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Abstract

High-resolution magic angle spinning (HRMAS) has become an extremely versatile tool to study heterogeneous systems.
HRMAS relies on magic angle spinning of the sample and on pulse sequences originally developed for liquid state NMR. In most
cases the outcome of the experiment is conform to what is expected from high-resolution liquid state NMR spectroscopy. However
in some instances, experiments run under MAS can produce some very puzzling results. After reviewing the basic hardware which is
at the heart of HRMAS spectroscopy, we show that the origin of this behavior lies in the natural time-dependence of some physical
quantities imparted by the rotation. We focus in particular on the effects of B; inhomogeneities on the nutation, the (90°) .~
(90°)_, and the MLEV16 experiments. Different models of radiofrequency distribution of Bj fields in a solenoidal coil are derived
from simple geometrical considerations. These models are shown by NMR spin dynamics calculations to reproduce the experimen-
tal NMR results. They are also consistent with electromagnetic simulations of the B; field distribution inside a solenoidal coil.
© 2004 Elsevier Inc. All rights reserved.
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experiment

1. Introduction

The terminology high-resolution magic angle spin-
ning (HRMAS) [1-5] describes the study by NMR of
mobile compounds contained inside heterogeneous med-
ia in rotation at the magic angle [6,7]. The domain of
application of HRMAS is extremely diverse, encom-
passing the fields of chemistry, biochemistry, biology,
and even medicine. Important applications include the
analysis of molecules issued from solid phase synthesis
[2-5,8-12], lipids [13], swollen polymers [14], biological
samples [15-18], and mesoporous materials [19]. While
under static conditions such samples exhibit broad and
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featureless spectra, in rotation at the magic angle, they
display spectra approaching the resolution of liquid
samples. The mobility of the molecules observed in these
heterogeneous media is essential to obtain resolved li-
quid-like spectra. This mobility can be intrinsic to the
sample or re-injected back by an appropriate swelling
of the sample.

In heterogeneous quasi-liquid samples, various inter-
actions of electronic or magnetic origin are present. The
most important ones involve differences in magnetic sus-
ceptibilities, nuclear magnetic dipolar interactions, and
electronic shielding of the nuclei (CSA). Among these ef-
fects, the natural distribution of magnetic susceptibilities
present in heterogeneous samples is the principal cause
of the line broadening observed. The main reason for
the dramatic change in resolution observed upon sample
spinning is that MAS has the unique property of averag-
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ing out to zero most of the differences in magnetic sus-
ceptibility in the sample [20]. The dipolar and the CSA
interaction contribute only to a small fraction of the
experimental linewidth since the relatively fast dynamics
of these systems is sufficient to greatly reduce these two
interactions. Compared to real solid samples, the dipo-
lar and the CSA interactions present in HRMAS sam-
ples are therefore much weaker and only a residual
effect can be observed [21]. Assuming an isotropic
molecular orientation, the effect of MAS on heteroge-
neous quasi-liquid samples can be described as for pow-
der samples. The effect of MAS on these samples is
therefore, like in solid-state NMR, to average out to
zero the residual anisotropic dipolar and CSA interac-
tions [22]. Under MAS conditions, mobile molecules in
heterogeneous samples can be treated as molecules dis-
solved in a liquid and standard liquid-state NMR exper-
iments can be employed. Such sequences were originally
developed for the study of static compounds in solution.
However, the theoretical description [23] used to de-
scribe static liquid samples can also be employed to de-
scribe spinning samples. The correlation times
associated with molecular motions are generally much
smaller than the period of rotation of the spinning sam-
ple and the theoretical approach used for static liquid
sample can be applied to quasi-liquid spinning samples.
The validity of this procedure is supported by HRMAS
NMR results. However, under spinning conditions,
some subtle effects can appear that complicate the anal-
ysis of the NMR data. The signal behavior of samples
undergoing a coherent rotation is more complex to ana-
lyze than static samples because of the time-dependence
of a number of physical variables imparted by the rota-
tion. Indeed, in the course of its rotation, the sample is
necessarily taken through regions of varying magnetic
fields, resulting in a natural amplitude (and possibly
phase) modulation of several magnetic fields. These ef-
fects have seldom been analyzed but are nonetheless real
and can have a significant impact on the outcome of the
NMR experiment. The principal physical parameters
that become time-dependent in the course of the sample
rotation are: (a) The value of the B field experienced by
the spins; (b) The intensity of the field gradient pulses;
(¢) The amplitude of the B; RF-field. In this review,
the consequences of this time-dependence will be inves-
tigated both theoretically and experimentally for a sam-
ple rotating in spatially varying fields. Consequences of
the inhomogeneities in the By field due to magnetic sus-
ceptibility differences and in the amplitude of the field
gradient pulses will be discussed, but the main emphasis
will be given on the effects of RF-field inhomogeneities.
The effect on the experimental results is indeed most
pronounced for B; inhomogeneities and has so far at-
tracted very little attention. We show in this review that
some peculiar effects observed in a number of NMR
experiments can be explained by analyzing the RF-field

distribution present in a solenoidal coil. In particular,
axial and radial field inhomogeneities with a particular
spatial dependence are shown to play a vital role. Before
turning to these issues, some general considerations
regarding important physical parameters for rotating
samples will be discussed. A general description of the
hardware required to carry out HRMAS experiments
will also be presented.

2. Thermal and mechanical issues in MAS systems

NMR samples investigated by magic angle spinning
experience some specific boundary conditions, which
are characterized by:

(i) Thermal effects, caused by frictional heating with
the air bearings.

(i) Mechanical phenomena, because fast spinning often
leads to strong acceleration or deceleration of the
sample (when spinning up or down) as well as to
strong centrifugal forces at constant spinning speed.

(ii1) Electromagnetic constraints concerning either the
static or the RF fields.

Points (i) and (i) will be the subject of the following
Sections (2.1 and 2.2) while point (iii) will be discussed in
detail in Section 3.

2.1. Thermal phenomena, temperature measurement

Fast mechanical rotation of the sample may modify
physical parameters like the temperature, the concentra-
tion or the density. The distribution of these quantities
within the sample can itself be modified by the rotation.
Friction between the rotor and the ambient MAS bear-
ing and drive gas surrounding the MAS rotor may result
in an increase of the temperature simultaneously with
the appearance of a gradient of temperature over the
sample.

Thermal effects of magic angle spinning on *'P NMR
spectra of P4S; were reported by Jacobsen and co-work-
er [24], in a study of the crystalline-to-plastic phase tran-
sition of that solid material. NMR chemical shift
thermometers for determining and calibrating the
MAS sample temperature were discovered and proposed
by Limbach and co-workers [25], Sebald [26], Freude
and co-workers [27], Bielecki and Burum [28], and
Grimmer and co-workers [29].

With the availability of these tools to measure the
temperature of the MAS rotor walls and that of the
NMR sample or even the temperature distribution,
two parallel goals were accomplished. On one hand,
from the MAS system point of view, it became possible
to partly quantify the thermal effects accompanying
MAS, like, e.g., the fact that the temperature increase
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of the MAS sample is proportional to the square of the
spinning rate. For a complex system like an air-bearing
MAS stator/turbine with partly laminar, partly turbu-
lent gas flows (bearing gas flow, drive gas flow, VT gas
flow, and exhaust gas flows), which is thermodynami-
cally an open and highly heterogeneous system, any reli-
ably measurable physical quantity, that affects the
efficiency and operation of the system, is of invaluable
help. On the other hand, from the sample point of view,
a means became available to precisely measure and cal-
ibrate the temperature of the NMR sample, i.e., for
example, that it is possible to establish a unique relation-
ship between operational parameters like bearing pres-
sure and flow, spinning rate, and temperature of the
sample. MAS design changes affect the thermal charac-
teristics of the MAS system, and vice versa, as recently
demonstrated by Doty et al. [30], to change or improve
the thermal features of the system, mechanical modifica-
tion or even re-design might be necessary.

