Determination of quadrupolar and chemical shielding tensors
using solid-state two-dimensional NMR spectroscopy
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The quadrupolar and chemical shift tensors, as well as the relative orientation of the two principle
axis systems, are accurately determined using a two-dimensional nuclear magnetic resonance
technique. Good agreement between experimental and simulated two-dimensional spectra is
obtained for a series of rubidium and sodium compounds at multiple magnetic field strengths.
Extension of this technique to correlate the quadrupolar and dipolar interactions, as well as the
incorporation of a purely isotropic dimension resulting in a three-dimensional experiment is also
discussed. ©1996 American Institute of Physids$0021-960806)02241-9

INTRODUCTION magnetic field and are most conveniently characterized in a
principle axis systenfPAS) defined relative to the molecular

Nuclear magnetic resonan@¥MR) spectroscopy is ide-  frame. In the corresponding principle axis systems, three pa-
ally suited for the study of the atomic, magnetic, and elecrameters are sufficient to characterize the chemical shift in-
tronic structures of materials because it is atomic-site specifigeraction(the isotropic shifts,, the anisotropic shif$, and
and able to prOVide atomic level information. While therethe asymmetry paramet%s), and two parameters are suf-
have been many NMR experiments developed and impleficient to describe the quadrupolar interactitime quadrupo-
mented for spin-half nucleil&1/2), NMR spectroscopy of |ar coupling constar€,, and the asymmetry parametgs).
quadrupolar nucleil(>1/2) has been underutilized due to a ypjike the chemical shift, the quadrupolar interaction is
lack of sophisticated experiments that are able to exploit th%aceless, and accordingly there is no quadrupolar parameter
qguadrupolar interaction to provide useful structural a”danalogous to the isotropic chemical shift.
chemical_ information. The recent_ development of dynamic- The magnitudes and symmetries of the quadrupolar and
angle spinningDAS), double rotationDOR), and multiple- — cpamical shift interactions can potentially be determined
quantum experiments have made it possible to obtain highom NMR spectra and used to characterize the local atomic
“’?‘50'““0” spectra of quadrupolgr nude?.Howgver, tech- ._environment. For example, the isotropic chemical shift has
niques to deconvolute the surfeit of mformau_on present Iyeen used as an analytical tool for identifying chemical spe-
the EMTO)S(?;;:S Oggg/‘z‘dé?%%l:rSrﬂcllqe;g:ii;t'ig;iegidére cies in both solutions and solids. The anisotropic chemical
quadrFl)J%olar inclﬁdingﬁju 01 170 23\ 27| p51v shift, yvhlch is more sensitive to the local aton_1|c environ-

: ' ' ' ' ' ' ment is also beginning to be used as an analytical tool. Fur-

636%Cu, 971Ga, and®™®Rb. Quadrupolar nuclei are affected ; . )
L : ; . tfhermore, several groups are using the orientation-dependent
by the magnetic interactions experienced by spin one-hal

nuclei, such as the chemical shift and dipolar interactions, irpature of the chemical shift anisotropy to study molecular

addition to an electrostatic interaction between the quadrugynam'cs in many materials. The quadrupolar interaction is

polar moment of the nucleus and the surrounding electri%ery sensitive to the details of ponding anc_i for exgmple has
field gradient(efg). Both the quadrupolar and chemical shift eeln u_sed_l_to metl';\suréeéthe distribution ¢+G-Si bond
interactions have anisotropic contributions that are deperfn9'€S In sliicate glasses.

dent on the orientation of the molecular frame relative to the ~ DU€ 0 the anisotropic contributions of the quadrupolar
and chemical shift interactions and the random orientations
of crystallites present in powder samples, NMR spectra of

