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Solid-state nuclear magnetic resonance (NMR) spec-
troscopy is mostly applied to 'H or 3C nuclei with the
nuclear spin I = %, but about 100 of 130 NMR isotopes
havel > %, and the electric quadrupole interaction strongly
broadens the NMR signal in the solid-state powder spectra.
The perturbing effect of the electric quadrupole interaction
is reduced at the higher magnetic fields which are available
at present. In addition, approaches of the solid-state NMR
traditionally used in the study of spin—é nuclei have been
adapted for use with quadrupolar nuclei, and some tech-
niques, e.g. double-rotation (DOR) and multiple-quantum
transition in combination with fast spinning [multiple-
quantum magic-angle spinning (MQMAS)], were recently
developed for quadrupolar nuclei with half-integer spins.
This article describes the basic theory, the line shape for
first- and second-order quadrupole broadened spectra with
and without magic-angle spinning (MAS) of the powder,
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the most important experimental techniques for the study
of quadrupolar nuclei with half-integer spins such as
DOR, dynamic-angle spinning (DAS), MOMAS, echo
and nutation techniques, and some recent developments in
deuterium NMR. Electric field gradient and chemical shift
data for the most commonly studied quadrupolar nuclei
with half-integer spins, ¥’ Al, >Na, and 7O, and a few
references to recent solid-state NMR studies of some other
quadrupolar nuclei are given.

1 INTRODUCTION

The applicability of the NMR technique continues to
expand in physics, chemistry, materials science, geology,
biology, and medicine for either spectroscopic studies or
imaging purposes. The majority of the recent applications
can be found in the field of analytical chemistry. In
1998, Current Contents (Physical, Chemical and Earth
Sciences) referred to about 8500 NMR studies, including
1800 studies of solids. Solid-state NMR, for which some
special techniques must be used in order to obtain highly
resolved spectra, is mostly applied to 'H or BC nuclei
with spin [ = % About 100 of 130 NMR isotopes have
1> %, and the electric quadrupole interaction strongly
broadens the NMR signal in the solid-state powder
spectra. However, more than 400 references to solid-state
NMR studies of quadrupolar nuclei in Current Contents in
1998 demonstrate that this problem could be overcome.
The demand for the characterization of inorganic
materials and some recently developed experimental
techniques have led to growing interest in high-resolution
solid-state NMR spectroscopy of quadrupolar nuclei in
powder samples. In addition, the perturbing effect of the
electric quadrupole interaction is reduced at higher mag-
netic fields, which are now commercially available up to
21T also for solid-state NMR spectrometers. In addition,
approaches of the solid-state NMR traditionally used in
the study of spin—% nuclei have been adapted for use
with quadrupolar nuclei, e.g. echo methods, sample spin-
ning about the magic angle (MAS), multiple-dimensional
spectroscopy, double resonance and adiabatic transfer.
Some techniques, e.g. DOR and multiple-quantum tran-
sition in combination with fast spinning (MQMAS), were
developed for quadrupolar nuclei with half-integer spins.
This article describes the basic theory, the line shape
for first- and second-order quadrupole broadened spectra
with and without MAS of the powder, the most important
experimental techniques for the study of quadrupolar
nuclei with half-integer spins such as DOR, DAS,
MQMAS, echo and nutation techniques, and finally
some recent developments of the deuterium NMR. Since
single-crystal studies are not considered in this article,
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we refer to recent papers by Vosegaard et al.,'"» which
describe the up-to-date experimental techniques, and
the review by Kanert and Mehring, ‘Static Quadrupole
Effects in Disordered Cubic Solids’.® The classical
papers of Volkoff et al., ‘Nuclear Electric Quadrupole
Interaction in Single Crystals’,*> of Das and Saha,
‘Electric Quadrupole Interaction and Spin Echoes in
Crystals’,® and the classical review by Cohen and Reif,
‘Quadrupole Effects in NMR Studies of Solids’,”’ should
also be mentioned.

Some other reviews on solid-state NMR of quadrupo-
lar nuclei include mainly powder studies. They are, in
chronological order, Spiess, ‘Deuteron NMR — A New
Tool for Studying Chain Mobility and Orientation in
Polymers’,® Freude and Haase, ‘Quadrupole Effects in
Solid-state NMR’,® Jiger, ‘Satellite Transition Spec-
troscopy of Quadrupolar Nuclei’,'” Hoatson and Vold,
“2H-NMR Spectroscopy of Solids and Liquid Crystals’, 1"
Chmelka and Zwanziger, ‘Solid-state NMR Line Nar-
rowing Methods for Quadrupolar Nuclei — Double Rota-
tion and Dynamic-angle Spinning’,’? Chandrakumar,
‘Spin-1 NMR’,1® Ulrich and Grage, ‘H-2 NMR (Solid-
state NMR of Polymers)’,'¥ and Smith and van
Eck, ‘Recent Advances in Experimental Solid-state
NMR Methodology for Half-integer Spin Quadrupolar
Nuclei’.

For the spin-lattice relaxation of quadrupole spins,
which is not considered in the present article, we refer to
Chapter 7 in Freude and Haase.® A survey of nuclear
quadrupole frequency data published before the end of
1982 is given by Chihara and Nakamura in Landolt-
Bornstein, Vol. 20.99 Values of the chemical shift of
quadrupolar nuclei in solids can be found in books such
as Multinuclear NMR edited by Mason.'” For ’ZH NMR
we refer to other publications.1113:1418) In section 10 we
present as a continuation of Freude and Haase® some
electric field gradient and chemical shift data for the most
commonly studied quadrupolar nuclei with half-integer
spins 2’ Al,?*Na and 17O. A few references to recent solid-
state NMR studies of some other quadrupolar nuclei are
also given.

2 BASIC THEORY

At least three Cartesian coordinate systems were used
for the description of the NMR interactions: the external
magnetic field in the z-direction and the radiofrequency
(RF) coil in the x-direction determine the laboratory
axis system (LAB) with the coordinates (x,y, z). The
interaction representation is based on the coordinates
Xj = xcoswt, yj = ycoswt, z; = z. This system rotates
around the direction of the external magnetic field with

the applied RF w = 27v. The microscopic properties of
the complex under study such as the dipolar interactions,
the anisotropy of the chemical shift or the electric
field gradient are described in the principal axis system
(PAS). The principal axes (X,Y,Z) are related to
the structure of the complex, e.g. for the dipolar
interaction the Z-direction is parallel to the internuclear
vector.

The various interactions of the nuclear spin I can be
described by the corresponding Hamiltonians. In the
following we use / for the spin number and I for the spin
angular momentum vector and also for the corresponding
vector operator (Hamiltonian). The interaction of a
nuclear spin with an external magnetic field B gives the
Hamiltonian (Equation 1)

H = IZB 1)

Z = —yhl includes the unity matrix I, the gyromag-
netic ratio y of the nuclear spins and Planck’s con-
stant, h =27h. For the case of a static external
magnetic field By pointing in the z-direction and
the application of an RF field B,(f) = 2B;fcos(wt) in
the x-direction, we have for the external interactions
Equation (2):

Ho + Hyt = hwil; + 2hw,s cos(wi)l, 2)
where wy, = 27vr, = —yBy denotes the Larmor frequency
and the nutation frequency wy is defined as wy = —YBi.

The transformation from the laboratory frame to the
rotating frame gives, by neglecting the part which
oscillates with twice the RF, Equation (3):

Ho,i + Hut i =hAWI, +hwyl, 3)

where Aw = wy, — w denotes the resonance offset.

In addition to the external interactions there exist
internal interactions of a nuclear spin, which can be
efficiently expressed in the notation of irreducible tensor
operators.?? The definition and the most important
feature (coordinate rotation) of an irreducible tensor
operator of rank k with (2k + 1) components is given by
Equation (4):

+k
_ k k
PRTHPR! = § T D) (R) 4)
q'=-k

where Dgf;(R) denote the matrix elements of the
irreducible representation of the group O*(3) of the
ordinary three-dimensional rotations. The transformation
operator P is defined as Pg = exp{iQ2e.J}, where J is the
total angular momentum operator, e; is the unit vector
pointing in the direction of rotation and 2 represents
the angle of rotation. The rotation transforms the
eigenfunctions, |/m), of the angular momentum operator
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I, as Equation (5):
PglIm) =" |Im')Diy), (R) 5)

The matrix elements D;lf;

written as Equation (6):

(R) (Wigner matrices) can be

D) (a, B, v) = expliam'}d's) (B) expliym}  (6)

with the Euler angles o, p and y. The elements dﬁf,)m(ﬁ) of
the reduced Wigner matrices depend on the angle f only.
They are given in Table 1 for rank 2; values for rank 4
can be found in Zheng et al.?D As presented in Figure 1,
a positive rotation to a frame (x, y, z) about the Euler
angles includes the rotation o about the original z axis,
the rotation p about the obtained y’ axis and the rotation

y about the final z” axis [cf. Rose??)].

Table 1 Reduced Wigner matrix d;’ﬁl), () for rank 22

q'/q -2 -1 0 1 2
-2 a —2d%c \/gcz —2b% b*
-1 V2ac¢ a*2d—-1) —3cd P2Q2d+1) —+2b%¢
0 3¢ Vi T N VT
1 V2bc b*Qd+1) 3cd 2Q2d—1) —2dc
2 b* J2b%¢ \/gc2 V2a2¢ a
4 The following abbreviations are used: a = cos % b= sing
¢ =+/2ab = %sinﬁandd:a2 — b2 =cosB.
2,7
Y
o B
zZ,27
y
y
o
X 7
Y
XH X

Figure 1 Euler angles.

The commutator shows another important feature of
an irreducible tensor operator (Equations 7-9):0

(L. TP = qT ©)

and

L. TO = 5/ Mk + D - g £ ITX, ®)
with
Ly = F U £ily) €)

The tensor product U(QK) of two operators T} and V¥
is defined according to Equation (10):?9

U =S TPV ki ag kKKQ)  (10)
aq

where (kk'qq'|kk'KQ) are Clebsch—Gordan coeffi-
cients.®” The scalar product of the operators 7 and
V{® is simpler (Equation 11):

+k
T VR =3 (—1ITRVE (11)
q=—k

Fortunately, most internal interactions in the NMR can
be written in this form.?® In the following the operators
T and V{® act on two noninteracting systems, the
nuclear spin coordinates and the spatial coordinates
(lattice parameters), respectively.

In the strong external magnetic field it holds for the
internal interactions by neglecting the nonsecular part of
the corresponding Hamiltonian that (Equation 12)

[HO, Hintemal] =0 (12)

Comparison of Equation (12) with Equation (7) shows
that only tensor elements with ¢ = 0 contribute to the
secular part of the internal Hamiltonians in a strong
external magnetic field, if the system is described in
the laboratory frame (LAB). However, the microscopic
properties of the system are described in the PAS and a
rotation of the coordinates from the PAS to the LAB by
means of the Wigner matrix elements D;’%(R) must be
performed. For example, the element ¢ = 0 of the tensor
V& is obtained by Equation (13):

k
VIILAB) = Y VIO(PAS)DIN(R)  (13)
q'=—k

Operators of rank 0 are invariant with respect to rota-
tions. For the chemical shift we have (Equations 14—16)

Ty = 21.By (14)

V(()O) = “/go—iso 15)



and

otroni
chsk?errr(l)ircna(i shift — _yhaisolzBO (16)
where ojs is the isotropic part of the shielding tensor

(Equation 17):

Oxx +oyy +0zz
3

Rank 0 operators do not contribute to dipolar interactions
or quadrupolar interaction in first order. The contribution
of the rank 1 operators can be neglected for all considered
interactions. Therefore, anisotropy of the chemical shift,
dipolar interactions and quadrupolar interactions in first
order can be described by rank 2 operators in the form of
Equation (18):

an

Oiso =

+2
H=CY (-D)ITPVE
q=-2

(18)

Several contributions as described in Table 2 can be
superimposed. The elements of the shielding tensor o
(trace 3o0i5,) and of the traceless tensor of the electric
field gradient V [which must not confused with the
operator V®] are given in the PAS. Parameters of
the anisotropy are 8 = 0zz — 0is, for the chemical shift
and Vzz = eq for the electric field gradient, where e
denotes the elementary charge and the value g alone has
no physical meaning in SI units. Q is the quadrupolar
moment and eQ is called the electric quadrupolar
moment. The asymmetry parameter n is in the range
0 <n < 1. With the convention |Vzz| > |Vyy| > |Vxx|
or |0zz — Oisol > |oyy — Oiso| > |oxx — Oisol, We obtain

Table 2 Some contributions to the Hamiltonian?
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(Equations 19 and 20)