For a liquid sample, spinning at 6 kHz the tempera-
ture increase is on the order of 5 K. The shape and re-
duced size of the sample used in HRMAS experiments
with moderate spinning rates contribute to minimize
the temperature rise.

2.2. Mechanical effects

Besides the spinning motion, the rotor with the sam-
ple may perform additional motions. The air cushion in
the bearings has elastic properties such that the system
rotor + air bearings + MAS stator housing represents
a system that may exhibit mechanical vibrations (vari-
ous kinds of nutational and precessional motion). Since
the mass of the rotor (including the sample) is small
compared to the mass of the MAS stator (the latter in
turn is rigidly connected to the probe frame) the rotor
will carry out tiny oscillatory motions with an amplitude
larger than the amplitude of vibrations of the surround-
ing system. Naturally, it is one of the first goals of every
MAS design to keep the amplitude of rotor vibrations
under control such that no interference with the spin-
ning occurs. Nevertheless, vibrational amplitudes are
also affected by the distribution of the sample mass in-
side the rotor, hence an even packing of the sample in
the rotor is of utmost importance to ensure proper oper-
ation. MAS rotors contain the NMR sample and must
provide high mechanical strength to withstand the cen-
trifugal forces acting upon fast spinning. The mechani-
cal load resulting from the centrifugal forces at
angular frequency wp
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depends on the rotor material density p and outer and
inner rotor radii, R, and R;, respectively. The equation
above can also be used to estimate the centrifugal load

(R2+R,R +R?) (1)

acting on the NMR sample inside the rotor with the cor-
responding reinterpretation of the radii R, and R;, and p
then denoting the sample density. For example, an
NMR sample (p = 1 gcm ™) with an outer diameter of
2R,=3mm (e.g., in a 4 mm MAS rotor) in the shape
of a full cylinder (R; = 0) at 15 kHz experiences a cen-
trifugal pressure of g. = 6.7 MPa (= 67 bar) at its outer
circumference.

For a loosely packed, spinning solid sample, the real
sample distribution is not accurately known and the
sample is pressed against the walls of the rotor with
the centrifugal force estimated above. For a liquid with-
out any air bubbles in a MAS rotor, due to incompress-
ibility of the liquid, sample density can be assumed to be
homogeneous. However, for heterogeneous-semi-solid/
liquid sample a heterogeneous distribution cannot be ex-
cluded. Indeed, for a system of molecules bound to a re-
sin and swollen in solvent, NMR HRMAS observations
indicate clearly the presence of both kinds of solvent:
free and solute forms. Due to centrifugal forces, the
swollen resin matrix is distributed along the rotor walls
while the free solvent occupies the center of the rotor
[31].

For MAS solid samples, it is clear that the whole
sample spins at the same spinning rate. In the case of
a viscous medium such as a heterogeneous quasi-liquid,
the situation is analogous. Particular experimental con-
ditions are used to induce flow by the spinning such as a
sample placed between two horizontal concentric tubes
rotating at very low spinning rates of different value
[32]. After a brief transition from turbulent to laminar
flow the MAS sample reach a stationary spinning state.
The MAS spectrum of a real liquid sample shows side-
band patterns with peaks separated by the spinning fre-
quency. The shape and the line width side-band peaks
indicate clearly that the liquid sample moves uniformly.
As will be shown below, the nutation experiment leads
to results supporting the findings.

3. Hardware considerations

HRMAS experiments are usually performed on stan-
dard liquid-state NMR spectrometers equipped with a
dedicated HRMAS probe that allows to spin the sample
at the magic angle. The radiofrequency circuits of these
probes are designed to withstand the power classically
available on liquid-state NMR spectrometers. Likewise,
the gradient coil generates a gradient field strength sim-
ilar to what is found on a liquid state probe (ca.
50 G ecm™'). HRMAS probes are not designed to run
CPMAS type experiments. The shape of the sample
and the sample container itself (MAS rotor) are
designed to minimize the effect of the different sources
of B, field inhomogeneities to obtain an intrinsic line-
width similar to the one obtained on standard liquid
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high-resolution probes. In the following sections, some
general considerations concerning the design of
HRMAS probes will be presented.

3.1. RF solenoidal coils

Helices and solenoids are synonyms for a resonating
structure commonly employed in electronics called “in-
ductances”: dipoles with positive imaginary complex
impedance. Inductors find their place together with
capacitors in any oscillating circuit for analog electric
designs. These structures, exhibiting a particular symme-
try, are used as delay lines in travelling wave tubes [33]
or as filters [34] for radiofrequency electronics applica-
tions. As a mere example, they are present in actual mo-
bile phone technologies as antenna components. A
significant number of publications exist for the various
models and fields of applications for solenoidal coil
structures. For the early work, the reader is referred to
the review of Sensiper [35], while some of the more re-
cent research literature relevant for magnetic resonance
can be found in Engelke [36].

The use of inductors is the most common way of gen-
erating magnetic fields, since they allow maximum cur-
rent density. Solenoidal coils have been used to
generate the RF-field B; field in the beginning of
NMR in the late 1940s. It is reported in the experiments
of Purcell and Torrey (see in Soutif and Gabillard [37])
that 1 mH inductors were used to produce a RF-field at
30 MHz 'H resonance frequency. Nowadays only a few
tens of nanohenrys are required to generate fields at
900 MHz 'H resonance frequency. The principle of rec-
iprocity, formulated for NMR by Hoult and Richard
[38], was demonstrated by the use of solenoidal coils.
It was shown that, in principle, solenoidal coils possess
a performance significantly higher than Helmholtz coils
(saddle coils) in terms of achievable signal-to-noise ra-
tio, provided that the same cylindrical dimensions are
applied.

In the 1970s, the development of cross polarization,
magic angle spinning, and proton high-power decou-
pling techniques led to the development of multi-tuned
single-coil NMR probes for solid-state NMR. Double-
resonance MAS probes and probes suitable for 'H
CRAMPS experiments emerged, homebuilt as well as
commercially available, and became a standard instru-
mentation in solid-state NMR spectroscopy [39-47]. It
was not until the end of the 1980s with the invention
of REDOR techniques [48,49], that the necessity arose
to have access to single-coil triple-resonance MAS
probes—and here, again, the versatility of solenoidal
coils represented an obvious and efficient technical solu-
tion for these solid-state NMR MAS probes.

An alternative idea to find a technical efficient solu-
tion to fulfill the different requirements for circuits and
coils for widely differing frequencies (e.g., for 'H and

13C) was pursued by Doty et al. [50]. He departed from
the strategy of a multiply tuned single coil and used in-
stead a dedicated resonator structure for the high-fre-
quency channel and a solenoidal coil for the low
frequencies in his HRMAS probe.

Since the 1980s RF homogeneity of coils was given
increased attention. One approach to increase the RF
homogeneity of the solenoidal coil was to vary the pitch
angle of the solenoidal windings or the width of the coil
wire [51-53]. Leifer [54] proposed an inverse strategy to
optimize homogeneity of the RF-field in 6 and 10 turn
coils with diameters larger than 10 mm operating at fre-
quencies of 85 and 21 MHz, respectively. By using
Chebyshev polynomials to describe the field, he uses
an inverse technique proposed by Turner [55] to derive
the current distribution that generates the desired field
and, in turn, from the current distribution the position-
ing of the nonequidistant windings can be derived. Sun
and Maciel [52] have proposed and built an RF-coil
for MAS probes where the plane of each coil turn is
tilted such that the amplitude of the transverse RF-field
is increased while the coil axis is oriented at the magic
angle. They demonstrated experimentally, that for such
a coil the signal-to-noise ratio could be improved of 17%
compared to a standard solenoidal coil oriented along
MAS.

