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A novel approach to quadrupolar-echo (QE) NMR of half-integer quadrupolar nuclei in static powders is
analyzed. By acquisition of the QE spectrum during a €Burcell-Meiboom-Gill (CPMG) train of selective

7 pulses, the second-order quadrupolar line shape for the central transition is split into a comb of sidebands
leading to a considerable increase in the sensitivity compared to a conventional QE spectrum. The applicability
of the method for determination of magnitudes and relative orientation of chemical shielding and quadrupolar
coupling tensors is examined. Through numerical simulation and iterative fitting of experifiRmgRbCIQ

and RbVQ) and>°Co spectra (Co(NkJs Cls), it is demonstrated that the quadrupolar CPMG experiment
represents a useful method for studying half-integer quadrupolar nuclei exhibiting large quadrupolar coupling
combined with anisotropic chemical shielding interactions. Sensitivity enhancements by a factor of up to
about 30 are observed for the samples studied.

1. Introduction the excitation profile of the rf pulse becomes anisotropic (i.e.,
. ) dependent on the orientation of the crystallite), which must be
. The quadrupolar-echo (Q,E) solid-state NMR experirie U taken into account in the determination of the anisotropic
is among one of the most widely used experiments for studying jnieractions from experimental spectra.
quadrupolar nuclei in powder samples. Through its ability t0 ¢ is \yell-known that spir-echo methods such as those in
detect rapidly decaying free induction decays outside the periodi,e car—Purcell” and CarrPurcelMeiboom—Gill (CP-
' i inai i iohol4 X - : ,

of receiver dead time and probe ringing using a sfgioho; MG)!8 experiments enable efficient separation of inhomoge-
variants of the QE experiment have been used extensively for ho5us and homogeneous (in the sense of Maricq and Waugh
studying local electric field gradients or molecular dynamics nMR interaction€®25 So far. this feature has primarily been

i 2H)5-11 i P N - '
of integer (e.g.°H)>** as well as half-integer quadrupolar ,seq to obtain information about homonuclear dipolar cou-
nucleit?~16in a variety of amorphous and polycrystalline solids. pling2426and molecular dynamiés 23252730 (hoth behaving
Although QE spectra for integer quadrupolar nuclei are typically 55 homogeneous interactions) either by just measuring the points
dominated by large first-order quadrupolar coupling effects, the qityting the echo maxima or by measuring the full envelopes
QE spectra of half-integer quadrupolar nuclei may provide o he spin-echoes. In the former case, the inhomogeneous
simultaneous information about several anisotropic interactions. jtaractions are refocused implying that the spectra primarily
This is ascribed to the fact that QE spectra for half-integer nrohe the homogeneous interactions. In the latter case, the
quadrupolar nuclei may be tuned to selectively observe the (1/ g rier transformed spectrum consists of a sideband manifold
2, —1/2). central transition, which is perturbed by the quadrupolar .,m which information abouboth homogeneous and inhomo-
interaction only to second order and thereby also allows goneqys interactions may be extracted. The homogeneous
detection of effects from other less dominant anisotropic jnteractions affect the line shape of the sidebands, whereas
interactions. Among these interactions the anisotropic chemical;ysormation about the inhomogeneous interactions may be
shielding should be mentioned in particular. Since the magni- oy tracted from the envelope of the sideband manifold.
tut_jes_and relative orientation of q_uadr_upolar z_ind chemical Obviously, the utility of spir-echo multiple-pulse experi-
shielding tensors may provide detailed information about the \nents is not restricted to the determination of homogeneous
electronic environment of the nucleus, the QE experiment Nasnaractions. In this work we examine the quadrupolar version
recently attracted considerable attention as a tool for retrieving ¢ the cPMG experiment (previously referred to as quadrupolar
information about these interactions for powder samisies. CPMG2 and spikele®) with respect to sensitivity enhancement

When using QE NMR as a probe to obtain information on  of QE spectra for half-integer quadrupolar nuclei recorded with
magnitudes and relative orientation of quadrupolar and chemicalthe aim of determining parameters for the inhomogeneous
shielding tensors, one may be faced with two problems. First, interactions. In particular, the quadrupolar CPMG experiment
for large anisotropic interactions (e.g., quadrupole couplings in is analyzed for the purpose of determination of magnitudes and
the range 530 MHz) the central transition line shape may relative orientation of quadrupolar coupling and anisotropic
extend over hundreds of kilohertz, leading to low sensitivity. chemical shielding tensors for half-integer quadrupolar nuclei
Second, when the magnitudes of the anisotropic interactions 87 Rph and5°Co) exhibiting very large quadrupolar coupling
become large relative to the amplitude of the rf irradiation field, constants. For this purpose, the experiment is described
theoretically using average Hamiltonian theory to second order.
*To whom correspondence should be addressed. Fax: +45 86196199.This theory forms the basis for a computer simulation program

Te'fegﬂﬁlgfzsit;“oiiﬁﬁﬁg“l- E-mail: ncn@kemi.aau.dk. that allows iterative fitting of experimental spectra under
* pacific Northwest National Laboratory. conditions of ideal as well as nonideal (finite) rf pulse
€ Abstract published ilAdvance ACS Abstract$yovember 1, 1997. conditions. The method is demonstrated theoretically and
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(a) TABLE 1: Irreducible Tensor Operators for Chemical
A B C Shielding and Quadrupolar Coupling Interactions?
o chemical shielding quadrupolar coupling
iom o T R Tim G
T T2 T3 Ts
Xl Y L Y [— 0 0o I, Oiso
No 1 2 Mg
2 -2 0 ——0, N e
@ ¢, Tal2 [0 Ta Ty 2 Oanlso 2 2
w T 2 -1 %n_ 0 %(I_Iﬁ 1) 0
2 3 Lig2_ 3
(b) 2 0 3l \/%Oaniso \/é(SIZ (i + 1)) \/;
1 1
LANEA LANEA [ANEA LAREA 2 1 _§|+ 0 _§(|+|z+ |z|+) 0
n 12 n
2 2 0 - Eaaaniso El‘*' - EU

