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The present work discusses a new 2D NMR method for char-
acterizing the principal values and relative orientations of the
electric field gradient and the chemical shift tensors of half-integer
quadrupolar sites. The technique exploits the different contribu-
tions that quadrupolar and shielding interactions impart on the
evolution of multiple-quantum and of single-quantum coherences,
in order to obtain 2D powder lineshapes that are highly sensitive
to these nuclear spin coupling parameters. Different spinning
variants of this experiment were assayed, but it was concluded that
a static version can yield the highest sensitivity to the values of the
principal components and to the relative geometries of the local
coupling tensors. It was found that correlating the central transi-
tion evolution with the highest available order of the spin coher-
ence was also helpful for maximizing this spectral information.
Good agreement between data obtained on ¥Rb (S = 3) and *Co
(S = ) samples and ideal theoretical lineshape predictions of this
experiment was obtained, provided that heterogeneities in the
multiple-quantum excitation and conversion processes were suit-
ably accounted by procedures similar to those described in the
spin-3 multiple-quantum NMR literature. © 1999 Academic Press

Key Words: solid state NMR; half-integer quadrupole nuclei;
multiple-quantum spectroscopy; 2D NMR correlations.

1. INTRODUCTION

Quadrupolar nuclei with half-integer spin numbe®s< $, 3,

In spite of the potential relevance that the combined me
surement of these two interactions can have for the spect
scopic characterizations of electronic structures, NMR studi
of quadrupolar nuclei are usually impaired by the broadenin
that these anisotropies bring into the lineshapes of powder
samples. A common way to avoid the full broadening of th
quadrupole interaction is to limit spectral observations to tt
central—3 <> +1 transitions, devoid to first-order from quad-
rupolar interactions1=3). Although free from the full quad-
rupole effects, these transitions may still enable the charact
ization of quadrupole couplings due to the presence of secot
order shifts, as well as measurements of the chemical st
effects which will affect them in the usual spinmanner.
Because of the combined effects of all these interactions t
central transition spectra will depend on three parameters ¢
fining the shielding strength (isotropic chemical shift, shift
anisotropydcs, and shielding asymmetngcs), on two param-
eters defining the local field gradients (quadrupolar couplir
€’qQ/h and quadrupole asymmetny,) and on three Euler
angles relating the principal axes systems (PASSs) of those
tensors 4—7). Unfortunately, the determination of these eigh
independent parameters from a single spectral lineshape
usually ambiguous due to the similar effects that many of the
have on defining the various singularities and inflexions che
acterizing the final powder pattern. We discuss here a no\

%, 9) constitute the majority of magnetically active nuclides impproach based on two-dimensional multiple-quantum (2
the periodic table. Continuing interest in the solid state NMRIQ) NMR spectroscopy that, by establishing differentia
spectroscopy of these isotopes is stimulated by the role thadightings among the contributions of shielding and quadr
such elements play in many important materials such as mgple effects, can aid in discriminating these two interactions
erals, ceramics, glasses, semiconductors, and catalysts. Unlikehe possibility of distinguishing shielding from quadrupola
their more common spif-counterparts, quadrupolar nucleinteractions in high-field central transition resonances arises frc
interact not only with external and local magnetic fields buke fact that the former stems from a first-order effect while th
also with the field gradients that originate in the charges thatter arises from second-order ones. This opens a number
surround the nuclear sité(2). These quadrupolar interactionsapproaches to their spectral distinction. One of them is to expl
are notably sensitive to the local electronic environment of ae different behavior that these shifts will exhibit upon varyin
atomic site and nicely complement the insight made availakige external magnetic fiel,, which will be linear (in Hertz) for

by the shielding coupling tensor parameters. the case of the shielding couplings but inversely proportional f
the quadrupolar casd.,(3); this approach is fairly reliable pro-
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second-order effects show when rotated with respect to the extehere

nal magnetic field: the former ones will transform as second-rank

tensors, while the latter ones will do so as fourth-rank represen-

tations @—11). This distinction is central to many single crystal

and variable angle spinning 1D NMR characterizations of quad-

rupole and shielding parametef2¢19. is the dominant Zeeman coupling between the nuclear sp
Recently, it has also been shown that these different rotatioaald an external magnetic fieRR}. The effects of the remaining

behaviors can be incorporated into certain forms of multidimefecal quadrupoled(,) and chemical shift¥cs) interactions are

sional NMR which can separate shielding and quadrupolar intenost conveniently described before truncation in terms

actions more efficiently than their unidimensional counterpaiitseducible spherical tensor operato8¥ (38

