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In layered paramagnetic compounds, such akikaNio 04 with a perovskite structure, tHei NMR spectrum

is broadened by anisotropic quadrupolar as well as paramagnetic dipolar interactions. We have used a two-
dimensional spin echo (SE) experiment to separate the quadrupolar interaction and obtain a clean quadrupolar
spectrum along they; dimension. This is demonstrated in L& sBos0s (B = Cu, Ni), through 2D SE
experiments conducted in static samples as well as those in spinning at the magic angle. A quadrupole coupling
constant of 92 kHz is estimated from the spectrum for paramagnetic iag sNigsOa.

1. Introduction complex NMR spectra by resolving the spectral information
along two orthogonal dimensions and effective in determining

The quadrupolar broadened one-dimensional solid-state NMR i eir mutual orientationThe 2D separation experiments have

spectra carry rich information about the nature of anisotropic been reported for both spi, and quadrupolar[= 1, (2n +
interactions present in the systerfihe determination of correct 3)/2)] nuclei®-8 Einnorson et af. have used two-dir'nensional

interaction parameters, such as quadrupole coupling ConStanhuadrupoIar and spin echo techniques to determine the homo-

arld thg asymmelry parameter, IS oftgn carrled out by line Shapegeneous line width, free from broadening due to the magnetic
simulations and comparison of the simulations with the experi-

iy : ~ field inhomogenity and orientation distribution of helical axes
_me“ta' spectra. In the presence O.f a‘?'d'“"f?a' I|ne_ broadgnmg in macroscopically oriented DNA fibers. They studied the NMR
interactions, such as chemical shielding, dipolar interactions, of metal counterions’(i, 13Cs) in hydrated oriented B-DNA
paramagnetic interactions, etc., the line shap.e SIm,u"'j‘t'cmsfibers and gathered information about the molecular dynamics
involve consideration of a dual axes system in which the

. . S S of these ions. Furo et dlapplied the two-dimensional quad-
interaction tensors can be coincident or noncoincident, the latter

bei L s D rupole echo method fof3Na nuclei in anisotropic liquids
one being more general in naturesystems experiencing exhibiting small quadrupole splittings. Dolenidelemployed

guadrupolar and anisotropic magnetic interactions were studied,[he 2D techni ; _ :
L . -~ que in Rby(NO4)«D2PO, (X = 0.44), using the
by Siminovitch et aP and Francé,for integer ( = 1) and half- (—Y, < 1) central transition of’Rb.

integer spin = 7/,) cases, respectively. Frarideas presented . .
a recipe to extract the quadrupole and magnetic shielding by ZDR&fggyNLeéaofand co-worké%@ave carngd oqthdeultengml
noting the powder singularity features, such as steps and of paramagnetic compounds with selectively

shoulders, when they are observed in the experimental spectraqeu"erated acetate groups. In such cases, it is advantageous to

There are two primary reasons for carrying out these stu dies_;eparate out the contribution from quadrupolar and paramagnetic

The first concerns the qualitative features of the NMR spectra Interactions by using two-dimensional representation O.f the spin
o . ) echo experiment or a three-pulse sequence. The principal values
when the principal axes of the interaction tensors are not

coincident. The spectral features may resemble second orderOf the interaction tensors were calculated from the projections

quadrupole effects associated with the %, nucleus and affect of the two-dimensional spectrum onto the corresponding

the quantitative interpretation of the spectra. Second, when thed|agonals and their mutual orientations from the simulations of

powder pattern lacks characteristic features such as steps angqe 2D spinning sideband pattems. Pines and co-wdrdese

shoulders, the iterative computer simulation procedure becomesrecemly determined the quadrupolar and chemical shift tensors,

tedious. Further, they are unlikely to lead to the extraction of a as ngl as their relative orientation, using switched-angle
. . . spinning (SAS) 2D NMR.
unigue set of the correct interaction parameter.

