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Cesium-133 NMR Study of CsCd(SCNy Relative Orientation of the Chemical Shift and
Electric Field Gradient Tensors
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Single-crystal NMR was used to characterize the cesium-133 chemical shift and electric field gradient (EFG)
tensors in CsCd(SCH) The principal axes of the two interaction tensors are not coincident, a reflection of
the general positioning of cesium nuclei within the unit cell. Relative orientations of the chemical shift and
EFG tensors have been determined, but assignment of the two magnetically distinct sites remains elusive.
The span of the chemical shift, 94.4 ppm, is moderate in comparison with other cesium salts, and the magnitude
of the nuclear quadrupole coupling constant, 148 kHz, is in the midrange of those reported for cesium
compounds. Excellent agreement is observed between experif#@@saNMR spectra of a stationary powder
sample and spectra calculated using NMR parameters from the single-crystal analysis. Moreover, simulations
indicate that the static line shape is very sensitive to the relative orientation of the chemical shift and EFG
tensors. Experimentaf*Cs NMR spectra obtained with magic-angle and variable-angle spinning are well
reproduced by calculations utilizing single-crystal NMR data.

Introduction Alderman et ak’ Taken together, computations that were

Of the quadrupolar nuclei, cesium-133 is unusually favorable essentially intractable in the 1970s became trivial in the 1990s.
for study by NMR. Its 100% natural abundance combines with Second, the growing number of examples of tensor noncoin-
arelatively large magnetic moment to produce a receptivity 270 cidence has begun to demonstrate that coincidence of the
times that ofC at a constant fiel#2 A spin’/, nucleus3%Cs chemical shielding and electric field gradient tensors, when not
has a moderate chemical shift range of about 600-ptira required by symmetry, is merely a coincidence. From a
largest of the alkali-metal nuclei. Moreover, in the applied theoretical perspective, this assertion comes as no surprise, since
magnetic fields of typical NMR experiments, the nuclear the physical origin of these interactions is completely differ-
quadrupole interaction is sufficiently small that first-order ent: the electric field gradient is a first-order property, whereas
perturbation theory is usually adequate to describe the resultingchemical shielding is a second-order propéfty.

line shape. A variety of methods has been employed in determining the
Cesium is found in many important materials, and solid-state re|ative orientation of these nuclear interactions. Single-crystal
cesigm-;33 NMR has played a cruciall role in thei( study. NMR has played a crucial role in this regdfd.19-22 primarily
Applications of**Cs NMR to such a variety of materials as  pecause of the straightforward, if somewhat tedious, analysis
clay minerals;* zeolites?™® semiconductor8,alkalides and o the data to yield unambiguous tensor orientations with respect
electrldesl,‘? and doped fullerene superconduc%éT?lhave to the crystal framé® Gornostansky and Stager's 198/
provoked interest in a more complete understanding of the \jr study4 of a single crystal of vanadium pentoxide
fundamental interactions underlying the observed spectra. represents the first example in which the EFG and chemical
Until recently, the assumption that the chemical shielding and shielding tensors were found to be noncoincident. Other
electric field gradient (EFG) tensors are coincident was prevaleminvestigations of these tensors by single-crystal NMR have
in the analysis of NMR spectra of quadrupolar nuclei. In fact, focused orf%Co in KsCo(CN); and Co(acetylacetonatef 1’0
prior to 1990, there were only two reports of noncoincidence benzophenon®, 13Ts in CsHgBr,20 C$S0,2* and Cs-
of these tensorsk1>¢ This assumption may have stemmed from Cro,.2! and®Rb in RE,CrO, 25 RbCId4, and Rbéo4.22

the practical difficulties associated with theoretical treatments iderable effort has b q d o the devel ¢
of spin systems involving both interactions in a general  Considerable effort has been devoted to the development o

orientation with respect to one another. In particular, analytical t€chniques for extracting chemical shift and EFG tensors from