(15, 19. At the heart of these novel 2D and 3D powder NMR

determinations lies the use of dynamic-angle spinning (DAS)

(17, 18, a technique that, by correlating the spin evolution at two X

different spinning angles with respectBg, allows one to distin- = E > (=" I [3]

guish second- from fourth-rank anisotropies. Despite the potential —om=-

demonstrated by these multidimensional experiments to disentan-

gle shielding and quadrupole tensors, the technical complicatiamsereC,, T}., andR|, denote the coupling constants, the spir

generated by their reliance on sudden sample reorientations hane the spatial dependencies characterizing the chemical s

apparently limited their routine chemical applications. Similagr the quadrupolar interactions. Because of the fast precess

complications had been invoked in connection with the applicertroduced by the external magnetic fidk} on the nuclear

tion of 2D DAS techniques toward the acquisition of highspins, only the secular terms in Eq. [3] will end up observab!

resolution solid state quadrupole spectra. It has been shownthe high-field NMR spectra. Such truncation can be catrrie

however, that many of these difficulties could be avoided lyut only to first order in the case of the relatively smal

departing from the sole observation of the central NMR transitiosgielding couplings, but needs to be extended up to secol

and including into the spin evolution higherm < +m order energy corrections with respect to quadrupole coupli

symmetric transitionsl®, 20. Since the resulting multiple-quan-frequencie<, = €°qQ/[4S(2S — 1)h] in order to account for

tummagic-angle-spinning (MQ MAS) techniques became of contie latter’s larger sizel( 2). These approximations result in

mon use 21-33, we and others have been exploring the possi-

bility of extending the principles of these high-resolution methods >

to the task c_>f dlstlngwshlng_the sh|eld|ng_ and_ second-order qua- Hoos~ 0L = Sz|: yCS 4 \[ Rzo]a [4]

drupolar anisotropies affecting nuclear sites in random powders 3

(34-39. This paper presents a written account of our findings in

this area. It is shown that of all the possible acquisition alterr\%herev andRSS represent isotropic and anisotropic chemica

tives, the clearest way to characterize the quadrupolar and shyffss contrlbutlons and

anisotropies involves correlating the hlghesS < +S MQ

transition in the spin manifold with the <> +3 central transition

while keeping the sample stationary. By contrast to what usually

happens along the anisotropic dimension of MQ MAS experi-

ments, however, simulating the 2D lineshapes arising from this

Hz= —yBeS, = —1. S, (2]

2C
Yo~ HD + H2D = T6‘?[353 ~ S(S— 1)]RY,

nonspinning choice requires accounting for inhomogeneities in 2C2 { 52[25(54r 1) - 28] - 1] }
the MQ excitation and conversion processes. Experimental exam- v |+ Rz RZS[4S(S + 1) — 8S) — 1]
ples involving three-, five-, and seven-quantum (3Q, 5Q, and 7Q)

2D correlation NMR experiments offRb and *Co salts are [5]

presented which validate these theoretical considerations.
which is the sum of the first- and second-order quadrupo
2. THEORY effects’, %
The spatial dependenciesRf} ..., involved in these
The system that will be considered here consists of an ensembi@ressions of¢.s and %, can be conveniently described in
of half-integer quadrupolar spins, placed inside strong static magrms of the principal spherical tensor elements,§ - >
netic field and subject to the effects of perturbing quadrupolar aplaracterizing the coupling tensors in their principal axes sy
shielding couplings. It will then be assumed that the evolution @ms. The transformation that will then convert the principe
the spins is governed by the total Hamiltonidr-§ components of each tensor into a reference system fixed w
respect taB, (the Zeeman axis system—ZAS) can be writte
Wy =9, + Ho+ Hes [1] with the aid of Wigner rotation matrices a39j
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42 are second- and fourth-order Legendre polynomials scaling t
n= > phD2(Q). [6] anisotropies because of the sample spinning,
m=-2
Cs(m) = 2m[S(S+ 1) — 3m?] [104]