@ The spatial tensor elements in the principal axis frame P are related
to the principal elements of the anisotropic interacti®,(Ry, R.)
according toRse= (R« + Ry + R:)/3, Ranis= Rez — Riso, 7 = (Ryy —

/Ranisousing the orderingR,; — Rso| = |Rxx — Risol = |Ryy — Risol-
Figure 1. Quadrupolar CPMG (QCPMG) pulse sequence for sensitiv- Rod/Ra g Rz~ Reol = | Rsol = [Ryy ~ Redl

ity-enhanced quadrupolar-echo (QE) solid-state NMR of half-integer

quadrupolar nuclei: (a) timing scheme of the pulse sequence; (b) yhijle the secular Hamiltonians for the anisotropic interactions
relation between the pulse sequence timiragnd the timingt, of the take the form&34

free induction decay (see text). Shaded and open bars correspond to

selective (central transitiomy2 andz pulses, respectively. The phases

¢1, ¢2, ¢3, and the receiver reference phase are cycled (see Table H f;l) = _wo((Rg,o)L T g,o + (Rg,o)LT go) 3)
2) to select thep = 0 — +1 — F1 — +£1 etc. coherence transfer
pathways. - 271C
| | HE = — (R0 TS (@)
experimentally with examples froffRb and®°Co spectra of 2120 - 1) = ’
inorganic salts.
3 A Q\LRQVTQ TQ
HO=—— R RITR, TR ]+
2. Theory Q 202! — 1) 2 o0 LIPRTR I
The quadrupolar CPMG (henceforth referred to as QCPMG) 0 /o0 \LrrQ +OQ
pulse sequence proposed for sensitivity-enhanced QE NMR of (R22) (R [T32 T2-2l) ()

half-integer quadrupolar nuclei is depicted in Figure 1a. The
pulse sequence consists of three parts. Part A is a standard Q%/]e uadrunole counling constant
sequence with, optimized such that the acquisition starts at Tr?e Spi P ¢ E‘)thg Hamilt " d ibed by th
the echo maximum. The repeating unit in part B accomplishes . sSpin parts ot the ami omans are described by the
sampling of the spifrechoes generated by the interrupting train !rreduubl_e tensor operatél%Tj'm (4 = o or Q) of rank]

of 7y refocusing pulses. The receiver-off periotsand 74 included in Table 1. We note the relations

bracketing the refocusing pulses serve to protect the receiver

herewo = —yBy is the Larmor frequency an@q = €2qQ/h

1
from the effects of ther, pulses. Finally, part C extends the TS, TS 1= SA4(+1) - 8,7 — 1) (6)
decaying part of the final spirecho to the free induction decay
(FID) to avoid undesired baseline problems and sinc wiggles [T 22, TS,Z] =120+ 1) - 2|Zz —1) @)

upon Fourier transformation. It is noted that the flip angles of

all pul_ses cor:reslp/cz)nclilzto the ?ngles _effer_:lfir:/e fpr sele_cti;/e Likewise, the spatial dependencies are expressed in the labora-
operation on the-1/2, 1/2) central transition. Thus, in practical tory-fixed frame (L) by the irreducible tenso@-"())L. Among

implementations for half-integer splnguadrupolar nuclei the these R} " = (R} is a scalar and the second-rank tensor

flip angles should be reduced by a factbr{ 1/2) in the limit clement R;,O)L is related to the tensor elemenﬁfr(l)P in the

of large quadrupole coupling constafts? o . ; . .
In the usual Zeeman interaction representation, the evolution pr|n0|pal-aX|s frame (F) of the interaction? (tensors included

of the spin states for an ensemble of quadrupolar nuclei may to'" Table 1) according to
a good approximation be described by the high-field truncated

2 2
average Hamiltonian (assuminlglgl > [Hol) Ro"= 3 mz (R:,)D? (Q5D2 Q) (8)
TG0 G050 memameT2
H=H®+AY+A?+H, (1)

_ where Y denotes thé,| element of the second-rank Wigner
where H f,l) includes the secular first-order terms of the matrix® and Qyy = (axy, Bxv: Yxy) Euler angles relating the
anisotropic chemical shielding interactidd, " andH & the coordinate systems andY. C refers to a crystal-fixed frame,
secular first- and second-order terms of the quadrupolar which in this study for simplicity is chosen to be coincident
coupling, andH,; the external perturbation by rf irradiation. The  with the principal-axis frame ®of the quadrupolar interaction

Hamiltonian for rf irradiation with amplitude)s = —yBy and (i.e., QSC = (0,0,0)).
phaseg is given by By use of the general Hamiltonian defined in eq 1, itis a

. straightforward matter to calculate the response of a powder of
Hyt = wy(l, cosg + I, sing) (2) half-integer quadrupolar nuclei to the QCPMG pulse sequence
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in Figure 1la. The propagator for the time evolution may
conveniently be written

~ . oty = , Lo~

U,(t,t) = exp{ i ﬂa‘H] dt} = exp{—iH(t, —t)}  (9)
where the subscript is used to distinguish between evolutions
under Hamiltonians without rf irradiation (i.ews = 0) (Q =
f), with x-phase ¢ = 0) rf irradiation @ = x), or with y-phase
(¢ = #/2) rfirradiation g =y). For periods with free precession
(q = f) the propagator is generated by straightforward expo-
nentialization, since the Hamiltonian is diagonal. For periods

with rf irradiation the propagator is formed using diagonaliza-
tion, i.e.,

U(t,t) = D exp{—iH D(t, — t)}D' g=xory (10)

where D represents a unitary transformation leading to the
diagonalized Hamiltoniaii { = D' H, D.