. ; o A 36 ic-
expressions can be developed if the tensor orientations areNMR spectra of powder samplés.*® Several magic-angle

assumed coincideAt; otherwise, numerical simulations are SPinning (MASJ2* and variable-angle spinning (VASF®
required. Moreover, many of the early investigations were €XPperiments, for example, have been used. In some cases, these
performed using electromagnets where low fields rendered theMethods yield reliable EFG and chemical shift parameters;
chemical shielding interaction negligible, thus tacitly sustaining however, it is more difficult to obtain information about the
the assumption. relative orientation of these tensors. Regardless of the confi-
Two factors can be identified in the dismantling of this dence one places in thelat_ive_tensor orientations, powder
assumption. First, from a pragmatic perspective, the develop- NMR methods can offer no insight about thbsoluteorienta-
ment of faster computers has facilitated the calculation of spectrations of the tensors with respect to the crystal axes, in the
using numerical simulations. Efficiency was further improved absence of special symmetry.
with the introduction of the powder-averaging algorithm by In this paper, we report a cesium-133 single-crystal NMR
study of CsCd(SCN) The crystal structure indicates that
* Author to whom correspondence should be addressed. Phone: 902-cesium nuclei lie in general positions and no symmetry

494-2564. Fax: 902-494-1310. E-mail: rodw@is.dal.ca. restrictions are incumbent upon the tensor orientations. Also
T Dalhousie University. d aré®Cs NMR f spinni d )
* McMaster University. presented aré3Cs spectra of spinning and stationary
€ Abstract published ilAdvance ACS Abstractdpril 15, 1997. powder samples of CsCd(SCiN) Successful simulations of
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spectra using data obtained from the single-crystal analysis pA m eq=0 eq#0
confirm the single-crystal results.
. , 72—

Experimental Section

Materials. Cesium trithiocyanatocadmate, CsCd(S&Mjas +5/2 @ ——
prepared by dissolving stoichiometric amounts of Cd(SGINH
CsSCN in a 1:2 ethanelater mixture3” Slow evaporation +32 ..
of the solvent yielded large crystals of the title compound.
Cadmium thiocyanate was prepared by metathesis of cadmium +1/2 —
sulfate and barium thiocyanate. Cesium thiocyanate was
synthesized in a similar fashion, from cesium carbonate and
ammonium thiocyanate in water. Starting materials were
obtained from commercial sources and used without further
purification. -5/2

Single-Crystal NMR. A crystal of CsCd(SCN)was mounted
in a hollow, three-sided, 4-mhalumina cube. The orientation T2 —
of the crystal axes with respect to the cube frame was determined
by placing the mounted crystal on an X-ray diffractometer and B Vi
indexing a sufficient number of reflections. Cesium-133 NMR
spectra of the crystal were acquired at 52.48 MHz on a Bruker Avgp
AMX-400 spectrometer (9.4 T) with a Doty single-crystal probe Av,,
(Doty Scientific, Columbia, SC). The sweep width was 200 > Av,,
kHz, and 64 transients were coadded. Each spectrum consisted >
of 2 K points zero-filled to 4 K. The “solution/2” pulse width
was calibrated using a solution of 0.5 M CsCl(aq) to be&5
(v¢ = 100 kHz). For the crystal, a small flip angle correspond-
ing to about 30 was used. Due to the lori§Cs nuclear spir
lattice relaxation time, a recycle delay of 2 min was required. v
Spectra were referenced to the 0.5 M CsCl(aq) peak. Figure 1. (A) Energy levels of a spirf/, nucleus for a particular

NMR Spectra of Powders. A static spectrum of CsCd- crystallite orientation in an applied magnetic field and (B) the resulting
(SCN) at 52.48 MHz was obtained using a 5-mm Bruker probe NMR spectrum.
with a solenoidal coil oriented perpendicular to the applied ®
magnetic field. A finely ground sample was packed into about
1 cm of a 5-mm-diameter glass NMR tube and plugged. This
tube was placed in the center of the coil. The solutitipulse
width was 2.9us (v = 86 kHz). One quarter of this value ® *
was used for the single-pulse excitation. A spectral width of
100 kHz was used. Eight hundred eighty scans were collected
with a recycle delay of 2 min. Each transient consisted of 2 K ® ®
points zero-filled to 4 K.