dpresent address: Department of Chemistry and Biochemistry, South Dgs ; ;
> : : owders have typically low resolution. When there are no
kota State University, Brookings, SD 57007. ap yp y
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California. nates the NMR line shape, the quadrupolar or chemical shift
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parameters can easily be determifiétbwever, the presence chemical shift interactiond-~23In this paper, the application
of overlapping resonances or of multiple interactions ofterof a two-dimensional NMR technique to determine the
precludes accurate interpretation of one-dimensional NMRstrengths and symmetries of the quadrupolar and chemical
spectra. shift interactions, as well as the relative orientation of the
For spin one-half nuclei, spinning a powder sampleprinciple axis systems is demonstrated. This technique has
about 54.74°%the “magic” angle relative to the magnetic the advantages of not depending as strongly on intensity
field orientationally averages the anisotropic contributions ofneasurements as the one-dimensional methods and of being
the chemical shift and dipolar interactions, resulting in high-suitable for coupling constant€() between roughly 3 and
resolution NMR spectr&:® This technique is referred to as 15 MHz, depending on nuclear spin quantum number, spin-
magic-angle spinningMAS). The anisotropic contribution ning speed, and field strength. Also, the technique and for-
of the quadrupolar interaction can be averaged by spinninghalism presented in this paper can be adopted to correlate
the sample about two angles relative to the magnetic fieldhe quadrupolar and dipolar interactions; extension to a
either simultaneously or sequentially, as in double rotatiorthree-dimensional experiment incorporating a purely isotro-
(DOR) or dynamic angle spinningDAS), respectively:?  pic dimension for the study of systems with overlapping
Isotropic spectra of quadrupolar nuclei can also be obtainetesonances or with a distribution of isotropic shifts such as
by spinning the sample at one angle and exciting a multipleglasses, is also possible.
quantum transitiod.When the quadrupolar interaction is the
dominant interaction and there are no overlapping resoEXPERIMENT
nances, simulations of MAS NMR spectra typically yield

more accu.rate values Of the quadrupolar parameters tharﬂercial sources, typically with a stated purity of 99.8%. The
those obtained from static powder samples, due to the r&3\ 2 and®’Rb NMR spectra were acquired at 4.2(%Na

moval of the line-broadening effects of the chemical shif’t49 1 MHz:¥Rb 60.8 MH2, 9.4 T (®Na, 105.9 MHz:¥Rb
and dipolar interactions. When the chemical shift anisotropy, 5 o MH,z) or11.7 T(23Na' 1323 MHzERb 163.6 MHZ

and dipolar interactions are negligible, spinning the Sampl%\/ith a Nalorac Quest, Bruker AM-400 or a Chemagnetics

between 60° and 70° relative to the magnetic field, yields th(?:,le_500 spectrometer, respectively. A home-built NMR
highest resolution of any single-quantum, single-angle Sp'nbrobe based on the design of Eastreaial 24 capable of fast

H : 0,11
ning experiment reorientation of the spinning axis, and employing a Doty

The quadrupolar and chemical shift interactions _areScientific(Columbia, S¢ 5 mm fast MAS stator was used;
characterized by two and three parameters, respecnvel&xcept for the?®Na NMR spectra acquired at 4.2 T, for

When both interactions are simultaneously present, the thr%hich a probe based on the design of Muekeral? was

angles that describe the relative orientation of the two pring <.y o WhedcgAnn Arbor, MI) high torque stepping mo-

cipal axis systems are needed to completely characterize ﬂfSr and motor controller were used to reorient the rotor axis

local atomic environment and to simulate the NMR spec- typically 40 ms. The spinning axis was initially set to

trum. Only recently have noncoincident principle axis SYS-54 740 using thé’Br NMR signal of KBr. To obtain pure
tems been con5|_d(_ared and attempts at determining all €ight, se tyo-dimensional NMR spectra, standard pulse se-
parameters by fitting one-dimensional NMR spectra bee uences using TP®1 (at 9.4 T or the method of States
made!?=2° For example, Chengt al. reported values for all etal?’ (at 4.2 and 11.7 Twere used. When necessary be-
glght pg\srameter; for a sprles of rubidium salts fror_n .the ﬁt'cause of broad spectral ranges, an echo synchronized to the
Fmg: of th and T)thta};'C”N'\él.? spect:tréﬁ 'Ehese rub|d|:1m pinning of the rotor was used for detection. To ensure se-
ISotopes have substantially difierent nuciear magnetic ang, e excitation of the central transition, 90° rf pulses were
nuclear quadrupolar moments, ena_bllng the Qetermlnatlon g pically longer than 1Qus. Generally, 128 and 512 points
the quadrupolar and chgmlcal shift interaction parameter, ere acquired ift, andt,, respectively, with 32 scans par
from NMR spectra of static powder_ samples. Ho_we\{er, mosajue. However, the experimental parameters depended
elements do_not have two convenient NMR-active isotopes reatly on sample and field strength. During processing, the
thus precluding the general use of this method. Jakobs 1 dimension was zero filled to 256 points and 100 Hz

et al. observed all the NMR transitions 6V using MAS Gaussian line broadening was applied in both dimensions.

