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Abstract: 3P multiple-quantum solid-state NMR spectroscopy is introduced as a new approach for elucidating
internuclear distances between phosphorus nuclei in phosphates. The typical shorter distance between chemically
bound groups allows the determination of the chemical network. The method is supél®eia@hange experiments,

which, in principle, provide similar information. Separation of two crystalline;Ri@; phases is observed by both
methods, but the double-quantum experiment gives further information of couplings between sites with equal isotropic
chemical shifts. In C#;0y7, which contains ®and @ groups with large chemical shift anisotropies, the connectivities

can be deduced from the double-quantum experiment due to different cross-peak intensities. Our results are in good

agreement with X-ray diffraction measurements and su

Introduction

High-resolution solid-state NMR has emerged as a comple-
mentary method to diffraction techniques for the investigation
of crystal structures. The former is most sensitive to local

properties, as the fundamental NMR interactions are short range

in character, whereas the latter provides information about the
long-range order. Therefore, the combination of both methods
offers substantial advantages for the understanding of the
structure of solids. Furthermore, amorphous systems are
accessible to NMR, where X-ray diffraction suffers from liquid-
like broad reflection peaks.

One of the earliest experiments to establish crystalline
structures in solids with NMR was the detection of internuclear
distances in small molecufedike water by exploiting the
homonucleartH—1H dipolar coupling. The development of
multiple pulse line narrowirighas opened the opportunity to
investigate chemical shift tensor orientations for various nuclei
like '°F andH that usually exhibit strong dipolar coupling$.
Also, rotation patterns offC chemical shift tensors have been
reporteck® Last, but not least, high resolution in powdered
solids is achieved by combining these methods with magic angle
spinning (MAS)3

Two-dimensional (2D) NMR experimert$ of powdered
samples were applied to zeolitde investigate their structure.
J-coupling was used in these experiments, to provide information
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ggest applications to other, more complicated phosphates.

about the connectivity scheme. However, theoupling in
solids is usually weak and long evolution times are required to
produce the necessary magnetization that can be transferred in
the mixing part of the 2D experiment. Therefore, the signal-
to-noise ratio is poor due to relaxation of transverse magnetiza-
tion in these evolution periods.Furthermore, pure absorptive
spectra may be difficult to achieve.

Different 2D NMR variants are based on the dipolar coupling.
In 2D exchange spectra the coupling strength between spin pairs
manifests itself in the intensities of the corresponding cross
peakst® Since the dipolar coupling constadit~ 1/r3 is very
sensitive against the distance between the nuclei of interest, an
experiment using these couplings should provide results analo-
gous to those from X-ray diffraction techniques. In the presence
of magic angle spinning and large chemical shift interactions
the flip—flop part of the dipole-dipole coupling is reducet.
Therefore, recoupling schemes, such as radio frequency dipolar
recoupling (RFDRY! have to be used to observe cross peaks in
2D exchange experiments.

In a previous publicatio®? we introduced 2C*'P RFDR-
NMR to study the local structure of sodium phosphate glasses.
This method proved to be robust with a high signal-to-noise
ratio. However, the simple exchange of magnetization exploited
there has several disadvantages. The magnetization transfer
from connectivities between spins with exactly equal isotropic
chemical shifts and magnetization that has not taken part in the
exchange process during the mixing period lead to overlapping
signals on the diagonal. Also, the 2D RFDR-NMR spectrum
cannot distinguish direct magnetization transfer from that via a
third or more spins.