Apart from the detailed coil geometry, electrical bal-
ance of the coil is another important point to achieve
good homogeneity of the RF magnetic field inside the
coil, high sensitivity of the probe circuits as well as a
minimum coupling of electric fields to the sample dielec-
tric. Electrical balance means that at a given frequency
the two ports of a solenoidal coil are connected to a cir-
cuit that provides equal complex impedance to each port
such that the reflection factors on both ports are equal
to each other and a symmetric standing wave appears
with the oscillating maximum RF magnetic field in the
coil center. In early spectrometer designs, where the
transmitter and/or preamplifier were usually integrated
much closer to the oscillator circuit that made up the
probe, symmetric operation of both was much more
common (see, e.g., [56-58]). To reduce losses in biolog-
ical samples having relatively high conductivity caused
by the presence of the RF electric field of coils implanted
in biological tissues, Murphy-Boesch [59] apply symme-
trization or balancing of the coil using additional capac-
itors in a single-resonance circuit. As a result they
demonstrate a significantly increased Q factor of the
probe circuit and a drastic increase of signal-to-noise ra-
tio of *'P spectra at 97 MHz. Decorps et al. [60] have
shown that well balanced circuits can be achieved as well
with inductive coupling the NMR coil to the RF circuit.
The key point for these two applications is that balanc-
ing leads to a minimization of the electric RF-fields in-
side the coil and therefore dielectric and conductive
losses appearing in the NMR sample can be minimized.
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Another case where a balanced circuit is advantageous is
when the NMR coil has to be matched to the transmis-
sion line connecting the coil to a liquid nitrogen cooled
preamplifier. This setup was studied by Conradi and Ed-
wards [61] in their low-temperature probe with the goal
to minimize Johnson noise originating from line losses.
Finally, as mentioned above, a balanced coil possesses
a well-defined location where the electrical field is mini-
mum and the voltage to ground is equal to zero. This
cold point can be used to tap the coil, for example, with
a shield whose purpose is to remove stray fields from the
coil [62,63].

Solenoidal coils have been used as RF-coils in NMR
probes dedicated for small samples with volumes in the
range of a few microliters and for sub-microliter samples
as well [64-66]. The main advantage of these microsole-
noidal coils with sub-millimeter diameters is that they
provide high filling factors and therefore allow a rela-
tively high signal-to-noise ratio per volume unit for
small NMR samples.

A common characteristic for solenoidal coils of sub-
millimeter diameter for microliter samples as well as
for solenoidal coils in the mm range of diameter applied
as RF coils in HRMAS probes consists in the fact that
their presence leads to a perturbation of the homoge-
neous static field By, since (a) usually the magnetic sus-
ceptibility of the coil materials is different from the
magnetic susceptibility of their environment and (b)
these coils do not represent cylinders with homogeneous
walls and are not aligned with their main axis along By.
Technical solutions to minimize the resulting field dis-
tortions will be discussed in the following sections.

3.2. Macroscopic susceptibility differences

The experimental setup of a MAS experiment con-
sists of a sample in a ceramic rotor placed inside a sole-
noidal coil. The solenoid itself is embedded inside a
ceramic stator. Placed in the static magnetic field B,
the coil assembly is unfortunately not transparent to
the magnetic field. The magnetic field discontinuities
present at the surface of the different parts of the
MAS setup may result in a severe line broadening of
the spectra. To alleviate this problem, the following
strategy is employed: first, the magnetic susceptibility
jumps are reduced during probe construction by suscep-
tibility compensation or by susceptibility matching of
the different elements of the probe. Second, the residual
weak magnetic susceptibility jumps are shimmed out
using dedicated shim coils.

3.2.1. Susceptibility compensation

The material in HR probes should not exceed 3 ppm
in susceptibility when disposed close to the samples [67].
Since the coil wires are less that 0.5 mm far away from
the rotor wall, susceptibility compensation is required.

This technique consists in adapting the coil susceptibility
to the local environment to cancel the discontinuity of
magnetic permeability. The most popular material used
to produce NMR coils is the copper-clad based wire
[67], eventually platted with a golden alloy to increase
the conductivity and compensate the weak susceptibility
of copper.! The quality of this technique can be evalu-
ated by the line width of the '*C in adamantane samples
which should not exceed 5 Hz.

Surface coating is intended to compensate the suscep-
tibility jump present at the surface of the coil. For rho-
dium-plated copper cylinders, Zelaya et al. [68] proved
experimentally and theoretically that the additional
magnetization introduced by the copper is totally com-
pensated by the layer of rhodium.

3.2.2. Susceptibility matching

According to electromagnetic field theory [64,68], a
perfectly uniform and infinitely long hollow cylinder ar-
ranged perpendicular to a static magnetic field will give
a perfectly uniform, albeit reduced in magnitude, mag-
netic field inside the cylinder. Compensation or match-
ing techniques make it possible to neglect the
demagnetization field produced in the coil due to suscep-
tibility jumps. The case of MAS requires to consider fi-
nite length for the rotors and Barbara [69] has proved
that the modulation of the demagnetization fields cre-
ated at the rotors edges and perturbing the By homoge-
neity is around five times greater than at the center of
the rotor.

Through graphical representation of the magnetic
field lines obtained by numerically solving the Laplace
equation of the magnetic scalar potential [70], Kuchel
et al. [71] showed that the best suited geometries are infi-
nitely long cylinders aligned parallel to the magnetic
field By. In practice, in high-resolution NMR matching
plugs are used to enlarge the apparent longitudinal
dimension of a sample (Shigemi and Doty are references
among others for these products). Kubo et al. [72] have
proved that the shape of the sample, has a direct influ-
ence on the number of side-bands in NMR: a prolate
sample within in a length to diameter ratio of 12 will
show almost no side-bands while an oblate sample with
a geometric ratio equal to 0.8 will exhibit 20 satellites.

3.2.3. Shimming gradients

Proper shimming will reduce the discontinuities pro-
duced by the presence of any body in the vicinity of
the sample. Shimming a sample spinning at the magic
angle requires to generate gradients in the tilted frame
that are aligned along the MAS axis [73]. The standard
shim system found on most high-resolution NMR

' Cu has a volumetric susceptibility of —9.6 ppm, we refer to the
tables given for different compounds such as metals, dielectrics, and
solvents in [67].
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instruments can be used to correct the shims of a
HRMAS probe along the MAS axis up to the third or-
der [74]. For a HRMAS probe with a stator along the x
axis, the Zonal shims along the MAS axis BM"‘S BMAS,
and B S are related to the laboratory frame shims by
the followmg relations:

BMAS L BLAB Q BLAB

V3ih V3t
By =B o —2V2BR", 2)
BMAS _ 2 LAB_L BLAB | i BLAB 5 LLAB

3\/523 \/gzzx \/gzxy) 3\/6X3'

The set of shims described in Eq. (2) is sufficient to shim
a well-designed HRMAS probe.

3.3. Gradient coil technologies for MAS

Pulsed field gradients are widely used in modern high-
resolution liquid-state NMR spectroscopy. The selection
of coherence order pathways with gradient pulses allows
to obtain spectra of higher quality than spectra recorded
with a phase cycling procedure. Gradients are particu-
larly useful for inverse experiments and solvent suppres-
sion [75-78]. With the advent of HRMAS probes
equipped with gradient coils, similar experiments may
be envisioned in HRMAS [79,80]. A variety of designs
for gradient coils were proposed for MAS probes. The
design of a gradient coil for HRMAS spectroscopy dif-
fers in a number of points from traditional gradient coil
designs used in standard high-resolution NMR. First,
the orientation of the sample (MAS rotor axis inclined
at 54.7° with respect to the main static field By) violates
the overall symmetry dictated by B, (Fig. 1). Second, the
sample is rapidly spinning, such that a given spin packet
travels during a gradient pulse along a macroscopic cir-
cular pathway and may therefore reach a region where
the gradient intensity is slightly different. Mathemati-
cally, while the magnetic field itself represents a vector
field with intuitive and relatively simple properties when
we consider a rotation of the coordinate reference frame,
the situation is more complicated with gradient fields
since they have to be described by second-rank tensors.
Although we are eventually only interested in three com-
ponents of such a nine-component field, namely 0B,/0x,
0B,/dy, and 0B,/0z, the complete second-rank tensor has
to be taken into account if we are performing a coordi-
nate transformation from the laboratory frame with the
z axis parallel to the static field By to the MAS frame
with the Z axis inclined at the magic angle relative to
By. This complication when performing rotations of
the reference frame reflects itself quite explicitly when
designing gradient coil geometries.