Given the fact that shielding and quadrupolar tensors are not
necessarily coincident and that our analysis will consider the CS(m) = 2m[83(S + 1) — 12m? — 3] [10b]
use of sample spinning, it is convenient to describe the sets
{Q;} of Euler angles that are involved in this relation in terms
of the successive transformations

C3(m) = 2m[18S(S+ 1) — 34m? — 5], [10c]

are coefficients depending on the spin numBand transition

PAS, (a, B, v) oA (@, 9) order m which scale the various ranks of the quadrupole
s 0 contribution, and the explicit forms of the various frequencie
(w;t, 6, 0) involved are
RAS ZAS, [7]

(e’gQ/h)*(3 + nQ)

Q_ _
where the first rotationda, B, y) defines the relative orienta- Vo = 10v,[2S(2S — 1)]? [11a]
tions between the two nuclear coupling PASs, the second one s
relates the quadrupole tensor to a rotor-fixed axis systemV2 (o, B, v, ¢, %)

(RAS), and the last rotation relates this system to the Zeeman
frame via a time-dependent transformation that contains the ( 1 \
angle 6 of sample spinning. _ = 02
Equipped with these expressions it becomes possible to calcu- [PZ(COSB) 2 MesSIN B cos Za] P2(cos¢)
late the effects that quadrupole and chemical shift couplings are sin 28 sin 2y
going to introduce on any of the Zeeman eigenstates. Of the —(3+ mecos 2u) ——————cody + ¢)
different NMR transitions that could then potentially be monitored
within the nuclear spin, manifold attention will be focused on the i 1 : : - .
X ) : ) MNcssin B sin 2a sin 2y sin(y + ¢)
symmetric—m <> +mones, since owing to the quadratic depen- = §.d 2
dence ofit§’ on S their coherences will be the only ones that will 3 1
evolve free from first-order quadrupole broadenings. To better +[4 sin’B — 2 Mes(COS’B + 1)cos 201]
appreciate the ways in which local couplings will affect these -
symmetric transitions, it is then convenient to express these X sin“ys cod2y + 2¢)
V_merm frequencies in terms of the various interactions and ranks 1 . o
which contribute to them10, 40, 4). When disregarding the | T 5 McsCOSB sin 2a sin“ysin2y + 2¢)
time-dependencies arising from the spinning-induced oscillatory
terms, this results in the five-term frequency expression [11b]
Vomom = 2mv§s zero-rank (isotropic) chemical shift
+ C5(m)vs zero-rank (isotropic) quadrupole shift
+ 2mP,(cos0)vi(a, B, v, @, ¥) second-rank (anisotropic) chemical shift 8]
+ C3(m) P,(cos0) v, ) second-rank quadrupole anisotropy
+ C3(m)P,(cosO) v, ) fourth-rank quadrupole anisotropy.

In this equation e’qQ

o1 2 3
v2(@: ¥) = g8y, [S(ZS— 1)h] [S(S+ D~ 4]

P,(cosf) = (3 coso — 1)/2 [9a] % [F(<P w)_lp((p lp)]
2\, 7 A g

P,(cosf) = (35 co$h — 30 cog 6 + 3)/8 [9b] [11c]
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TABLE 1
Dependence of the Second- and Fourth-Rank Quadrupolar
Scaling Coefficients on the —m < +m Coherence Order for
Different Spin Numbers S

Rank

Spin number Coherence order Cs (m) C: (m)
2 1 24 54

3
3 3 120 228
o 2 5 —40 -300
5 1 1 120 270
= i 3 288 606
§‘ ] 5 240 330
i 7 -168 —966
g 1 192 432
-104 2 3 504 1092
g 5 600 1140
0] 8=72° 6=90° 2 7 336 168
g 9 -432 —2232

5 .
Fale, ¥) = 4 (8 = mecos 2p) *sin'y

g
i~
PN
‘ . — 9(1— moCOs 2p)sin®y + n3(CoSyY — sine).