MAS and VAS NMR spectra were obtained at 26.24 MHz % %
using a Bruker MSL-200 spectrometer operating at 4.7 T.
Rotors (7 mm) were packed with a finely ground sample and
spun at 3-4 kHz. A typical experiment utilized a 125-kHz U
spectral width, coadding several hundred transieh&lkodata
points. Before Fourier transformation, the data file was zero-
filled to 16 K. A recycle delay of 2 min was used, amg
ranged from 40 kHz for the MAS spectrum to 67 kHz for the

VAS spectra. VAS experiments were carried out with a Bruker Figure 2. Typical cesium-133 NMR spectrum of a CsCd(SEN)

MAS probe by changing the angle of rotation from 54.74  ryqta|. Al peaks arising from one of the magnetically distinct sites
Calibration of the spinning angle utilized the central transition are indicated by asterisks. Shoulders visible near the outermost sets
of CsSCN(vide infra). of satellites are due to crystal twinning.

Spectral Simulations. NMR spectral simulations of station-
ary and spinning samples were performed using QUADSPIN, Results and Discussion
a C program developed in this lab which utilizes the powder-  Single-Crystal NMR Spectra. The energy level diagram
averaging algorithm of Alderman et Hl. For spinning samples,  of a spin’/, nucleus in a strong magnetic field consists of eight
QUADSPIN computes the free induction decay of a spin system energy levels and, hence, seven single-quantum transitions
subject to both chemical shielding and a first-order quadrupole (Figure 1). A typical*33Cs NMR spectrum of the CsCd(SCN)
perturbation. This program accounts for a general relative single crystal is shown in Figure 2. From this spectrum, it is
orientation of these tensors and, in spinning powder simulations, evident that two seven-peak patterns are present. In order to
a general axis of rotation with respect to the applied magnetic understand this, one must examine the space group symmetry
field direction. These calculations were carried out with an IBM  of the crystal.
80486 and a SGI Indy workstation equipped with a R4600 CsCd(SCNj crystallizes in a monoclinic lattice, with the
processor. space grouj2;/c.3” Four formula units are present in the unit
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X rotation Y rotation 7 rotation TABLE 1: Cesium-133 Chemical Shift Parameters, in HZ
5000 from a Least-Squares Fit of Central Transition Peak
) | Positions in CsCd(SCN3 at 52.48 MHz. Standard
Stez 1 Deviations Given in Parentheses
-
4000 parameter site 1 site 2
T A 1860(20) 3690(20)
< 30007 BY 1660(20) —540(30)
= c —1080(20) 580(30)
& 2000 AC 2628(8) 2750(10)
x B —2320(10) 1490(20)
Q 1000 ] c —80(10) —1540(20)
AZ 4220(8) 2250(10)
_ ] BY 720(10) —1120(10)
0- Ste1 c —80(10) —1190(20)
——T— — ———T— a Referenced to 0.5 M CsCl(aq) at 0.0 Hz.
0 60 120 0 60 120 0 60 120 180
Rotation Angle (degrees) TABLE 2: Averaged Cesium-133 Chemical Shift Tensor

. . : : TR — Principal Components in ppr? (Top Row) and Direction
Figure 3. Rotation plots illustrating variations in the cesium-133 central Cosines Relative to the Ortho%onalized Crystal Frame

transition peak position as a function of the rotation angle. Solid lines (Bottom Rows) in CsCd(SCN)
represent fits to eq 1.

611 622 633
cell, but all cesium nuclei are crystallographically equivalent. 93.8 72.6 -0.6¢
Crystallographic equivalence arises from nuclei which are —0.822 —0.367 —0.435
related by any symmetry operation and demands only that the +0.544 —0.283 —0.790
principal components of the interaction tensors be identical. +0.167 —0.886 +0.433
Thus, in a powder sample, a single site is observed in%@s aReferenced to 0.5 M CsCl(aq) at 0.0 pphDirection cosines of

NMR spectrum(vide infra). However, in order to predict how  Site 2 can be generated from those of site 13hy,(2). ©Errors in the
many signals will be observed in the single-crystal NMR Principal components estimated to £©.5 ppm.