Considering the pulse scheme in Figure 1a, it is useful to
introduce propagators describing the evolution during the initial
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adjusted by changing the interpulse acquisition peripdThis
partition of the powder spectrum into distinct sidebands leads
to a considerable increase in the overall sensitivity of the
experiment. In this and other respects the sgichoes observed

in QCPMG experiments resemble the rotational echoes observed
in magic-angle spinning (MAS) experiments. Before experi-
mental results that demonstrate the actual gain in sensitivity
are presented it appears relevant first to discuss various aspects
of numerical calculations based on the theory above. Further-
more, through numerical simulations we evaluate the capability
of the method for accurate determination of parameters for the
anisotropic inhomogeneous interactions.

3. Numerical Simulation and lIterative Fitting

On basis of eq 16 it is a straightforward matter to set up
numerical simulation software for calculating the response of
half-integer quadrupolar nuclei in a powder to the general
QCPMG pulse sequence in Figure 1a. However, by use of an
adequate number of uniformly distributed crystallite orientations
in the powder averaging and by taking the effects of finite rf

QE sequence (part A) and the repeating echo sequence in parpulses into account, the numerical simulations may be rather

B (designated by subscripts A and B, respectively):
- ~ ~ ~ ~ T
U % =U J(,,0) U {(z,,0)U [(z,,0) U E(rz + g,o) (11)

U {=U {(r5,0) U }(r,,0) U {(z,, 0) U {(z,, 0) (12)

!
wherert,, andt, denote widths ofr/2 andsx pulses. Now by
introducing the periods

Ta

TpN=Typp Tt +7,+1,+ 5

(13)

wg=13t7,tr,+1, (14)
the propagator at any tinte = t'+ At with t'= 74 — 74/2 for
M = 0 andt’ = ta + Mzg — 14 for M > 0 within the sampling
period may be written

U '(t,,0) =
010 {(5.00 fa, o), Ate [o,fza[, forM =0
U LU MU (1,000 [(At, 0), Ate [o,fza[, forM >0

(15)

with the upper limitz, replaced byr, + 74 for M = N, where
N is the total number ofry pulses. It should be noted that the
apparent time scale of the sampled FID differs from the real
time scale as illustrated in Figure 1b.

With the propagator in eq 15 at hand, the sampled FID for a
powder sample may be calculated using

sty =
o dag [ dbe sinfo, THI™ U (5,00, U ',0) (16)

where we have taken the operattyand|~ as representatives

time-consuming. Although this may not be an issue for a single
simulation, it represents serious problems to QCPMG being a
general method for determination of accurate values for the
magnitudes and relative orientations of chemical shielding and
guadrupole coupling tensors by iterative fitting of experimental
spectra. Therefore, it appears relevant to address methods that
reduce the computation time.

A. Tiling Schemes. A well-known obstacle in the calcula-
tion of NMR spectra for static powders is the very large number
of crystallite orientations required for numerical powder averag-
ing. Since the computer processing time is proportional to the
number of crystallite orientations, it is crucial to use a powder
averaging method that requires the lowest possible number of
crystallite orientations for an acceptable powder averaging.
Recently, it has been demonstrdfedhat selection of the
crystallite orientations according to the tiling scheme of Za-
remba3” Conroy38 and Wolfsberg and co-workéfsleads to
efficient powder averaging for a decently low number of
crystallites. When this method is employed, the pairsoef (

BcL) crystallite angles are selected according to

i ipy .
&:NZﬂ,ﬁszC(Wﬂ),l e{1,...,N} an

wheremoddenotes the decimal part of the fraction. The number
N of crystallite orientations is a Fibonacci number gmds the
previous Fibonacci number. In this work all calculations employ
N = 17711 andx, = 10946, which ensures convergence of the
powder averaging.

B. Finite rf Pulses. Another important issue for the
computation time is the potential need to include effects of finite
rf pulses in the calculation. For the special case of ideal rf pulses
(i.e., for |[Hy| | > |Hy/, [H,]), a dramatic reduction in the time
for the calculation of the FID may be obtained. This is achieved
by calculating the FID corresponding to a sequence Witk
0. From this half-echo envelope the full envelope may be
generatedNl = 1) and subsequently the total FID is formed by

of the initial and observable spin states, respectively, and replicating the FID resulting from part B of the pulse sequence
averaged over all uniformly distributed crystallite orientations. (M = 1) up to the desired number of points. For the typical

Quialitatively, the QCPMG pulse sequence in Figure la splits case wherdH| is less dominant, it is necessary to calculate
the QE spectrum, which would result from sampling of the the entire FID on the basis of eq 16. Figure 2 illustrates the
decaying part of the first echo alone (i.e., part A of the pulse effect of finite rf pulses on the appearance of the sideband
sequence), into a manifold of sidebands separatedday Thus, envelope detected using the QCPMG pulse sequence. Specif-
the number and separation between the sidebands may becally, the spectra are calculated for a powder of dpin 3/2
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C. Homogeneous Interactions. As already addressed in
the introductory part, other sources causing spectral distortions
are homogeneous interactions such as molecular dynamics and
homonuclear dipolar coupling. Both effects give rise to

HHHWHIHHMHHHHHH' characteristic line shapes for the sidebands, which may be
' difficult to account for in the numerical simulations unless the
actual perturbation is known. Even in such cases it may be
undesirable to include these effects in the calculations, since
they lead to a dramatic increase in the computation time. To
circumvent this problem and to extract parameters for the
(b) “H‘HHHH” HHHW“W'“‘“ il inhomogeneous interactions, iterative fitting is based on inte-
‘ [l grated sideband intensities (i.e., stick plots).
D. lIterative Fitting. A final issue to be concerned with in
relation to the computational efforts involved in determining
magnitudes and relative orientations of several anisotropic
H“HHI'HHM “ interactions from QCPMG spectra is the combination of the
’ H [T

@ il

simulation program with efficient routines for numerical opti-
mization and iterative fitting. Obviously, it is crucial to employ
optimization procedures that are fast, insensitive to local minima,
and capable of handling a large number of variables. Therefore,
our simulation program has been combined with the CERN