A new approach that provides a selective route to probe
dipolar connectivities is high-resolution homonuclear multiple-
guantum NMR spectroscopy of solidsvhich has successfully
been applied to determine connectivities between protons in
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Figure 1. Pulse sequences and experimental parameters used in the
experiments. The double-quantum excitation (a) is built of four suitable
phase cycled 90 pulses which provide a pure double-quantum
Hamiltonian with compensation for chemical shifts. Four rotor cycles
have been used in the excitation and reconversion period. The sign o
the pulse phases was inverted for the third and fourth rotor period. For

the RFDR experiment the 18ulse length was 4.0 ms. The mixing the w; dimension, if thet; dwell time is not synchronized with the
time consisted of 80 rotor cycles of pulse irradiation at a spinning fotor period. Hence, the dwell time of the double-quantum experi-
frequency of 12.5 kHz. Thé dwell time was set to the rotor period ~ Ments was set to the rotor period time interval of 70 {®®;) and 77

time interval, so that no spinning sidebands appear imthgimension. us (CaPsO17). The repetition time was 10s. A saturation sequence
was applied prior to each sequence to ensure equivalent conditions for

each experiment. Sixty-four slices have been recorded feP:Oa
and 128 for MgP,O; with 8 experiments for everyincrement (double-

Figure 2. Section out of the crystal structure afMg,P,07.1> The
two different phosphate sites are cut out of the anionic network and
fdisplayed at the left to characterize the structural difference.

solids!* It enables the investigation of crystallographic sites

¥.th1 bm? ect]_ual tan(_:i uneql_JaI |S()ttrqp;c Cherﬂ'cal sr;:fts. Ats a guantum 2D experiment). The phase cycling is adjusted to sel2ct
Irst application 1o Inorganic materials, we have chosén tWo cqherence for the double-quantum atd coherence for the RFDR
phosphates, Mg,0; and CaPsOr;. The topologies of thé'P 2D experiments in thg period. This is necessary to obtain amplitude
spin systems are known from published X-ray diffraction modulated time domain data. In addition, a time proportional phase
experiment®17 and were confirmed by IR investigatiolis.  increment (TPPI) with a 45phase increment for the double-quantum
Two different crystalline forms of MgP.O; have been experiment and a 9Qphase increment for the RFDR experiment was
identified>!¢ Both are present in our particular sample and the applied.

question arises, whether these phases are linked on an atomic The combination of these methods allows pure absorptive and phase
scale. The second sample, £807,1718 consists of two sensitive 2D spectfﬁv19 to be obtained. The qua}lle of the double-_
different & and one @ unit and provides a test for the quantum experlment strongly_ d_epends on th_e eff_|CIency of the applied
sensitivity of double-quantum NMR for probing the connec- phase cycling, theref_ore, a digital phase.Sh'fter is recommended.
tivities between these groups. A comparison between RFDR To reduce the spinlattice relaxation time, the M§.,0; sample

! contains F& at a concentration of 2000 ppm and.E#; contains
and double-quantum NMR is also performed on both samples. ¢+ 4t 1000 ppm.

The powdery MgP,O; sample was obtained by thermal decomposi-

Experimental Section tion of MgNH,PQ,.15 Two phases of magnesium diphosphate, called
All experiments were performed on a Bruker ASX 500 spectrometer ® @nd /3, had been found by X-ray diffractiof.® Both phases are
at a®'P Larmor frequency of 202 MHz. As described befdi@Q- present at room temperature which was determined by the NMR

NMR spectra are recorded employing a pulse sequence of the typeMeasurements, although tfiephase is known as a high-temperature
depicted in Figure 1a. There DQ coherence is excited, then evolves(>(i0 °C) modification. This effect is possibly due to the addition of
duringty, and is subsequently reconverted to detectable magnetization.

For phosphates particular care has to be taken to achieve broadband . .

excitation and reconversion, because of the 14igehemical shift. In Results and Discussion

our experiments we used a rotor synchronized back-to-back (BABA) Mg.P,07. The structure of the-phase is outlined in Figure