spectrum, it is necessary to consider the distinction between 1
crystallographicandmagneticequivalence. Magnetic equiva- Vex = E(Ai —BY+A;+B) 2
lence emerges when nuclei are related by symmetry elements

that retain an equivalent orientation with respect to the applied N

magnetic field. Sites related by a center of inversion, for Wy = 5(Az = Bz + A+ By 3)
instance, are magnetically equivalent, whereas rotation axes or

mirror planes imply magnetic nonequivalence. Clearly, it is o 1 .5 o o o

possible for multiple signals to be observed from a crystal with Y2z = E(AX BT AT BY )
a single crystallographic site if they are symmetry-related in

such a way that their principal components are not oriented Viy =1y = —C3 (5)
identically. Inthe case of CsCd(SCi\a given cesium nucleus

in the unit cell is related to another in the cell by an inversion V5, =19 = —CY (6)
center (magnetically equivalent) and the remaining two by a

screw axis (magnetically nonequivalent). Consequently, the Vo, =19, = —C% @)

resulting spectrum consists of two seven-peak patterns reflecting
this symmetry arrangement. Due to the crystallographic
equivalence, the principal components of the chemical shielding
and nuclear quadrupole interaction tensors obtained from
analysis of each magnetically distinct site will be identical, but
their orientations will be related by rotation about the crybtal
axis.

Cesium-133 NMR spectra were acquired as a function of
crystal orientation in the magnetic field. Rotations were
performed about the orthogon| Y, andZ axes of the cube
frame, with 21 spectra acquired for each rotation; these
corresponding to Yincrements of the rotation angle, Each
peak was assigned to the appropriate transition and site.
Observed central transition positions were fit to sinusoidal curves
to obtain parameters related to the chemical shift tensor (Figure
3):23

Upon diagonalization of the chemical shift tensor, one obtains
the principal valuesy11°, v22°, v33” and the direction cosines
relating the principal axis system (PAS) of the chemical shift
tensor to the cube frame. The chemical shift tensor averaged
from the two sites has a span of 94.4(5) ppm and an isotropic
value of 55.3(5) ppm; the asymmetry in the chemical shift
tensorycs, is 0.38(5). The Euler angles rotating the cube frame
into the orthogonalized crystal fram@®, b, c) area’ = 98.7,

p' = 98.2£, andy' = 240.3. By rotation according to these
angles, the orientation of each chemical shift PAS in the crystal
frame was determined (Table 2).

A similar procedure was followed in the analysis of the
guadrupole-induced splittings. Since the observed splittings,
AV = Vmem-1 — V1-m——m, Detween symmetrical satellite peaks
are related to the nuclear quadrupole interaction in the laboratory

. . frame by a constant, one approach is to average the satellite
V() =A+Bcosp+Csin2y (=XY,3 (1) splittings2!

since the central transition is unaffected to first order by the eQV,,
quadrupole interaction. A set of coefficien&’, B°, andC?, h
was generated for each rotation, yielding nine for each site

(Table 1). These are related to the chemical shift tensor in thewherez is the direction of the applied magnetic field awg,
cube frame according to the following expressions: represents the component of the electric field gradierg..

7
= E[GAVW + 3Avg, + 2Av,,)] (8)
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T oot T ot T oaton TABLE 4: Averaged 3*Cs Nuclear Quadrupole Interaction

rotgron oaen 4 rotation Tensor Principal Components, in kHz (Top Row), and
Direction Cosines Relative to the Orthogonalized Crystal
Frame (Bottom Rows) of CsCd(SCNy

150

100

.
eQMWy/h eQ\b/h eQ\h

g 50 117 147.2 —148.4

3 +0.480 —0.490 —0.727

£ 0] —0.249 —0.871 +0.423

> —0.841 —0.022 —0.540

(@]

[}

a Direction cosines of site 2 can be generated from those of site 1
by (%, y, 2). PErrors in the principal components estimated toi2
kHz.

-100 H

into the crystal frame, as for the chemical shift tensor (Table
4). The magnitude of the quadrupole coupling constant is the

-150 - J

0 6 120 0 60 120 0 60 120 180 largest componenteQ\ssh = 148(3) kHz. Utilizing the
Rotation Angle (degrees) following convention for the EFG tensor principal components,
Figure 4. Rotation plots illustrating variations in the cesium-133
quadrupolar interaction in the laboratory frame (eq 8) as a function of [Vaal = Vool = [Vy4l (16)

the rotation angle. Solid lines represent fits to eq 9.