© i

@

o 0 40 80  kHz least-squares optimization package MINUPWhich allows the
Figure 2. Theoretical QCPMG spectra € 3/2, o2t = —130.84  US€ Of apgmp”ate Comzma“o.”s rc]’f Monte Carlo, s'g”p'ﬁx’ a”g.
MHZ, Oaniso= —73.8 ppmyy, = 0.38,Q%, = (8%, 11°, 132), Co = steepest-descent procedures in the minimization. Such combi-

9.7 MHz, andyo = 0.72) illustrating the effect of nonideal rf excitation. ~ Nations have proven very efficient for systematic optimization
The spectrum in (a) is obtained using ideal (infinitely short) rf pulses Of solid-state NMR powder spectra that depend on several
by calculating the part of the FID corresponding to part A of the pulse variablest42

sequence, reflecting this half echo to generate a full echo, which is

replicatedM times to form the remaining part B of the FID. Spectrum 4 Sensitivity of Parameters in Iterative Fitting of Spectra
in (b) is calculated using eq 16 with finite rf pulse widthstgf = t./2

= 1.6 us corresponding tev/27r = —78.1 kHz. The spectrum in (c) The general applicability of the QCPMG method for deter-
is calculated using the procedure leading to (b) with= 1 and mination of magnitudes and relative orientations of chemical
replicating part B of this FID to generate the full FID. The difference  shjelding and quadrupolar coupling tensors highly depends on
between the simulations in (b) and (c) is given in (d). the intrinsic sensitivity of the method toward variations in the
eight parameter€q, 70, iso, Tanisa Moy Ope Bpo aNd vpe
Although the envelope of the QCPMG sideband spectrum
) ) closely resembles that of a standard QE spectrum, which may
MHz, 5q = 0.72) interactions abo/2r = —130.84 MHz and e analyzed in detail as previously describ&ds43it appears
exhibiting a relative tensor orientation defined by the Euler \gjeyant 1o briefly demonstrate the effect of variation in these
angles {ec Bpc Yed = (83, 11°, 132). parameters. Furthermore, these simulations may facilitate
It is clear that the spectrum representing ideal rf excitation estimation of initial values for the parameters to be used in an
(infinitely short pulses) in Figure 2a differs significantly from iterative fitting. As an illustration, simulations are based on a
the spectrum (Figure 2b) calculated using an experimentally parameters set for a powderlof 3/2 nuclei with a resonance
typical rf field strength ofw/2r = —78.125 kHz (i.e., a  frequencywy/2r = —130 MHz and a combination of anisotropic
selectivesr/2 pulse widtht,, = 1.6 us). Clearly, with the chemical shieldingdaniso= 100 ppmy;, = 0.6) and quadrupolar
application of the QCPMG technique in mind, this difference coupling Cqo = 5 MHz, g = 0.3) with a relative orientation
implies that finite rf pulses must be taken into account in order of the two tensors given b7 = (90°, 3¢°, 90°).
to extract accurate values for the anisotropic interactions from  Figure 3 illustrates the dependence of the spectral appearance
experimental QCPMG spectra. Unfortunately, in the present on variations for the quadrupole coupling parametggsand
example (forM = 15 cycles each representing 500 sampling 7q. Itis evident that wheiCq is increased from 2.5 to 10 MHz
points) this leads to an increase in the computation time by a (parts a-d, the appearance of the QCPMG spectrum changes
factor of ca. 15, which makes iterative fitting an unwieldy from a pattern resembling that of the chemical shielding
procedure in cases of practical relevance. In an attempt toanisotropy (CSA) to that being primarily dominated by the
remedy this disadvantage, the spectrum in Figure 2c representsjuadrupolar coupling interaction. The latter case represents a
a combination of the two approaches used for the spectra intypical application for the QCPMG method, and an estimate of
parts a and b of Figure 2. Specifica”y, the Spectrum in Figure CQ may be obtained from the total width of central transition
2c is obtained by calculating the FID corresponding to the A powder pattern. According to the formulas of Baugéal. 3
andM = 1 B parts of the pulse sequence under assumption of Co may be estimated by employing
finite rf pulses and then generating the remaining part of the

nuclei influenced by anisotropic chemical shieldirg{so =
—73.8 ppm,, = 0.38) and quadrupolar couplin€g = 9.7

FID by appendindgM — 1 replications of thé = 1 B part. The WAV

insignificant differences between the spectra in parts b and c of Cq = 8I(2 — 1) 3

Figure 2 (see Figure 2d) indicate that the approximate procedure, 2ﬂ(|(| +1)— Z)(??Qz + 224+ 25)
employed in Figure 2c, may be of important value in the time- (18)

consuming part of the iterative fitting, since computation time
is increased by a factor of only ca. 1.2 compared to the case ofwhereAv is the overall width (in frequency units) of the central
ideal pulses. (1/2, —1/2) transition and G< 7 < 1. An impression of the
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e et y Figure 4. Theoretical QCPMG spectra displaying the dependence on

) 0 0 A0 80k 20 o Ak Ganiso (left column) andy, (right column). Parameters are= 3/2, wy/
Figure 3. Simulated QCPMG spectra illustrating the dependence on ,_"_ 139 MHz, Co = 5.0 MHz, 5jq = 0.3, giss = 0, and (%

Cq (left col ight col .P ters are= 3/2, wo/21 o ;
e M o 100 g 0o o, {7 0, .0, b e i 00 s
1 IS0 ) vaniso ppM. 70 e pC ' 500, 100, 10,-10, —100, and—500 ppm going from (a) to (f). Parts

30°, 90°). Parts a-d are withng = 0.3 andCq = 2.5, 5.0, 7.5, and s ; T — ;
10.0 MHz going from (a) to (d). Parts-é are withCq = 5.0 MHz ?rogna(rg)vgg%;a”'“ 100 ppm andy, = 0.0, 0.3, 0.6, and 0.9 going

andnq = 0.0, 0.3, 0.6, and 0.9 going from (e) to (h).
TABLE 2: Phase Cycles for the QE and the QCPMG Pulse
sensitivity of the QCPMG spectra toward variationzg is Sequences
illustrated by the simulations in parts-@ of Figure 3. QE QCPM®
The corresponding responses toward variation in the param- " ¢2 rec o 4)2 Py rec
etersoaniso and 7, for the generally less dominant chemical