Vxx =V
_ Yxx YY (19)
Vzz
or
_ OXx —Oyy 20)
077 — Oiso
Equation (21):
L = F 5, £ily) @1
and Equation (22):
3cos?p —1
F(a, p,n) = (% + gsin2 B cos 2a> (22)

are used in Table2. The last row in Table2 gives
components which were transformed from the PAS
into the LAB by the Euler angles o and P using
Equation (13) for rank 2. With Equation (18) we obtain
for the secular part of the Hamiltonian in the LAB
for quadrupolar interaction in the first order (Equa-
tion 23)

_eQVzz o
Ho = 41(21_1)[3IZ I+ 1)]
3cos?p —1
X <% + gsin2ﬁcos 206> (23)

The quadrupolar coupling constant Cgcc is commonly
defined according to Equation (24):

q0
h

Coee = (24)

Parameter Chemical shift Dipolar interaction Quadrupole interaction
between I; and I},
Ho eQ
C h =2yl T S
Y YV g 2020 —1)
Ty VA VA GLil — L) VABE 1G4 1)]
7% N VAl + Lila) NIV S
T3 0 Lol sk 2,
V(()2>PAS \/g(UZZ - Uiso) = \/g3 \/grgg \/gVZZ = \/ggq
v 0 0
Ve 3(Oxx —oyy) = b 0 LVxx — Vyy) = ineq
31 (3cos?0; —1
(2)LAB 3 ik 3
VO \/;SF(ot,ﬁ,ﬂ) \/;I’lTk <f> \/;eqF(a,ﬁ’n)

2 The dipolar interaction is the homonuclear one. For heteronuclear dipolar interactions T(()z) must be substituted

by Vv 1/6Izi1zk~
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However, for the quadrupolar frequency, vqo or wq,
different definitions exist in the literature. We use the
values according to Equation (25):

3¢%qQ 3Cqee

Y= IR — Dk~ 21T 1) @5)

or Equation (26):

3e’qQ

~ 2@ - D 20

wQ
which were introduced for half-integer spin nuclei in the
field of nuclear quadrupolar resonance (NQR) by Das
and Hahn,®® and established by Abragam!® also for
NMR. For different definitions in the case of half-integer
spin nuclei, see Freude and Haase® (p.33) and some
papers following Frydman and Harwood.® For integer
spins even less notational consistency exists, cf. Hoatson
and Vold™ (pp.5 and 8). Equation (24) is still valid,
but the definition of the quadrupolar frequency after
Equation (26) is seldom used for spin-1 nuclei.
By substituting Vzz = eq and using the angular depen-
dent quadrupole frequency (Equation 27)

3cos’p —1
Vo =Vo (% + 72—]sin2 B cos Za) 27)

one can write (Equation 28)
hvy
HE O = = 2B — 14 +1)] (28)

Equation (28) represents the first-order contribution
of the quadrupolar interaction in the strong external
magnetic field. From the second-order contribution the
secular part with respect to I, is given by Equation (29):

2

hv 1
Hgeondorder = 9 001, 1212 — I+ 1)+ —| V1V
9\)L 4

1
e [1% N E] V_2V2} 29)

The components V), , in Equation (29) correspond to the
LAB. They can be obtained from the components in the
PAS by means of Equation (13).

The homonuclear dipolar interaction of a pair (i, k) of
spins with the distance ri; and an angle 6 between the inter-
nuclear vector and the direction of the external magnetic
field is described by the Hamiltonian (Equation 30)

2
Hp = L‘:—Ovivkhz (%) GlLil.x —Iidy)  (30)
T 2r;
and it holds that y; =y;. For heteronuclear dipolar
interactions we have v; # vy and (3l ;l;; — I;iI;) in
Equation (30) must be substituted by (I ;I k).

The Hamiltonian of the chemical shift is the sum of the
isotropic and the anisotropic contributions (Equation 31):

3cos’p —1
& + ﬂsinzﬁCOSZOt>:|

Hcs = YhBol, |:0iso +3 ( 5 5

@31)

3 EXCITATION

The energy of a spin interaction can be described
by the size of the corresponding Hamiltonian |H]|.
For NMR the usual sequence is || Hol > || Hll > [Holl,
Hpll, [Hcsall. Expressed in frequencies: the Larmor
frequency (||Hol|), cf. Equation (2), is of the order of
magnitude of 10-1000 MHz, the nutation frequency
(IIHxtll), cf. Equation (2), is of the order of magnitude
of 1-400kHz and the internal interactions are smaller
than the RF field strength. However, the latter is
sometimes not correct for quadrupolar nuclei in solids.
We can assume the relation |Holl > [[Holl > |Hbll,
Hcsall and have to distinguish the well-defined cases
IHutll > [Holl (*) or [Huill < [Holl (++) and the ill-
defined intermediate case (##%). A so-called hard pulse
can perform a nonselective excitation of the whole
quadrupolar broadened spectrum, if the RF field strength
meets (). The soft pulse (:*) excitation is limited to any
single transition (m = —I,—I+1,...,1—1) in a single
crystal or to the central transition (m = —%) for powdered
materials. Here the transition m denotes the transition
between the magnetic quantum numbers m «—— m + 1.
The excitation of quadrupolar nuclei with half-integer
spins is discussed in detail by Freude and Haase.®) For
a short description of the problem of excitation of any
NMR transition, we start from the basic equation for
the frequency spectrum of a rectangular pulse with the
duration t and the carrier frequency vy with v =v —vg
(Equation 32):
sin(7évT)

1 +1/2
f@v) = - / cos(2mévr) dt =

(32)
2 VT

It has its maximum f(év) =1 for v =vy and the first
nodes in the frequency spectrum occur at &v = +1/.
The spectral energy density E is proportional to the
square of the RF field strength which includes the offset
dependence of Equation (32). If we define the usable
bandwidth of excitation 8vy,, in analogy to electronics by
Equation (33):

E (\) = :I:S\)l/z) = %E(\) = \)Q) (33)
or Equation (34):

A =£8vi0) = 12w = vp) (34)
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Figure 2 Examples of the static line shape (without MAS)
of first-order quadrupolar broadened powder spectra for
nonselective excitation. The central line is not fully represented
(cut off). The theoretical line shapes are slightly Gaussian
broadened.

the bandwidth of excitation vy, ~ 0.886/7 follows from
Equation (32). It should be noted that also the quality
factor of the probe, Q =v/8V,ope, limits the band-
width of excitation independently of the applied RF
field strength or pulse duration. A superposition of the
free induction decay (FID) of the NMR signals (liquid
sample excited by a very short pulse) for some equidis-
tant values of the resonance offset (without retuning
the probe) shows easily the bandwidth v, of the
probe. The spectral range of resonances for first-order
quadrupolar shifts, which should be excited, amounts
to vo2l —1) or 3Cgy/2I (cf. Figure2). The super-
position of both limitations gives the conditions in
Equation (35):

1 1.4C
Z > 113v02I - 1) ~ /=5 35
i va( ) i (35)
and Equation (36):
3Cqec
Svprobe > ‘)Q(zl -1)= 2; (36)

for a ‘“‘nonselective” excitation of the spectrum. For
increasing pulse width 7 or decreasing bandwidth 8v,;op Of
the probe, a “partly selective”, i.e. nonuniform, excitation
of the transitions or a ‘‘selective” excitation of one
transition only takes place.

If the single pulse is substituted by a composite pulse,
a designed broadband or narrowband excitation can be
achieved.®®

The intensity of the FID G(t=0) after the pulse
with the RF field strength w, and the duration t is,
for nonselective excitation of all transitions m < m + 1,
given by Equation (37):®

3[I(T + 1) — mm + 1)]
20+ DRI+ 1)

Gnonselectlve (O)

o sinwyt  (37)
Equation (37) gives also the relative intensities of all
transitions, e.g. 12/30, 9/35 and 4/21 for the central lines
in the case of nonselective excitation of the I = % % and
% nuclei, respectively. The selective excitation of a single
transition can be described by Equation (38):®

3VIA+1)—m(m+1)
20+ 121 +1)

x sin (\/1(1 F1)—mm+ 1)wrfz) 38)

selectlve
m m+1 (0)

Comparison with Equation (37) reveals that the
maximum observed intensity is reduced by
JIT+1)—m(@m+1), but the effective nutation

frequency is enhanced by the same value. For the central

transition, m = —1 , we obtain Equation (39):
vl = (I + S 39)
Thus, for the selective excitation of the central

transition, the optimum pulse duration is equal to the
duration of a nonselective 7/2 pulse divided by I + %
The RF power should be as low as possible. Second-order
quadrupolar broadening, the chemical shift anisotropy
and dipole broadening give the lower limit for the RF
power which should be applied, in order to excite the full
central transition in powder spectra. Then, only a small
portion of the satellite powder spectra is also excited. The
partly selective excitation of more than one transition can
be treated only numerically.®

The problem of ill-defined excitation in cases of
strong quadrupolar interaction can be overcome by
adiabatic frequency sweeps. Adiabatic passages are well
known in NMR.™ Kentgens®?®” established in 1991 the
quantitative excitation of a half-integer spin system by
a frequency-stepped adiabatic half-passage (FSAHP) on
the basis of an approach of Sindorf and Bartuska®®
and introduced in 1999 double-frequency sweeps (DFS)
in staticc MAS and MQMAS NMR experiments on
the basis of an appropriate time-dependent amplitude
modulation to the carrier frequency, which was applied
before by Fu et al.?”) to integer spin systems in single
crystals.

In the FSAHP, the spin system is far off-resonance at
the beginning of the irradiation. The frequency is then
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stepped through the region of resonances slowly enough
that the density operator can follow the Hamiltonian.
Switching off the RF power at the resonance position of
the central transition creates a single-quantum coherence
like a 7/2 pulse applied to a spin-% system. A full
passage would be comparable to a nonselective =7
pulse. A frequency sweep that adiabatically inverts the
satellite transitions, in order to transfer magnetization
to the central levels and increase the intensity of
the corresponding signal, was introduced by Haase
and Conradi.®” The combination of this population
enhancement with cross-polarization (CP) from ?’Al to
70 was demonstrated.®” A DFS can be generated by
an amplitude modulation of the RF which causes two
sidebands that are swept from a start frequency to a final
frequency during the pulsing.®? The authors claim that
the DFS technique enhances the signal intensity also in
MQMAS experiments.

The exclusive detection of the :i:% DN :I:% transitions,
which is based on a central-transition signal enhance-
ment by means of an adiabatic RF sweep was introduced
by McDowell et al.®?® in order to simplify the spectra
and increase the sensitivity. Another approach to res-
olution enhancement by population transfer between
Zeeman levels of the quadrupolar spin system with
selective pulses and adiabatic frequency sweeps was
first applied to ®*Cu in superconductors by Haase
et al.®¥

Another NMR technique that uses adiabatic pas-
sage in combination with rotational echo and double
resonance was introduced by Gullion.®® He com-
bined the principles of rotational-echo double resonance
(REDOR),®® with the transfer-of-populations double-
resonance (TRAPDOR) developed by Grey et al.®?
The so-called REAPDOR NMR technique allows first,
like TRAPDOR, the indirect detection of signals which
are too broad to be directly observable for the single-
resonance observation of the quadrupolar nucleus and
second, like REDOR, the measurement of distances
between spin pairs.>

CP excites a spin system by polarization transfer from
another spin system. CP was introduced by Hartmann
and Hahn®® and is described in detail in the textbook
by Slichter.®? S.Vega® first applied static CP to
half-integer nuclei and A.J. Vega®*) considered the
spin dynamics of cross-polarization magic-angle spinning
(CPMAS) NMR as a function of the ratio v%/vovor.
Applications until 1992 are reviewed in Chapter 6.2 of
Freude and Haase.” Recent discussions about the spin-
locking efficiency of the CPMAS NMR of half-integer
quadrupolar nuclei were presented by Hayashi,*>*" Ding
and McDowell®#% and Sun et al.4” The combination
of CP with other NMR techniques will be considered in
sections 5-7.

4 LINE SHAPE OF STATIC AND
MAGIC-ANGLE SPINNING NUCLEAR
MAGNETIC RESONANCE SPECTRA

The following considerations concern the angular depen-
dent quadrupolar shift. Assuming the resonance offset
to be zero, the quadrupolar shift should be given as
v —vp. For simplicity, we omit —vy, the subtraction
of the Larmor frequency. The conventions v,, ,,+; and
V. —m for single-quantum transitions and symmetric tran-
sitions, respectively, are used here in agreement with
the majority of the literature. For the central transi-
tion v_y/41,2 we have m = —1 Then, the first-order
quadrupolar shift becomes, with v, from Equation (27),
Equation (40):

S]]

Vim,m+1 = \)/Q (m+ %) (40)

for single-quantum transitions, which means zero for
the central transition m = —%. The first-order quadrupo-
lar contribution is zero for all symmetric transitions
m <> —m. See Equation (28) and note that I, =m is a
number in this case.