S vsg (kHz) ° > vag (kHz)® [12b]

FIG.1. Triple-/single-quantum 2D correlation NMR spectra calculated for o . .
a singleS = ¢ site undergoing fast macroscopic rotation as a function of the A full description of the quadrupolar and chemical shif
spinning angles. The shielding and quadrupole parameters assumed for thisteraction tensors requires the characterization of these ve
site werey, = 98 MHz,eqQ/h = 3.3 MHz, 1 = 0.2,8cs = —15 ppm,mcs
= 0.6,a = 90°,B = 30° vy = 90° in all cases a Gaussian line broadening of
1 kHz was applied, and orientation-independent efficiencies for the MQ

excitation and conversion processes were assumed. ,:180
) n
5 m S=9/2 o
and & ® S=7/2
= A S=35/2
& O §=32
1 2 2 -E
V(e 1) = - g ©
AP 33601, | S(2S— 1)h & 901
B
=
3 g
7 n
%]
. & o
with s A
< m o " :
0.0 0.5 1.0
lmjl/S

35
Fi(e, ¢) = — (3 — mocos 2p) %sin?
(e, ) 4 ( o ) v FIG. 2. Dependence of the average angle subtended between the shielc

and the second-order quadrupole anisotropies in a 2D MQ NMR correlati
—5(18 + 772Q — 977Qcos Zp)sinzlp + 18 + né spectrum, as a function of the coherence order chosen for the MQ
evolution. Unidimensional NMR experiments would be characterized by ¢
[12a] average angle of 0° for all spin numbess
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FIG. 3. Dependence of 2D MQ static NMR spectra on thecoherence order employed in the correlation. These simulations assumed:aispiwith
v, = 119 MHz,€°qQ/h = 6 MHz, 7o = 0.5, 8cs = 50 ppm,ncs = 0.3, Euler anglesd, 8, y) = (90°, 90°, 0°), 1 kHz Gaussian line broadening, and n
orientation-dependent excitation or conversion distortions. The 1D traces illustrate the spectral projections along the various dimensions.

ous frequency terms, as well as a determination of the isotrogiain$ powder. For the sake of simplicity high spinning speec
chemical shiftvg®. As discussed in the Introduction this goalvere assumed, and coupling, line broadening, and exter
can be conveniently achieved by performing 2D NMR expemagnetic field parameters similar to those characterizing sol
iments where the various contributions to this otherwisef the rubidium NMR analyses discussed later in this wor
overtly complex frequency domain expression are inequiverere considered. At least judging by the dispersion in spect
lently weighted along the different dimensions. This has beé&atures observed along the two frequency domains these s
done by circumscribing observations to the central<> +3 ulations suggest that the highest experimental sensitivity t
transition (n = 3), and then switching the angle of samplavard the coupling parameters is achieved dox 0°; that is,
spinning between two valuds and6, so as to differently scale when avoiding sample spinning altogether. This static samy
the different ranks of the intervening anisotropi&s,(19. The choice will in turn yield another practical advantage, related 1
alternative that we would like now to discuss involves keepirthe fact that no rotor-induced complications such as spinnil
the angle of sample spinning constant and correlating insteadebands will have to be considered.

the evolution among different coherence ordersand m,:

chemical shifts will then scale simply asi2 while quadrupole

effects will do so according to theG*(m)} ._,_, coefficients. MQ MQ~-SQ Echo

Signal observation will in this case have to be constrained to ~ Excitation M0 Conversion Pulse S0

m, = % due to the need t_o di_rectly detec_t vol_tages arising from Evolution Acquisition
smglg _q_uantum ma_gnetl_zanons, but t_hls still Ie:_:lve_s open the t1—>1 ["| < Techo> fH —>
possibility of choosing different experimental spinning angles >

and—for the case of higher spin numbers—differ@ptvalues
along the indirect dimension. +ing -

