phase transformation by heating the
this assumption fail to give a satisfactory result for the apparent low-temperature form. This process involves considerable
high-intensity second-order quadrupolar line shape observed ingg,angement of ions and thus might involve residual disorder.

the region from about 5 to —75 ppm at 9.4 T. Furthermore, The observation of three Na sites with relative intensities of
the high-frequency singularity of this quadrupolar line shape - ) ) N
9 q y Sing y d P Pe 1:0: is in accordance with the relative multiplicities of Na(1),

shows a slight splitting at 11.7 T due to the presence of two . .

overlapping signals. This suggests that the total spectrum Na(2), and Na(?’l)z’ respectively, n th? cryst.all strupture reported

comprises three second-order quadrupolar line shapes with aﬁor Na5P_3Om (I_)' I_:rom the relative m'Fensmes |t_|s clear that_

intensity ratio of 1:2:2 where two of the line shapes have very the low-intensity Sf'gn‘?‘l has_to b_e assigned to S.'te Na(1). This
means that the high-intensity signal should arise from Na(2)

(24) Cohen, M. H.; Reif, FSolid State Phys1957, 5, 321. and Na(3) with nearly identicalo, 7q, anddis, values. These
(gg) Srown, : B.g ilr:annog, S'AD?C% Cr;t/sltlallogglAg1897£3112%42466. sites, however, are reported to have very different coordination
2273 Kg‘ﬁ‘é"rr"vH.-; Englr?a::Bg g Kecn?g er?s’f : "3'9;/-“ Saugﬂ,. Bhys. Chen. environments: while Na(2) is in a distorted octahedral cqorplma—
1994 98, 1544, tion with four short and two long NaO contacts, Na(3) is in
(28) Skibsted, J.; Vosegaard, T.; Bildsge, H.; Jakobsen, HRhys. Chem. a 4-fold coordination with all oxygens being on one side of the
1996 100, 14872. cation. Calculation of the quadrupole coupling constants, using

(29) ,';ngsﬁgn&f ngw%rly 'lgsigéble of Isotopes7th ed.; Wiley-  yhe hoint-monopole approach (vide supra) and the structural data

(30) Sternheimer, R. MPhys. Re. 1959 115 1198. reported for NaP;O1 (phase )12 gives values ot:ga'°= 2.44,
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Figure 5. ?Na MAS NMR spectra of the central transition for the

c)
high temperature form of NB;Oyo (phase 1) at 11.7 T (@) and 9.4 T ——
(c). Spinning speeds of 14.2 kHz and 12.0 kHz were employed and 150
3922 and 2700 scans were acquired for the 11.7- and 9.4-T spectra,
respectively. Parts (b) and (d) illustrate simulations of the spectra in
(a) and (c) using three overlapping quadrupolar line shapes with a 1:2:2Figure 6. 3P MAS NMR spectra (9.4 T) of the low temperature form
intensity ratio and th€g, 770, anddis, parameters summarized in Table  of NasP:O1o (phase II) recorded using a repetition delay of 120 s and
1. Separate simulations of the quadrupolar line shapes for the Na(3)/spinnings speeds of (&) = 13,185 Hz (24 scans) and (b) = 4350
Na(2) sites are shown in (e) and (f) where part (e) corresponds to the Hz (30 scans). The asterisk in (a) indicates a resonance from a minor
resonance with the largest quadrupole coupling. impurity phase while the insets illustrate the line shapes of the

centerbands for the twiP sites. (c) Simulation of the spinning sideband
3.30, and 2.87 MHz for Na(1), Na(2), and Na(3), respectively. intensities in (b) co_rrequnding to tlde, 77, anddis, values listed in
. S Table 2 and a 1:2 intensity ratio.
These calculated values deviate significantly from those ob-

served experimentally and do not allow for any assignment of the presence of twé'P sites with relative intensities of 1:2 in
the signals. Thus, apart from the straightforward distinction agreement with the reported crystal structtignd with earlier
between Na(1) and Na(2)/Na(3) based on the relative intensities,31p MAS NMR observationd! 33 The expansions of the
no further interpretation of thé®Na spectra is possible. It is  centerbands in Figure 6a show that the individual resonances
unreasonable that the large differences in geometries for Na(2)exhibit unique line shapes which apparently include two

and Na(3) should result in nearly identical quadrupole couplings singularities. These line shapes may originate from homonuclear
for the two Na sites which suggests that the reported single- 31p—31p dipolar couplings, heteronucled—23Na dipolar
crystal structure for NgP;O10 (1) may be inaccurate in terms of

7~~~

=

LS B B B S LA S S U S S B B S SR S B B BELA BN BN

‘IOOI 'SIOI 0 -50 -100  -150
(ppm)

the local Na environments. (31) Andrew, E. R.; Bryant, D. J.; Cashell, E. M.; Dunell, B. 8hem.
31 Phys. Lett.1981, 77, 614.
P.MAS NMR SpeCtra (94 T) of N&sO1o .(”)’ .recorded at (32) Burlinson, N. E.; Dunell, B. A.; Ripmeester, J. A. Magn. Reson.
two different spinning speeds, are shown in Figure 6a and b. 1086 67, 217.