The second-order quadrupolar shift can be obtained by
means of Equation (29) as Equation (41):

\)2
Vil = — 2 {[24m@m + 1) — 411 + 1) + 9]V, V_4
’ 18\)]_

+[6mm+1) =210 +1)+3]V,V_,}  (41)

or Equation (42):
by G [41(1 + 1) — 8m? — 1]V, V
TS " v
+ 210 + 1) —2m* —1]V,V_,} (42)

for single or symmetric quantum transitions, respectively.
The components V; are given in the LAB and can
be described, with the Wigner matrices of rank 2, as
functions of corresponding values in the PAS, which are
given in Table 2. The V;V_; terms in Equations (41) and
(42), therefore, can be written also as Wigner matrices
for which the rank goes up to 4. Amoureux*® gave
a corresponding equation with the coefficients for the
transformation of Equation (42) from the LAB into the
PAS.

The second-order quadrupolar shift of the central
transition can also be obtained with m = —% from
Equations (41) and (42) (Equation 43):

V2
V12412 = —ﬁ [1(14- 1) - 2]

x (Acos* B+ Bcos’ B + C) (43)
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Table 3 Functions A, B and C for the second-order static and MAS line shapes of the central

transition (cf. Equation 43)

Function Static

MAS

7 9 3
A - — Zncos2ua — gnz cos? 2

§ 4
15

1 3
B +— — —n®>+2ncosuo + Zﬂz cos? 2a

4 2
3 1

1 3
C —> 4+ 1%+ -ncos2a — gnz cos? 2a

8 3 4

L2 7 7
s pcos2a— — o
16 8‘I]COS 07 4871 COS
9

! + 1 cos 2u / cos? 2o
s 0" T 2"

+5 1 cos 2o + 7 cos? 2a
6 8" 5"

The components V,,V_,, are substituted now by functions
depending on the Euler angles a and p and the asymmetry
parameter n. The functions A, B, C (Table 3, static) were
first used by Narita et al.*” in order to calculate the
second-order powder pattern of the central transition
for a static (nonrotating) sample. Miiller®” showed
that in the case of very fast MAS of the samples
Equation (43) holds with other functions A, B, C (Table 3,
MAS).

In order to deduce quadrupole parameters from
experimentally obtained spectra, it is usual to fit the
experimental spectrum with calculated spectra using a
utility program of the spectrometer software. Figures 2
and 3 show spectra, which were obtained with the program
WINFIT from Bruker. If the spinning speed is not
large compared with the second-order shift, the average
Hamiltonian can be used for numerical calculations.

Equation (43) allows an analytical determination of the
center of gravity v, = vjs, for the powder pattern, which
is called the isotropic quadrupolar shift of the signal of the
central transition. This shift is not influenced by a rotation
of the sample. We denote it as vis, o (Equation 44):

2 2
_ o [1(1+1)— 5} <1+”—) (44)

Viso Q = 30v, 3
An important parameter of the powder line shape f(v)
is the second moment defined by Equation (45):

My = / 0 — i) 2f ) 45)

with [ f(v)dv = 1. The dimension Hz? of M, changes to
s~2 or T? if the line shape is given as f(w) or f(B), respec-
tively. The square root of M, characterizes the second-
order broadening of the signal. Equations (46-48) give
the second moments as a function of vjs, for the static and
for the MAS spectrum and in addition the narrowing fac-
tor, which can be achieved by the application of MAS to
the second-order quadrupolar broadening of the central
transition:
2 23

Mstatlc — iso 7 (46)

Static
MAS

:

V-V

v2

o [/(/+ 1) —% ]

Figure 3 Examples of the line shapes, without and with MAS,
of second-order quadrupolar broadened powder spectra of
the central transition. The theoretical line shapes are slightly
Gaussian broadened.

1
MY =i o (47)

Mstatlc
,/MMAS ,/ 2 36 (48)

Equations (46—48) in combination with Equation (44)
allow the determination of vg+/1 +n2/3 from the second
moment of the line shape, if the latter is exclusively
broadened by second-order quadrupolar interaction.
However, other contributions to the second moment
of the static line shape should also be considered. The
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anisotropy of the chemical shift gives Equation (49):

2 2
4 Aoy (1 + ”—) (49)

M =573 3

where Ao =07z — (oxx — oyy)/2 denotes the total
anisotropy and n is the asymmetry parameter (cf. Equa-
tions 20 and 21) and vjs, in Equation (45) must be taken
as the isotropic value of the chemical shift.

If the dipolar interaction is small compared with the
quadrupolar interaction, the spin flipping between differ-
ent transitions is prohibited, and the second moment
due to the dipolar interaction is modified.®!'? We
will give here only the equations for dominating dipo-
lar interaction. The dipolar second moment of a spin
system consisting of N resonant spins of type I (homonu-
clear interaction) and M nonresonant spins of type S
(heteronuclear interaction) can be determined by the
dimensionless Equation (50):

My/HzZ?  M,/s72 ) C Cs
- — M= 4+ =5 (50
W2E = et e O
with (Equations 51-54)
3 Ho\2 5.2
=210+ (E) Vi (51
_ 4 Mo \ 2 )
Cs= oS+ (£2) vin (52)
1 1 L&
— = — (53)
r? N ;kz#; r?k
1 1 L&
== — (54)

The value Cs of a nonresonant nucleus can be easily
calculated from the value of the same resonant nucleus
Ci by Cs = Cy x 4/9. If in Equation (50) the unit of the
magnetic flux density T is substituted by 107*T (this
corresponds to the old cgs unit gauss) and the unit m is
substituted by the old unit A, then the values C; can be
taken from Table 4.

Another dimensionless equation is very helpful in
order to correlate the second moment of a line, which
is broadened by any interaction, to the line width,
which is commonly described by the full width at
half-maximum (fwhm =8v,;). Under the assumption
of a gaussian line shape we obtain, for M,/s™> =
ViM,/T? = (y1/27)*M,/Hz?, cf. Equation (50), with T,
as the transversal relaxation time and the line width &v
given in hertz, Equation (55):

2
= (dvy /Z/Hz)zm ~ 7.12(8v12/Hz)?

(55)

2
72 _
Mofs ™= sy

Table 4 Values of C; in the equation

g2 G Cs >a
M>/10°5T <r§/2\6 R

H 358.1 PR 3169 %Cu 125.8 2Sb 2392
’H 2250 2Na 1253 %Cu 1443 1771 167.2
Li 2704 A1 2836 TPAs 52.52 133Cs 1294
Be 3536 2Si 14.13 7'Se 13.02 5Pt 16.55
1B 66.16 3'p 58.68 Br 1124 199Hg 11.38
HB 1843 3Q1 17.19 $Br 130.6 2Ong 7.798
BC 22.64 3l 1191 ¥Rb 1917 23T1 116.9
4N 4983 Sy 5193 Nb 7060 271 119.2
BN 3.677 SMn 2541 Sn 4545 27pp 15.67
70  76.81 ¥Co 4193 119Sn 4974 2Bj 305.1

@ Values of Cg are given by Cs = Cy x 4/9. The distances r; and rg
denote in a simple model the internuclear distances of one resonant
spin to another resonant spin and to a nonresonant spin, respectively.
For the general case, see the definitions of | and rg in Equations (53)
and (54).

Now we go back to Equation (41) and consider the MAS
spectra of the satellite transitions in addition to the central
transition. Samoson®Y has shown that the second-order
quadrupolar shift of the m <> m + 1 transition can be
split into an isotropic part describing the center of gravity
of the quadrupolar shift and an angular-dependent part
(Equation 56):
vg n?
Vimtl = —z—[LU +1) —9m(@m + 1) — 3] {1 + —]

30\)L 3
v2 17 13
Q
= [Id+1)— — 1) ——
<30\)L{(+) 3m(m+) 6}
x ([Acos* B + Bcos* B+ C]) (56)
with (Equations 57-59)
105 35 35
A= 16 gn cos 2o + an cos? 2u 57)
455, 35, 5,
B = ) + En + 5ncos2a — ﬂn cos“2a  (58)
1 5 35
C= +% + §n2 — gn cos 2o + @nz cos’2a  (59)
For the central transition, m = —%, Equation (56) cor-

responds to Equation (43) and the isotropic, upper part
in Equation (56) corresponds to Equation (44). The true
value of the isotropic chemical shift can be determined
from the experimentally obtained isotropic shift (center
of gravity of the signal), if the isotropic quadrupolar
shift can be determined as shown below.(%3152) For
nonselective excitation, or at least partially selective
excitation, MAS sidebands can be observed which are
just outside of the spectral range of the static spectrum
of the central transition. Their main intensity results
from the +1 < =+32 transitions, whereas the center band
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results mainly from the +% <~ —% transition. The aver-
age resonance position of two equal-order sidebands
can be obtained experimentally as the center of grav-
ity of the corresponding sidebands. Thus, the difference
A = Viso Q+1/2,43/2 — Viso Q—1,2,+1,2 Of the average reso-
nance position of two first satellite sidebands to the
center of gravity of the center band (central transition)
can be measured and compared with the corresponding
difference derived from Equation (56) (Equation 60):

v n?
A= 30\)L9 (1 + 3 ) (60)
Finally, the combination of Equations (56) and (60) gives
the isotropic quadrupolar shift of the center band, which
for I = % is equal to Viso o—1/2,+12 = A8/9.

This procedure for the determination of the quadrupo-
lar shift or other quadrupolar parameters was introduced
by Samoson.®V It is convenient for / = 3 nuclei, because
the linewidth of their :I:% <~ :I:% satellites is decreased
by a factor of 0.3 with respect to the central line.
Jager used this sideband analysis for the study of var-
ious inorganic compounds!? and denoted it SATRAS
(satellite-transition spectroscopy).

Now we go back to Equation (42) and use the repre-
sentation of Amoureux“® for the shift of a symmetric
transition in the case of very fast sample rotation around
the magic angle 6 = arccos 37/2 &~ 54.74°. Then, the con-
tributions from the rank 2 components disappear and we
obtain®® Equation (61):

Vp/2,-p/2 = Viso Q) =+ Vaniso Q)

2 2
. pvoB+n7) . % 2
= o II+1) 4

2
PVo 2\ 44
- 18 d
{12960\)L} {aas-+niy
+ /3601 d% cos2a 4 +/701? df()) cos 4oe}

x {361(I +1) — 17p* — 10} {(— 0 )

28
x (35cos*6 — 30 cos? 6 + 3)} (61)

where p denotes the quantum level pQ and symmetric
coherences with the notation p/2 <> —p/2 instead of
m <> —m are considered. The Euler angles («, B) describe
the spinner axis with respect to the PAS. The elements
d of the reduced Wigner matrices are related to p by
Equations (62-64):

1

dy) = 235 cos* B —30cos’ B + 3) (62)
V10

dgf()) = (7cos?p — 1)sin® B (63)

T8

70
dff()) = % sin B (64)

Equation (61) still contains a function of the rotor
angle 0 in the last brackets, in order to give one basic equa-
tion for MQMAS and DOR as well: if we insert the magic
angle 0 = arccos/1/3 ~ 54.74°, then the value of the last
brackets is equal to one and Equation (61) can be used
as the basic equation for MQMAS NMR (cf. section 6).
If we consider a DOR and the second rotor angle is

fixed to arccosy/ (6 & 1/96/5)/14 ~ 30.56° or 70.12°, then
the value of the last brackets in Equation (61) is equal
to zero and the total anisotropic part of Equation (61)
disappears. For the central transition, p = —1, only the
isotropic quadrupolar shift remains, which can be directly
observed by DOR NMR. The isotropic contribution in
Equation (61) is identical with Equation (44) and with the
isotropic part of Equation (56), if the central transition is
considered (p = —1 and m = —% .