excitation sequence, depicted in Figure la and described in detail . h . . 1 -
elsewheré? For comparison, a 2D RFDR spectrum was also recorded 2 It contains two crystﬂlogfaphlcally mequlva.lent er."ts
for Mg,P,O; with the pulse sequence in Figure lb. linked tozglethgr to a [fOy anion. In the left section of Figure
As shown in a previous papétthe rotor phase dependence of the 2 &ll Mg®" cations up to a maximum distance of 0.33 nm from
produced double-quantum Hamiltonian leads to spinning sidebands inthe central phosphorus nucleus are shown. In the ID MAS
spectrum (Figure 3a) the two phosphate sites lead to separated
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Figure 3. (a)3P-ID MAS-NMR spectrum of MgP,O; at 202 MHz. A-B - &
The NMR signals at-14.0 (A) and—20.3 ppm (B) are assigned to L 30
the a-phase, the signal at19.2 ppm (C) to the8-phase?>?? (b) 3'P- 7| B
ID MAS-NMR spectrum of CgPsOr; at 202 MHz. The resonance lines A-A [
are at—35.3,—40.6, and—43.2 ppm. The assignment to the structure - -25
is discussed in Figure 5. The small peaks on the left site of the three [
large signals belong t8-Ca(PQ).. et
With the 2D-RFDR experiment only cross peaks between the -10 -14 -18 -22
two lines of thea-phase, A and B, but none between either of ppm

them and the single line of thimoadification C on the diagonal  Figure 4. (a) 2D RFDR spectrum of M0 for a mixing time ofty,
are observed (Figure 4a). This proves that both modifications = 6.4 ms obtained with the pulse sequence outlined in Figure Ib. The
are not mixed on an atomic scale. It is inherent to exchange- two resonances af-Mg,P,O; are labeled A and B and the signal that
type experiments that signal intensities along the diagonal do corresponds t@-Mg.P,O; is denoted as C. The ratio of the intensity
not provide information about connectivities. For instance, the between the peaksAA, B—B to A-Bis about 1:3. The contour levels
C peak on the diagonal could also be caused by phosphorugVere set to 18.2, 25.5, 35.7, 50.0, 70.0, and 97.9% of the maximal
nuclei which are not dipolar coupled to oth&P spins. As peak intensity. (b) DQ spectrum of the same sample, recorded with
mentioned earlie¥? we note that this case is less important in the pulse sequence 1, part a-B represents the connectivity within

| . . . . the anion ino-Mg,P,0; whereas A-A and B—B correspond to DQ
amorphous materials if the inhomogeneous line width exceeds .,perences of like phosphate tetrahedra in adjace@yJf units. C
the homogeneous one. Thus, in inorganic glasses, the crossis the analogue fof-Mg.P:O:.
peak intensities for similar groups are well separated from the
very narrow resonance lines of the magnetization not transferreddiagonal cross peaks indicate DQ coherences between chemi-
during the mixing perio® Hence, in such systems the cally different groups. Thus the single peak labeledCin
connectivities of similar but not identical @ units can be the double-quantum spectrum §68tMg,P,O; results from the
probed as well. two equivalent phosphate tetrahedra forming th©pP*~ anion.

In contrast to the RFDR experiment, only dipolar coupled It should be noted that for the short excitation time used here
spins are displayed in the 2D DQ spectrum (Figure 4b). Since the DQ peaks are always positive and their strength depends
31p spins without dipolar couplings cannot create double- on the square of the dipolar coupling of the excited spin gdirs.
guantum coherences, their magnetization is filtered out by the The two resonances that belong deMg,P.O; show the
phase cycling and hence cannot appear in the DQ spectrumitypical DQ spectrum of a system where all sites are connected
As explained in detail elsewhefeauto-peaks resulting from  among each other by dipetalipole coupling?® It can be
DQ coherences between like spins occur on the diagonal. Off- subdivided into peaks of sites with the same isotropic chemical
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Figure 6. 2D RFDR magnetization exchange of£8Dy; for a mixing
F time of 3.84 ms. The cross-peak intensity of the2lconnectivity is
© ® - of comparable size to the-B3 and 2-3 connectivities. This demon-
: g strates the improved sensitivity of double-quantum experiments.
° © s = biggest intensities in analogy to M@0y, i.e. 1—1, 1-3, and
2—3. The strength of the dipolar coupling and the statistical
_ amount of the considered connectivity is reflected in the
=70 intensities of the respective peaks. Nearby but not chemically
; bound @ units (1-2, 2—-2, and 3-3) lead to much weaker
35 do 45 ] DQ signal intensities, because the distances between them are
ppm larger compared with those of the directly connected groups
(Table 1). The strong DQ signals reflect-P distances of
Figure 5. A section out of the G#Or; structure is given in part ‘. approximately 0.3 nm, whereas the weak DQ signals are due
The full circles represent € and the open ones®units. In part b .
the 2D double-quantum spectrum is displayed. The biggest intensitiesto P nuclei about 0.4 nm apart. .
y The double-quantum NMR spectrum confirms the structure