The spectrum at highest spinning speed (Figure 6a) demonstrate$33) Hayashi, S.; Hayamizu, KChem. Phys1991 157, 381.
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Table 2. 3P Shielding Anisotropiesd(), Asymmetry Parameters
(15), and Isotropic Chemical Shift){,) for the Two NaP;O1o
Polymorphs and for N#;O1¢6H,0?
relative
sité intensity  J,¢ (ppm) 76" diso (PPM)
NasP:010  P(1) 1 116.14+1.3 0.50+0.03 —5.9+0.2
(1 P(2) 2 —107.4+ 0.7 0.28+:0.02 5.0+0.2
NasP:010  P(1) 1 126.9-1.7 0.45+0.03 —7.5+0.2
0] P(2) 2 —95.6+1.3 0.27£0.05 1.3+0.1
NasP:O100  P(1) 1 —98.0+3.8 0.00+0.15 0.6+0.3 (a)
6H,O0 P(2) 1 1144 1.8 0.51+0.03 —6.7+0.2 JJ h N
P(3) 1 —100.5+ 1.5 0.44+0.05 2.8+0.2 ~-

aOptimized data from least-squares fits to the integrated ssb
intensities in*'P MAS NMR spectra at 9.4 T. The error estimates are
95% confidence limits calculated for each parameter from the rms
deviation between simulated and experimental ssb intensities using the
procedure given in ref 28 The numbering of the P sites is taken from
the reported crystal structur&s* For assignment, see teftd, and
1, are defined by the principal elements) of the CSA tensor a8,
= Oiso — Ozz andn, = (011 — 022)/0y, Wheredisoc = Y3 (011 + d22 +
033) and 033 — Jisol = [011 — Oisol = [022 — Jisol.

(b}

couplings and'P—31P and/or'P—23Na scalad-coupling§4-38 e LL__ J LJ | S
because the high-field Hamiltonians for the CSA, quadrupolar,

and dipolar coupling interactions have terms which do not

commute with each other. As a result these effects are not

completely removed by magic-angle spinnfidhis phenom-

enom has partly been described forsR#1o (I1) by Hayashi

and Hayamizd2 who reported a small spinning-rate dependency

(in the rangeyy = 1-5 kHz) of the isotropic chemical shifts at

4.7 and 9.4 T as result of the simultaneous occurrencrof

CSA and®P—31P dipolar couplings. However, these authors
did not mention any effects from these interactions on the line (c)
shapes of the resonances. Unique powder line shapes of the

1 i 1 LI T T 1T T T T T 1T T T LI A B (L RN B B AL L LD BN B
ce_nte_rband and spinning sidebands are also obseryed at onver 150 100 50 0 50 00 150
spinning speeds. This fact and the relatively large difference in (pom)
Jiso Values for the two3lP resonances indicate that the line _ PP _
shapes are not a result of= 0 rotational resonance dipolar ~ Figure 7. *P MAS NMR spectra (9.4 T) of the high-temperature

T ; ; polymorph of NgP;0, (phase I) recorded using a 120 s repetition delay
recc.’“pll'”%*l;‘_”sgfec.t Wh'?gguoaihbe;? Obse.?'le dd fc}r chemically &4 (@, = 13 115 Hz (30 scans) and (b)= 4580 Hz (48 scans). A
e,qu'va en spln'palr : € two manifolds of spinning spinning sideband manifold from a minor impurity phase is observed
sidebands, observed in tA&#> MAS NMR spectrum recorded 4t the high-frequency side of the spinning sideband manifold from the