S DOUBLE-ROTATION AND
DYNAMIC-ANGLE SPINNING

Samoson et al.*® succeeded in 1988 in building a double-
rotor probe. The outer rotor, inclined by f, = 54.74° with
respect to the external field, rotated at about 400 Hz, and
had a diameter of 20 mm. The sample in the inner rotor,
Smm diameter, rotated at about 2kHz, and the angle
between both axes of rotation was p; = 30.56°.0%

A torque-free rotation can be achieved only for a
certain ratio of kK = w;/w,. The two contributions to
the inner-rotor angular velocity are w; and the angular
velocity w, imposed by the outer rotor. The latter can
be decomposed into one component w,cosf; along
the z-axis of the inner rotor and another component
wy sin B; perpendicular to this axis in y-direction, so
that y-direction, axis z of the inner rotor, and axis
Z of the outer rotor are in one plane. Thus, w, =0,
wy, = wpsinPy, w, = w; +wycos Py, and the resulting
angular momentum L must be in the Z-direction in order
to be torque-free® (cf. Figure 4) (Equation 65):

JyUJQ sin ﬂl

J (w1 + wy cos Pr) )

tan ﬂl =

For B; = arccosy/ (6 + 1/96/5)/14 ~ 30.56°, we obtain
Equation (66):

W1 Vinner — k=

wy Vouter 14

6+ /96/5 <£ - 1)

Jz
~ 0.86 (j—y - ) (66)

Z
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Jz (03 + 0, COSy)

Figure 4 Moments of inertia for DOR after Wu et al.®> By
adjusting the ratio of moments, J,/J,, the addition of the
two vector components of the angular momentum along the
inner-rotor axis z and the y-axis can be made to point along
the outer-rotor axis Z, so that spinning the outer rotor will not
affect the orientation of the total angular momentum of the
inner rotor.

and the usual design of the inner rotor gives val-
ues of J,/J, so that 5 <k <6. Wu etal.®> explained
that the spinning system is in a stable state when
the torque-free condition, which is given by Equa-
tion (66), is slightly violated and the frequencies obey
Equation (67):

Vinner = k‘)outer + AVinner (67)

where the excess of the inner frequency Avipper is
about 1kHz.

The application of rotation-synchronized pulses has
been shown to be effective in eliminating half of the DOR
sidebands.®® The total suppression of sidebands can be
achieved by the application of additional pulses®” and
by application of the magic-angle turning technique.®®
A theoretical consideration of the DOR sidebands can be
found in the literature.®*~61

DOR NMR gives accurate values of the isotropic shift,
dis0, of the NMR of a quadrupolar nucleus. Two shift
effects are superimposed: the isotropic quadrupolar shift,
which is described in Equation (44), and the isotropic
value of the chemical shift, which was introduced in
Equation (16). We substitute ois,, the isotropic part of the
shielding tensor, by the value of the chemical shift 8 s iso =
Oref — Oiso (With respect to a given isotropic chemical shift
of areference compound). Then we substitute the second-
order quadrupolar shift v, o in Equation (44) by the
dimensionless value 8¢ iso = (Viso 0)/VL. In this notation
we obtain for the observed isotropic shift in the DOR

experiment Equation (68):

3pOR = 8cs iso + 90 iso
2

2
Vo {1(1+ 1) — ﬂ (1 + n_> (68)

= 8¢S iso —
30v¢ 3

For common use the shifts can be expressed in parts
per million (ppm) by multiplying the right-hand side
of Equation (68) by 10°. Equation (68) reflects the fact
that the value of the isotropic chemical shift cannot be
obtained from one DOR experiment if the quadrupolar
shift is unknown. However, two DOR experiments at
different external field strengths, which means at different
Larmor frequencies, give the value of the chemical shift
8cs iso and also the quadrupolar parameter voy/1 + n?%/3.

The DOR technique has been applied, first, to the
2Na resonance in sodium oxalate®4+%%6) and later to
NaNO,®%%%) to the 7O resonance in diopside® and
silicates® and to the 2’ Al resonance of YAG.® The
majority of the DOR NMR studies was devoted to zeo-
lites of faujasite type©®~7 and to zeolite-like materials
such as aluminophosphates,#7:0.76-80)  zincosilicates®”
or sodalite.®3%) Other materials studied included
aluminas® and aluminum borate®” (*’Al), gallium
phosphate®” ("'Ga) and boron nitride®® (1'B). CP
effects have been studied.*”-”” Amoureux®® proposed a
combination of DOR and variable-angle spinning (VAS)
in which the quadrupolar shift of DOR NMR can be
deduced with a simulation of the second-dimension spec-
tra obtained with stepped values of the angle of the outer
rotor with respect to the external magnetic field.

The rotation frequencies of the inner and outer rotor at
present do not exceed Vipner = 12 kHz and voyer = 2 kHz,
respectively. A pneumatic unit, which is controlled by a
computer, simplifies the experimental set-up and makes
it safer. However, compared with the MAS technique, a
more complicated set-up and stronger wear of the rotors
must still be accepted for DOR experiments.

A DAS experiment was first performed independently
by Chmelka et al.®» and Llor and Virlet.®> The DAS
technique uses a time-dependent angle of the rotor axis,
which toggles in the simple experiment between 37.38°
and 79.19° for two equal periods of time. During the hop-
ping time, necessary for switching the angle (>30ms), the
evolution of the magnetization can be reduced by means
of a selective /2 pulse pair applied at a time #; after the
preparation pulse. The signal consists of a second-order
quadrupolar echo with a maximum at the time # after
the last pulse. The data acquisition of the FID starting
at the echo maximum gives the data in the #, domain.
The two-dimensional (2-D) spectrum is obtained after a
2-D Fourier transformation with respect to #; and . An
advanced concept introduces a fourth 7/2 pulse in order
to retain two pathways from the #; evolution yielding a
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pure absorption-phase spectrum and introduces a third
angle of rotation of 54.74°, in order to correlate in two
dimensions the DAS spectra with MAS spectra.®®9) A
sideband pattern emerges if the evolution period of the
2-D DAS experiment is divided into unequal parts by RF
pulses or spinner reorientation, as shown by Grandinetti
et al.®® Fyfe et al.®” found that the switch to the magic
angle after the CP step is useful for obtaining high-
resolution spectra of slowly relaxing spin species. A 2-D
heteronuclear correlation DAS NMR experiment with
CP from >Na to *'P was applied by Jarvie et al.1% in
order to find connectivities between the nuclei. Wenslow
and Mueller!) demonstrated the increased information
of this so-called DAS/CP/MAS NMR experiment for the
study of cation sites in glasses. Medek et al.1%? intro-
duced the three-dimensional dynamic-angle correlation
spectroscopy (DACSY), which is based on the acquisition
of DAS NMR signals as a function of different initial and
final spinning axes.

Two drastic limitations for the application of the DAS
technique compared with the DOR technique should be
noted. First, the spin—lattice relaxation time 77, which
is often short for quadrupolar nuclei, has to be larger
than the time period necessary for flipping the rotor axis.
Second, the spin exchange due to dipolar interactions,
which cannot be eliminated during the relatively long
flipping time of the rotor axis, has to be sufficiently small.

6 MULTIPLE-QUANTUM MAGIC-ANGLE
SPINNING TECHNIQUE

In 1995, Frydman and Harwood® proved the feasibility
of a 2-D NMR experiment that makes use of invisible
multiple-quantum transitions combined with MAS to
remove the anisotropy of the quadrupolar interaction.
Symmetric p/2 <> —p/2 coherences with the quantum
level pQ were selected, since the corresponding powder
resonances are devoid of first-order quadrupolar effects.
The phase development ¢(¢) of the single or multiple-
quantum coherence can be written as Equation (69):

(1)
P AVD +Vp2—pp2
pvi @+ 0?41 + 1) — 3p?]
—A
P+ 3600,
pvA(361(I + 1) — 17p? — 10} )
_ 18 +1%)d
12960v;, {8 +1%doo

-+ /360 ndg% cos 2o + x/%nzdffé cosda}  (69)

withv, > _,» from Equation (61), which is reduced under
MAS conditions. The contributions from the chemical

shift and from the resonance offset are included in
AV = 0isoVL, — Vostset- Equation (69) shows that by going
from the multiple-quantum level pQ to the —1Q level
of observation, the sign of the phase development can
be inverted. Thus, the influence of the anisotropy of
the second-order quadrupolar interaction is averaged
out, if the times # and # spent on the quantum
levels pQ and —1Q, respectively, fulfill the condition
in Equation (70):

36I(1+1)—17p* — 10
3611+ 1) — 27

2=p n=RUpxr  (70)
This relation describes the appearance of the isotropic
echo, and thus gives the slope R(/, p) of the anisotropic
axis in the 2-D spectrum, which is obtained after the 2-D
Fourier transformation with respect to #, and #.

Several pulse sequences were used in order to excite a
multiple-quantum coherence and convert it to the observ-
able single-quantum coherence after the evolution time.
The pulse sequence, which is shown in Figure 5, is mostly
applied now. The highest possible RF power should
be used for the first and second pulse, which excites
the triple- (or quintuple-) quantum coherence and con-
verts it back to zero-quantum coherence, respectively.
The third pulse (z-filter) should be much weaker, in
order to excite the central transition only. It converts
nonobservable zero-quantum coherence and popula-
tions (p = 0) into observable single-quantum coherences
(p=-1).

The symmetric 3Q coherence pathway in Figure 5 is
(0 > £3 — 0 — —1). The symmetric quintuple-quantum

ty 2

4—>|—>

Figure 5 Pulse sequence and coherence transfer pathway for
the echo (upper way) and antiecho (lower way) consisting of
two strong pulses and a weak z-filter pulse. The triple-quantum
MAS pathway is shown on the lines for the nuclear spin I = %
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(5Q) pathway is (0 - +5 — 0 — —1). Two-pulse seque-
nces (without z-filter) can be described by the notation
(0 > £p — —1). Although only one sign of p (cf. Equa-
tion 70) yields an echo which can be observed, it is needed
to acquire both +p coherence transfer pathways when try-
ing to produce 2-D MQMAS spectra that are free from
dispersive distortions.!%) Equally strong signals from
both pathways must be collected, in order to obtain pure
adsorptive spectra. This is more difficult if a two-pulse
sequence is used, which includes the different transitions
+p — —1 and —p — —1 for the last step in the echo and
antiecho coherence transfer pathway, respectively. How-
ever, both pathways are completely symmetrical when
considering the coherence jumps in the z-filter pulse
sequence. 10410

The flip angles of the first and second pulses should be
optimized with respect to the best signal amplitude. In
principle, this can be done by numerical calculations, 19
e.g. by the program PULSAR.!%) The result depends
on the nuclear spin/ and its Larmor frequency vp,
the chosen coherence pQ and the ratio between the
nutation frequency v, = yYBy/2m and the quadrupolar
frequency vg. One conclusion is that the MQMAS
NMR spectra, which are obtained by strong pulses,
do not present quantitative results with respect to the
concentration of species, since the multiple-quantum
transition efficiency is different for nuclei with different
quadrupolar frequency vg.

The calculations need a full set of NMR parameters
including the quadrupolar parameters and do not take
into consideration second-order and spinning effects.
Therefore, the optimization of the pulse duration should
be performed at the beginning of the NMR experiment
by variation of the pulse duration; and only the initial
flip angles for this procedure should be taken from
the numerical calculations. Nonselective flip angles of
about 180° and 50° for the first and second pulse,
respectively, can be used for any / and p(Q, if the Larmor
frequency is about 100 MHz and the ratio between the
quadrupolar frequency vo and the nonselective nutation
frequency is vo/vi & 10. More precise flip angles are
given in the literature%1%®) as a function of I and
pQ. (Note that definition of the quadrupolar frequency
in the literature®100108 s different to the definition
of Abragam;!'” cf. Equation (25), which is used here:

Frydman Abragam
v =y /6.)

An alternative approach to the generation of multiple-
quantum transitions by strong pulses is to use the adiabatic
transfer by the interchange between the eigenstates 3Q
and 1Q undergoing MAS.“? Wu et al.1%) introduced a
triple-quantum magic-angle spinning (3QMAS) experi-
ment by rotation-induced adiabatic coherence transfer
(RIACT) for I = % nuclei and applied it to the study
of sodium sites in inorganic salts. They claimed that

this method gives quantitative MQMAS NMR spectra,
since the adiabatic coherence transfer is independent of
the strength of the quadrupolar interaction. However,
theoretical calculations'% showed that, compared with
the nonadiabatic excitation, the disturbing off-resonance
effects are more extensive for RIACT. Lim and Grey1®
performed numerical simulations of the RIACT experi-
ment as a function of asymmetry parameter and pulse
spacings and discussed the effect of very fast sample
spinning. Mildner et al.'') demonstrated by means of
70 studies of silicates that RIACT can be applied
to [ :% spins at the moderate RF field strength of
v &~ 30kHz.

Ding and McDowell 112113 claimed that a shaped first
excitation pulse would also achieve quantitative results
in nonadiabatic 3QMAS NMR experiments and that
properly shaped pulses can also reduce the requirements
on the RF power and sample spinning speeds. The
superior excitation of triple-quantum coherences by
composite pulse schemes was also shown by Marinelli
et al.14

Kentgens and Verhagen®? showed that DFSs are
very efficient for the conversion of triple- to single-
quantum coherence in MQMAS spectroscopy. Goldbourt
etal.M> used instead fast radiofrequency amplitude
modulation (FAM) in the version FAM and FAMI1
for I = % and [ = % nuclei, respectively, and obtained
a substantial intensity and resolution enhancement of
the signal over the commonly used MQMAS pulse
schemes. A very strong RF field, no resonance offset
and a high spinning rate, if possible 30kHz as shown by
Rocha,M® are still the requirements for most MQMAS
experiments.