TABLE 3: Cesium-133 Quadrupole Splitting Parameters one can also obtain the asymmetry in the quadrupole interaction

for CsCd(SCN), in kHz, from a Least-Squares Fit to tensor,
Equation 9. Standard Deviations Given in Parentheses

parameter site 1 site 2 Mo = Vi~ Vo =0.98(3) (17)
A 45.0(5) —48.5(2) Va3
B0 —96.6(5) —-23.8(5) o _ N _ _
(o) —32.0(5) 68.8(5) From the direction cosines, it is clear that the chemical shift
AY 26.8(5) 33.4(7) and EFG tensors are not coincident. The Euler angles relating
BY 118.1(7) —71.4(9) the chemical shift PAS to the EFG have been derived according
(ovd 2.1(3) 88.4(9) to the convention thatx represents a positive rotation about
AY —70.2(2) 12.1(5) thez axis of the EFG tensor in its PAB,represents a positive
B% —3.0(5) 88.4(5) rotation about the newaxis, andy is a positive rotation about
C; 78.2(5) 23.1(5) the newz axis. Thusa = 113, f = 105, andy = 14C.

One can make use of the symmetry relationship between the
two magnetically distinct sites to arrive at an estimate of the
errors to which these results are subject. First, since the nuclei
QW (), are crystallo_graphically equivalent, the principal components
AL A A?+Blcos 2y +C2sin2yp (i=X,Y,2 (9) for the two sites should be equal. Hence, the difference in these
h is indicative of the minimum error associated with the magni-
tudes. Second, according to the crystal symmetry, rotation of
one experimentally determined tensor by i18&bout the
crystallographid axis should align the principal axes. To the
extent that these axes differ, one has a measure of the error
associated with the absolute orientations. On this premise, we

This averaged value was plotted as a functionpofor each
rotation (Figure 4) and fit to

thereby yielding a set of nine coefficients for each site (Table
3). These are related to the nuclear quadrupole interaction
tensor,eQVj/h, in the cube frame according to the following
expressiong?

eQVy 1 o o o o find th_e absolute orientatior_ls to t_>e accurate to abdéut 3
o é(—ZAX + A2 — B+ A2 + BY) (10) Assignment of Tensor Orientations. The presence of two
magnetically inequivalent cesium sites raises the question of
eQ\Wy 1 ass_ignmer)t: which_ set of tensor orientat!ons corresponds to
T 5(—2A$ +AS-BY+A2+BY (11)  which cesium site in the unit cell? A variety of approaches
has been considered to distinguish between the two possible
eQV. 1 assignmgnts. . . . .
2z _ S(—2A2 + A? — BY + A2+ BY) (12) To assign the orientation of the chemical shift tensors, one
h 3 might attempt to calculate the chemical shielding of a cesium
nucleus in the unit cell. Althouglab initio calculations of
eQ\&YZ eQWX: —c9 (13) chemical shieldings are becoming increasingly reliable for first-
h h z and second-row elements, trustworthy computations of heavier
elements such as cesium are not yet feadfsié. Moreover,
eQV,; eQVy 2 14 the covalent nature of the bonding in many of the well-studied
h  n Y (14) elements permits calculations to be performed on a single
molecule. For an ionic system like the one at hand, it would
eQV,; eQ\, 9 be necessary to include some reasonably sized volume sur-
h  h X (15) rounding the atoms of interest. While this may be possible for

systems with fewer, or lighter, ions, the constituent components
Diagonalization of theeQ\jj/h tensor yields principal compo-  of the unit cell of interest would require prohibitively lengthy
nentseQVii/h, eQ\b/h, andeQ\y/h. The direction cosines  computational times to obtain meaningful results at the present
orienting these components in the cube frame can be rotatedtime.
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Chemical shift tensor assignments may be based on qualitative
considerations of the local cesium environments. In some cases,
for example, the nuclei of interest occupy special positions in
the cell which place symmetry constraints on the orientations.
This is not so in CsCd(SChY-cesium placements are com-
pletely general. For some nuclei, empirical guidelines have been
offered for understanding their orientations. From a close
examination of the local environment at the two magnetically
nonequivalent sites, it is impossible to assign the sites based
on their chemical shifts. Cesium nuclei are relatively isolated
with respect to the [CA(SCH) network. It is necessary to
conclude that any relationship between the local structure and A
the orientation of thé33Cs chemical shielding tensor is governed
by subtle and complicated effects which are not apparent upon
inspection.