A careful selection of the spinning angleppears important // : \ N
to achieve featured 2D NMR lineshapes that shall be sensitivef < ‘
with respect to the various nuclear coupling parameters in—':l AN : /
volved. For instance it is clear that data collected while exe-m; *
cufun_g MAS V_\"” contain quadrupOIar apd Isotropic C_hemlc_al FIG. 4. Pulse sequence and schematic coherence pathway diagram
shift information, but no insight regarding the chemical shiffjoyed in the 2D MQ correlation experiments. Excitation pulses were usual
anisotropy. In order to better appreciate the effects that chargpped over 8-10 values ranging between one-half and twice the optim
ing the orientation of the spinning angle will have on th&Q pulse excitation length; 3-5 pulse values distributed in a similar fashic
information available from 2D MQ NMR spectra, Fig. 1 illus-were employed for the conversion pulses. All these pulse length combinatic

trates a series of simulations of the results that these e were then phase cycled and coadded in the calculation of the final spectrum
I imuiati u Xpﬁ{ sake of minimizing nutational distortions (see text). Echo timgs ~

ments should yield for triple-/single-quantum correlation agp_100.s were used to account for the receiver dead times of the spectro
quisitions as calculated using Eqgs. [8]-[12] for a single-sitgers.
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87Rb NMR - RbCl0O4
_1(A) Ideal Excitation _|(B) Single Pulses —|(C) Multiple Pulses

T T

[ I T [ I T T T | T T |
-20 Vg ( kHz ) 20 220 Vi ( kHz ) 20 -20 V3o (k Hz ) 20

FIG. 5. Comparison between (A) an ideal triple-/single-quanfliRb NMR correlation spectrum expected for static RbCi® the basis of single crystal
literature values¥4), and experimental spectra acquired at 7.2 T using a single set (B) and a range (C) of MQ excitation and conversion pulse lengt
spectrum in (B) was acquired usingu® MQ excitation and 1.4ss conversion pulses; in (C) these values were swept between 1.5 apd &rd 0.8 and 2.0
s in 0.6us increments, and the 24 resulting data sets were coadded prior to Fourier processing. Two hundred fifty-six and 128t stacrepent (4G,
points total) were employed in these experiments, leading to 3 and 34 h total acquisition times for the hypercomplex 2D sets in (B) and (C)yrespect