For both the nonadiabatic and adiabatic MQMAS
experiments described above, the selection of desired
multiple-quantum coherences is done by phase
cycling. 11117 Methods of hypercomplex or time-
proportional phase increment (TPPI) 2-D Fourier
transformation [cf. Ernst et al.!'®] are used for the
acquisition of real and imaginary part with respect to
the t;/v; dimension. Fyfe etal.M? used pulsed field
gradients instead of phase cycling. The advantage is
the simplification of the MQMAS pulse program, which
allows the implementation of correlation experiments.
However, the insertion of the field gradient coil reduces
the maximum achievable RF power.

A shearing transform of the experimentally obtained
2-D spectrum, which aligns anisotropic ridges parallel
to the v, axis in such a way that the isotropic dimen-
sion can be displayed along the v; axis, is described
below. Brown et al.1%120.121) introduced an experiment
with an additional pulse called split-ty MQMAS that
is pure adsorptive and includes the shearing ratio
into the pulse program so that anisotropic ridges
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@) & (ppm)

6fheared (ppm)

(b) 32 (ppm)

Figure 6 2-D 7O 3QMAS NMR spectra of the zeolite
Na-ZSM-5 (a) after the 2-D Fourier transformation and
(b) after the following shearing transformation. The two signals
were assigned to SiOSi and SiOAl fragments with concentra-
tions of 80 and 20%, 8 = 40 and 30 ppm, Cyc = 5.3 and 3.5 MHz,
n = 0.12 and 0.29, respectively.®® (The figure was provided by
Ulf Pingel.)

are parallel to the v, axis after the 2-D Fourier
transformation.

Figure 6(a) and (b) shows the 2-D 170 3QMAS NMR
spectra of the zeolite Na-ZSM-5 before and after the
shearing procedure. The two signals in the spectra are
due to Si—O-Si and Si—O—Al bonds.®® The spectra
demonstrate how the projection on the v; axis is changed
by the shearing. The analytical treatment starts from the
isotropic part of Equation (69). Without resonance offset,
the total shift is a superposition of the isotropic part of
the chemical shift, oj,vy, and the isotropic part of the

quadrupolar shift, vis, o (Equation 71):

Viso = OisoVLP + Viso Q
pyo B +n)[41d +1) - 3p?]
360v,

= OisoVLPD + (71)
Equation (71) can be transformed into relative units
(ppm) by multiplication by 10°/(—pvy ). The value —pv
describes the apparent Larmor frequency and includes the
real Larmor frequency for p = —1. For the v; axis (before
shearing) and for the v, axis, we have Equations (72)
and (73), respectively:

31 =3cs iso +8Q iso
VA3 +nH[4IU + 1) — 3p?]

=dcsiso — 72
cs 3607 (72)
32 =8csiso +0Q iso
v& (3 HAIT+1) -3
s - oB+nH)4Id +1) - 3] 73)

360v

Equation (73) describes the shift §, of the center of gravity
of the anisotropic ridge, which is not influenced by the

shearing transformation. The coordinate 5}""™ after the
transformation is given by 1% Equation (74):
8 s 4 S
VEB4+nH)[4II+1)-3
=85 iso + — [ ] (74)

612v2

It can be seen that after shearing the quadrupolar
shift becomes always positive and independent of p.
Comparison of Equation (74) with Equation (73) gives
the slope of two special lines in the sheared 2-D spectrum.
One line with slope 1, which is denoted CS in Figure 6,
describes the variable isotropic chemical shift in the case
of zero quadrupolar shift. Only one line CS exists and
crosses the coordinates (0, 0). Lines Q with slope —10/17
describe variable quadrupolar shifts at one value 8cs iso,
which is given by the crossing of line Q with line CS. The
shift difference between this crossing point and the center
of gravity of a signal gives the corresponding quadrupolar
shift 855", One-dimensional anisotropic slices A are
obtained from the 2-D spectrum. These slices can be
fit by a line-shape simulation, which gives values for
vo and n, whereas 3¢ s, is @ measure of vg+/1 +1/3.
The quadrupolar parameter obtained from the 2-D
spectrum can then be used for a simulation of the single-
quantum MAS NMR spectrum. This procedure yields
correct information about the relative concentration
of the various species giving rise to the corresponding
signals. The program REGULAR, which was developed
by Delevoye,1?? takes full advantage of the information
included in the 2-D MQMAS NMR spectrum and thereby
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quantifies the distribution of nucleus surroundings also
in badly crystallized and amorphous materials. A 2-D
result is obtained which represents quadrupolar constants
versus isotropic chemical shifts with correct relative
intensities. Scaling and labeling of the isotropic axis
(v; axis after shearing) was considered in detail by
Man. 123

The residual line width of the MQMAS NMR
spectra is a matter of current research. Wu and
Wasylishen!?¥ showed that the heteronuclear dipolar
interaction between two nuclei does not cause residual
dipolar couplings in MOMAS NMR experiments.

The spinning sidebands in the multiple-quantum
dimension are a common feature of dipolar-coupled spin
I= % and half-integer quadrupolar systems. Both cases
were considered by Friedrich et al.!>> The case of half-
integer spins is the subject of various studies.120-12%)
Spinning sidebands arise even in the absence of explicit
time modulations of any spin interactions, due to orienta-
tion and time dependence characterizing the multiple- to
single-quantum conversion process, as shown by Marinelli
and Frydman.1?® The sidebands cause signal loss and mis-
interpretation of spectra. Rotor synchronization, which
means setting the evolution dwell time equal to the
rotation period, is useful for suppressing these spin-
ning sidebands.3” However, it limits the spectral width
of the multiple-quantum dimension to the rotation fre-
quency. This drawback increases on going from triple- to
quintuple-quantum transitions.

Several combinations of MQMAS with other NMR
techniques have been successfully applied. Vosegaard
etal.™®) added the Carr—Purcell-Meiboom-Gill
(CPMG) pulse sequence to the MQMAS pulse pro-
gram, in order to improve the sensitivity by splitting the
line shape in the v, dimension into manifolds of spin-
echo sidebands. High-power 'H decoupling improves
the resolution in both dimensions.13%13% Lacassagne
et al.13 demonstrated improved resolution for strong
heteronuclear coupling by applying composite decou-
pling schemes during the evolution and acquisition time.
Wang et al.!3> provided chemical shift anisotropy data
by multiple-quantum variable-angle spinning (MQVAS).
CP provides information about connectivities.136-13%
REDOR®~14D and heteronuclear chemical shift cor-
relation (HETCOR) (138142 were also applied in addition
to MQMAS. The most difficult combination, DOR
in addition to MQMAS, was presented by Samoson
et al.143149 The advantage of multiple-quantum double-
rotation (MQDOR) compared with MQMAS is that the
need for simulations is avoided.!** However, although in
principle most informative, experimental difficulties and
low multi-quantum conversion efficiency make the appli-
cability of the MQDOR technique currently relatively
limited. 44

MQMAS NMR studies have been carried out on
all half-integer quadrupolar spins from / = % tol = %
[**Nb1%)]. The nucleus ¥Co (I = J) in nitrogen com-
pounds was studied to show the interplay between the
chemical shift anisotropy and the quadrupolar interac-
tion. However, the majority of the studies were focused
on the two nuclei Al (I = 3) and »Na (I = 3). Two
examples are the study of the aluminum coordination in
SrAl;;Oq9 by Jansen et al.'4> and the study of sodium
cations in dehydrated zeolites by Hunger et al.(140) Zeo-
lites, zeolite-like materials and glasses'4”-14®) have been
investigated in many studies.

7 NUTATION TECHNIQUE

Nutation NMR spectroscopy represents a 2-D experi-
ment: a strong RF field is irradiated during the evolution
period ¢#;, and the FID is observed during the detection
period £,. In the rotating frame, the spins nutate (precess)
around the strong RF field with specific nutation fre-
quencies wy; here the subscript 1 denotes the frequency
axis w; in the 2-D spectrum corresponding to the Fourier
transform with respect to #; and should not be confused
with wy = yBy¢ which is a constant for the 2-D experi-
ment. The original one-dimensional nutation experiment
of Torrey*? uses only one point of the FID.

Samoson and Lippmaa®™®!>) introduced 2-D nuta-
tion NMR studies of half-integer quadrupolar nuclei.
A corresponding one-dimensional experiment was per-
formed by Fenzke et al.'>? For quadrupolar nuclei, the
effective nutation frequencies w; depend on the strength
of the quadrupolar interaction, as has been shown in
section 3. If wo < wy, then the transverse magnetiza-
tion responds to the RF pulse like spin—% nuclei, thus
w1 = wy. If wo > 10wy, the central transition can be
treated as a two-level system and an effective nutation
frequency is expected, that is, increased by a factor I + %,
ie. wy =+ %)wrf (cf. Equation 39). For the interme-
diate case, 0.1 < wo/wy < 100, the nutation spectra are
complicated because of the influence of the partly excited
outer satellite transitions.

Nutation spectra can be calculated using numerical
procedures or by means of an analytical description
which is the more complicated the larger the spin
quantum number. The powder average, which produces
complicated nutation spectra, is necessary, in order to
deduce quadrupolar parameters from the spectra and
to compare the experimental spectrum with a set of
calculated spectra. An analytical approach was found
for I = %,(153—156) for I = %,(157,158) and for I = %(159,160)
yielding (I + %)2 different nutation frequencies of the
central transition. Each frequency gives rise to a powder
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pattern, and 27 of the (I + %)2 frequencies are dominant.
Calculated line shapes of nutation spectra can be found in
papers by Kentgens et al.1®1192 and in a review by Freude
and Haase. The latter reviews the quadrupolar nutation
literature from 1983 to 1992 (about 40 papers), including
experimental aspects such as inhomogeneity of the RF
field, resonance offset, influence of MAS, spin-lattice
relaxation, spin—spin relaxation in the rotating frame and
some advanced concepts in nutation spectroscopy. Since
1993, another 15 papers were published, among them
recent work about nutation MAS NMR by Ding and
McDowell.46:163)

The most advanced concept, the off-resonance nuta-
tion NMR of half-integer nuclei, was introduced by
Kentgens.1® The large resonance offset, Vet > Vif,
during the irradiation causes an evolution of the spin
system in the effective field, Bey = Bogrset + By, Whereas
the signal is as usually observed in resonance. The off-
resonance technique extends the range of applicability at
given By and B to larger values of Cy.. The acquisition
of several spectra with different vgse; improves the relia-
bility of the fitting process, which is essential for obtaining
information from nutation spectra. A loss of signal inten-
sity due to the uninformative zero-frequency peak, which
is typical for off-resonance irradiation, can be avoided by
asoft selective pulse or by using an FSAHP (cf. section 3),
for the preparation of the central transition magnetiza-
tion only. A recent review including the perspectives of
the nutation NMR of half-integer quadrupolar nuclei was
given by Kentgens.1%» He proposed a combination of
MQOQMAS, off-resonance nutation and echo techniques
for sites with very large Cgcc.

8 ECHO TECHNIQUES

Echo techniques provide two data sets in the NMR time
domain. First, the echo decay dependence on the time
t, starting from zero at the maximum of the echo gives
similar information to the initial FID after the preparation
pulse, but the loss of signal during the ring down of the
probe and the recovery of the receiver immediately after
the pulse is overcome in the echo technique. Second, by
varying the pulse distance #; between the preparation
pulse and the refocusing second pulse, the resulting
envelope of the echo decay gives additional information
about the spin system. The refocusing effect of a second
pulse after a preceding 7/2 pulse for an interaction that
is proportional to [ is called the Hahn echo. The original
experiment by Hahn!%) was performed with identical
phase incoherent pulses in an inhomogeneous external
magnetic field. The term Hahn echo is now in use for
the spin-echo (after 7/2—-t;—-7—t;) of spin-% nuclei or of

quadrupolar nuclei with half-integer spins, if the central
transition is selectively excited.

However, the quadrupolar interaction strongly influ-
ences the formation of an echo: homonuclear dipolar
interactions which mainly cause the decay of the spin-
echo amplitude become less effective since spin-flipping
between different transitions is forbidden. Owing to the
nature of the quadrupolar coupling, which is to first order
proportional to IZ, refocusing is not complete. Also, the
limited range of excitation for very broad lines of powder
samples causes complicated spin-echo behavior.