and were able to determine all eight parameters from a COMyyijte aqueous solutions of RbN@nd NaCl were used as
parison with simulationd® However, this technique is lim- external standards

ited to quadrupolar coupling constantd) typically The simulations were performed on a Silicon Graphics

Z_maller_ thalnNi)IFI)? MH?‘ Jhel dls_ad;/a:jnta%es d'?ff tr|1esef One(Mountain View, CA R4000 workstation using a program
imensiona methods also include the difficulty of ac-, iven in ForTRAN. A two-dimensional spectrum with

curately measuring the entire NMR line shape over the typi- 28 points in both dimensions takes approximat@ls to
alculate.

All samples used in this study were obtained from com-

cally broad spectral range and of determining a unique set g
parameters to fit the NMR spectra.

Two-dimensional NMR spectroscopy has been used t
accurately characterize multiple interactions. For exampleq,—HEOREﬂCAL BACKGROUND
separated local field spectroscopy has been used to measure For the measurements presented in this paper, only the
the strengths and relative orientation of the dipolar andcentral transition+1/2) is considered; the quadrupolar and
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chemical shift interactions are treated as perturbations to the
nuclear Zeeman interaction. The quadrupolar interaction is
an electrostatic interaction between a nonspherical nucleus
and the electric field gradientefg) at the nucleus, the
strength of which depends on the orientation of the molecu-
lar frame relative to the static magnetic field. The efg is due XcsA
to the surrounding electrons and neighboring atoms. The
chemical shift interaction arises from the interaction between
the electrons surrounding the nucleus and the static magnetic
field and also depends on the orientation of the molecular
frame relative to the static magnetic field. The following

ZCsA

derivation of the NMR frequency shift due to the quadrupo- XQuad.
lar and chemical shift interactions follows that of
Baltisbergerz_8 FIG. 1. A schematic representation of the quadrupolar and chemical shift

In terms of spin operators the quadrupoIaHQo and principle axis system@AS) with a relative orientation characterized by the
) i o _ 30 Euler anglesy, 8, and y.
chemical shift(H.g) Hamiltonians can be written &s

e . I .
H :—Q BYA When the quadrupolar and chemical shift interactions
Q2n1(21-1) ' - : :
are present simultaneously, knowledge of the relative orien-
Hes= vhil-0-B, (1) tation between the two interaction tensors is necessary to

simulate the NMR spectrum and to completely characterize
the local atomic environment. Three Euler andles,y) can

k S . be used to characterize the relative orientation of the two
the static magnetic field/ and o are the efg and the chemi- i ciple axis systems and are defined as shown in Fig. 1. As
cal shielding tensors, respectively. The Hamiltonians ar'eported by Fernandezt al® due to the periodicity of the
written as tensor products, consistent with the anisotropigenendence of the quadrupolar and chemical shift interac-
nature of the interactions. In the appropriate principle axigjons on the relative orientation between the molecular frame
system, the interaction tensofg and o) can be diagonal- 44 the applied magnetic fiel®) and also the traceless na-
ized separately. The diagonal elements are typically defined,.e of the quadrupolar interaction, for powders there are

using the following conventions; four distinct relative orientations of the quadrupolar and

wherel is the nuclear spin operator ahds the nuclear spin
guantum numberQ is the nuclear quadrupole momeBt;s

V24 =|Vyy|=Vid, chemical shift tensors that are indistinguishable. The four
orientations are related by the following symmetry
|0'zz_ 0'iso| = | Oyy— O'iso| = | Oyx— 0'is.o| ) operationsl.g
_a'zz+0'yy+‘7xx (111,3,7)5(01,,3,77“‘7)5(77_aa,Bv_7)
o= 3 - 2
=(a,m=B,~ 7). &)