©

shielding tensor are illustrated in Figure 4. In particular it should ~ * y X X y y X
. . = = —X -y X y X X -y
be noted that even in the regime b, > |H, | (illustrated by -y —x “x y y X
Oaniso £ 10 ppm in parts ¢ and d of Figure 4), it should be —x y X -y X X y
possible to detect the influence of the CSA. Finally, the vy —X -y X -y -y —X
simulations in Figure 5 illustrate the effects of different relative ~ —Y -X y y —X —X -y
orientations for the two tensors on the appearance of the Y i R4 X :i :i X
QPCMG spectra. Itis evident that variations in the Euler angle X y y XX Xy y —y Xx
Phc (parts e-h cause the most pronounced changes in the vy —x -y y X —X -y
sideband envelope, while the QCPMG spectra appear less —x -y X —X y -y X
sensitive to variations in the Euler angles and yp. parts -y X y -y X X y
. - f - X -y —X X -y y —X
a—d and i~l. We note that in the special casespf= 0.0 y X —y y X X _y
andnq = 0.0, the QCPMG spectrum (not shown) is independent  —y y X “x —y y X
of apc andyp. respectively, observations also seen in MAS -y —X y -y —X X y

1
NMR of quadrupolar nuclef: @ The pulse phases: — ¢3 corresponds to those in Figure Ygec

denotes the receiver reference ph&sehe phase cycle is based on
5. Experimental Section the first eight steps of the cycle proposed by Rance and Byrd.

87Rb (130.84 MHz) and®Co (94.43 MHz) experiments were

performed on a Varian UNITY-400 NMR spectrometer (9.4 T) 1ha with T?]IZ exten;jedl to Ir'eC%rq the;:JII-echcli delca3|/ a}nd using
using a wideband Varian static-powder probe. For both nuclei € QE phase cycle also listed in Table 2. All calculations were

an rf field strength ofw/2r = —78 kHz was employed. performed on a Digital Alpha 1000 4/200 workstation. T_ypi-
Considering the increase in effective nutation frequency by the c&lly, simulation of anl = 3/2 QCPMG spectrum employing
factor ( + 1/2) for the central (1/2--1/2) transition when 2 finite rf pulses (see aboveM = 16, a total number of 4256
aCol(41(21 — Lywys) > 33432 this corresponds tor/2-pulse points (256 points during a singtg period and 32 points during
widths of 1.6us for 8Rb ( = 3/2) and 0.8«s for 5°Co (| = 74), and 17711 crystalline orientations required 42 s of CPU
7/2). The rffield strengths were calibrated using 1.0 M ReNO time.  Considering the accumulative effect of finite rf pulses
and 0.5 M KCo(CN) aqueous solutions, which also served as during all echo periods, a simulation required 5.8 min. RbCIO
externalf’Rb and®®Co chemical shift references, respectively. was purchased from Alpha Products and used without further
The QCPMG spectra were recorded using the pulse sequenceurification. RbVQ was synthesized as described elsewhere.
in Figure 1a and the phase cycle in Table 2. The standard QECo(NHs)s Cls was a gift from from Kemisk Verk Kage,
experiments employed part A of the pulse sequence in Figure Denmark.
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TABLE 3: Magnitudes and Relative Orientation of Quadrupolar Coupling and Chemical Shielding Tensors for8’Rb in RbCIO,
and RbVO;3 and for 5°Co in (Co(NHa)s CI)Cl, Determined by lterative Fitting of QCPMG Powder Spectra?

compound method Co 7o Oisd® Oaniso Mo 0P Bhc Yoc ref/figure
RbCIO SC 3.30 0.21 13.7 13.8 0.61 94 28 87 49
QE 3.24 0.19 14.3 14.0 0.50 112 28.8 16 16
MAS 3.29 0.20 131 135 0.32 98 34 69 51
QCPMG  3.30 0.22 12.8 13.7 0.76 118 40 111 thiswork/7d
QCPMG 3.28 0.24 12.4 13.0 1.00 118 32 97 thiswork/7h
QCPMG 3.2+ 0.08 0.24+£0.06 125+15 142+3.0 0.68+0.25 117+20 36+10 93+ 15 thiswork/71
RbVO; SC 9.70 0.74 31 —32 0.3 90 27 271 50
QCPMG 9.64 0.66 29.3 —71.4 0.86 96 5 73 this work/9d
QCPMG 947 0.68 27.9 —71.6 0.80 112 23 108 this work/9h
QCPMG 9.74:0.2 0.72+£0.03 32745 —73.8+30 0.38+0.4 83+30 11+10 132440 thiswork/9l
(Co(NHs)sCI)Cl, QCPMG  26.9+ 0.5 0.0+£0.1 8890+ 5 1260+30 0.08+£0.1 11+20 8+£5 98+ 20 this work/11d

a SC denotes single-crystal NMR. The quadrupole coupling consEait isotropic and anisotropic chemical shiftgsg andoanisg, and relative
tensor orientationa, Bec vpo are given in MHz, ppm, and degrees (relative to the principal axis system of the quadrupolar coupling interaction,

ie., QSC = (0,0,0), respectively? Isotropic chemical shifts (corrected for
1.0 M RbNG (8Rb) and 0.5 MKz Co(CN) (*°Co) solutions.

o o Ml el
g Bien
o MM Sl
o Ml il il

Figure 5. Calculated QCPMG spectra displaying the dependence on
apc (left column), B3 (middle column) andypc (right column).
Parameters are= 3/2, wo/2r = —130 MHz,Cq = 5.0 MHz, 57q =

0.3, giso = 0, Oaniso = 100 ppm, andy, = 0.6. Parts ad are with
(Bro ¥ro = (30°, 90°) andoge = 0°, 30°, 60°, 9C° going from (a) to

(d). Parts e-h are with (i3, ypd = (90°, 90°) andfp. = 0°, 30°, 60°,

90° going from (e) to (h). PartsHl are with @3¢, fpd = (30°, 90°)
andyg. = 0°, 30°, 60°, 9C¢° going from (i) to (I).