at a lower spinning speed (Figure 6b), make it possible to P(2) resonance (i.&is, = 1.3 ppm). The simulation of the spectrum
determine the CSA parameter§,(and n,) by least-squares  obtained withv, = 4580 Hz shown in (c) employs an 1:2 intensity
optimization of simulated to experimental spinning sideband ratio and the optimizediso and CSA parameters in Table 2.
intensities. This gives theéP CSA parameters listed in Table 2
for NasP301 (1) and the simulated spectrum shown in Figure magnitude to the spinning spe&dThe analysis in this work
6c. The CSA parameters and isotropic chemical shifts derived only includes the effect from the chemical shielding anisotropy
from Figure 6 are of slightly higher accuracy than those reported and extracts the CSA parameters from least-squares fitting to
earlier for NaPsOxo (I1).3233 integrated spinning sideband intensities. This is expected to be
3P MAS NMR studies of dipolar and-coupled®P—31P spin an acceptable approximation for the gRgio polymorphs
pairs have recently shown that these interactions can also bebecause the shielding anisotropies for the individual sites are
characterized from the intensities and line shapes of the spinningrelatively large and the lowest spinning speeds employed for
sidebands in slow-speed MAS NMR speda Furthermore,  the experimental spectra.(= 4.4 kHz) are about a factor of 5
it has been shown that a reliable analysis of the spinning larger than the strongestP—3'P dipolar interaction; the
sideband intensities requires consideration of at least the directcalculated®!P—3P dipolar coupling constanR = uoh(yr)?%
31p—31p dipolar interaction, in addition to the chemical shielding (167r3r§,P), is 848 Hz for the’P(1)—-31P(2) dipolar coupling in
anisotropy, in cases where the CSA interaction is small and NasPsO1o (Il). There is thus expected to a negligible effect of
where the3P—3!P dipolar interaction is of a comparable 3P—3P dipolar couplings on the spinning sideband intensities.

The 3P MAS NMR spectra of the high-temperature form,
(gg) gllaricq_, 'IXI. gIJ V\r(/?ugh'é' Slhlcgféeméngx(l)sllSﬂg 70, 3300. shown in Figure 7a and b, also reveal t#8 sites in the ratio
2363 wo Wasylis hens éf%hem? Phy<1993 09, 6321, 1:2 in agreement with the crystal structure ofsRgio (1).12

(37) Eichele, K.; Wasylishen, R. B. Phys. Chem1994 98, 3108. However, for this sample unique line shapes of the centerbands
(38) Wu, G.; Sun, B.; Wasylishen, R. E.; Griffin, R. G.Magn. Reson.  and spinning sideband are not resolved which we tentatively

1997 124, 366. ; e ;

(39) Kubo, A McDowell, C. A.J. Chem. Phys1990 92, 7156. ascribe to a lower degree of crystallinity for this sample
(40) Dusold, S.: Klaus, E.; Sebald, A.; Bak, M.; Nielsen, N.XAm. compared to the low-temperature form, consistent with the

Chem. Soc1997, 119, 7121. interpretation of the*Na MAS NMR data (vide supra). The
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line widths of the3lP resonances in Figure 7a (fwhm(P%)
0.66 ppm and fwhm(P2¥F 0.62 ppm) are slightly larger than
those observed for the low-temperature form (fwhm¢&P0)57
ppm and fwhm(P2y 0.50 ppm, Figure 6a). Least-squares
optimization of the spinning sideband intensities from the
spectrum at low spinning speed (Figure 7b) gives the CSA
parameters listed in Table 2 for BR&O;0 (I) and the simulation s ———
shown in Figure 7c. These parameters deviate only slightly from L 0 -4 -8
those obtained for the low-temperature polymorph, indicating (a) ppm

that only minor changes in the geometry of thgOR®>~ ion Jxl JUL JAL )
occur during the phase transition. Furthermore, it is seen that
the terminal P atoms of thes®;°~ units have a negative
shielding anisotropy parameted,j, demonstrating that the
unique principal element of the CSA tensdgd) is the least-
shielded principal element of the CSA tensor when the definition

[033 — Oisol = [O011 Oisol = 022 Oisol is used. Similar
observations have been reported fréfd NMR investigations
of diphosphate&4+43 for which thedss elements are always
TTT T T

the least shielded principal CSA tensor elemét®. single-

crystal NMR of o-C&P,0; has shown that the least-shielded (b)
principal element of the CSA tensor lies along the direction of LJ
the P-O(—P) bond! which is longer than the remaining three
P—O contacts. Similar geometries have been reported for the
terminal PQ3~ units of the BOi°~ ions in the NgP;Oio
polymorphs®12and thus, it is expected that tldgs; elements

of the CSA tensors for these sites are lying in the approximate
direction of the P-O(—P) bond.