The two-dimensional separation techniques have been em- In paramagnetic systems of (2 3)/2) quadrupolar nuclei,

7 . .
ployed in solid-state NMR spectroscopy to separate dual .SUCh as’Li, the magnitude of the electremuclear dipolar

interactions, such as, chemical shift anisotropy and heteronuclealmtﬁ_rlg_(it'on IS suf|f|C|entIy(;arg|_e thaLthe O?S?L\leld NMRdspe_gtrumf
proton dipolar interactioh.These techniques are useful since EXNIPILS @ compleéx powder in€ shape. In the layered oxides o

they achieve a clean separation of the desired interaction fromNe type LaLiosBosOs where B is a paramagnetic ion such as
low-spin NPT, the anisotropic distribution of the paramagnetic
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noncoincident with the unique axis of the electric field gradient whereH; is the Zeeman HamiltoniaiHq is the quadrupolar
for the case B= Ni3*. This introduces an orientation-dependent Hamiltonian, andHp is the paramagnetic dipolar Hamilonian.
broadening, governed by these interactions, resulting in an The Zeeman interaction has the usual form
asymmetric’Li line shape'?

In this paper, we have extended the classical CPMG spin H, = —y(W2m)H,l, (2)
echo sequence to achieve a two-dimensional separation of the
quadrupolar interaction from the combined effects of quadru- and the quadrupole interaction, written in the principal axis
polar and paramagnetic dipolar interactions in the layered System of the quadrupole tenséris
compound LaligsNigsOs. The separation has been achieved
bothpin a static sample as well az in a sample spinning at the Ho = [€aQ/hai(21 — D)][31,° — I(1 + 1)] 3)
magic angle.

In eq 3, the various symbols have their usual meaning.

2. Experimental Section In LayLio sNiosO4, the paramagnetic dipolar interactions arise
from the dipole-dipole interactions between the observed

To separate the quadrupolar interaction, we have used thenucleus and the net : . :
. ) . paramagnetic moment associated with the
Spin echor/2-ty/2—x—t/2-AQ(t;) sequencé?*in which the  \jst (= 11,) The spin statefxTand |30of the electron spin

mcremepta! © perloq constitutes the evolution period fﬁm are not long-lived since the electronic relaxation is very rapid
magnetization. A spin echo is formed due to the refocusing of on the NMR time scale. Therefore, it is necessary to consider

the ar_nsotr[;)plcr:] and I|nhomoger|16_ou3 Ealramasg_netlcf_dlpolz:ljr n-a thermally averaged classical electron magnetic morignt
teractions by ther pulse, as explained below. Since first-order oqiting from the fast relaxing electron spins. The induced

quadrppolar interaction Is not affected. by tagulse, the spin paramagnetic shift on the observéd NMR spectrum then can
echo is modulated by the spin evolution under a quadrupolar ., |\ ritten a&8.1°

Hamiltonian. A sequential incrementationtpfrom experiment

to experiment and accumulation of the FID signal at efch H. = mETD | (4)
generates the 2D data mat6t,,to), which upon double Fourier P Z K

transformation leads to a two-dimensional frequency domain

spectrumS(v1,v,). We have incorporated both; quadrature where the) represents contributions due to identical electron

detection, axial peak suppression, and CYCLSHSto the moments &t various locations around the obsefiéducleus.

basic 2D SE sequence. For experiments performed under MAS Here,D is the dipolar coupling tensor, and is traceless if electron
the t; dwell time was not rotor synchronized so that the g tensor is taken to be isotropic. The angular dependence for
spectral width is not limited by the spinning speed. As a result, the paramagnetic coupling is embedded through the different

a sideband pattern appears along Fhedimension also. The  crystallite orientations in a powder sample. The central line is
2D data were processed by using a magnitude mode calculatiorshifted by an amounte, which is given by®

in both the dimensions.

The 2D experiments were performed at tHe Larmor vp=[(v 052ﬂ2)/3KB1] >(1-3cofr, ® (5)
frequency of 116.64 MHz on a Bruker MSL-300 FT-NMR k
spectrometer. Static experiments were carried out using a wide-
line probe housing a small diameter (6 mm) rf coil made from
flattened copper wire. This arrangement gave/a pulse of
3.1 us using the low power mode of operation on the
spectrometer. The MAS spectra were recorded using broad-ban
CP-MAS probe, the tuning range of which was extended to
116.64 MHz by adding a series capacitor to the X-channel tuning
capacitor. Az/2 pulse of 3.3us was achieved for the MAS
experiments.