Gradient coils in conjunction with MAS were pro-
posed originally by Wind and Yannoni [81], and imple-
mented experimentally by Cory et al. [82], (using Golay

z

A

Fig. 1. Representation of the (x,y,z) laboratory frame (gray) and of
the (X, Y,Z2) coiL frame (black). The radial and axial components of the
magnetic field B, are projected into the coil frame. Only the upper
part of the rotor is displayed for clarity. As an illustration, for a g1ven
angle 6, the spin at a distance p from the center, experlences a ﬁeld B |
that admits as projections in the coil frame the vectors B and B

coils centered around the spinner axis) and Schauss et al.
[83], (using anti-Helmholtz coils and Golay coils cen-
tered around the spinner axis) for imaging of solid sam-
ples spinning at the magic angle. For these imaging
experiments, the currents through the gradient coils
need to be modulated to generate rotating gradient fields
that are synchronous with the motion of the MAS rotor.

Apart from the idea to wind the gradient coils on sur-
faces of cylinders with axes inclined at the magic angle,
Bowtell and Peters [84] went on to pursuit the goal of
finding a gradient coil configuration with wires wound
on a cylinder with an axis parallel to By, but generating
a z-gradient along the direction oriented at the magic
angle relative to By (magic angle gradient). To find the
coil-wire paths on the cylinder parallel to B, two tech-
niques were used: (i) the usage of a combination of an
anti-Helmholtz pair with Golay coils, and (ii) the appli-
cation of the “‘target-field approach as proposed by
Turner [55]. A coil was designed and constructed by
means of method (ii). Experimental results were ob-
tained and discussed, including imaging data and
NMR spectra. Magic angle gradients were applied in
high-resolution 2D NMR to suppress long-range dipo-
lar couplings.

Based upon the transformation properties mentioned
above of the second-rank gradient field tensor, Cory and
co-workers [85,86], derived a gradient coil geometry that
was (i) compatible with existing MAS stator geometries,
(ii) generating a z component of the static magnetic field
that increased linearly along the MAS spinner axis, and
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(iii) where the z component of the gradient was uniform
in planes perpendicular to the spinner axis. Such a gra-
dient does not lead to a temporal modulation of the
NMR signal. One particular rotating spin will always
sample the same magnetic field strength.

Fyfe et al. [87] and Schnell and co-workers [88], pro-
posed a design for their modified MAS system by wind-
ing an anti-Helmholtz coil pair concentric to the spinner
axis. In that case, however, the rotating spin will experi-
ence a gradient modulation.

Barbara and Bronnimann [89,90] took a different ap-
proach to find coil geometries for magic angle gradients
by extending the technique proposed by Bowtell and Pe-
ters [84]. In their design of magic angle gradient coils
they rely on Turner’s [55] inverse target field method.

To our knowledge, both types of gradient fields,
either with magic angle gradients as proposed by Cory
and co-workers [85,86], and Barbara and Bronnimann
[89,90], or with concentric anti-Helmholtz gradient coils
as proposed by Fyfe et al. [87], and Schnell and co-work-
ers [88], have found applications in solid-state MAS
NMR in quite a variety of different NMR experiments.
For example, coherence pathway selection was achieved
by means of pulsed gradients in 'H MAS double quan-
tum experiments in the work of Spiess and co-workers
[91] on dipolar solids and in ?’Al 3QMAS experiments
on zeolites by Fyfe et al. [87]. Similar experiments were
performed as well for gradient heteronuclear correlation
experiments by Maas et al. [92], Because field gradients
provide spatial selectivity, they can be applied to map
the RF-field generated by the RF-coil in MAS probes.
Since 'H FSLG decoupling in solids sensitively depends
on RF homogeneity, experiments with pulsed field gra-
dients can be designed [93] that either restrict the sample
volume to a homogeneous region of the RF-field, or
alternatively, can be used to map the RF-field distribu-
tion. Finally, similar to high-resolution NMR, in organ-
ic solids with residual solvents like in microcrystalline
proteins, the need arises to suppress the solvent peak
in "H MAS NMR experiments applying pulsed gradi-
ents [88,94].

3.4. The sample container: the rotor

The rotor is an essential component of the hardware
required to run HRMAS experiments. Due to the strong
centrifugal forces that exert themselves on the walls of
the rotor at high spinning speeds, the rotor has to be ex-
tremely resistant. For that reason the material of choice
is usually ZrO,. To optimize the sensitivity of the probe,
the rotor can be designed with an inner volume that
matches the detection volume of the solenoidal coil. This
experimental setup allows to detect all the material con-
tained in the rotor. Two different types of inserts are of-
ten employed with 4 mm rotors: e.g., a 50 ul cylinder
that fits the detection volume of the coil or, e.g., a

12 ul sphere that allows to position a smaller quantity
of sample at the center of the coil.

4. Microscopic susceptibility differences under MAS

4.1. General considerations on the averaging on magnetic
susceptibilities differences under MAS

As was mentioned in the introduction, the averaging
of magnetic susceptibility differences by MAS is an
essential aspect of HRMAS spectroscopy. In this sec-
tion, we evaluate the magnetic field seen by a spin in a
medium consisting of a distribution of magnetic suscep-
tibilities. If the differences in magnetic susceptibilities are
reasonably small and if the magnetic susceptibilities are
isotropic, the additional magnetic field created by a vol-
ume element of magnetization M; of coordinates
r;=(r;,0,, ¢, at a point r; = (r;,0;,¢;) can be treated as
a dipolar interaction. In the laboratory frame and for
static samples, this dipolar field is given by [14,95]:

M; 1
B(Via 9i> d)z) = Z r_:;j 5(3005290 — 1), (3)
J y

where r;; is the distance between the points r; and r;, 0;;is
the angle between B, and the vector joining r; to r;, and
the summation expresses the fact that point r; experi-
ences the sum of all the different magnetic dipoles M;
in its vicinity. When the sample is rotated at an angle
p with respect to the main magnetic field B, at a speed
wpg, Eq. (3) can be rewritten as [96]:

B(ri, 0i,0) = > % B (3 cos’f — 1)(3 cos’f;; — 1)

i

3. .
+gsin 2B sin 23, cos(wrt + ¢;)
3. .
+ a sin®f3 s1n2ﬁ;/. cos(2mgt +2¢,;) |, (4)

where /3;]. is the angle between the vector joining r; to r;
and the axis of rotation of the sample and ¢;; is a phase
factor describing the angular position of ;.

If f is set to the magic angle (54.7°) in Eq. (4), the term
(3cos®f — 1) vanishes and only two time-dependent
terms modulated in wg and 2w g remain. These two terms
lead to spinning side-bands at frequencies wg and 2wg
with respect to the main peak. Under magic angle rota-
tion, the contribution of B(r;0,, ¢;1), and consequently
of volume elements of different magnetic susceptibilities,
to the width of the NMR resonance vanishes and only
spinning side-bands remain in the spectrum.