After settling on a selection of spinning conditions, a choicef their practical limitations are presented with the experimel
may remain for nucleS > 3 regarding which order of the tal observations below.
multiple-quantum transition (@, = 3, 5, . ..) would be most
convenient for the correlation experiment. Signal-to-noise con- 3. EXPERIMENTAL SECTION
siderations aside this choice should be dictated byrthealue
that will differentiate best the quadrupolar and shielding con- The theoretical predictions of the preceding paragraph we
tributions along the two spectral axes, since little would bexperimentally assayed on commercial compounds purcha:
gained over a conventional 1D NMR acquisition if the slopesom Aldrich and used without further purification. NMR spec-
subtended by the quadrupolar and shielding anisotropies in thee were acquired at magnetic fields of 7.2 and 11.8 T usir
2D MQ spectrum are similar. This argument can be translat&iIS (Surrey, UK) and laboratory-built NMR consoles re
into more quantitative terms by noting that the slope that witlpectively. Both spectrometers were fitted with laboratory-bu
characterize shielding powder patterns in these correlatiprobeheads capable of achieving radiofrequency (RF) nutati
spectra will be given by @,, while quadrupolar anisotropiesrates in excess of 150 kHz (7.2 T) and 120 kHz (11.8 T), ¢
will experience spin-dependent scaling fact@¥m,)/C35(3), judged by the NMR nutation rates measured on 1 M aqueo
C3(my)/C3®) (Eqg. [10]). Although this implies that second-solutions of RbNQ and K;[Co(CN)s]. These solutions were
and fourth-rank quadrupole components will change diffealso used as external standards for referencing the solid s
ently with different choices ofn,, it is still possible to make *’Rb and **Co NMR measurements that were carried ou
approximate predictions on the usefulness of a partiamar Figure 4 schematizes the pulse sequence used in the majorit
choice by exploiting the fact that for a given sga change the experiments. The first two pulses involve the excitation
in MQ coherence order will introduce similar variations in bottMQ coherences and their subsequent conversion to sing
the C3 andC; coefficients: both will tend to increase, decreasguantum magnetizations, and in their implementation the hig
and change of sign together (Table 1). It is thus reasonableett available power was used. As further discussed in the n
compare the shielding slope? in the 2D spectrum with an paragraph, the lengths of both the excitation and the convers
“average” slope C3(m,) + C3(m,)]/[C3(3) + C;()] charac- pulses had to be stepped throughout the experiments arol
terizing the quadrupole anisotropies and then investigate tiheir optimum efficiency values in order to diminish the influ
extent to which these two interactions are differentiated by tleece of nutational distortions on the spectral lineshapes;
choice inm;. As summarized in Fig. 2, this criterion suggestsertain experiments up to 40 different pulse length combin
that the optimum separation between the anisotropic quadtiens ended up being employed for eaglincrement value. In
polar and chemical shift contributions will be observed iorder to overcome the effects of the spectrometer dead tir
experiments where the evolution efS <+ +S MQ coher- and in view of the fast decay of the static powder signals,
ences is correlated with that of the centrgl <> +3 transition. additional 180° echo pulse (with typical length of &8) was
These qualitative arguments were also found to agree withné&roduced in the direct acquisition dimension; all signals wel
variety of numerical simulations carried out for several spitihus acquired in an echo mode. Pure phase spectral lineshe
numbers; one such example is illustrated in Fig. 3. Furthesere achieved by means of hypercomplex data acquisitic
validations of these theoretical considerations as well as somi¢h the correct coherence transfer pathways being select
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during t; by employing the appropriate RF phase combina- S7TRbNMR -118T

tions. 2D data acquisitions involved the collection of 128 Experimental Simulated
points and 32-50 incremented values; during processing

these were zero filled to 256 and 128 points, respectively.
Thanks to the short longitudinal relaxation times of the metal _
sites that were analyzed, recycle delays of only 300-500 ms
(*Rb) and 100-150 ms>Co) could be employed through-
out the bidimensional acquisitions; additional acquisition de-
tails are specified in the captions to the corresponding spectra.
The resulting experimental data were processed off-line on a _,q_|

vig (kHz)
x

8’7RbNMR -72T

Experimental Simulated
. Il
254 : Rb>CrO4
ol .
= .
I~
.
I T T I T f
25— _50 50
l 20—
30
1 2
T g
E P\j’
~ A
N ~ -
S =
3 |
= 20—
a S S A
30 Vig (kHZ) V30 (kHZ)
5\ T FIG. 7. Comparison between experimental 11.8°Rb 2D MQ static
NMR spectra recorded on the indicated salts, and their best fit simulations.
all experiments excitation and conversion pulse lengths were swept betwe
2 1.5and 12.Qus and 1.0 and 8.2s in 1.5- and 1.75:s steps, respectively, and
for each of the resulting combinations 82points were collected. Simulation
] considerations are as in Fig. 6.
T
=
S
> ] PowerPC using the RMN program (Prof. P. J. Grandinet
Ohio State University); numerical simulations were performe
2 on an SGI computer using a variety of C language progran

Vig (kHz)
4. RESULTS AND DISCUSSION
FIG. 6. Comparison between experimental triple-/single-quantum static