Echo studies on quadrupolar nuclei with half-integer
spin (for integer spin, see section 9) were reviewed by
Freude and Haase, beginning with the pioneering work
of Das and Saha® in 1955 up to the publications in 1993,
e.g. Haase and Oldfield.1%® Several cases, which can be
mainly divided into nonselective and selective excitation,
were considered, as follows.®

Nonselective and hard pulses without dipole interaction
cause several echoes at times k x t; with k = % 1, % and
k= %, 1, %, 2,3 for I = % and I = %, respectively. Some
of these are forbidden echoes: k = % % and k = % 3 for
I =3 and I = 3, respectively. On going from hard to soft
pulses (cf. section 3), the influence of the quadrupolar
interaction during the pulse has to be considered and
the selection rule is changed. Then also the forbidden
echoes can be observed. The consideration of dipole
interaction for first-order quadrupolar echoes can be
divided into two parts. First, the heteronuclear dipole
interaction, which is proportional to /.S, can generally
be removed by the application of a second m-pulse.
However, strong coupling among the § spins, and also
a short spin—lattice relaxation time of the § spins, can
destroy the formation of the I spin echo. Second, if
the homonuclear dipolar interaction is large compared
with the quadrupolar interaction, |Hp| > |[Holl, its
influence is essentially the same as for spin-% nuclei.
If the quadrupolar interaction is large compared with the
dipolar interaction, ||Hgll > ||Hpl|, spin exchange due to
homonuclear dipole interaction between adjacent levels
can be considered as being suppressed completely and
the echo decay can be investigated by selective excitation
of each transition, separately.

IHall > IIHwll > IHpll  and  [Haoll 3> IHull ~ Mol
denote the cases of selective excitation of a
single transition without and with dipole interaction,
respectively. For powder we can mainly excite the
central transition, and for single crystals we can tune
to any transition and describe it by the reduced spin-%
formalism." Without the dipole interaction an echo is
observed at the time ¢ after the 7 pulse in full analogy with
spin-% nuclei subjected to an inhomogeneous interaction.
Since the calculation of the spin-echo amplitude in the
presence of dipolar interactions can be complicated,
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the spin-echo decay has been discussed by Haase and
Oldfield'® in terms of the second moment spin-echo
decay (cf. section 5.2.5 in Freude and Haase®).

Echo techniques in combination with coherence selec-
tion (multiple-quantum filter) reduce the overlap of
signals of quadrupolar nuclei in anisotropic soft matter, as
demonstrated by Furo and Halle.'97-1%%) Recent progress
in this field was presented by Eliav et al.1%-172 The
use of echoes for the editing of 2’ Al MAS NMR spec-
tra of zeolite catalysts was shown by Schmitt et al.17®
The connection between all NMR interactions (except
the homonuclear dipole interaction) and the optimum
experimental conditions for the avoidance of spectral
distortions was described by Dumazy et al.174

The leading authority in the field of quadrupolar echoes
is Pascal Man, who has published more than 10 papers
on this topic during the last decade. Most of them are
discussed in recent publications.173-177)

The CPMG17817) pulse sequence /2y, (t1, 7y, t1), can
be considered as an advanced concept of the Hahn echo.
Larsen et al. reconsidered the quadrupolar version of
CPMG (QCPMG) without MASI) and with MAS.(18D
For MOMAS NMR and 2H NMR, see sections 6 and 9,
respectively. More than one order of magnitude can be
gained in sensitivity by the application of this QCPMG
technique.

9 2H NUCLEAR MAGNETIC RESONANCE
SPECTROSCOPY

H is the most important NMR isotope with an integer
nuclear spin I =1, rather seldom °Li and “N NMR
studies can be found in the literature. About 10% of the
solid-state NMR studies of quadrupolar nuclei concern
deuteron magnetic resonance spectroscopy, which is a
powerful technique for investigating molecular structure
and dynamics. This small section does not correspond
to the importance of the deuterium NMR, especially
for the study of dynamics. The textbook by Schmidt-
Rohr and Spiess, Multidimensional Solid-state NMR and
Polymers™® and the reviews by Hoatson and Vold, “*H-
NMR Spectroscopy of Solids and Liquid Crystals’,V
and Ulrich and Grage, ?H NMR (Solid-state NMR
of Polymers)’,'® demonstrate the wealth of modern
applications of solid-state >H NMR.

The experimental techniques for nuclei with the spin
I =1 are different to the techniques for nuclei having
half-integer spins mainly for one reason, that no central
transition exists. There are only two transitions for the
magnetic quantum number m: —1 <> 0 and 0 <> 1. They
cause a line splitting that is symmetric with respect to
the Larmor frequency if the quadrupolar interaction

is considered in first-order perturbation theory with
respect to the Zeeman interaction (cf. Equation 40).
From Equation (41) it follows that the second-order
shifts for both transitions are identical. Thus, the splitting
between the two lines (difference frequency), which is
the experimentally observed parameter in studies of
single crystals, is not influenced by the second-order
quadrupolar interaction.

Equations (40) and (41) can be used for nuclei with
the spin / =1, but the quadrupolar frequency should
be substituted by the quadrupolar coupling constant
using vq = 3Cqc/2. The definition of the quadrupolar
frequency for half-integer spins in Equations (25) and
(26) is rather unusual for integer spins. The use of the
quadrupolar coupling constant Cgc. after Equation (24)
is commonly accepted, but for integer spins no nota-
tional consistency exists with respect to the quadrupolar
frequency vq.

The asymmetry parameter n (cf. Equations 19 and 20),
is relatively small for the majority of the 2H NMR studies
due to a rotation symmetry of the hydrogen bonding.
The theoretical powder line shape of nuclei with / =1
and n = 0 is equal to the line shape of isolated pairs of
nuclei with the spin 7 = % Therefore, the typical’H NMR
pattern of the so-called static powder (no sample rotation
and no internal rotation) is often referred to as the Pake
powder pattern. Pake in 1948 studied the 'H NMR spectra
of gypsum and discussed the angular dependence of the
doublets in the spectra of a single crystal and the powder
pattern in the spectrum of a powder sample as well.(18?

The splitting of lines of single crystals or the full width
of powder patterns reach values up to 300kHz. From
dv12 ~ 0.886/1 (cf. Equations 32-34), it follows that a
duration t < 2 ps for the 7/2 pulse is necessary, in order to
obtain a quite uniform excitation of the whole spectrum.
In addition to the need for high RF power, an echo pulse
sequence must be applied in order to overcome the dead
time problem of the receiver. A simple pulse sequence
consisting of two /2 pulses with a pulse duration of
2us and a pulse separation of 20 s with phase cycling
(the phase of the first pulse is cycled with respect to the
synthesizer, and in addition the phase of the second pulse
is cycled with respect to the first pulse) is the standard for
solid-state 2H NMR experiments. The pulse separation
must be adjusted to one rotation period if MAS is applied.
Hoatson discussed the broadband composite excitation
sequences!®? and the Hadamard pulse excitation13+18>)
for detecting quadrupolar order in 2H NMR. Noise
spectroscopy provides broad-bandwidth excitation with
minimal applied RF field strengths. The state-of-the-art
for applications to the 2H solid-state NMR was described
by Yang et al.18618) More detailed consideration of the
quadrupolar echo in ZH NMR can be found in the review
by Hoatson and Vold,'V Chapter 2.2, and the references
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therein. (The NMR echo for nuclei with half-integer spin
is discussed in section 8 of this article.) The excitation
with symmetric quadrupolar-shaped (SQUASH)!%® and
time-asymmetric-shaped (QUASH) pulses'®” improves
the excitation bandwidth.

Deuterium labels are introduced synthetically or by
a postsynthesis treatment of the material. The labeled
hydrogen segment can be investigated in terms of its
specific structural and dynamic properties. The natural
abundance of H is only 150 ppm. The relative sensitivity
of naturally abundant 2H with respect to the 'H NMR
sensitivity at constant external field is only 1.5ppm.
Nevertheless, natural abundance high-resolution solid-
state 2H NMR investigations can be performed if
MAS, high-power 'H decoupling and 'H—2H CP are
used. (190,191

'H-2H CP effects in single- and double-quantum
(DQ) transitions of the ’H NMR were theoretically and
experimentally investigated by Vega et al.1%? in 1980.
There are two reasons why CP is rarely used in the
solid-state >H NMR: the maximum increase in the *H
NMR intensity due to the CP from 'H spins is given by
the gyromagnetic ratio yy/yp = 6.5 for infinitely diluted
2H nuclei. This value decreases if the concentration
of ?H nuclei increases with the deuteron enrichment.
However, the increasing level of deuteration increases
the ?H NMR intensity more effectively. The second
point is that the high-power decoupling of the protons
close to the deuterons causes some problems. However,
'H—2H CP is invaluable for the investigation of the
interfaces of the deuterated segments, e.g. in polymer
blends. Ba et al."®® proposed a quadrupolar echo double
resonance (QEDOR) and a solid echo double resonance
(SOLEDOR) NMR experiment in order to provide
information about deuteron—proton distances. A new
theoretical model that describes CPMAS experiments
for abundant I = % spins coupled to a single spin S =1
was presented by Marks et al.'®¥ Gan and Robyr!%>
described a new 2-D CPMAS experiment with a three-
pulse sequence for the determination of the relative
orientation between 2H quadrupolar coupling tensors.

The MAS technique for powder materials offers a
more sensitive technique (compared with the quadrupolar
echo technique) and the opportunity for an accurate
measurement of the chemical shift.1%® A simple variation
of the processing procedure of the FID, which is obtained
in a one-pulse experiment, gives a 2-D spectrum with
quadrupolar pattern in one dimension and the isotropic
chemical shift in the other dimension.!%”:1%) The 2-D
data set in the time domain can be constructed from
the one-dimensional set, which should be acquired with
a dwell time t4wen and a rotation frequency vyy in
the order of magnitude of 1pus and 5kHz, respectively.
N = (2V101Tawen) ! points with the time distance of 2tgyen

starting at the top of each rotational echo define the #,
domain, and the increments of #; as the rotation period
1/v;ot give the t; domain. Spaniol et al. 1% recently used
a 2-D 2H MAS NMR experiment for the separation of
paramagnetic and quadrupolar interactions.

Quadrupolar effects do not shift (or broaden in the
case of powder) the signals arising from DQ transitions.
Therefore, 2-D ?H DQ NMR spectra provide information
about the chemical shift of the deuterons.?"” Advantages
of the MAS NMR technique compared with the DQ
NMR technique are the higher sensitivity of the single-
quantum compared with the DQ transition and the
higher sensitivity of the MAS technique compared with
the static echo technique. Multiple-quantum effects in
combination with MAS are less often used for *H
nuclei®?!-20% compared with nuclei with half-integer spin
(cf. section 6). Chandrakumar et al.?%® use a four-pulse
experiment (QUADSHIFT) with a # interval in the
middle (which is incremented by the rotation period)
in order to obtain chemical shift values and quadrupolar
parameters from DQ coherences under MAS conditions
[see also Chandrakumar®®]. 2H MAS NMR imaging
experiments were described by Bliimich.1>

Deuterium NMR spectroscopy of single-crystal systems
is an active field of research. The original approach of
Volkoff et al.*> is still in use, in order to obtain the
quadrupolar parameters from the angular dependence
of the line splitting, and new aspects were found and
applied by Haeberlen et al.?%+2%) The work up until
1994 is reviewed by Chandrakumar® and recent results
are also available®**2%>) The ordering behavior at the
phase transition in single crystals of betaine phosphate
and betaine phosphite has also been studied by one-
dimensional and 2-D ?H NMR. 2%