The subscriptz , andxx indicate orthogonal axes in the .
Ptz yy g Interactions relevant to NMR are often represented by

relevant principle axis system. The quadrupolar interaction is ducible t tors t loit th i f th
traceless and can be completely characterized by two pararH—re ucible tensor operators fo exploit the symmetries of the

eters, the quadrupolar coupling consta@bj and the asym- Interactions and reduce the computational difficulties. The
metr); parameter o) quadrupolar and chemical shift Hamiltonians, each defined
Q/:

in their corresponding principal axis system, can be written

e’qQ Vyx— Vyy in terms of spherical tensors?4s*°
Co= . M= )
h V,, 2
PAS__ CS CS
with eq=V,, by definition. The chemical shift interaction, Hes™=hydsoB,l .+ NE ﬁ75m;2 (=D "p3> Tam,
however, requires three parameters that are conveniently de- 6)
2

fined in parts per million(ppm) relative to a standard hC

. PAS Q m_Q Q
[6=10%0andard Tsampid - The three parameters are the iso- ~ Hq =32i-1) mz_z (=13 mTam,
tropic chemical shift(é,), anisotropic chemical shifts),

and asymmetry parametéf.o), defined as where the interactions have been separated into spgajial
St St S and spin ) components.
et Rt Y NS S\ To calculate the NMR transition frequency, the Hamil-
= 3 ' e tonians were transformed from the relevant PAS to the labo-
S Byy 4 rat_ory frame u_sing_ Wigner .rotation matrice;. The chemical
Nes=5 g 18,7 Bisd = Syy— Sisel =| Sxx— Sisal - shift (CS) Hamiltonian was first transformed into the PAS of
2z iso the quadrupolar interactionQl). The quadrupolar and
In this convention can be either positive or negative, while chemical shift Hamiltonians were then transferred to the ro-
7cs IS between 0.0 and 1.0. tor frame, and then finally to the laboratory frame
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(a.8,7) (d.x, ) Bo
CS PAS—— QI PAS——— Rotor Frame 0
(rt,6,0) Loy P,(Cos8)

—— Lab Frame, 05

where(a,8,7), (¢.x,¢), (w,t,0,0) are Euler angles between b
the corresponding reference frames. Heyeis the spinning 00 N
speed, and is the orientation of the rotor axis relative to the P4(C°SM

magnetic field. In the laboratory reference frame, the spatial 03

o° 54.74° 70.12°

Z?éts—ng the quadrupolar and chemical shift interactions Spinning Angle 8
2 2 2 FIG. 2. The second and fourth order Legendre polynomials as a function
of 6.
Am= 2. 2 2 psiDf(a.By)
k=—21=-2n=-2
XD{2(¢,x,@)D2)(w,1,60,0), Also, notice that for equal to 54.74°P,(cos6) and hence,
5 5 7) the anisotropic part 0&°S is zero. There is no single angle
for which P,(cos#) andP,(cos6) are simultaneously zero.
Q _ Q p(2 (2) ~2(C0S 4
Adm ,:22 n;2 P3P (6:X,@)Dim (@1, 6,0). One-dimensional NMR spectra of powder samples are
@) i ] a2 calculated by determining the frequency shifts for all pos-
D} are second-rank Wigner rotation matricés: sible crystallite orientations relative to the static magnetic

The NMR resonance frequency offset for a specific crystig|q.29.30The frequency shift is a summation ofS and »®

. . . . CS
tallite is a %ummatlon of the chemical shi#v™) and qua-  contributions. The intensity at each frequency is proportional
drupolar () terms. The chemical shift contribution can be {4 the population of the corresponding orientations. For a

calculated using first-order perturbation theSry random powder sample, all orientations can be accounted for
2 by integrating over the surface of a unit sphere. Alderman
w®5=yB| St 3 SAS?,) (8) etal? devised a computationally faster technique by ap-

proximating the surface of a unit sphere with the surface of
Second-order perturbation theory is necessary to calcula@n octahedron. The sines and cosines in the expressions of
the effect of the quadrupolar interaction on the central tranw®S andw® can then be replaced by ratios of the coordinates

sition of half-integer spin nucl& on the surface of the octahedron. The simulated spectra in
2 3 this paper were calculated using this metfdd.
Q — Q _ QAQ For a powder sample the NMR frequency as a function
O 15—z | (1 +1) —}(ZA As_ _ pow( amp ) q Yy
Va2 B21(21-1)] 4] et of orientation is typically not single valued, hence for one-