¥Rb NMR spectra recorded on the indicated salts at 7.2 T, and best—fit-l—he potential applications of 2D MQ correlations toward th
simulations resulting from the parameters summarized in Table 2. MQ exci

tation pulses were swept between 1.5 and < in 0.6us increments; extraction of the anisotropic (_:OUpllng paramet(?rs were e
conversion pulses were kept fixed at & for the perchromate and sulfate Plored on two different and easily accessible nuct&b (S =
salts, but stepped over three values for the hydroxide (0.8, 1.49.an all 3, nat. abundance: 33%) and®Co (S = %, nat. abundance:
experiments 0.5-s recycle delays andt3oints were employed, leading to 100%). Furthermore, spectra were acquired on samples
total acquisition times of 28, 24, and 33 h, respectively. Simulations on tWhiCh at least some of the nuclear coupling parameters h

right do not consider excitation or conversion distortions, and since for . v b db It fi thod to
Rb,CrO, the MQ signal of one of its sites was incompletely excited undeﬁ)revIous y been measured by afternative methods so as (o

these conditions due to its large quadrupole coupling, it was not included in #€ reliability of the MQ static approach. Several spinnin
calculations. variants of the 2D MQ NMR experiments were assayed but,
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TABLE 2
Comparison between the Shielding and Quadrupolar Tensor Parameters Extracted by lterative
Fitting of 2D MQ Static Spectra (Figs. 5-8) and Literature Counterparts®

(e’aQ/h) (a, B, V)"

Compound (MHz) Mg 8cs (ppm) TMes vs® (ppm) (degrees)
RbCIO, (MQ NMR) 33 +0.2 0.2 +0.2 -14 +3 0.6 =0.2 -14 +3 (90, 25, 0)
RbCIO, (Ref. 14) 3.30+ 0.04 0.21= 0.03 -13.8+15 0.61+ 0.24 ~13.7+ 0.6 (94, 28, 87)
Rb,CrO,—site 1 (MQ NMR) 35 +0.2 03 +0.2 -110 *5 0.0 =02 -7 +3 (0, 40, 15)
Rb,CrO,—site 1 (Ref.34) 35 0.3 -110 0 -7 (0, 70, 0)
Rb,SO,—site 1 (MQ NMR) 27 02 0.9 +0.2 -3 =3 03 =02 43 +3 (80, 20, 110)
Rb,SO,—site 1 (Ref.14) 2.72+ 0.03 0.93= 0.03 -2.7+0.9 0.26+ 0.62 42.6+ 0.3 (76, 17, 110)
Rb,SO,—site 2 (MQ NMR) 53 +0.2 0.1 +0.2 25 +3 05 0.2 16 =3 (30, 40, 0)
Rb,SO,—site 2 (Ref.14) 5.29+ 0.05 0.12+ 0.03 25 *3 0.54= 0.30 155+ 1.6 (9, 37, 270)
RbOH- H,0 (MQ NMR) 3.6 +0.2 0.6 +0.2 20 +5 0.6 +0.2 91 +5 (0, 0, 0)
RbOH - H,0 (Ref.6) 4.32 0.77 -115.76 0.42 30.5 21, 23, 48)
K4[CO(CN)s] (MQ NMR) 6.0 *0.2 0.7 +0.2 -50 =5 03 =02 0 +3 (25, 70, 90)
K4[CO(CN),] (Ref. 46)° 5.88+ 0.01 0.9 = 0.004 — — — —

@ Coupling parameters as defined in Egs. [4]-[7] and in the cited literature.
® Average uncertainties of the MQ NMR angular values ardg, =10, +30) degrees, as judged by departures from the experimental lineshapes.
¢ Shielding parameters not reported.