The majority of 2H NMR studies concern molecular
dynamics. Many polymer systems are studied, because
2H NMR is ideally suited to explore molecular motions
in polymers.'¥ There is a wide range of timescales for
the correlation times that are accessible by various meth-
ods: 10°—~10~*s (2-D exchange spectroscopy), 10°~1073 s
(selective inversion), 1074~107%s (line-shape analysis),
10?>-10~*s (T; anisotropy), 10~8-10~'2 s (T anisotropy)
and 10-10"'2s (T anisotropy).! For exchange spec-
troscopy we refer to the textbook by Schmidt-Rohr
and Spiess.!® The introduction of multi-dimensional
exchange experiments by Spiess etal. gave rise to
strong developments in this field. Kubo et al.?%”) recently
combined deuterium selective-excitation exchange spec-
troscopy with the Hadamard method for the measure-
ment of reorientation rates. The technique of selective
inversion is based on the selective excitation or the so-
called hole burning that has been well known in NMR
from the very beginning.?*® Recent applications to >H
NMR have been reviewed by Hoatson and Vold.1
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Table 5 Quadrupolar coupling constant Cyc = ¢2gQ/h, the asymmetry parameter 1 and the isotropic value of
the chemical shift § (referred to 1.0 M AICl;-6H,0) for the 2’ Al NMR of powder compounds at ambient

temperature?®
Compound Site Cyec (MHz) ] 3 (ppm) Refs.
Aluminates
Ca0-6Al,0;3 AlO, 2.0 Oassumed 65 261
AlOs 6.7 Oassumed 27.5 262
AlOg-1 1.5 Oassumed 9 261
AlOg-11 <1 Oassumed 16 261
Ca0-2Al1,0;3 AlOy4-1 6.7 0.8 78 261
AlOy4-11 13 0.1 ~60 261
Ca0-Al,O3 AlOy4-1 2.7 0.85 80 261
AlOy4-11 2.7 0.85 83 261
4Ca0-3A1,03 AlO, 2.4 0.95 80 261
12Ca0-7A1,03 AlOy4-1 3.7 0.9 79 261
AlOy4-11 11 0.2 85 263
3Ca0-Al, 05 AlOy 9.7 0.3 85 263
AlOy4-1 8.69 0.32 79.5 264
AlOy4-11 9.3 0.54 78.25 264
4Ca0-3A1,03-3H,0 AlOy4-1 1.8 0.5 78 261
AlOy4-11 5.4 0.45 79 261
KAIO, AlOy 1.1 0.7 76 263
KAIO,-0.5H,0 AlOy 5.6 0.0 77 263
KAIO,-H,O AlOy 6.5 0.6 83 263
KAIO,-1.5H,0 AlOy 5.0 0.25 81 263
5Ba0-Al, 03 AlOy 2.3 0.8 80 263
BaO-Al,O3 AlOy 2.4 0.4 78 263
aBa0O-Al,05-2H,0 AlOy-1 34 0.5 81 263
AlOy4-11 5.1 0.9 80 263
a-LiAIO, AlQOq 2.8 0.05 16 265
B-LiAlO, AlOy 1.8 0.55 82 265
AlOy 1.86 0.56 83.0 266
v-LiAlO, AlOy 3.2 0.7 81 265
B-NaAlO, AlOy 14 0.5 80 263
ao-AlL O3 AlOg¢ 2.40 0.01 18.8 267
y-AlL O3 AlOy >5.0 ~0 >67 268, 269
AlOg¢ 4.5 ~0 >9 268, 269
y-ALL O3 (rehydrated) AlO, 5.1 - 71.5 270
AlOs 5.1 - 44.0 270
AlOg¢ 3.55 - 10.0 270
kK-Al, O3 AlOy 7.6 0.3 81.5 271
AlOg-(1) 5.0 - ca. 13 271
AlOg-(4) 8.5 - 18 271
x-Al,O3 AlOy 5.0 0.3 71.5 272
AlOs 2.7 0.3 38.5 272
AlOg 4.5 0.3 11.5 272
Cdg(AlOz)]z SQ (sodahte) AlO4 2.00 <0.1 80.4 273
Cag(AlO,)1; S; (sodalite) AlOy 3.55 <0.1 79.1 273
Cdg(AlOz)]z Sez (sodahte) AlO4 3.95 <0.1 78.7 273
Cds(AlO,)15 (SO4), (sodalite) AlOy 3.24 <0.1 79.1 273
SI‘g(AlOz)]Q Sz (sodahte) AlO4 4.65 <0.1 76.9 273
Sr3(AlO,)1; Se; (sodalite) AlOy 5.10 <0.1 76.6 273
SI‘g(AlOz)]Q (CI‘O4)2 (sodahte) A104 6.75 <0.1 75.5 273
SrAl;Oq9 AlOy 345 0.1 68.0 145
AlOs 2.1 0.7 18.0 145
AlOg-(1) 0.6 1 17.1 145
AlOs-(2) 1.3 1 9.6 145
AlOs-(3) 49 0.63 21.7 145
Alumoborates
28r0-Al,05-B,0;3 AlOy 4.3 0.65 83.5 91

(continued overleaf)

19
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Table 5 (continued)

Compound Site Cqec (MHz) n 3 (ppm) Refs.
2Li,0-Al,05-B,0;3 AlO, 6.0 0.45 76 91
3Li,0-Al1,03-2B,0; AlOy 6.7 0.83 70 91
9A1,05-2B,0; AlO, 6.8 0.1 53 91
AlOs 4.8 0.3 31 91
AlOg 6.2 04 10.5 91
Aluminumphosphates
AIPO, (quartz) AlOy 4.2 0.35 44.8 274
AIPOy (tridimite) AlO, 0.75 0.95 39.8 274
AIPOy (cristobalite) AlOy 1.2 0.75 42.5 274
AlLLPO4(OH); (augelite) AlOs 5.5 0.78 30 275
AlOg 4.7 0.2 -3 275
AlL,PO4(OH);-H,O (senegalite) AlOs 2.87 0assumed 30 275
AlOg 4.09 0.ssumed 1.7 275
KAIP,0, AlOg 1.2 0.25 —16 276
AIPO,-5 (molecular sieve) AlOy 2.3 0.95 40.4 274
AIPO4-8 (dehydrated sieve) AlO4-(1) 3.9 0.5,6sumed 40.1 84
AlOy4-(2) 3.6 0.5 6sumed 40.6 84
AlO4-(3) 3.6 0.5 ssumed 47.0 84
AlOy-(4) 3.0 0.5 ssumed 429 84
AlO4-(5) 34 0.5 3ssumed 42.6 84
AIPO,-14 (molecular sieve) AlOy4-(3) 1.75/1.74 0.70/0.63 43.2/42.9 83/277
AlO4-(2) 4.15/4.08 0.82/0.82 44.0/43.5 83/277
AlOs-(1) 5.66/5.58 0.89/0.97 27.2/27.1 83/277
AlOg-(4) 2.60/2.57 0.68/0.70 —-0.9/-1.3 83/277
AlIPO,-21 (molecular sieve) AlOy 3.7 0.15 47.3 78
AlOs-1 5.9 0.68 14.6 78
AlOs-I1 7.4 0.52 15.7 78
AIPO4-25 (molecular sieve) AlO,-1 1.9 0.67 assumed 40.8 78
AlOy-I1 0.8 0.67 assumed 39.5 78
AIPO,-25 (dehydrated molecular AlOy4-1 2.3 0.67 assumed 39.2 78
sieve)
AlOy-II 1.1 0.67 assumed 37.5 78
Alumosilicates
AL SiOs (sillimanite) AlO, 6.77 0.53 64.5 278
AlOg 8.93 0.46 4.0 278
AL SiOs (andalusite) AlOs 5.73 0.7 35 279
AlOg 15.5 0.0 10 279
AL SiOs (kyanite) AlOs-(1) 10.1 0.27 13.0 280
AlOs-(2) 3.8 0.85 4.0 280
AlO4-(3) 6.4 0.70 5.7 280
AlOg-(4) 9.2 0.38 5.9 280
Mullite (~3A1,0;-1Si0;) AlOg 73 0 6.3 281
AlO4(T) 7.3 0 68 281
AlOy(T") 6 0.5 53 281
AlO4(T*) 4 0.5 45 281
Pennine AlOy 2.8 - 72 278
AlOg 1.4 - 10 278
KAISi,Og (leucite) T1-T3 21-23 Oassumed 61-69 282
CaAl,Si,Og (anorthite) T1-T6 2.7-82 0.45-0.70 61-66 282
KAL{(OH,F),/AlSi;O1o} AlO, 2.1 - 72 278
(muscovite) AlOg 2.2 - 5 278
CaAlz{(OH)Z/A12512010} A104 4.2 - 76 278
(margarite) AlOq 6.3 - 11 278
Xantophyllite AlO, 2.8 - 76 278
AlOg 2.0 - 11 278
NagAl,Be,Sig0,4Cl, (tugtupide) AlO, 1.36 0.08 63.4 218
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Table 5 (continued)
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Compound Site Cyec (MHz) n 3 (ppm) Refs.
NaAlSizOg (low albite) AlOy 3.29 0.62 62.7 283
KAISi;Og (microcline) AlO, 3.22 0.21 58.5 283
(Mg, Fe)Al;SiBOy (grandidierite) AlOs 8.7 0.95 41.0 284
AlOs-(1) 35 0.5 9.0 284
AlOg-(2) 8.6 0.95 11.0 284
Natrolite AlOy 1.67 0.50 64 278
LiCl-sodalite AlOy 0.98 0.59 71.9 217
LiBr-sodalite AlOy 0.71 0.61 70.9 217
NaCl-sodalite AlOy 0.94 0.32 62.9 217
NaBr-sodalite AlOy 0.81 0.29 61.8 217
Nal-sodalite AlOy 0.57 0.34 60.4 217
Na-A, hydrated zeolite AlOy 1.1 0.75 59.2 278
Na-Y, hydrated zeolite AlOy 2.0 0.5 62.8 278
Na-Y, dehydrated zeolite AlOy 55 0.3 ca. 60 285
H-Y, dehydrated zeolite AlO; 13.1 0.75 105 +20 285
AlO;3 13.5 0.4 - 286
AlO; 15.3 0.4 60 287
AlOy 6.0 0.7 - 286
H-Y, dealuminated, dehydr. AlO;3 13.7 0.5 - 286
AlOy 7.0 0.7 - 286
USY AlOy 2.8 - 60.0 270
AlOs 4.1 - 34.5 270
AlOg 2.9 - 4.0 270
HMOR, dehydrated zeolite AlO; 15.0 0.35 - 286
AlOy 6.8 0.7 - 286
Na-ZSM-5, dehydrated zeolite AlOy 4.7 0.5 ca. 60 285
H-ZSM-5, dehydrated zeolite AlO; 16.0/15.5 0.1/0.5 82 4+ 20/- 285/286
AlOy 7.3 0.7 - 286
H, AI-MCM-41 (as synthesized) AlOy 2.3 Oassumed 52.6 288
Fluoroaluminates
H;AIlFs-6H,O AlFg 0.3 0.0 -2.8 289
K,AlFs-H,O AlFg 12 0.0 0 289
Rb,AlFs-H,O AlFg 13 0.0 0 289
CsAlFs-H,O AlFg 7.5 0.15 -10 289
NH,AIF, AlFg 10 0.1 -6 289
KAIF, AlFg 12 0.0 -5 289
RbAIF, AlFg 13 0.1 —4 289
ALSiO4F; (topas) AlFg 1.7 0.4 0.3 289
Others
Al(acac); AlOg 3.03 0.15 0.0 290
Al(trop)s 4.43 0.08 36.6 290
Al(TMHD); AlOg 3.23 0.10 1.5 290
AlCl3-3A1(OH);3-6H, 0 AlOg 6.9 0.4 7 291
AICl;-4A1(OH);-7H,0 AlOg 5.7 0.7 3 291
AICl;-OPCl3 AICI;0 6.0 0.15 88 292
Al,Ge, O AlOs 8.8 0.4 36 293
AlLaGe, 07 AlOs 7.2 0.37 36 293
Al (MoOy); AlO4-(1) 1.12 0.65 —12.4 272
AlOs-(2) 0.88 0.95 —13.4 272
AlO4-(3) 1.21 1.0 —-10.3 272
AlO4-(1) 0.78 0.8 —-11.1 272
Al (OH),(H,0)5(S04),-2H,0 AlOg 4.6 0.4 3 291
Al,(OH)4S0O4-7H, O (aluminite) AlOg-1 10.1 0.1 6.9 291
AlOg-11 11.6 0.15 6.4 291
KAI(SO4),-12H,0 AlOg 0.400 0.00 —4.1 266
NH,4AI(SO,),-12H,0 AlOg 0.456 0.00 -04 266

2 The data published in 1983-92 were compiled by Dirk Miiller.
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Table 6 Quadrupolar coupling constant Cyec = €2qQ/h, the asymmetry parameter 1 and the isotropic value
of the chemical shift § (refered to 1.0 M NaCl) for the 2Na NMR of powdered substances at ambient
temperature?®