QAQ dimensional spectra there is overlap of signals corresponding
+AZAS 5). 9 . e . : o
to crystallites with different orientations, making interpreta-
Notice thatw®S is linearly dependent on the magnetic field tion of spectra difficult. In a two-dimensional experiment,
strength B) and w® is inversely dependent dB. the frequency of each nuclear spin is sampled during two
It is instructive to write the dependence ©f° andw®  different time periods. The intensity of the resulting two-
on ¢in terms of the second and fourth order Legendre polydimensional spectrum is proportional to the joint probability
nomialsP, andP,. For fast sample rotation, the time aver- distribution of a nuclear spin having the NMR frequency
age of the frequency shift due to the chemical shift anisotduring the first time period ane, during the second time
ropy and the second-order quadrupolar interaction ar@eriod. For the pulse sequence schematically represented in
independent of the spinning speed and the anglep,?® Fig. 3, the intensity of the resulting two-dimensional NMR
oS, B.v.b.x.0) spectrum is proportional to the probability that a nuclear spin
A will have a NMR frequencyp, for a powder sample spinning

= yB[ 8ot A5 @, 8,7, b, x)P2(cos 0)], about; multiplied by the probability that the same nuclear
o (100  spin will have the NMR frequencw, when the sample is
w11 P X, 0) spinning about an axis inclined @ relative to the static

2 magnetic field. As indicated by Ed10), the size of the
_w‘58+A2Q(¢'X)P2(COS 6)+A‘?(¢'X) Pa(cos 6). che?nical shift and quadrupola)r/ co(}]tributions to the NMR
ASS, AS, andA? are functions of the relative orientation for frequency shift depends ah Because is different for each

the crystallites in the rotor frame characterized by the anglesf the two dimensions, the relative contributions of the
¢ and x. AS®S also depends on the relative orientation of thechemical shift and quadrupolar interactions will be different
guadrupolar and chemical shift principle axis systems charfor the two dimensions. The resulting spectrum can be used
acterized by the angles B, andy. In Fig. 2,P, andP, are  to determine the quadrupolar and chemical shift interaction
shown as a function of. The different dependence aghof  parameters, as well as the relative orientation of the principle
the chemical shift and quadrupolar interaction enables thaxis systems by comparison with calculated spectra. The
deconvolution and measurement of the two interactionstwo-dimensional NMR spectra are calculated by determining

J. Chem. Phys., Vol. 105, No. 21, 1 December 1996
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FIG. 3. A schematic representation of the switched-angle spin(8Ag)
experiment. As the sample is spinning abaytrelative to the magnetic
field, a 90° rf pulse is applied. The magnetization evolves in the plane
transverse to the magnetic field for a timeuntil another rf pulse stores the
magnetization along the field axis. The spinning axis is then changed to

A final rf pulse places the magnetization back into the transverse plane 1.00
where it is detected. The experiment is repeated witmcremented by a

dwell time.

0.75

Q4 AaN
AN

AR

Frequency Shift (arb. units)

FIG. 4. Simulated two-dimensional SAS spectra, considering only the qua-
the frequency shifts fo#; and 6,, for all possible crystallite  drupolar interaction, as a function @ and the quadrupolar asymmetry

orientations. The intensity at each two-dimensional coordiﬁ?ram?te“’?fé' 8 1 54.74°. The horizontal dimension is thg (MAS)
. . . . Imension.
nate is proportional to the population of the corresponding

orientation.

The experiment schematically represented in Fig. 3 wagngle the odd-order spinning side-bands are not present. In
initially developed to correlate isotrop(@,=54.749 and an-  Fig 4, simulated two-dimensional SAS spectra considering
isotropic (6,=90°) spectra of spin-half nuclei and is referred opy the quadrupolar interaction are shown as a function of
to as switched angle spinnif§AS).3** Isotropic spectra of 6, and the quadrupolar asymmetry parametgg), The SAS
guadrupolar nuclei can be obtained with the same eXpe”rechnique is very sensitive tgo and produces very well
ment if 6, and ¢, are chosen such that, defined two-dimensional line shapes.