6. Results and Discussion

Applications of the QCPMG method for the determination
of magnitudes and relative orientation of quadrupolar coupling
and chemical shielding tensors by iterative fitting of integrated

second-order quadrupolar induced shifts) orstiade are referenced to

the cobalt complex has not previously been studied. To
appreciate the sensitivity gain and the accuracy of the parameters
determined by iterative fitting, QCPMG spectra with different
sideband separations and standard QE spectra have been
recorded and analyzed for all samples.

In the analysis and interpretation of the relative orientation
of the principal axis systems for the quadrupole coupling and
chemical shielding tensors, it is essential that potential effects
of crystal symmetry (i.e., space group symmetry) is considered.
Since the two tensors are invariant toward symmetry operations
within the space group, crystal symmetry imposes certain
restrictions on the Euler angl€3Z. relating the two tensors.
X-ray diffraction (XRD) studies show that RbCJ® RbVOs,*7
and (Co(NH)s CI)Cl,*8 all have orthorhombic crystal structure
with space groupBnma Pbcm andPnma respectively. These
space groups all exhibit a mirror oiGy axis at the positions of
the quadrupolar nuclei of interest in the crystal lattice of these
compounds. The mirror plane symmetry requires that the
guadrupole coupling and the chemical shielding tensors both
have one principal axis perpendicular to this pl&h®-52 This
implies that the angleap: and ypc are a multiple of 90 but
not necessarily the same multiple.

Parameters describing the magnitudes and relative orientation
of the quadrupole coupling and chemical shielding tensors
determined here and elsewhere for the three samples are
summarized in Table 3.

A. RbCIO4. Figure 6 shows typicaél’/Rb NMR spectra of
RbCIO, recorded using the QCPMG experiment for different
75 Values (corresponding to different sideband separations) along
with the conventional QE spectrum. Clearly, the QCPMG
technique splits the static-powder spectrum of the QE experi-
ment (Figure 6d) into a manifold of sidebands that exhibit an
envelope quite similar to that of the QE spectrum. Depending
on the number of sidebands, this gives a significant sensitivity
enhancement as illustrated by the QCPMG spectra in paxs a
of Figure 6. These spectra show signal enhancement factors
of 10.9, 4.4, and 2.2 compared to the QE spectrum.

To extract accurate parameters describing the magnitudes and
relative orientations of the quadrupole coupling and chemical

sideband intensities of experimental powder spectra are dem-shielding tensors, the QCPMG and QE spectra were simulated

onstrated in this section f&¥Rb in RbCIQ and RbVQ and
for 59Co in (Co(NH)s CI)Cl,. These samples have been chosen
since they represent typical cases exhibiting different spin

and iteratively fitted by employing a computer program based
on the principles given above. The resulting optimized simu-
lated spectra are shown in Figure 7 (parts d, h, and | in the

guantum numbers as well as magnitudes of the quadrupolarlower row) for comparison with the corresponding experimental

coupling and anisotropic chemical shielding interactions. The
two rubidium salts have previously been investigated using static
powder QE (RbCIQ@® RbVO;®), single-crystal (RbCIQ*®
RbV0O;:*9), and MAS (RbCIQ*Y) NMR while to our knowledge

spectra in the top row. The optimized parameters corresponding
to the three simulated QCPMG spectra are summarized in Table
3 and may be compared with the parameters determined from
previous studie?49.51
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, . . - , , Figure 7. Experimental and optimum simulat&Rb QCPMG spectra
10 0 -10 kHz of RbCIQ, corresponding to the pulse sequence parameters described
Figure 6. ExperimentaP’Rb (130.84 MHz) QCPMG (ac) and QE in Figure 6a (left column), 6b (center column), and 6c¢ (right column)

(d) spectra of RbCIQ The QCPMG spectra used the pulse sequence @nd the interaction parameters given in Table 3. The full experimental,
in Figure 1a withr; = 25us, 7, = 13 = 268, 74 = 27 S, 4 s relaxation stick-plot of experimental sideband intensities, stick-plot of simulated

delay, and a spectral width of 250 kHz. The number of echo periods Sideband intensities, and full simulated spectra are reproduced in the

M, number of scanss, andzy were (a) 60, 1024, 512s, and 128:s, first (a, e, i), second (b, f, j), third (c, g, k), and fourth (d, h, I) row.

(b) 32, 3072, 1024s, and 256us, (c) 15, 8192, 2 ms, and 1.768 ms.

The QE spectrum (d) employed 4096 scans and the same spectral width, Inspection of the three parameter sets determined for RbCIO

71, T, and relaxation delay values as in-@. All spectra were weighted  (Taple 3) shows small variations among the parameters even

by a Lorentz_lan of 1 Hz line width. The vertical scale of the QCPMG for the Spectrum with few sidebands. This indicates that the

spectra relative to the QE spectrum (d) were reduced by factors of 10.9, - . .