A similar approach can, in principle, be employed to
adjudicate between the orientations of the EFG tensors. In this
case, however, qualitative arguments based on local symmetry
and structural characteristics are even less trustworthy, since
the EFG tensor is known to be sensitive to longer range effects
than the chemical shielding tensor. More promising is the point
charge model described by SlichtérThis model has been used
extensively over the years and has proven itself to be a reliable
tool when care is taken in interpreting the resgh&d In
essence, this model simply considers each atom in the lattice 40 20 0 20 -40
as a point charge and computes the electric field gradient at a
particular position. In its application to this system, the Figure 5. Calculated (A) an:ljaz perimental (B) cesium-133 NMR
computed EFG tensor for a given cesium nucleus reproduces (')V‘;der 'atterns e CsCdrae cxuircled o 48 MHqu Caloulated
the relative magnltudes_of the principal Components_adeqyately.gpectrung is based on pa(ramt?e?s obtained from single-crystal NMR
The result of greatest interest, however, is the orientation of gaa: 5., = 93.8 ppm:d,, = 72.6 ppm:dss = —0.6 ppm:eQ\ssh =
these components, and this is found to compare equally well t0 148 kHz; 7o = 0.98;0. = 113’; § = 105; y = 140°.

either experimental orientation. For example, the largest However, since the variation occurs simultaneously in both sites
component determined by the point charge model essentially , . ’ : - . y ’
this approach is also inconclusive.

bisects the angle formed between the largest components of the . : . .
In summary, the orientational assignment of the experimen-

two sites. . . . . i
. . o . tally determined interaction tensors remains elusive. However,
The failure of the point charge model to aid in the assignment e insight provided by these failed attempts proves valuable:

of the two orientations merits a few comments. At first, the - g4c1 of the two chemical shielding tensor orientations and each
special utility of this method for ionic systems appears to be an f the electric field gradient orientations appears to be sur-

advantage for the case of CsCd(S@NA problem is encoun- 5 nded by similar environments when assigned to the same
tered, however, in assigning charges to the thiocyanate anion..qgjym nucleus, bearing no obvious relation to neighboring
Clearly, it cannot be treated as a point charge, but the distribution , ,¢|ej or anionic fragments. The fact that the relative orienta-
of charge among the three constituent atoms is not obvious.jons are yet very different emphasises that the orientational
Based on the natural bond orbital charges from a high-label  penayior of these interaction tensors is exceedingly sensitive
initio calculation of the SCN aniof¥,it appears that the terminal 15 the surrounding environment.
atoms can be reasonably assigned chargesdb each, while In every example of noncoincidence presented by single-
the central carbon is not appreciably charged. The recognition crystal NMR, at least one of the axes is determined by
that charge assignment schemes are ultimately arbitrary MUStsymmetry1415¢.26-22 By contrast, the crystal structure of CsCd-
be a_ccepted as a_llmltatlon in the model. _Any scheme deS|gned(SCN)3 indicates that no local symmetry effects are present to
to circumvent this problem by accounting for the electron jnpose constraints on the cesium-133 tensors. Correspondingly,
distribution in the surrounding lattice necessitates the invocation the orientations of the chemical shielding and electric field
of quantum mechanical computations. gradient tensors are also free of symmetry constraints. This
Another potential source of information about the tensor appears to be the first report of a single-crystal NMR study in
orientations is the line width8. Intermolecular dipolar interac-  which these tensor orientations are completely free of symmetry
tions contribute to the line widths observed in solid-state NMR limitations.
experiments. Since the largest component of the dipolar 133Cs NMR Spectrum of a Stationary Sample. In order to
coupling tensor is always along the internuclear vector, a compare the parameters determined from the single-crystal NMR
comparison of the relative line widths between sites may permit study, a static spectrum of finely ground CsCd(S¢&Mpas
a qualitative assessment of the orientation sufficient to make obtained at 9.4 T (Figure 5). The calculation of this spectrum
assignments. The remote positioning of the cesium atoms inrequired as input the three principal components of the chemical
the crystal lattice suggests that such dipole coupfifigtero- shift tensor, the nuclear quadrupole coupling constant, the
and homonuclearwill be small, but they may be large enough asymmetry in the EFG, and three Euler angles to specify the
to influence the line widths. In the present case, the line width relative orientation of the two tensors. The computed spectrum
of the central transition does indeed appear to be affected byagrees well with the experiment.
dipolar interactions and ranges from 180 to 360 Hz for different  In many cases, when single-crystal NMR data are unavailable,
orientations of the crystal in the applied magnetic field. the analysis of static powder patterns can be a challenge. It is
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T T T
30 20 10 0 -10 -20 -30