The fact that inhomogeneous bulk magnetic suscepti-
bility can be efficiently removed by MAS was demon-
strated both experimentally and theoretically by
Vanderhart and Garroway in the case of liquids and sol-
ids with random orientation [20].
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However, the magnetic susceptibility y is not always
purely isotropic [20,97,98] and a substantial amount of
anisotropy can be present in the sample. The magnetic
susceptibility y is no longer a scalar and must be de-
scribed by a tensor. As an example, consider the well-
known anisotropy of the benzene ring. In the presence
of a magnetic field, the intensity of the ring currents of
the benzene ring depends on the orientation of the ring
with respect to By. This implies that the intensity of the
magnetic dipole M of the aromatic ring depends in tern
on its orientation with respect to By. During the MAS
averaging process, the magnitude of M will vary and will
interfere with the quality of the averaging process. This
time-dependence of M during sample rotation has
important consequences, as it can be shown that MAS
can only average out the isotropic (scalar) part of the
tensor, but not the anisotropic part [97]. In the case of
a sample like a peptide bound to a polystyrene-based
Wang resin with a large amount of heterogeneity, the
chemical environment of each peptide molecule will be
unique. The number, the distance, and the orientation
of the neighboring aromatic molecules will be different
for each peptide molecule. As previously seen, the mag-
netic dipole created locally by all these phenyl rings can-
not be completely averaged out to zero by MAS. The
combination of these two effects will result in a broad
NMR line made of a superposition of different chemical
shifts (inhomogeneous broadening). These consider-
ations are extremely important when considering the
nature of a Wang resin which is made essentially of
highly anisotropic crosslinked aromatic groups.

Diffusion processes can modify the trajectory of spins
and therefore interfere in an incoherent way with the
rotation [99]. These additional complications will not
be considered here.

4.2. Averaging of magnetic susceptibilities present at the
samplelrotor interfaces under MAS

The previous section explains how MAS efficiently
removes the line broadening due to magnetic suscepti-
bility gradients present inside heterogeneous systems.
MAS plays also a very important role in averaging
out magnetic susceptibility gradients present at the
sample/rotor interface. A typical HRMAS arrange-
ment is such that the whole sample is contained within
the detection volume of the solenoidal coil. This is a
remarkable feature since this experimental setup allows
the whole sample to be detected and allows for the
highest sensitivity. Under these experimental condi-
tions, magnetic susceptibility jumps exist at the sam-
ple/rotor interface along the long axis of the rotor
and at the top and bottom of the sample. Typically,
these interfaces are between a solvent containing heter-
ogeneous substances and the rotor material (ZrO, and
Teflon for the insert). On a static sample, these mag-

netic susceptibility jumps give rise to important mag-
netic field gradients which are uncorrectable with the
shim system of the spectrometer. MAS has the very
unique property of being also able to average out these
magnetic susceptibility to zero. This property can be
explained using arguments similar to those developed
in Section 4.1. The consequence is that the rotor mate-
rial which is the source of the magnetic perturbations
is rotating at the same time as the sample and its effect
on the sample vanishes. This very important property
of MAS explains why the shim of HRMAS is almost
sample and rotor independent provided that the sam-
ple volume under observation is kept identical. One
set of shims is sufficient for all the solvents used in
HRMAS. It is important to note that perturbations
external to the rotor, and therefore not rotating at
the magic angle, will not be averaged out by MAS and will
have to be corrected by the shim system. This is true for
example of a capacitor placed in the neighbourhood of
the sample. Its dipolar field will perturb the magnetic field
seen by a spin packet travelling on a thin circle in a plan
perpendicular to the main axis of the rotor. These spins
will see a periodic modulation of the main magnetic field
that will result in a sharp line flanked by spinning side
bands. Another spin packet taken at the different position
along the main axis of the rotor will resonate at different
frequencies. The resulting frequency distribution along
the main axis of the rotor can only be corrected using a
combination of shims that act along the magic angle axis
[74].

5. Pulsed field gradient inhomogeneities under MAS

The application of field gradient pulses to a sample
spinning at the magic angle leads to a specific set of con-
straints regarding the spatial characteristics of the gradi-
ent pulse. Under MAS, a spin packet will travel along a
circle in a plane perpendicular to the main rotor axis ori-
ented at the magic angle. During their journey along the
circular path, the spins should experience a constant
field gradient so that each of the spins on the circle expe-
riences the same gradient. Ideally, the field gradient
should therefore be oriented exactly along the axis of
the magic angle. This ideal configuration means that a
second refocusing gradient pulse can be applied at any
time during the rotation of the sample to refocus the en-
tire magnetization. If this condition is not satisfied, mag-
netization losses will be observed since the second
gradient pulse will not exactly refocus the effect of the
first gradient pulse. Signal losses were observed by Lip-
pens and co-workers [100]in HSQC and diffusion exper-
iments when using non rotor-synchronized gradient
pulses. The remedy to this problem is to use pulse se-
quences where gradient pulses are applied only when
the rotor is located at the same position. This solution
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requires that the delay separating two gradients pulses is
set to an integer number of rotor periods. It is worth not-
ing that a gradient coil generating a gradient exactly at the
magic angle will be less affected by these effects than a gra-
dient coil consisting of two anti-Helmholtz coil.

6. RF-field inhomogeneities under MAS

The investigation of the effects of RF-field inhomoge-
neities in HRMAS started when it was reported that
MLEV16 sequences run under HRMAS could lead to
very awkward results [101-103]. The effects observed
varied from strong phase distortions to an almost com-
plete disappearance of the magnetization. After a careful
analysis of the results, the origin of the problem was
traced to be an interference between the mechanical
spinning of the sample and the MLEV16 sequence
[102]. It was noted that, in the course of its rotation,
the sample is necessarily taken through regions of vary-
ing B fields, resulting in a natural periodic amplitude
modulation of the B field [102]. Simulations reproduc-
ing the actual MLEV 16 sequence using empirical models
of B; inhomogeneities were shown to be able to repro-
duce the experimental results.

In the following section, this investigation is carried
out a step further by using more elaborate models of
the B; inhomogeneity for the NMR simulations and
by validating these models with electromagnetic simu-
lations of the B field inside a solenoid. We show that
the MLEV16 and the DIPSI2 experiments are not the
only experiments affected by this B; modulation. Unu-
sual effects are also observed for a simple nutation
experiment which is used in almost every laboratory
to determine the amplitude and the inhomogeneity
of the RF-field. Unusual aspects of the
(90°,-delay—90°_,-acquisition) experiment are also dis-
cussed. It is important to note that some of these ef-
fects have already been observed in a number of
laboratories but that no clear explanation has been
proposed in the literature.

6.1. The RF-field in a solenoidal coil

Magic angle spinning consists in spinning a sample
around an axis forming the magic angle
f= cos’l(l/\/_) = 54.7° with respect to the axis of the
mam static field BO The RF-coil used to generate the
31 field and to observe the NMR signal is usually a
solen01d oriented at the magic angle. The characteristics
of the B field are most easily described in the (X, Y, Z)
frame of the solenoid whereas the description of the
NMR experiments requires the use of the (x,y,z) labora-
tory frame where the z axis is alg}g B, (Fig. 1). In most
text books, it is stated that the B, field generated by a
solenoidal coil is aligned along the Z axis of the solenoid

and that the ?1 field distribution is symmetrical around
this axis. This is clearly an oversimplification since the
main axis of a solenoid is not an axis of symmetry.
The helical winding of a solenoid is such that a radial
plane, taken perpendicular to the Z axis, contains some
regions that are close to the vgre of the coil and some
that are more remote. The B, field distribution can
therefore present some slight imperfections in its align-
ment and in its symmetry around the Z axis. Such a
B1 field, at a point of cylindrical coordinates (p, Z, ),
can be conveniently decomposed into the sum of its ra-

. . — —ax
dial and axial component as: B(p,Z,0;t) = B, (p,Z,
0:t) + B, (p,Z,0;1) [104,105]. Where B, (p,Z,0:1) is
the axial field component along the main Z axis of the
solenoid and ?ia(p, Z,0;1) is the radial field component

in the (X, Y) plane (Fig. 1). A linearly oscillating ?1 field
of angular frequency Q, of phase ¢ and of amplitudes
2b7* and 2b}" can therefore be expressed as:

B, x(p,Z,0;t) =2b, x(p,Z,0) cos(Qt + @),
B y(p,Z,0;t) = 2b1y(p, Z,0) cos(Qt + o), (5)
B, ;(p,Z,0;t) = 2b, 7(p, Z,0) cos(Qt + ¢).
Or, as a function of its radial and axial components:
B\ x(p.Z,0;t) = 2b7(p, Z,0) cos(0) cos(Qt + ¢),
B y(p,Z,0;t) = 2b(p, Z, 0) sin(0) cos(Qt + @),  (6)
B\ 7(p,Z,0;t) = 2b7*(p, Z,0) cos(Qt + ¢).
To compute the results of ‘ge NMR experiment, the dif-
ferent components of the B, field must be expressed in

the (x,y,z) laboratory frame. In this frame, with
p =54.7°, Eq. (6) transforms into:

B, .(p,Z,0;t) =2b7(p,Z,0)cos(0) cos(Qt+ ¢),

Bi,(p,Z,0;t) = (\/Vba" (p,2,0)+% bﬁa(p,Z,O)sin(Q))
x cos(Qt+ @),

B1.(p.2,0:0) =2( b7 (p, 2.0) /37" (p. Z,0)sin(0))
x cos(Qt+ @).