P,(cos #,)=—kPy(cos8,), (11

RESULTS AND DISCUSSION
P,(cos #,)=—kP,(cos8,), (12

. N . As a test of the technique and the simulation program, a
wherek is a constant between one and five, in which case the . )
. . . >~ ""Sample was chosen that had been studied previthiSlgnd
experiment is referred to as dynamic-angle spinning

(DAS) 12 Although the technique introduced in this papercontalns one crystallographically distinct sodium site that has

has similarities to both SAS and DAS, in this paper it is negligible chemical shift anisotropy. In Fig. 5, the experi-

P 3
referred to as SAS, reserving DAS for experiments used g ental and simulated™Na SAS NMR spectra of N&O,

X . . acquired withg; and 6, equal to 80° and 54.74°, respec-
measure isotropic spectra of quadrupolar nuclei. SAS cal : Co
. . ively, are shown. The simulated spectrum yieldg=2.6
also be used to correlate the dipolar and quadrupolar inter- _ " : ; .
. . . . . . MHz, 7o=0.6, andés,=4 ppm, consistent with previously
actions. The dipolar interaction has the same orientation de- 0.39 S . .
. - : teported value$®3° The projection of thew, dimension(not
pendence as the chemical shift interaction. Also, a three- . .
) . . . . C ! showr) corresponds to a MAS spectrum and is consistent
dimensional technique with a purely isotropic dimension can

be developed by adding another time period at the beginning
of the experiment in Fig. 3 and choosifigand 6, such that

Egs.(11) and(12) are satisfied. Frydmaet al. have devel- 2 o
oped a similar technique that samples the three-dimensional g -
space in a non-Cartesian fashitSrf/ analogous to the two- 3 31
dimensional, variable-angle correlation spectroscopy @
(VACSY).®® These three-dimensional experiments will be 52
useful for systems with multiple sites or with inhomoge- 3
neously broadened lines. g 2L ; . ; - — .
S0 -50 -100 -150 0 -50 -100 -150 -200

For the measurements presented in this pagefvas
chosen as 54.74°, the angle at which, for fast enough spin-
ning s.peeds., the amSOIrOp'C parts. of both the chemical ShIEIG. 5. (@) Experimental andb) simulated two-dimensionad®™Na SAS
and dipolar interactions are effectively averaged to zé{0. NMR spectra of NSO, acquired at 4.2 T withp;=80°, and ,=54.74°.
was chosen either to obtain the highest resolution when multhe experimental spectrum was acquired wifl pulse lengths of 3.4s at
; ; ; poth angles and a recycle delay of 2 s. The simulated spectrum corresponds
tlple Slt(-?‘s Wer? present, or for .eXpenmentE_ﬂ ea_lse' For e>{)o Cq=2.6 MHz, 79=0.6, andds,=4 ppm. No chemical shift anisotropy
ample, if the inhomogeneous line-broadening is large,

) - was included in the simulation. The contour levels span from 3.5% to 70%
equal to 90° yields a much simpler spectrum, because at this 3.5% increments. The horizontal dimension is the(MAS) dimension.

Frequency Shift (ppm from NaCl(aq.))
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FIG. 7. Experimental two-dimension&Rb SAS NMR spectrum and pro-
- - - - ; - - - jections of RBCrO, acquired at 11.7 T witl9;=70.12° andd,=54.74°. The
40 30 20 10 0 -25 -50 -75 -100 contour levels span from 5% to 100% in 5% increments. The horizontal
Frequency Shift (ppm from RbNO3 (aq.)) dimension is thew, (MAS) dimension. The one-dimensional spectrum
above the contour plot is a projection, a summation awgr that corre-
FIG. 6. Experimental and simulated two-dimensiciiRb SAS NMR spec-  sponds to a MAS spectrum and is nearly identical to a MAS spectrum
tra of RSO, acquired at 9.4 T withg;=90° andé,=54.74°. The simulated acquired separately. The one-dimensional spectrum to the side of the con-
spectra were calculated f@q=>5.3 and 2.6 MHz,75=0.1 and 1.0, and tour plot, is a projection ovemw, and is nearly identical to a spectrum
8so=16 and 40 ppm, respectively. The horizontal dimension is dge  acquired separately with the sample spinning about 70.12° relative to the
(MAS) dimension.(a). SAS spectrum with two siteContour levels: 1%—  magnetic field.
20%, 1% incremenjs (b) and (d): Experimental and simulated spectra for
site | with Co=2.6 MHz (Contour level: 5%—-100%, 5% incrementsc)