Figure 7. Calculated (A) and experimental (B) cesium-133 VAS
spectra of CsCd(SChacquired in an applied magnetic field of 4.7 T
at a spinning angle of 52.25 The calculated spectrum is based on
parameters obtained from single-crystal NMR data (see Figure 5).

40 20 0 -20 -40
kHz

Figure 6. Simulated static cesium-133 NMR spectra depicting

variations in the line shape due to systematic modifications of the angle,  There has been a great deal of interest in the development of
B, between the largest components of the chemical shift and electric . N

field gradient tensors. Dotted lines highlight the movement of the steps. Iteratlye fitting SCh?m‘?S fo.r powdgr NMR. spectra of quadrupolar
All other parameters as in Figure 5. nuclei. The motivation is provided, in large part, by the

difficulties sometimes encountered in growing sufficiently large
instructive to consider how one might proceed in the case of single crystal. This limitation often necessitates acquiring NMR
CsCd(SCN) without single-crystal data. Assuming negligible SPectra of powder samples and attempting to disentangle the
second-order quadrupole effects, the central transition can pefespective interactions by s_lmulat|ons of th_e exper_lmentgl
analyzed to obtain the principal components of the chemical spectra. However, many pitfalls are ass_omatgd with .th's
shift tensor. The analysis can become complicated if satellite enterpnse,_and SO far, th_e success of such iterative algorithms
peak maxima overlap with the shoulders of the central transition, has begn limited to special cases. .
but for CsCd(SCNy) it appears that these discontinuities are Cruc_|a| to 'ghe development of any Sth program are re_hable
obscured by the span of the chemical shift. Observing no suchOlata with which to compare results. Single-crystal NMR is an

satellite peak maxima, one surmises that the asymmetry in theindispensable tool for th?s purpose, since results from powder
electric field gradient is close to 1. If the far outer shoulders samples must have an independent reference. Therefore, the

are resolved, the total span of the spectrum can be used tc)current study provides a fully characterized model compound

compute the magnitude of the quadrupole coupling constant. for use in testing simulation programs. Moreover, CSCA(SCN)

These five parameters can usually be estimated with reIativeprOVides a rigorous test for iterative fitting methods. Its lack
P y of symmetry for the cesium sites requires that all eight

eas?' 'I;jhe re.g!aml?hg Ch?"fnge IS t(i o![gtermllneﬂ:he tgree Eu'irparameters be considered variable. The high asymmetry in the
angies cescribing the rhea Ve orienation. E c ads.z.nc? OTelectric field gradient tensor concentrates the satellite peak
symmetry restrictions, these parameters can be very difficult to 5554 apout the isotropic chemical shift, causing pairs of