agreement with the theoretical predictions discussed earlier andgnetic field strengths of 7.2 and 11.8 T. Also shown in the
with the experimental behavior reported by Pines and cfigures are best fit simulations of the data assuming ide
workers (34), limited correlations between the shielding anéxcitation and conversion processes. To retrieve these fittir
quadrupolar tensors could be obtained for most spinning ahe *Rb parameters available from the literature were used
gles. Only acquisitions on static samples are therefore desstarting point and subsequently varied in an attempt to obt:
cussed in detail. the closest possible match to the variable field 2D MQ NMI
Upon collecting static 2D NMR correlation spectra with alfeatures. This search involved iterating on all the couplin
pulses set to their optimized MQ powder excitation and coparameters simultaneously and led to the full sets of nucle
version efficiencies 42), notable deviations from the idealcoupling constants summarized in Table 2. Error brackets
lineshapes were observed (Fig. 5). These distortions wehese values denote the intervals outside which unaccepta
traced to nutational effects of the excitation and conversiterge differences resulted between calculations and expe
pulses, which provide signals of different crystallites witments, as judged on the basis of simple visual comparisons.
intensities that do not correspond to their ideal angriori general the MQ results matched well the literature values, wi
equal values. These distortions are usually minor in MQ MA®ajor discrepancies usually confined to the Euler angles tt
NMR experiments due to the compensating effects arisimglate quadrupole and shielding tensors. It is yet unclear whe
from sample spinning20), but are known to affect other typesthese disagreements stem from; potential origins include d
of static MQ NMR experiments such as those involving dipolderences in the conventions used to describe the angular tra
coupled spirk networks in oriented or solid phase$3(44. formations or residual MQ nutation distortions that were ur
Based on protocols that have been developed to deal with thounted for by the variable pulse width acquisition protocc
type of MQ spins problems ¢5), a procedure was devised for Finally, the effects described in the preceding section r
their compensation by means of the coaddition into a fingarding how changes in the coherence ordewill affect MQ
spectrum of acquisitions carried out using a range of MG@orrelation spectra were explored by collecting 3Q, 5Q, and 7
excitation and conversion pulses (Fig. 5C). Then, even thougb NMR data on a K[Co(CN)]s powdered sample. Figure 8
any individual combination of pulse durations led to somshows the various 20°Co NMR traces obtained using an
spectral distortions, spectra that were to a large extent freeernalB, field of 11.8 T and compares them with spectr:
from nutational effects resulted after adding up all these datimulated so as to obtain the best agreement with the 1D &
This in turn allowed us to account for the MQ excitatior2D information (Table 2). A good match is again obtained fa
distortions without having to go through the complete propall the coherence orders even if assuming ideal MQ excitati
gation of the spin evolution throughout the various stages afd conversion processes, while the data exemplify the gain
the experiment, thus providing a simple method to analyfeatures that occurs as higher orders of coherence are emplo
these kinds of data. in the correlations. Still it should be mentioned that the eff
Figures 6 and 7 show experimental 2D MQ static correlatiariencies of high-quanta excitation and conversion process
spectra acquired in this manner for different rubidium salts ean be considerably smaller than those of simple SQ exci
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tations between these two tensors. The highest sensitivity
2D MQ NMR to these coupling parameters was found i
static experiments where the highest multiple-quantul
—S < +S order available in the manifold was correlatec
with the single-quantum evolution. The resulting 2D spectr
allowed us to obtain the nuclear coupling parameters
iterative numerical fittings of the ideal lineshapes, provide
that distortions arising from nutations were compensated
least in a partial way by coadding data sets acquired usi
slightly different pulse lengths. Minor differences betweel
the experimental MQ spectra and ideal lineshapes, howev
still remained, which can probably be accounted for comn
pletely only by computing a full guantum mechanical prop
agation of the spin system throughout the different stages
the experiment. The resulting numerical procedure mig|
eventually endow the MQ static technique with an analytic:
capability comparable to that of single crystal determine
tions, while remaining free from some of the latter’s prac
tical complications.

In spite of its simplicity and rich spectral information, the
MQ static method as was here described is prone to suffer frc
a number of limitations. The most notable ones are its lo
resolution nature and the complications which may arise fro
strong dipole—dipole interactions. The latter could be cope
with easily if they are heteronuclear with standard spin deco
pling techniques, but will remain problematic if they are homc
nuclear in nature. Site resolution problems, on the other har
might be alleviated while preserving the simplicity of the
experiment by extensions which employ variable-angle-spi
ning and/or three-dimensional acquisitions; these and relat
research avenues are currently being explored.

FIG. 8. Comparison between experimental spectra and best-fit simulations

of ®Co MQ static correlations acquired on[Ko(CN)s] as a function of the
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