. i . 0f— 0, 9% i .
(0 SipemenalConout vl 025 1%, D5 NN yild Co—5.3 and 2.6 MHzg=0.1 and 1.0,~16, and
with Co="5.3 MHz. 40 ppm for the two sites, respectively. These results are con-
sistent with those obtained by Baltisbergeral *° from field
dependent DAS measurements, by Fernaeeal®® from
with a MAS spectrum acquired separately, as well as with dAS spectra, and for the€C,=2.6 MHz site by Cheng
simulation of the one-dimensional spectrum calculated usingt al® from measurements of static powder samples. Cheng
the same parameters as above. For simple systems, the qea-al. reported much different values for t&,=5.3 MHz
drupolar parameters are obtainable using the SAS techniqusite!® Overlap between the two sites in the one-dimensional
with an accuracy equal to or greater than that obtained fronMAS spectrum(not shown complicates the accurate deter-
one-dimensional magic-angle spinning spectra. mination of these parameters using one-dimensional tech-
Many two-dimensional spectri@ot shown were calcu-  niques.
lated to determine the effects of a small anisotropic chemical The small discrepancy between the simulated and ex-
shift (6) on SAS spectra. Fdr=3/2 and a moderat€,, (3  perimental spectra shown in Fig. 6 is due to the anisotropic
MHz) at a resonance frequency of 100 MHz§ af less than  chemical shifts of both sites. The anisotropic chemical shifts
10 ppm is difficult to detect. However, &of 15 ppm can have been reported by Fernandszl. from simulations of
cause significant changes in the spectral features. The effeohe-dimensional MAS spectra to be 12 and 35 ppm for the
of the chemical shift anisotropy on the two-dimensional lineC,=2.6 and 5.3 MHz sites, respectivéfyThe relative ori-
shape depends on the relative orientation of the two principlentations of the principle axis systems were also reported,
axis systems and is more significant when the two principleéhough with large uncertainties. While in some cases a better
axis systems are not coincident, especially wkigpando,,  agreement between the experimental and simulated SAS
are not paralle(8+0°). spectra is obtained by including anisotropic chemical shifts,
Shown in Fig. 6 is a®Rb SAS NMR spectrum of simulations incorporating the results of Fernandeal*® do
Rb,SO, acquired at 9.4 T; also shown separately are thaot match the experimental spectrum better than simulations
spectra of the individual sites and the corresponding simulaneglecting the anisotropic chemical shift. Further refinements
tions. RBSO, has two rubidium sites that are resolved with are needed to accurately determine the small anisotropic
0, equal to 90°. The spectrum was acquired with the samplehemical shifts and the relative orientation of the principle
spinning at the relatively fast rate of 10 kHz. Spinning side-axis systems.
bands are still apparent due to the large quadrupolar interac- In Fig. 7, the®’Rb SAS NMR spectrum and projections
tions and result in the intensity of the two sites overlappingof Rb,CrO, acquired at 11.7 T witl#; and 6, equal to 70.12°
in the one-dimensional MAS spectrum. In the SAS spectrumand 54.74°, respectively are shown. The two-dimensional
the signal is spread into a two-dimensional frequency dotine shape results from the combination of quadrupolar and
main yielding greater resolution and nearly complete separachemical shift interactions. The horizontal dimension corre-
tion of the two sites. The simulations of the SAS spectrumsponds to the MAS dimension. The projection above the
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FIG. 9. Simulated two-dimension&iRb SAS NMR spectra of RErO, at
11.7 T with #,=70.12° and#,=54.74°. The same paramete(Gy=3.5
/ MHz, 7=0.3, 85,=—7 ppm, 5=—110 ppm,7.s=0, B=70°, y=0°) were
40T used for all the simulated spectra except where noted. The contour levels
o T span from 5% to 100% in 5% increments. The horizontal dimension is the
0 -100 ~ -200 0 -100 ~ -200 w, (MAS) dimension.
Frequency Shift (ppm from RbNO3 (aq.))
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FIG. 8. Experimental and simulated two-dimensiot{&lb SAS NMR spec- R . . .
tra of RBCrO, measured at 4.2, 9.4, and 11.7 T with=70.12° and  PPM, 6=—110 ppm, cs=0, B=70°, y=0°. « is undefined
6,=54.74°. The same parameters were used for the simulated spectra at fecause in this case the chemical shift interaction is axially