Compound Site Cyec (MHz) n 3 (ppm) Ref.
Sodium-nitrogen compounds
NaNO; 0.337 0.00 -8.0 266
NaNO, 1.09 0.11 —0.1 266
NaNj; 0.297 0.12 -38 266
Aluminosilicates
NaX (Si/Al = 1.0) I 1.1 0.5 5.2% 294
r 5.8 0.0 —12.8* 294
11 5.0 0.0 —8.8* 294
1IT1'(1,2) 22 0.7 —10.8* 294
I’ (3) 1.2 0.9 —22.8* 294
NaX (Si/Al = 1.23) I 0.0 0.0 1.2* 74
T 52 0.0 —11.8* 74
11 4.6 0.0 —7.8* 74
1I'(1,2) 2.6 0.7 —5.8* 74
IIr'(3) 1.6 0.9 —21.8* 74
NaY (Si/Al =2.5) I 1.2 Oassumed 2.2% 146
r 4.8 0.0 3.2* 74
11 39 0.0 —4.8* 74
EMT (Si/Al = 3.7) I 1.0 Oassumed 0.7+ 146
I'+11 4.1 0.3 0.2* 146
NaMOR (Si/Al =7.1) 12-ring 2.0 Oassumed —6.8* 146
Sidepockets 3.1 Oassumed —16.8* 146
NaZSM-5 (Si/Al = 18) 2.0 Oassumed —10.8* 146
NaAlSi;Og (albite) 2.69 0.25 =71 295
NagAl,Be,SisO24Cl, (tugtupide) 1.41 0.44 7.7 218
Amphibole HSMC M(4) 3.9 0.49 9.3 296
A 2.9 0.26 55 296
NacCl-sodalite, dehydrated 0-0.5 - —8.8 217
~0 0.67 assumed 6.3 71
NaCl-sodalite, hydrated <0.1 - - 297
NaBr-sodalite, dehydrated 0.72 0.12 -9.9 217
1 0.67 1ssumed 8.5 71
NaBr-sodalite, hydrated 0.6-0.8 - - 297
Nal-sodalite, dehydrated 1.73 0.06 —20.6 217
1.9 0.67 assumed 9.3 71
Nal-sodalite, hydrated 1.5-1.8 0 - 297
Na-hydroxosodalite 2.00 0.10 3.2* 298
Na-nitride sodalite 1.00 0.18 0.4* 298
Silicates
Na,H,Si04-8H,0 1.11 0.72 3.8* 298
Na,H,Si04-5H,0 I 1.35 0.45 5.7% 298
11 2.01 0.70 0.0* 298
Na,H,Si0,4-4H,0 I 1.80 0.75 9.0* 298
11 2.83 0.17 9.5* 298
Others
NaOH 35 0.00 19.4* 298
Na; P30y I 1.57 0.55 1.6* 298
I 2.20 0.70 —7.6* 298
Na,(OOCCH),-H,O I 1.34 0.80 —2.2% 298
I 0.80 0.75 0.9 298
Na,C,04 2.50 0.74 17.9 266
CH;COONa-3H,0 0.779 0.38 2.1 266
Na,SO4 2.60 0.58 —1.3* 298

4 An asterisk denotes values of the chemical shift which were originally referred to solid NaCl and transformed by
3(1 M NaCl) = 3(solid NaCl) + 7.2 ppm. Zeolite samples listed in this table were dehydrated.
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Table 7 Quadrupolar coupling constant Cyec = ¢2gQ/h, the asymmetry parameter 1 and the isotropic
value of the chemical shift § (referred to H,O) for the 7O NMR of powder compounds at ambient

temperature?®
Compound Site Cqec (MHz) n 3 (ppm) Ref.
Aluminum oxides and hydroxides
a-Al,O; (corundum) OAl, 217 0.55 75 299
AIO(OH) (boehmite) OAl, 1.20 0.1 70 299
OAly 1.15 0.13 70.0 266
AL OH 5.0 0.5 40 299
Al(OH); (bayerite) ALOH 6.0 0.3 40 299
’Y—A1203 OAly 1.8 Oassumed 73 299
n-ALO; OAly 1.6 Oassumed 73 299
3-Al, 05 OAl, 1.6 Oassumed 72 299
0-Al, 05 OAly 12 Oassumed 72 299
OAL 4.0 0.6 79 299
Aly30y cluster AIOAl 12 0 50 300
Microporous materials
AIPO4-5 AIOP 5.7 0.0 63 301
AlPO,-11 AIOP 5.7 0.0 64 301
AIPO,4-17 AIOP 5.6 0.1 67 301
Ga-sodalite SiOGa 4.0 0.3 29 301
SiOSi 5.1 0.0 52 301
NaBa-Ga-sodalite SiOGa 4.0 0.3 29 301
SiOSi 5.1 0.0 52 301
Ga-X Si0OGa 4.0 0.3 28 301
SiOSi 5.0 0.0 50 301
Na-Y SiOAl 31 0.2 31 302
SiOSi 4.6 0.2 46 302
Ba, Na-Y SiOALl 3.4 0.2 45 302
SiOSi 5.1 0.1 57 302
NH,-Y SiOAl 32 0.2 31 302
SiOSi 5.0 0.1 47 302
Na-Y, dealuminated SiOSi 52 0.1 47 302
Sil-Y, dehydrated SiOSi O1 5.1 0.3 423 85
SiOSi 04 5.28 0.2 348 85
Si08i O3 5.14 0.1 473 85
SiOSi 02 5.39 0.2 372 85
Na-A, dehydrated SiOAl 32 0.2 33 302
Na-A, hydrated SiOAl O1 34 0 43.6 86
SiOA1 O3 34 0.25 40.5 86
SiOAI 02 34 0 31.0 86
Na-LSX, hydrated SiOAl1 01 32 0.4 50.3 86
SiOAI O3 34 0.3 45.0 86
SiOA1 O2 33 0.3 41.7 86
SiOAl O4 3.6 0.15 36.9 86
Na-ZSM-5, hydrated SiOSi 53 0.12 40.0 53
SiOAl 35 0.29 30.0 53
Stilbite SiOSi 5.1 0.18 43 303
SiOAl 35 0.28 33 303
Silicates
SiO; (low cristobalite) SiOSi 53 0.0 46 302
SiO, (cristobalite) SiOSi 53 0.125 40 304
SiO, (amorphous) SiOSi 5.8 0.0 50 305
SiOH 4.0 0.3 20 305
SiO; (stishovite) SiOSi 6.5 0.125 109 306
SiO; (coesite) SiOSi 05 5.16 0.292 58 307
Si0Si 02 5.43 0.166 41 307
SiOSi 03 5.45 0.168 57 307
SiOSi O4 5.52 0.169 53 307
SiOSi 01 6.05 0.000 29 307

(continued overleaf)

23
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Table 7 (continued)

Compound Site Cqec (MHz) n 3 (ppm) Ref.
Mg, SiOy (forsterite) SiOMg-1 2.35 0.2 61 308
SiOMg-11 2.35 1.0 62 308
SiOMg-111 2.70 0.3 47 308
SiOMg-1 2.8 Oassumed 64 309
SiOMg-11 33 Oassumed 72 309
SiOMg-111 3.0 Oassumed 49 309
MgSiO; (clinoenstatite) SiOMg-1 32 0.0 60 310
SiOMg-11 32 0.0 42 310
SiOSi 5.1 0.3 62 310
SiO-? 2.9-52 Oassumed 57-70 309
CaMgSi,O¢ (diopside) SiOCa 2.7 0.0 84 310
SiOMg 2.7 0.1 63 310
SiOSi 4.4 0.3 69 310
SiOCa 2.8 Oassumed 86 309
SiOMg 2.7 Oassumed 64 309
SiOSi 4.5 Oassumed 69 309
Mg;5SisO19(OH), (talc) SiOMg 32 0.0 40 305
SiOSi 5.8 0.0 50 305
MgOH 7.3 0.0 0 305
Li,Si,05 br O1 5.6 0.55 108 311
br O2 4.05 0.05 35 311
nb O3 2.45 0.1 38 311
a-Na;,Si;Os br O1 5.74 0.2 52 311
br O2 4.67 0.3 74 311
nb O3 2.4 0.2 36 311
K;Si,Os br O1 51 0.1 114 311
br O2 4.7 0.2 69 311
nb O3 2.1 0.5 72 311
RD,Si,05 br O1 4.4 0.1 124 311
br O2 4.7 0.5 59 311
nb O3 1.9 0.5 93 311
K;SisOy (wadeite) br O1 4.45 0.35 62.5 306
SiOSi 02 49 0.2 97 306
BaSiO; br O 3.7 0.4 87 310
a-SrSiO; br O 41 0.4 80 310
a-CaSiOs br O 3.8 0.2 75 310
CaSiOj; (wollastonite) SiO-? 2.3-4.7 Oassumed 115-167 309
Ca,Si0; (larnite) SiO-? 2.5-2.8 Oassumed 122-134 309
Na-ilerite (RUB-18) SiOSi 51 42.6 312
SiOH 3.1 0 61.2 312
Aluminosilicate glasses
YAS br O 3.1 - 54 313
nb O 143 313
nb O 210 313
LAS br O 3.1 - 58 313
nb O 178 313
NaAlSi;Og SiOSi 5.1 0.15 49 314
SiOAl 32 0.05 33 314
NaAlSi;Og SiOSi 5.2 0.2 40 315
SiOAl 3.8 0.2 25 315
Analcime H,O 7.6 0 18 316
Silicate glasses
Na,SisOy SiOSi 52 0.22 51 315
nb O 2.7 0.25 40 315
H,O 6.0 0.7 20 315
Na;Si;Os br O 4.9 0.1 69 311
nb O 2.35 0.2 37 311
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Table 7 (continued)

Compound Site Cqec (MHz) n 3 (ppm) Ref
Na;Si; O br O 5.0 0 60 306
nb O 2.3 0 39 306
Li,S1,05 br O 5.0 0.15 68 311
nb O 2.55 0.2 42 311
K;Si, 05 br O 4.7 0.25 60 311
nb O 2.5 0.45 84 311
K;Si, Oy br O 49 0 52 306
nb O 23 0 76 306
Cs,51,05 br O 4.55 0.3 68 311
nb O 31 0.55 145 311
Ba Si glass br O 4.0 0.3 78 317
Ba Ca Si glass br O 41 0.3 68 317
Ca Si glass br O 4.7 0.3 59 317
br O 4.6 0.0 66 318
nb O 2.1 0.2 110 318
Na,0-GeO; crystals and glasses
GeO; (quartz) GeOy 73 0.48 70 319
GeO; (rutile) GeOg 7.5 0.10 160 319
Na,GeOj; (crystal) GeOy 52 0.5 70 319
NBO 2.5 0.5 47
Na;0-9GeO, GeO, 7.0 0.5 165 319
GGO(,
2 Na,0-9GeO, GeO, 6.0 0.5 80 319
Others
TiO, (rutile) TiOTi 1.5 0.87 596.5 249
HfGeO, HfOGe 52 0.65 185 320
Mg(OH), (brucite) MgOH 6.8 0 20 321
Mg(OH), polycristalline MgOH 6.8 0.0 25 305
Mg(OH),(OCH3),- MgOH 7.25 0 =25 321
Hydroxyapatite Cas(P'7O,4);(OH) 4.0/4.1 0.0/0.1 108/115 322
CaHP04-2H,0 4.2/43 0/0 98/96 322
KH,PO4 52 0.55 92 322
NH,H,PO, 5.1 0.55 93 322
Ba(ClOs),-H,'"O H,O 6.8 1.00 22 322
Ca(OH), 6.5 0.00 62 322
CaCO; 6.97 1 204 323

2 The data published after 1989 were compiled by Ulf Pingel. A site nb O and br O denotes nonbridging and bridging

oxygen, respectively.

If the quadrupolar echo decay (m/2,1t,7/2,t,15)
is monitored as a 2-D data set, the doubly Fourier
transformed 2-D spectrum can be influenced by a
slow motion. Schleicher etal.?® applied this tech-
nique for the observation of dynamics in alanine.
Miiller et al.?!® used a multiple-pulse quadrupolar
echo sequence, in order to obtain information about
the chemical exchange. For other examples, including
the influence of dynamics on the longitudinal relax-
ation time in the Zeeman reservoir Tiz or the relax-
ation time in the quadrupolar reservoir 7o, see Vold
et a1 (11,211

Larsen etal.?!? applied the CPMG experiment to
deuterons (*H QCPMG) and thereby enhanced the sen-
sitivity by about one order of magnitude and the dynamic
range by two orders of magnitude.

Dynamic experiments were mainly performed with
nonrotating samples. However, dynamic 2H MAS NMR
is now in progress. Weintraub and Vega®'® studied
dimethyl sulfone by MAS and off-MAS techniques. Kris-
tensen et al. investigated multiaxial dynamics®'¥ and
effects of restricted rotational diffusion.?!>

10 SURVEY OF NUCLEAR MAGNETIC
RESONANCE PARAMETERS FOR
SELECTED COMPOUNDS

Collections of electric field gradient and chemical
shift data for the most commonly studied quadrupolar
nuclei with half-integer spins 2’Al, »Na and 7O
are presented in Tables 5, 6 and 7, respectively. For
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solid-state NMR studies of other quadrupolar nuclei
we give only a few references to recent publi-
cations: lithium-6,'9 lithium-7,7*2!? beryllium-9,?'®
boron-11,?1-22D nitrogen-14,?>» magnesium-25,%?%
sulfur-33,22*225 chlorine-35/37,?%% potassium-39,?27-228)
calcium-43,2%-23D  scandium-45,%*?  titanium-47/
49,(233.234) vanadium-51,235230) chromium-53,37
cobalt-59,236:238.239)  copper-65,240  zinc-67,241:24)  gal-
lium-69/71,(243-245) bromine-81,240) rubidium-85/
87,%47.248)  zirconium-91,?* niobium-93,33249 molyb-
denum-95,%% indium-115,*" antimony-121,%? iodine-
127,394 cesium-133,2559  barium-137,%7-28)  lan-
thanum-1397325% and lutetium-175.3¢0
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