Relevant 2D acquisition and processing parameters are
included in figure captions. The layered oxide compounds were
prepared by the usual ceramic method as published elier.

The observed powder pattern is accounted for by eq 5 through
6, which specifies the orientation of the dipolar vector with
respect to the magnetic field. When quadrupolar interactions
nd paramagnetic dipolar interactions are present, aslnda
i0.504, the Li NMR spectral frequencies and intensities are
determined by the quadrupolar and paramagnetic dipolar
interaction parameters and the mutual orientation of the two
tensors. Since the interaction (eq 4) is linear in the spin variable
Iz and behaves inhomogeneously, in a manner similar to
chemical shielding.
In the 2D SE sequence2—t,/2—nx—11/2—AQ(t2), the effect
of the refocusingr pulse is to eliminate the action of all parts
of the total Hamiltonian which are linear iz spin variable.
The chemical shift, implicitly included in eq 2, is refocused by
3.1. Theoretical Basis for 2-D Separation from SE Experi-  the 7 pulse. As mentioned above, the form of paramagnetic
ment. In what follows, a simple theoretical basis for the 2D  dipolar interaction is analogous to a chemical shielding interac-
separation of the quadrupolar interactiorlaffrom combined tion where the paramagnetic coupling tensor takes the place of
effects of quadrupolar and paramagnetic dipolar interactions is the usual diamagnetic shielding tensor. Therefore, these interac-
presented. tions also lead to an inhomogeneous broadening and thise
The “Li NMR spectra of LalLiosNiosO4 are broadened by s known to refocus such an inhomogeneous broadening. The
quadrupolar interactions experienced by thenucleus and the  quadrupolar interaction is unaffected in the evolution petiod
paramagnetic dipolar interactions between thieand Ni**(S while the spin system is subjected to the full Hamiltonian (eq
= /3). The quadrupolar interaction arises due to nonvanishing 1) during the detection periog. Thus, it can be seen that the
electric field gradients, and this gives rise to the second-order quadrupolar part of the interaction, not refocused bytipelse,
broadening of the centrat-{/, <> /) transition as well as the  can be separated along the dimension by using the 2D SE
first-order broadening of the satellite-{/, <> +1/,) transitions. sequence.
Therefore, we can write for the total Hamiltonian, 3.2. 1D NMR of LaylisBos04 Systems (B=Cu, Ni). The
1D 7Li NMR spectrum of the diamagnetic compoundLiy 5
H=H,+ HQ +Hp 1) Cuw 504 is shown in Figure la. We have used a quad-echo

3. Results and Discussion
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PPM Figure 2. 7Li 2D spin echo (SE) contour plot of LhiosCuysOa,
Figure 1. 116.64 MHz static’Li NMR spectra of LaliosB0sO0s obtained with a static sample. A 518)(x1024 () 2D data matrix
system: (a) LeLiosClosOs (B = Cu); (b) LaLioNigOs (B = Ni). was aquried using 250 kHz spectral widthu&t; increment, 0.1 s
These spectra were obtained using a quad-echo (QE) sequence usingglaxation delay, and 200 scans. The 2D data set was apotized with an
40 us 7 delay, 2 s relaxation delay, and 500 kHz spectral width. An ~ €xponential line broadening, in theandt, dimensions prior to Fourier
exponential line broadening of 500 Hz was used prior to Fourier transformation. The»; andw projections are also shown.

transf tion. . o
ransformation may be readily verified from the 2D contour plot where the

sequence [t/2)x—1—(/2),—t—echof® which removes dead andw; frequencies are correlated symmetrically with respect
time problems and allows observation of undistorted quadrupolar to the 45 diagonal. The 2D contour is also seen to extend over
line shapeg! The observed powder pattern is characteristic of the frequency range covered by the powder pattern. The steps
a spin¥, nucleus experiencing a quadrupolar interaction in an (0 = 90°) and shoulders§ = 0°) of the powder pattern occur
axially symmetric field gradient. From the discontinuities at the frequenciesu(i,w;) = £(e2Qg/2h)P, cos 6 and enable
observed for thé = 90° at +£22.2 kHz andd = 0° at + 44.5 us to estimateefQg/h) to be 90 kHz, in good agreement with
kHz, we readily estimate the quadrupole coupling constant to 1D measurements.