4.4, 2.2 going from (a) to (c). sensitivity of the QE experiment may be increased by a_t_ I_east
an order of magnitude by QCPMG without severely sacrificing

At this point it seems appropriate to specify the procedure the information content of the e_xperiment and_ the_ accuracy of
used for iterative fitting. First, to ensure least-squares fitting the parameters extracted. This advantage is similar to that
to pure inhomogeneous contributions of the spin dynamics observed in a comparison of standard MAS and statlc-powaer
characterizing the experimental spectrum, our program comparesVMR spectra. Comparison of the QCPMG parameters with
integrated experimental and simulated sideband intensities aghose of the QE spectrum (Figure 6d) and previously determined
exemplified by the stick-plots in the second (experimental) and data from single-crysta static-powder QE? and MAS* NMR
third (simulated) rows of Figure 7. Second, to facilitate the Studies shows an excellent agreement for all parameters except
seven-parameter fit, the starting value &g can be estimated for 5, (determined with considerable uncertainty in all studies)
to fall in the range 2.83.9 MHz using eq 18 with\v = 15 and the value foryg. determined from the QE spectrum by
kHz. Furthermore, the sideband envelope indicates that theKoons et al® and commented on previously. Accuracies
spectrum is dominated by the quadrupolar interaction iand estimated by numerical calculation and by visual inspection are
~ 0.2-0.4. By use of these parameters as a start, iterative fitting 9iven in Table 3 for the spectrum in Figure 7. Similar
of the experimental “stick-plot” intensities gives the optimized accuracies may be determined from the other QCPMG spectra.
parameters in Table 3, the corresponding simulated stick-plot It is noted that thex)- andyp values determined by QCPMG
spectra in Figure 7 (third row), and the line-shape-simulated are fairly close to 90 (a value in agreement with crystal
QCPMG spectra in the bottom row. symmetry (vide supra).

Comparison of the spectra in Figure 7 reveals a reasonable B. RbVOs. To demonstrate the sensitivity gain achieved
agreement between experimental and calculated stick-plotby QCPMG relative to conventional QE for the important cases
spectra for the three QCPMG experiments representing differentof broad anisotropic powder patterns, Figure 8 shows a series
sampling conditions. Apart from minor differences near the of 8Rb QCPMG and QE spectra for Rb¥OIn accordance
baseline, a similar agreement is observed for the spectrawith a quadrupole coupling constant on the order of 10 MMz,
including line shape. This shows that the experimental spectra,the second-order quadrupolar and CSA broadened powder
to a good approximation, reflect purely inhomogeneous interac- pattern for the central (1/2:-1/2) transition extends over a
tions (chemical shielding and quadrupole coupling), while frequency range of about 150 kHz. In addition to the large
homogeneous interactions from homonuclear dipolar coupling quadrupolar interaction, rendering static-powder QE NMR a
or dynamics play an insignificant role féfRb in RbCIQ. relatively insensitive method, this compound represents an
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Figure 8. ExperimentaP’Rb (130.84 MHz) QCPMG (ac) and QE T '
(d) spectra of RbV@ All QCPMG spectra were recorded using= 000 50 50 0
25us,72 = 25.8us,73 = 26 us, 74 = 26.8us, and 4 s relaxation delay. ~ Figure 9. Comparison of experimental and opt|mum simulatéeb

The individual spectra used spectral width, number of echo pelibds  QCPMG spectra of RbV&xcorresponding to the experimental spectra
number of scansg, 74, and Lorentzian line broadening: (a) 2 MHz, and parameters given in Figure 8a (left column), 8b (middle column),
61, 1024, 64us, 159us, and 100 Hz; (b) 1 MHz, 62, 384, 128, 190 8c (rigth column) and the interaction parameters given in Table 3. The
us, 50 Hz; (c) 1 MHz, 15, 4096, 500s, 440us, and 1 Hz. The QE first, second, third, and fourth rows give full experimental (a, e, i),
spectrum was obtained using 2048 scanss 25 us, 12 = 24.8us, 2 stick-plot of experimental sideband intensities (b, f, j), stick-plot of
s relaxation delaya 2 MHz spectral window, and a Lorentzian line simulated sideband intensities (c, g, k), and full simulated spectra (d,
broadening of 1 Hz. The intensity of the QCPMG spectra compared to h, 1), respectively. The last spectra were apodized using a 50 Hz wide
the QE spectrum are 28.3, 12.7, 4.13, and 1.0 going from the top to Lorentzian.

the bottom spectrum (see text).

-50 kHz

sideband intensities, optimized fitted stick-plots of calculated
intriguing test for the QCPMG technique because of its rather sideband intensities, and optimized simulated spectra for all three
small chemical shielding interaction. QCPMG experiments. Comparison of the experimental and

The three QCPMG spectra in parts@of Figure 8 recorded  optimum simulated®Rb QCPMG spectra corresponding to
using 7, values adjusted to split the powder pattern into different sideband separations demonstrates a good agreement
sidebands separated by 15.6, 7.8, and 2 kHz, display an intensitywith respect to both sideband intensities and line shapes over
gain by factors of 28.3, 12.7, and 4.1, respectively, relative to the entire spectral width. However, we note that slightly lower
the QE spectrum (Figure 8d). These numbers correspond tosideband intensities are observed in the high-field region of the
experiments using a spectral width of 2 MHz for the spectra in calculated spectra compared to the experimental spectra. From
parts a and d of Figure 8 and 1 MHz for the spectra in parts b the narrow lines observed in all experimental spectra (and
and c. In turn, this implies that the corresponding QCPMG reproduced in the simulated spectra) we conclude that homo-
experiments with 7.8 and 2 kHz sideband separation (corre- geneous interactions contribute insignificantly to the spin
sponding to those in parts b and ¢ of Figure 8) recorded using dynamics off’Rb in RbVGs.
twice the spectral width would lead to gain factors of about 15  Mutual comparison of the parameters determined by iterative
and 8, respectively. Furthermore, it is noted that the spectra infitting of the QCPMG and QE spectra (estimated accuracies
parts a and b of Figure 8 was apodized using Lorentzian line included in Table 3 for the spectrum in Figure 9l) and against
broadenings of 100 and 50 Hz, respectively, to avoid sinc those determined previously by single-crystal NMR leads to the
wiggles by truncation of the FID. The spectrum in Figure 8c following observations. First, for the quadrupole coupling
used 1 Hz line broadening, while 100 Hz was used for the interaction all studies give almost identida} andq values
spectrum in Figure 8d. Using a line broadening of 1 Hz and a within experimental error. Second, more uncertainty concerns
spectral window of 2 MHz for all spectra leads to gain factors the magnitude of the chemical shielding tensor, where the
of about 46, 21, and 8 for the three spectra in parte af QCPMG and QE results prediotniso = —72 ppm compared
Figure 8. to the value of-43 ppm determined by single-crystal NMR.