(7)
The effect of a RF-pulse on a spin system can be fol-

lowed by computing the evolution of the density matrix
p(t) whose evolution is governed by the equation of mo-

tion [106]:
& o) =~ 1H).p(0), ®)

where H(?) is the time-dependent Hamiltonian.

In the case of an isolated spin system 7 placed in a sta-
tic field B, and subjected to the RF-field Bl(p,Z 0;1),
the temporal and spatial dependence of the Hamiltonian
H is given by

H(paZ707t):H0+H1<paz>9at)7 (9)
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where Hy and H; are defined by
H, = —hByl.,
H,(p,Z,0;t) = —yi(B1.(p,Z,0; ), + By ,(p, Z, 0; 1)1,
+ Bi.(p,Z,0;1)L,).
(10)
Using Eq. (7), the RF Hamiltonian H; becomes

Hi(p,Z,0;1) = —yh2 |:b§a(p,Z, 0) cos(0)1,

2 ax 1 ra M
+<J§mmzm+;§m@zﬂNm@>a

+ (\%b?"(p,z, 0) — \@b?(p,z, 0) sin(@)) Iz}
X cos(Qt + ¢). (11)

The linearly oscillating field-components ?1 along the x
and y axes can be expressed as a superposition of two
opposite, circularly polarized components rotating in
the (x,y) plane. Thus, Eq. (11) can be written as

H,(p,Z,0;t) = —yh {bﬂa(p,Z, 0) cos(0)
% (ei(£2t+q))lzl e—i(!)t+¢p)l; 4 e—i(sztﬂo)lzl ei(52t+¢)1:)

+ <\/§b‘1"‘(p,2, 9) + \%b?a(ﬂza 9) Sln(e))

% (ei(Q[Jr(/))lzI},e_i<Qt+(/))l: + e—i(Qt+r/J)IzIyei(QHrr/J)Iz)

+ <\}§bTx(p,Z, 0) — \/%b;a(p,z, 0) sin(G))

x2cos(Qt+ @)l |. (12)

Using the convention that the counterclockwise R F-field
component rotates in the same sense as the Larmor
precession, we can switch into the frame rotating at
the frequency @ where the density matrix is given by
p(t) = e p(1)e"=, The equation of motion in the
rotating frame becomes

d_ i ~

3P0, 2, 0:0) = =+ [H(p, Z,050), p(p, Z, 051) . (13)
With

H(p,Z,0;1) = Hy+ H(p, Z, 0;1), (14)

where H, and H are expressed by
H, = —yh(By — Q/y)I, = AVL..

H' (p,2,0:6) = —h [bz%p,z, 0) cos(0)

% (ei(plz [ i 4 g 2oLy eiZ(QH—(p)IZ)

+ <\/§b1X(p,z, 0) + %biz‘(p,Z, 0) sin(0)>

% (el(pI;Iye—upIZ + e—lZ(QH—(,D)I;IyeQ(QH—(ﬂ)I;)

1 ax 2 ra 1
+ (%bl (P,Z, 0) - \/;bl (p7Z, 9) Sll’l(Q))
x2 cos(Qt + qo)Iz} (15)

Under magic angle spinning conditions, with the
sample rotating at the frequency wg, the spins located
initially at the position (p, Z, ) will move to the new
position (p, Z, 0(¢)), where 0(7) = wgt + 0. Over a rotor
period, since the resonance frequency 2 is much larger
than wg, the time-dependent terms of H' modulated
at a frequency Q will be averaged out to zero. H can
be finally written as:

H(p,Z,00;t) = — AvI. — b™(p,Z,0(t)) cos(0(¢))
x (cos(¢)1,+sin(¢)1,)

—<J§szwm+§gﬂmzmmamwm>

x (—sin(@)I+cos(p)l,), (16)

where the amplitudes of the RF components are ex-
pressed in hertz units. Note that the RF Hamiltonian
in Eq. (16) corresponds to a pulse of phase y, —x, —y
or x when ¢ is set to 0°, 90°, 180° or 270°, respectively.
Eq. (16) indicates that in the case of a RF-pulse along
the y axis (¢ = 0°), the axial field produces, as expected,
a component I, while the radial field generates both
components I, and I,. Another information contained
in Eq. (16) is that, on a spinning sample, the presence
of a non-vanishing radial field 4", no matter its exact
form, generates a modulation of the amplitude of I,
and I, at the frequency weg.

The evolution of the density matrix is then calculated
by numerical integration of the equation of motion
according to

p(pvza 007 r+ At) = exp(—iI:I(p,Z, 007 I)At)ﬁ(paz7 00a t)
x exp(iH (p, Z, 0y; 1) At). (17)

Since the direction, as well as the amplitude, of the
RF-field varies over the sample, the calculation of
the NMR signal requires integrals over all the values
of bi(p,Z,0y) and weighted ensemble average. For a
solid-type sample, the real sample distribution is
not accurately known due to the centrifugal force
that can concentrate the sample against the walls of
the rotor, whereas for a liquid, without any air bub-
bles, this concentration can be assumed to be
homogeneous.

For analytical purposes, the analysis of the B
field will be limited to thin rings of various diameters
centered around the main Z axis of the solenoid and
to homogeneous samples. The ring represents the cir-
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cular path that a volume eclement of the sample fol-
lows during the rotation. The exact representation
of the amplitude of the axial and radial fields
(b7 (p,Z,0),b(p,Z,0)) is a difficult task [33-36,107],
however, as any well behaved periodic function,
(b7 (p,Z,0),b}(p,Z,0)) can be represented by a Fou-
rier series:

+00
by (p,2,0) = b7 (p, 2) ;(aix(pl) cos(nd) + " (p, Z) sin(n0)),
+00

by’ (0,Z,0) = b\ (p, 2) 3_ (e (p, Z) cos(n0) + B, (p, Z) sin(n0)),

: (18)

where the coefficients (o2, 2%, 0™, f*) are correction
factors that account for the different field inhomogenei-

ties present in the coil.

6.2. Models for the RF-field-spin interaction

In this section, simple models will be used to repre-
sent the distribution of the intensities »}* and b}". Since
the deviations from an ideal field represented by
b7* = by and b7" = 0 are obviously small, only the first
terms of Eq. (18) will be considered. For the analysis
of the effect of B; inhomogeneities on the outcome of
MLEV-16 experiments, only two cases will be discussed.
To mimic the trajectory of a spin packet during the
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course of the sample rotation, the analysis will take
place on a thin ring located at a position (p, Z). The spin
packet will start at position (p, Z, 0y) and will move to a
new position (p,Z,0(¢)), where 0(t) = wgt + 0y . For
clarity, the position parameters p and Z will be omitted
in the following.