be 88.9 kHz. 3.4. 2-D Separation in LaLisNigsO4. The 2D spin echo
The influence of paramagnetic dipolar interaction on the separation of the quadrupolar spectrum in the paramagnetic
guadrupolar broadened spectrum is seen in the cabe NMR layered oxide system LhiosNipsO4 is shown in Figure 3. As

spectrum of LalipsNigsO4 (Figure 1b). The symmetrical in the diamagnetic compound, the contour plot correlates the
quadrupolar features are no longer seen for this compound. Thisspectral frequencies iw, with those inwi. The projections
arises due to the presence of an additional paramagnetic dipolamlong w,; and w, are also shown. As seen, the projection
interaction of comparable magnitude. The spectral frequenciesgives rise to the normal 1D asymmetrici spectral pattern,

are determined not only by the strength of the quadrupole andwhile the w; projection gives rise to a clean quadrupolar
dipolar interaction tensors but also by their mutual orientation spectrum free from paramagnetic dipolar interactions. Since the
in a molecule fixed axis systeAThe determination of quad- 7 pulse in the 2D SE sequence refocuses the isotropic chemical
rupole interaction parameter€?Qg/h, i) requires a line shape  shift, the w; projection spectrum is centered @t = 0. This
simulation that takes into account the dual axes system central line is flanked by satellites due to thel(2 < +3/2)
description and a knowledge of the dipolar tensor. In the case spin transitions, the steps and shoulders of which appear at
of LayLiosNip 504, the field gradient is due to the elongation of +23.2 andt-46.4 kHz, for the orientation of the unique axis of
LiOg octahedra along the axis, and the LiNi dipolar the electric field gradient tensor perpendiculér= 90°) and
interaction vector, due to the presence of Niin the basal parallel @ = 0°) to Ho, respectively. The frequency measure-
plane®® is oriented with respect to the efg frame. This results ments at these unique orientations lead to an estimate of the
in an asymmetric displacement of the3/2 < +1/2) satellite guadrupole coupling constar£§Q/h) for “Li in LasLigsNig 504
transitions with respect to the central transition, giving rise to to be 92 kHz, in good agreement with the value of 89 kHz noted

the observedLi line shape in Figure 1b. for the diamagnetic counterpartdlag sCug sO4. This results also
3.3. 2D-NMR of LagLiosCupsO4. The 2D separation experi-  shows that théLi quadrupolar interaction is not significantly

ment using SE sequence was first performeelLgCuy 504. changed in the presence ofNi

The 2D contour plot, together with the; andw, projections, Thew; andw; frequencies are asymmetrically correlated with

is shown in Figure 2. Since quadrupolar interactions alone arerespect to the diagonal of sloge 1 due to the influence of
present for this diamagnetic compound, they are unaffected byLi—Ni paramagnetic dipolar interactions. Since a full 2D contour
thes pulse. Thus, only the quadrupolar Hamiltonian is operative simulation is formidable and is beyond the scope of the present
both during the evolutiont{) and detectiontg) periods. A 2D study, we merely identify the paramagnetic frequency shift of
Fourier transformation and projection therefore gives rise to the the steps and shoulders for the pair of satellites duett’
same quadrupolar pattern iy, as in thew, dimension. This < +3/2) transitions appearing in the pure quadrupole spectrum
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Figure 3. 7Li 2D spin echo (SE) contour plot of khiosNigsOs, Figure 4. "Li MASS SE 2D contour plot of La iosClosOs at the

obtained with a static sample. A 518)(x 1024 ¢,) 2D data matrix spinning speed of 2.57 kHz. A 512))( x 1024 ¢;) 2D data matrix

was acquired using 250 kHz spectral widthy2t, increment, 0.15 s~ Was aquried using 125 kHz spectral widthu$ t; increment, 1 s
relaxation delay, and 800 scans. The 2D data set was apotized with anfelaxation delay, and 32 scans. The 2D data set was zero filled to 1024
exponential line broadening, in theandt, dimensions prior to Fourier ~ Points in thet; dimension and apotized using sine squared bell function
transformation. The, and w; projections are also shown. in both the dimensions. The, andw; projections are also shown.