identify and will invariably involve extensive “trial and error”.  gae|jite subspectra to be identical and removing these telltale
The importance of knowing the relative tensor orientations “horns” from observation.
in simulations of powder patterns, both spinning and stationary,  133cs NMR Spectra of Spinning Samples.The magic-angle
has been amply evidencét3® In fact, simulations of first- spinning spectrum of CsCd(SCNyas acquired in an applied
order quadrupolar patterns can be misleading if incorrect magnetic field of 4.7 T and simulated using the parameters
assumptions about the Euler angles are used to simplify theobtained from the single-crystal NMR study. Good agreement
computation. The sensitivity of a static spectrum to a given is observed between the calculated and experimental spectra.
angle is illustrated by fixing seven parameters in the simulation  variable-angle spinning spectra were also collected at various
and varying the angle between the largest components of theangles,, with respect to the applied magnetic field. The
two tensors (Figure 6). The positions of the shoulders shift by example displayed in Figure 7 shows a spectrum obtained with
more than 5 kHz at 9.4 T as the anglg,is increased from 0 9 = 52.25. Agreement between calculated and experimental
to 9C°. It is important to note, however, that the sensitivity of spectra is good in all cases. The rotation angles were calibrated
the static line shape to a given Euler angle does not necessarilyusing VAS 133Cs NMR spectra of cesium thiocyanate in a
imply that there is a single, well-defined solution in the fitting manner previously describéfl. A static spectrum of finely
of a calculated spectrum to the experimental spectrum. ground CsSCNacquired at 52.48 MHz exhibited a central
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transition broadened only by anisotropic chemical shielding and I.; Suzuki, S.; Achiba, Y.; Tanigaki, K.; Ebbesen, T. W.; Saito; Mizuki, J.;

clearly separated from peak maxima associated with the

Tsai, J. S.; Kubo, YSynth Mater. 1993 55—-57, 3063.
(12) Tycko, R.; Dabbagh, G.; Murphy, D. W.; Zhu, Q.; Fischer, J. E.

satellites. This central transition powder pattern was analyzed ppys Re). B 1993 48, 9097.

to yield the principal components of the chemical shift tensor
in ppm: 611 = 139(2),020 = 129(2), andbs3 = 30(2). Rotation

angles calibrated by this technique are estimated to be accurate

to within 0.05. The utility of VAS in the determination of

(13) Stenger, V. A.; Pennington, C. H.; Buffinger, D. R.; Ziebarth, R.
P.Phys Rev. Lett 1995 74, 1649.
(14) Gornostansky, S. D.; Stager, C.) Chem Phys 1967, 46, 4959.
(15) (a) Lourens, J. A. J.; Reynhardt, E.Rhys Stat Sol A 1972 11,
739. (b) Lourens, J. A. J.; Reynhardt, E. Rhys Stat Sol A 1972 12,

relative tensor orientations is under investigation in our labora- 215. (c) Reynhardt, E. Cl. Phys C: Solid State Physl974 7, 4135.

tory.

Conclusions

(16) Baugher, J. F.; Taylor, P. C.; Oja, T.; Bray, PJJChem Phys
1969 50, 4914.

(17) Alderman, D. W.; Solum, M. S.; Grant, D. M. Chem Phys 1986
84, 3717.

(18) Ditchfield, R. InCritical Evaluation of Chemical and Physical

The genera| usefulness of Sing|e_cry3ta| NMR has been Structural Information Lide, D. R., Paul, M. A., Eds.; National Academy

demonstrated by the characterization of all relevaii@s NMR
parameters in CsCd(SCN) The chemical shift and electric field

gradient tensors are shown to be noncoincident, and the

importance of accounting for the relative orientation in simula-

of Sciences: Washington, DC, 1974; pp 5&®0.
(19) Scheubel, W.; Zimmerman, H.; HaeberlenJlMagn Reson1985

63, 544.
(20) Boguslavskii, A. A.; lvanov, Yu. N.; Krieker, A. |.; Madev, A.

K.; Pakhomov, V. I.; Lotfullin, R. ShPhys Stat Sol B 199Q 161, K49.
(21) Power, W. P.; Mooibroek, S. M.; Wasylishen, R. E.; Cameron T.

tions of static powder spectra is highlighted. The particularities g j Phys Chem 1994 98, 1552.

of this compound underscore the power of single-crystal NMR

(22) Vosegaard, T.; Skibsted, J.; Bildsge, H.; Jakobsen, H.Magn

to resolve multiple interactions and determine absolute tensor RésonA 1996 122, 111.

(23) (a) Kennedy, M. A; Ellis, P. DConcepts MagnReson 1989 1,

orientations irrespective of the atomic positioning, where other 35y kennedy, M. A.; Eliis, P. DConcepts MagrReson1989 1, 109.

techniques may encounter difficulties or fail altogether. As such,

(24) Mooibroek, S. Ph.D. Thesis, Dalhousie University, 1987.

this system may serve as a challenge to iterative procedures for (25) Power, W. P.; Wasylishen, R. E. Unpublished results.

simulating powder spectra.
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