6.2.1. Model 0: perfectly homogeneous RF-field

For this ideal case, only the term of* remains in Eq.
(18) and b7* = b, and b" = 0. According to Eq. (16),
the corresponding Hamiltonian H describing a RF-
pulse along I, (¢ = 0) is given by the usual form:

H(t) = —AVI. — %blly. (19)

This expression of the B, field is the one usually em-
ployed to describe NMR experiments under MAS.

6.2.2. Model 1: axial RF-field constant and radial
RF-field of constant amplitude and normal to the ring
(Fig. 24)

This case corresponds to a field of the form
—ra

B, (0(r)) = b™(cos ()X +sin0(r)Y) and B, (0(r)) =
b*Z. This

ax ax ra ra

— ax ra ] 1
o, B o, B =0 except for of* and of. The pictorial

representation of this model is shown in Fig. 2A. The
. . —ax . . .
intensity of B, remains constant during the rotation

means that all the coefficients

. . . Hra
while the orientation of B, stays along the normal of
By"in coil frame (By x --.B1,y —)

0.2

Fig. 2. Pictorial representation of the models proposed for the ?1 field distribution around a given ring. (A) Model 1 (Eq. (20)) and (B) Model 2 (Eq.

ax

(22)). The axial (?1 ), and radial (ﬁ:a) components are plotted as a function of the angular position along the ring. The first column represents the

ax ra
evolution of Tfl along the circular trajectory followed by a packet of spins. The second column displays the orientation of the vector ?1 in the

ra
transverse plane (X, Y) of the coil. The third column contains the projections B, y and B y of the two components of E)l in this plane.
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the ring. According to Eq. (16), the corresponding Ham-
iltonian H for a RF-pulse along I, (¢ = 0) is still depen-
dent on 0 and can be written under the form

H(00;1) = —AvI. + acos(0(0))I, + b(1 + csin(0(2))1,

(20)
with
a=—b}",
b= _\/gb';“, o)
1 &7
C=—F7=7ax"
V2 by

These equations show that in the case of a RF-pulse
along the y axis, the presence of a radial field of constant
amplitude and symmetrical around the Z axis will create
a small amount of RF-pulse along the x axis. Another
effect of this radial field is the presence of a sine modu-
lation of the B, field at the frequency wg of the rotation
since 0(t) = wpt + 0.

6.2.3. Model 2: cosine modulation of the amplitude of the
axial and radial fields (Fig. 2B)

In this case, a cosine modulation of the intensity of the
axial and radial fields, b7 and b}", is considered. The phase
¢ of the RF components is assumed to be the same. This
situation corresponds to a radial field of the form
ﬁ?(G(I)) = b;" cos 0(¢)(cos O(t))? + sin 0(t)7) and to an
axial field of the form ?;X(H(t)) = b*(1 + ocos 0(1)7)
This means that the only coefficients left from Eq. (18)
are o, o*, and oj*.

The pictorial representation of this model is pre-
sented in Fig. 2B. In the case of a rotating sample, b}*
oscillates at a frequency wg around its nominal value
during the rotation. The amplitude b}" oscillates as well
but at a frequency 2wg. According to Eq. (16), the cor-
responding Hamiltonian H describing a RF-pulse along
the y axis (¢ = 0) can be written under the form

H(0y;t) = — AL, + a(1 + cos(20())) 1,
+ b(1 + ccos(0(t)) + dsin(20(1)))1, (22)

with
a=—1b7,
b=—\/#
e (23)
l bra
=0
V8 by

Eq. (22) shows that the presence of a cosine modulation,
at the frequency wg, of the axial field introduces a sim-
ilar modulation in the final Hamiltonian while a cosine
modulation of frequency wg of the radial field intro-

duces a modulation in 2wg in the final Hamiltonian.
These different models, based solely on geometrical con-
siderations, provide a very simple description of the B
field inside a solenoidal coil. To validate them, electro-
magnetic simulations based on Maxwell equations are
required.

6.3. RF-field simulation for solenoidal coils from first
principles

RF electromagnetic fields in solenoidal coils can be
calculated on the basis of a variety of models. The sim-
plest one consists in adopting the quasi-stationary
approximation and to apply Biot—Savart’s formula. This
approach yields reasonable results for coils with diame-
ters below 10 mm and NMR frequencies below
100 MHz. It does not take into account the dielectric re-
sponse of the NMR sample and it also neglects effects
caused by shielding the coil. For higher frequencies it is
necessary to consider explicitly that: (i) the effective elec-
tromagnetic wavelength in the coil is shorter than the free
wavelength; (ii) this compressed wavelength may become
comparable to the coil dimensions (thus the quasi-sta-
tionary approximation breaks down); and (iii) the dielec-
tric and/or conductive properties of the NMR sample
become more and more noticeable. To treat this situation
adequately and to find out the actual RF-field distribu-
tion in the solenoidal coil, it is necessary to start calcula-
tions from first principles, either by numerical solution
methods to Maxwell’s equations or wave equation de-
rived from them. Such numerical methods like, for exam-
ple, finite-element or finite-difference techniques are
based on discrete models and powerful algorithms exist
for a wide variety of electromagnetic phenomena. A
straightforward alternative to numerical solutions exists
for geometries with high symmetry. Here, analytical or
semi-analytical approaches can be applied where the spe-
cific coil geometry and sample shape can be taken into
account as analytical boundary constraints to the solu-
tions of the inhomogeneous Helmholtz equation. In the
following we will address the simulation of the RF-fields
in solenoidal coils by referring to this latter technique.

For the case of cylindrical symmetry it is very well-
known that if the longitudinal components (directed
along the cylinder axis) of the electric and magnetic
fields are known solutions of the homogeneous Helm-
holtz equation, then the transverse field components
can be calculated from these longitudinal components.
In first approximation the helix coil can be considered
as a cylinder where the current along its circumference
is tilted by a pitch angle  and along the cylinder axis
the coil exhibits a translational symmetry with the per-
iod p (pitch length). This model is referred to as sheath
helix model, it allows to predict the effective wave
propagation factor for solenoidal coils with remarkable
precision in the NMR frequency range up to 1 GHz
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and for coils with diameters below 10 mm. The longi-
tudinal period length of the helix (pitch length p) yields
an equation expressing the periodic boundary condi-
tion for the longitudinal (electric Ez or magnetic H)
field components X expressed in cylindrical coordinates
(Z.r,0)

2n7Z
- ) — X(Z.r. ) exp(41B.2)),

X<Z+Z1,r,go+

(24)

X is equal to E, or H,, Z; denotes a translation along
the helix axis, while 2nZ,/p is equal to a simultaneous
rotation around that axis. Eq. (24) states that the
electromagnetic field in a helix changes only by a phase
factor exp(+jf.Z;) when such a translation and
rotation is performed. The origin of Eq. (24) as a
symmetry condition can be understood from the fact
that solving the homogeneous Helmholtz equation
AX(Z,r, )+ B*X(Z,r, ) = 0 with a propagation factor
p periodically varying in space (because the helix is a
periodic structure) is equivalent to solving the Helm-
holtz equation AX(Z,r,¢) + f2X(Z,r,¢) =0 with the
effective and spatially constant propagation factor f,
and requiring Eq. (24) as a periodic boundary condition.
This is mathematically expressed in Floquet’s theorem
[108], a general theorem about the solution of linear dif-
ferential equations with periodic coefficients. Based on
the overall cylindrical symmetry as solution to the
Helmholtz equation the following mathematical state-
ment expressible as a Fourier series of space periodic
function can be made for the longitudinal field
components:

EZ-,m(Za 7, @,t) = (Al (hwr) + BuKy(hr))
X exp (j((l)f - ﬁmZ + m(p))7

HZ,m(Za I", (0, t) = (lem(hmr) +Dme(hmr))
X €Xp (J((})t - ﬁmZ + mg)))?

where I, and K,,, denote the modified Bessel functions of

first and second kind, f. = f, is equal to the effective

propagation factor, f,, = B, + 2mm/p, with Fourier or-

der m, and the quantity A, is equal to the transverse
propagation factor (of mode order m) defined as