The above information may be used in the assignment of the
three3'P resonances observed in A8 MAS NMR spectra of
NasP3010:6H,0O shown in Figure 8. The expansion of the (c)
centerbands in the spectrum at high spinning speed (Figure 8a) U
demonstrates that two of the resonances exhibit unique line
shapes, as a result of homo- and/or heteronuclear dipolar 200 150 100 50 0 -50 -100 -150 -200
couplings, while the third site has a broader featureless line ppm
shape. The observation of three resonances with approximately

; P . Figure 8. 3P MAS NMR spectra (9.4 T) illustrating the spinnin
equal intensities is in accord with the crystal structure reported (o> o = TS SRES sitt(es o N)a°3010-6H2g at spiﬁning 9

for the hexahydraté which reveals threé'P sites with equal  gpeeds of 13 340 Hz (a) and 5,575 Hz (b). The spectrum in (a) employed
occupancies. CSA parameters for the thf& sites can be  a repetition delay of 60 and 80 scans while the spectrum in (b) used a
extracted from simulations of the spinning sideband intensities 30-s repetition delay and 193 scans. The inset in (a) illustrates that
in the spectrum at lower spinning speed (Figure 8b) and are unique powder line shapes are observed_ for two c_;f*iﬁeresonances
listed along with the isotropic chemical shifts in Table 2. (dso= 2.8 ppm ands, = —6.7 ppm) while the third'P resonance

: : - - (diso = 0.6 ppm) has a somewhat broader and featureless line shape.
According to the above discussion, #® resonances exhibiting (c) Simulation of the spinning sideband intensities in (b) corresponding

a negative), are aSS|gne(_j to the terminal P atoms of th®:~ _ to the diso and CSA parameters listed in Table 2. The intensity ratio
ion (e.g. P(1) and P(3) in the reported crystal structure). This and the linebroadening of the individual spinning sideband patterns
assignment is supported by a comparison ofdgevalues for were adjusted to give the best fit to the experimental spectrum.
NasPs010-6H,O with those for the anhydrous polymorphs in

that all terminal P atoms have values that arel@ ppm lower more complex than the corresponding spectra of the anhydrous
than those of the middle P sites. The broadening of the resonancgpolymorphs since it is composed of second-order quadrupolar
at 0.6 ppm strongly depends on the spinning speed and isline shapes originating from five different Na sites. However,
ascribed to insufficient averaging 8fi—3P dipolar couplings the hexahydrate can easily be distinguished from the anhydrous
by MAS for this resonance. The R@etahedron of the P(1)  forms on basis ofNa MAS NMR. A complete analysis for
site participates in nine hydrogen bonds while the other terminal the hexahydrate, involving®Na MAS and MQMAS NMR

unit (P(3)) only takes part in one. Thus, we tentatively assign spectra recorded at different magnetic fields, is currently in
the broadened resonancés{ = 0.6 ppm) to the P(1) site,  progress.

leading to the complete assignment of all three resonances given

in Table 2. Conclusions

~ Finally, we note that preliminary®Na MAS and MQMAS Parameters for th&Na quadrupole couplings and isotropic
mveiggatlons have also been performed for the hexahydrate.chemical shifts have been accurately determined for the three
The #Na MAS NMR spectrum of this phase is considerably ¢ysiallographically distinct Na sites in both anhydrous poly-

morphs of NgP;010 using?Na MAS NMR and the pulsed field

T T T T T T TTT T T

T T T

2413 Kohler, S. J., EIIett,J.ID.;KIein, l\(I1 R. Cf;]em. Physl976 64, 4451. gradient MQMAS technique. For the low-temperature form

42) Duncan, T. M.; Douglass, D. @hem. Phys1984 87, 339. i ; ;

(43) Hartmann, P.: Vogel J.. Schnabel. B Magn. Reson. Ser.A994 these resqlts clarify discrepancies between recent MQMAS
111, 110. NMR studies and the crystal structure reported from X-ray

(44) Frydman, L.; Harwood, J. S. Am. Chem. S0d.995 117, 5367. diffraction. Furthermore, the MQMAS spectrum of this phase
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includes the observation of the largé®a quadrupole coupling  been applied in the assignment of the thfé@ resonances
(Cq = 4.57 MHz) reported to date by MQMAS NMR. TRéNa observed for the hexahydrate $®g010-6H,0. In conclusion,
quadrupole coupling parameters have allowed an assignmenthe present study exemplifies the power of solid-state NMR in
of the individual resonances to the three different Na sites in structural investigations of different crystalline forms of a
the crystal structure of the low-temperature form. Pdda compound (e.g. polymorphs or hydrates) and its great sensitivity
NMR data for the high temperature form indicate inaccuracies to local structural details.

in the crystal structure reported for this phase.

The 3P chemical shielding data, obtained froiP MAS
NMR sSpectra of the anhydrous polymorphs, show negative grants (C.A.F.). J.S. thanks the Danish Natural Research Council
shielding anisotropy parameters,(= disoc — 033) for the (J. No. 9600396) for financial support
terminal P atoms of thezP,¢>~ ions in agreement with earlier ) ) pport.
observations for diphosphates. This characteristic feature hasC9805240
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