marked in the spectrum indicate the direct connectivities of the Q df diff . . h
units. The peak assignment to the crystallographic sites is possible justPrOP0sed from X-ray diffraction. In comparison to the RFDR-

by the detection of these intensities and confirms the structure NMR experiment from the DQ spectrum it is usually easier to
determined by X-ray diffraction. The smaller signals2, 2—2, and decide how the @ sites are linked to each other. A representa-
3—3 show dipolar connectivities of not chemically bound nuclei with tive RFDR 2D spectrum of GBsO7 with a mixing time ofty,

small distances. The contour levels were set to 15.2, 20.8, 28.5, 39.1,= 3.84 ms is shown in Figure 6. The peak intensities are
53.3, and 73.3% of the maximal peak intensity. comparable for all types of connectivities and only a slight
suppression of the cross peaks that belong to the not chemically
bound sites is observed. The contrast in the double-quantum

T

Table 1. P—P Distances in nm up to 0.50 nm in £g0;#

(n)-species ©) ) @) experiment is much bigger which demonstrates the higher
(1) 0.309 0.391, 0.447 0.285, 0.453 selectivity of this advanced method.
2) 0.391, 0.448 0.460 0.293, 0.295, 0.469 .
(3) 0.285,0.453 0.293,0.295,0.469 0.486 Conclusions

aThe chemically bound species are on average 0.1 nm closer than Solid-state multiple-quantum NMR spectroscopy is a power-

the nearby but not linked @ units. The assignment of the numbers Ul New technique to elucidate structure in phosphate systems
to the structure scheme is given in Figure 5. in addition to 2D exchange experiments, such as 2D RFDR-

NMR. The intensities on the diagonal reflect dipolar connec-
shift (A—A and B—B) and different ones (AB). The (A—B) tivities of spin pairs with equal isotropic chemical shift. The
peaks indicate the connectivity between the two inequivalent magnetization of spins which are not dipolar coupled is filtered
phosphorus atoms within the4B;]*~ anion whereas the peaks  out by an appropriate phase cycle. Other important features of
(A—A) and (B—B) reflect the spatial proximity of the like  DQ NMR are the high sensitivity of the excitation efficiency
phosphate tetrahedra in adjacens@r*~ anions. The larger  to the coupling strength and, therefore, internuclear distances.
intensities of the two A-B peaks compared to the-AA and Furthermore the method can be extended to higher multiple-
B—B signals reflect the fact that the distance betweerBAs guantum orders in 2D experiments. Hence, this approach can
much smaller than that between-A and B-B. The results be used to confirm and complement X-ray data. Applications
are in full agreement with the structure suggested from X-ray currently underway in our laboratory are quantitative measure-
diffraction experiment$>16 ments of3P—31P distances, studies of phase separation and

CayPeO17. The structure of the ultraphosphate,BsDy; has assignment of ID MAS-NMR peaks in crystalline phosphates,
recently been established using IR spectroscopy and X-rayand connectivities in phosphate glasses.
diffraction”18 |t is composed of ®and G units, forming
corrugated sheets of linked rings with 14 phosphate tetrahedra.
Figure 3b shows the ID MAS-NMR spectrum and a simplified
structural picture is displayed in Figure 5a.—P distances
deduced from X-ray diffraction are collected in Table 1.

In contrast to the case of MBOy, the assignment of the
peaks to the structure is possible just by the 2D DQ spectrum,
displayed in Figure 5. Chemically linked®@units exhibit the JA9619871
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