alongws, and use the following expressions to estimate the angle SPiNNing speed in the, dimension and for small anisotropies

between the efg and dipolar axes. Using the theoretical treatmentiré much larger than the corresponding one-dimensional spec-
of France! we have trum. The effect is similar to that of spinning the sample at

one-half of the actual spinning speed, A single s pulse at

OP = v — (ven + Ven) (6) the center of the evolution period of the 2D dipolar chemical
shift sequence, yields dipolar sidebands @2 with the

0S=vp, — Yoy + Vi) (7 frequency axis reversed and enhanced intensity to those from
the 2D dipolar chemical shift experimetit?*

tarf Q = 30P/0S (8) It was observed that thi&i NMR spectra of LaLigs, ClysOs,
. . . ) ._and LalLigsNigsOs (parts a and b of Figure 1) could be
The orinetation between the efg and dipolar tensors is Conta'nedeffectively narrowed by the magic-angle sample spinning

in the angle<2, which is estimated from eqs-@. Here, v (MASS)13 At moderate spinning speeds (ca 3 kHz), the
corresponds to the position of the central transition peak and anisotropic powder pattern breaks into a series of spinning

1 1 i

la(vsu + vsi) and Va(vsn + vsny correspond to the middle  igepands, whose envelope to a first approximation maps the
positions between steps and shoulders, respectively, correspondgaiic |ine shape. In an attempt to separate the quadrupolar
ing to the satellite transition. From the 2D correlation provided ;. iaraction along the; dimension, we have also extended the

by Figure 3, we estimate the various values@svsin = —57.3, 2D spin echo experiment under MASS conditions. The 2D
50.2 kHz; vsn, vsnn = —14.3, 33.0 kHzivpe = —11.0 kHz,  contour plot for LaLiosCupOs is shown in Figure 4. As in
leading to the determination of 30or €. the case of a static sample, the 2D separation leads to the same
. quadrupolar patterns alonrg, andw, with an intense sideband
4. 2D Separation under MASS pattern appearing in both the dimensions. Since rotor synchron-
In a static sample, in which the frequenéyw, may have an ization is not applied alongy andt,, the sideband appear in
orientation dependence but no time dependence, a singliése both the dimensions. Here, a magnitude mode FT has been used
at timer induces a spin echo at time.4n rotating samples, it  to remove the dispersive effects on the sideband intensities. The
is well-known that these echo phenomena are more complicatedsideband patterns imply & periodicity with respect td,, but
because of time dependence of the precession frequen(y. a 2r, periodicity with respect td;. As expected? the effect of
The interference ofr pulses with rotational echo phenomena x pulse leads to the appearance of sidebandg/at The overall
has been already illustraté8iDepending upon its timing, the  anisotropy due to first-order quadrupolar interaction, seen in
a pulse may induce its own spin echo or may interfere with the w: projection spectrum, is unchanged in the MASS
the formation of the rotational echoes from the intrinsic time experiment. This allows us to estimate the quadrupole interaction
dependence oAw(t). The rotational echoes are produced in parameters from the 1D MASS projection spectrum as well, in
[H(ty,tp)(for t, equal to any integer multiple af, while t; must a manner similar to the nonspinning experiment. These were
be an even integer multiple of. This Zr, periodicity produces  found to be close agreement with the quadrupole coupling
rotational sidebands in tHg dimension at half-integer multiples  constant estimated from the static experiments.
of spinning frequency® The 2D spin echo techniques for We show in Figue 5 a 2Dcontour plot for LalLig sNigs04
measuring small chemical shielding anisotropies involve a single obtained under MASS. The; and w, projections are also
7 pulse applied at the center of the evolution periad,The shown. The intense and asymmetric sideband profile for the
resulting spectra have sidebands spaced at one-half of thew; projection spectrum is similar to that observed in the normal
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Figure 5. "Li MASS SE 2D contour plot of La.iosNigsO4 at the spinning speed of 2.55 kHz. A 236) (x 1024 ¢,) 2D data matrix was aquried

using 200 kHz spectral width, 2/ t; increment, 250 ms relaxation delay, and 40 scans. The 2D data set was zero filled to 1024 points in the
dimension and apotized using sine squared bell function in both the dimensione. Bmel w, projections are also shown.
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