t(;‘:ref JSIEZ nft;‘zzgtgsﬁ f?go,ﬁ%o.gfiehﬂgﬁéoﬁ?|e3§s' 3552 - frznﬁ’g';/‘é o Symmetric(7cs=0). The fact that the same parameters fit the
100% in 5% increments. The horizontal dimension is dhg€MAS) dimen- spectra acquired at three field strengths rigorously demon-
sion. strates the precision of the technique. The quadrupolar cou-
pling constant, quadrupolar asymmetry parameter, and iso-
tropic chemical shift are all consistent with the values
contour plot is indistinguishable from a MAS spectrum of determined using field dependent DAS measurements by
the central transition measured independently. Both oneBaltisbergeret al*°
dimensional projections have structure; however the two- To determine the sensitivity of the spectra to the chemi-
dimensional line shape contains more detail. Whilg@®t,  cal shift parameters, spectra were calculated Witnd 7.g
has two rubidium sites, the site with the smaller quadrupolavaried separately by-15 ppm and from 0 to 0.15, respec-
interaction is selectively observéliThe MAS spectrum of tively, with all the remaining parameters identical to those
Rb,CrO, at 11.7 T has more structure than if only the qua-used for the simulations shown in Fig. 8. From simulated
drupolar interaction was preseéfitBoth the center-band and spectra such as those presented in Fig. 9, the uncertaigty in
spinning side-bands are affected by the spinning speed naind 7.g is determined to bet15 ppm and less than 0.15,
being fast enough to completely average the anisotropicespectively. To determine the sensitivity of the simulated
chemical shift. The MAS spectra of RbrO, at various spectra org, y, andnq the spectra presented in Fig. 10 were
fields were simulated using the parameters determined froroalculated with parameters identical to those in Fig. 8 except
the SAS experiments, and reproduce all the features in thihat 8, y, and o were varied separately by5°, from 0 to
center-band and side-bands of the experimental spéutta 15°, and=+0.1, respectively. The simulated spectra calculated
shown. with y equal to+15° or —15° are equivalent. From simula-

In Fig. 8, the®’Rb SAS NMR experimental and simu- tions such as those shown in Fig. 10, conservative error es-
lated spectra of RICrO,, obtained with #,=70.12° and timates forg, y, and nq are £5°, £15°, and+0.1, respec-
6,=54.74° acquired at 4.2, 9.4, and 11.7 T are shown. Thdively. Considering the greater accuracy in determinfg
differences among the three measured spectra reflect the desmpared toy, and similar results reported by Fernandez
pendence of the chemical shift and quadrupolar interactionst all® one might suspect that this is a general trend. Further
on magnetic field strength. The smaller the magnetic fieldexperiments on other systems can be performed to clarify
the smaller the chemical shift interaction is relative to thethis point.
guadrupolar interaction. Note that the spectrum acquired at Thus, the chemical shift and quadrupolar interaction pa-
the lowest field, 4.2 T, appears similar to spectra in Fig. 4ameters and the relative orientation between the principle
calculated considering only the quadrupolar interaction. Allaxis systems are determined with the following accuracy:
the simulated spectra in Fig. 8 were calculated using th€,=3.5+0.2 MHz, 79=0.3£0.1, &5=—7 ppm, &
following parameters,Co=3.5 MHz, 79=0.3, ds,=—7  =-110+15 ppm, 7cs=0+0.15, f=70°+5°, y=0°*£15°,
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using NMR and will lead to a better understanding of the

[ =]

© quadrupolar and chemical shift interactions. It is anticipated
=) that through empirical relations and comparison veithini-

, tio calculations a better comprehension of materials on an
3 atomic level basis will also be achieved.

Extension of these methods to a three-dimensional ex-
periment by incorporating a purely isotropic dimension is
currently under way and will be applicable to systems with
multiple atomic sites and those with a distribution of isotro-
pic shifts such as glasses.

0c O
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