By employment of a quadrupole coupling constant in the Likewise, then, parameter is subjected to quite some uncer-
range 9.2-12.7 kHz, estimated using eq 18 witkw = 160 tainty, since values in the range 6-:8.8 are obtained. Third,
kHz, seven-parameter iterative fitting of the experimental although at first glance insensitive to the isotropic chemical shift
QCPMG and QE spectra in Figure 8 leads to the parametersby sampling under influence of refocusing pulses, the QCPMG
summarized in Table 3. For comparison Table 3 also includes experiments lead to isotropic chemical shift valueso) close
the results from a recent single-crystal NMR st3@ifzigure 9 to the value determined by single-crystal NMR. Fourth, for
shows the experimental spectra, experimental stick-plots of the relative orientation of the two tensorial interactions (specified
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O Figure 11. Comparison of experimental and optimum simulat¥b
ey 850 ‘ QCPMG spectra of (Co(NgsCI)Cl,:

(a) experimental spectrum
corresponding to Figure 10d and (b) stick-plot of experimental sideband
intensities; (d) optimum simulated QCPMG spectrum and stick-plot
of calculated sideband intensities (c) corresponding to the experimental
parameters given in the caption of Figure 10 and the interaction
parameters in Table 3.

300 700 kHz

Figure 10. ExperimentaP°Co (94.43 MHz) QCPMG (ad), and QE

(e) spectra of (Co(NEJsCl)Cl,. The QCPMG spectra were recorded
using the pulse sequence in Figure la with= 25 us, 7 = 73 = 26

us, ta = 27 us, 4 s relaxation delay, and a dwell time of Qu§
(corresponding to a spectral width of 2 MHz). All spectra were
processed using 1 Hz Lorentzian line broadening. For the QCPMG
spectra the number of echo periolls number of scansg, and gy
were 128, 512, 1@s, and 19%s, (b) 63, 512, 3%s, and 191us, (c)

61, 1024, 64us, and 15%s, (d) 30, 2048, 12@s, andrq = 191 us.

The QE spectrum employed = 25us, 1. = 24 us, a relaxation delay

of 2 s, 20480 scans, and a spectral width of 2 MHz. The absolute
intensity of the QCPMG spectra relative to the QE spectrum are 9.4,
7.3, 4.8, and 2.6 on going from (a) to (d).

central transition (270 kHz) suggesis to be in the range 31

44 MHz. A more detailed determination of the parameters for
the two anisotropic interactions requires iterative fitting of the
experimental spectra in Figure 10, although we note that the
calculations due to a larger matrix dimension are a factor of 8
slower than the correspondig= 3/2 calculations performed
above. For this reason, we restrict the analysis to the experi-
mental QCPMG spectrum in Figure 10e. For this particular
QCPMG experiment, Figure 11 compares the experimental and
- - ! ! optimum simulated spectra, while Table 3 gives the correspond-
This agrees well with the single-crystal NMR resuftsyhich ing optimum parameters and their estimated accuracies. Al-
favor ape = 90° andypc = —90°, compatible with thePbcm though the agreement between the experimental and simulated
space group. Finally, considering the parameters overall, aspectra is less favorable than observed for &b spectra
comparison reveals that iterative fitting of the QCPMG spectrum ahove, Table 3 clearly reinforces the presence of large quadru-
with the smallest sideband separation generally leads topolar coupling and anisotropic shielding interactions. Further-
parameters closest to those determined by single-crystal NMR.more, it is noted that the optimum values faf. and y2.
However, quite similar results are obtained from QCPMG with (close to 0 and 90) are in accordance with the crystal symmetry

larger sideband separations. _ o (space grouPnma for (Co(NH)sCl)Cl..
C. (Co(NH3)sCICl,. As a final demonstration of sensitivity-

enhanced QE NMR for a nucleus exhibiting a larger spin  ~gclusions
guantum number, Figure 10 shows a serie§%6b ( = 7/2) '

by Q70, the QCPMG and QE results suggest andype both
to be in the vicinity of 90 in accordance with crystal symmetry.

QCPMG and QE NMR spectra of (Co(NHCI)Cl,. The four
QCPMG spectra were recorded withadjusted to split the 270
kHz wide second-order quadrupolar coupling and CSA broad-
ened central-transition powder pattern into a manifold of spin

In conclusion, we have introduced and demonstrated a new
experimental method, QCPMG, for determination of magnitudes
and relative orientation of chemical shielding and quadrupolar
coupling tensors of half-integer quadrupolar nuclei exhibiting

echo sidebands with separations of 62.5, 31.3, 15.6, and 7.8relatively large quadrupole coupling and anisotropic chemical
kHz. The envelope of the sideband manifold in all spectra shielding interactions. The method bears close resemblance to
exhibits clear similarities to the QE spectrum (Figure 10e). the conventional QE method but amplifies the sensitivity of this
Comparison of the signal intensities of the QCPMG relative to experiment significantly by recording the FID through a train
the QE spectra reveals intensity enhancements by factors of 9.4pf selectiver refocusing pulses. In practical application to wide
7.3, 4.8, and 2.6 on going from the spectrum with the largest to central-transition (1/2;-1/2) powder patterns, this may lead to
the smallest sideband separation. a gain in sensitivity by a factor of say 30 as demonstrated in
The envelope of the spirecho sideband manifold indicates this study for quadrupolar nuclei characterized by-1860 kHz

the presence of large quadrupolar coupliewgd anisotropic wide line shapes. In combination with efficient computer
chemical shielding interactions f&®Co in this compound. software for simulation and iterative fitting of experimental to
Considering the quadrupole interaction alone, the width of the calculated sideband intensities, the method proves useful for
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accurate determination of parameters for quadrupole coupling

and chemical shielding tensors in polycrystalline solids. Cur-
rently, we are exploring combinations of QCPMG with MAS
experiments.
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