(25)

by = B, =K >0 (26)

with k equal to the wave vector in free space. If the lon-
gitudinal field components are known, the transverse
components result from the Maxwell equations [36,70]:

1 [ eHg a1 K]
Hr _k2+«l,-2|: Vo +j(()&r o |’

_ 1 _n10H; - [
H‘P_k2+~,~2|: yr Rl Jwe 0r:|7

1 [k g1 0H]
Er—kzwz[ [ Gl el B

[ 10k, . oHS)
E‘/’_k2+y2|: vy dp +Jjou or |”

e, 1, and y are the permittivity, the permeability, and the
wave factor in guided propagation, respectively. The
constant coefficients 4, B, C, D, appearing in Eq. (25)
have to be determined by taking into account the trans-
verse boundary conditions separating various spatial re-
gions in radial direction: (a) the region inside the
dielectric NMR sample (assumed to be of cylindrical
shape); (b) the region outside of that cylinder, but still
inside the helix; and (c) the region outside the helix.
The resulting constraints for tangential and normal field
components read [34,36]: (i) fields have to remain finite
for r =0, i.e., at the helix axis. (ii) For the surface of a
dielectric cylinder (for example, constituting the NMR
sample) inside the helix coil we require the tangential
components of the magnetic and electric field to be con-
tinuous, provided that the conductivity of the dielectric
cylinder is equal to zero (which we assume in the follow-
ing). (iii) At the surface of the radially thin, helically
wound conductor (supposed to have very high conduc-
tivity), we require that the electric field component par-
allel to the current direction vanishes, i.e., the tangential
electric field may have only a component perpendicular
to the helix (current) direction. (iv) For that component
perpendicular to the helix current we require that the
tangential electric field component perpendicular to
the helix (current) direction is continuous inside the helix
and in the outer space surrounding the helix. (v) Finally,
the tangential component of the magnetic field parallel
to the helix (current) direction is continuous inside and
outside the helix. In the sequel only the zero order mode
is considered as the dominant mode, which is justified as
long as the wavelength is large compared to the helix
diameter.

From Egs. (25) and (27) and the radial boundary
conditions outlined above, the characteristic equation

2na COt(l//) _ hoa [o(hoa)Ko(hoa)

j.o [1 (h1a>K1(l’lla) (28)

can be derived. From that transcendental equation the
radial propagation factor Ay can be determined which
defines the wavelength compression factor of the helix
to be

o o \?
7= 1+<%h0>. (29)

By Eqgs. (25), (27), and (28) all field components inside
the helix can be determined. If these are known, we are
able to derive the current distribution Jx along the helix
surface (2) that would generate the field just calculated,
because the discontinuity of the tangential magnetic field
components at the helix surface is proportional to that
current density |[Hy X n — H, X n|¥|J5|. n denotes the vec-
tor normal to the helix surface, H, X n is equal to the
tangential field outside the helix at its surface, Hy X n is
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equal to the tangential field at the surface inside the me-
tal conductor. For very high conductivity, Hj, X n decays
rapidly to zero (infinitesimally small skin depth), such
that practically |H, x n¥J|.

To obtain the field distribution for a solenoidal coil of
finite length, the following approximation can be made:
we take the current distribution along the helix surface
obtained from the above sheath helix model to be equal
to the current distribution of a wire helix. It can be
shown that parameters like wave compression and field
distribution inside the solenoidal coil of finite length are
characterized well by making this assumption [36].

The current distribution known, it can be used to
recalculate the detailed magnetic field of the finite sole-
noidal coil. The solutions of the Helmholtz equations
with current as source term are the so-called retarded
potentials

Blr,1) = L exp(jer) / exp(— /@Rl — 1)

47
J./en 1
_ ‘r/ i/—r|2 — |r’ ~ r|3 (r’ _ r) X J](r’)dr,

(30)

where J,, the linear current distribution along the helix
wire, can be obtained directly from the current distribu-
tion Js. Position vector r specifies the point in space
where the field is to be evaluated, position vector r’
the point at the helix wire with current J;(r’). ¢ and u de-
note permittivity and permeability of the medium. By
introducing cylindrical coordinates (p,Z,0;t), Eq. (30)
provides the basis to obtain the magnetic induction field
B, =f(p,Z,0;1) inside a solenoidal coil. This vector field
can be decomposed into an axial component B}* (along
the coil Z axis) and a transverse or radial B]" compo-
nent, as can be seen in Fig. 1. In modelling the field com-
ponents, various spatial regions are distinguished
regions in the vicinity of the coil ends where the radial
field component dominates and the region inside the coil
close to its centre were the axial component dominates.

The computation of the B, fields inside a solenoidal
coil using Eq. (30) provides some reliable information
on the spatial field distribution. In this equation, phe-
nomena like helix wave compression and fringe fields
are included, however the dielectric properties of the
sample and the detailed shape of the sample inside and
outside the coil are not considered. Also the more dis-
tant vicinity of the coil is not taken into account (e.g.,
MAS stator and shielding of the probe). Nevertheless,
the approximation proposed here is sufficient to explain
a variety of results obtained in MAS experiments for
typical 4 mm probes operating at 500 MHz 'H fre-
quency. Calculations where performed using a numeri-
cal implementation of the Eq. (30) in Matlab 4.2b.
The scaling was chosen to give an absolute value for
the B, magnetic field equal to unity in the middle of

the coil (The sign of B; is negative). Note that the prox-
imity of the windings introduces a discontinuity and the
amplitude may diverge at the centre of the infinitely thin
wire. We proceed by considering a circular path describ-
ing the trajectory of the spins that are subjected to the
RF-field B,. For each point, we plot: (a) the axial part
of By; (b) the radial part of By around the ring; (¢) the
decomposition of the transverse components in the coil
frame (X, Y, Z); and (d) in the laboratory frame (x, y,z).
Figs. 3A-D correspond to different representative values
of the ring diameter (0.5, 1, 1.5, and 3 mm, respectively).
The four different positions along the Z axis presented in
each figure are: at the centre of the coil (Z/Z . = 0%),
at the end of the coil (Z/Zynax = 100%), inside the coil
(Z] Zpax = 50%) and outside the coil (Z/Zpmax = 125%).
The rotors used in the actual experiment have a diame-
ter of 4 mm and a total length of 20 mm. In the case of a
full rotor the sample extends beyond the end of the coil,
up to 6.2 mm from the centre of the coil, corresponding
to the plane corresponding of the last line of each figure
denoted by ratio Z/Z ., = 125%.

The first important result of the simulations shown in
column (A) of Figs. 3A-D is that the axial field B}* al-
ways undergoes an intensity modulation as the sample
rotates during MAS experiments. Very often, this mod-
ulation is similar to an expression of the type described
by Model 2, which perfectly matches the results of our
previous paper [102], based solely on the MLEVI16
experiments. This result is not surprising if one considers
that a helical structure cannot, as is usually stated, con-
tain an axis of symmetry along Z. Qualitatively, as the
sample moves along a given ring, the distance to the ac-
tual coil wire fluctuates in a cosine like manner. More
quantitatively the calculation shows that the modulation
factor a(p, Z) of the axial part increases with the radius
of the circle: This is shown in the first line of column (A)
in Figs. 3A-D. For Z/Z .« = 0%, the amplitude of this
modulation varies from around 5% for a ring of diame-
ter 0.5 mm (center of the rotor) to 20% for a ring of
diameter 3 mm (largest inner ring of the rotor). This
modulation is consistent with what is described by Mod-
el 2. For Z/Z,,.x greater than 50% we note a serious dis-
crepancy with the simple sinusoidal modulation,
specially when the spins are located on a ring close to
the rotor wall (3 mm) (Fig. 3D, last two lines of column
A). As the ratio Z/Z,.x increases from 0 to 125%, the
average of By* decreases.

If we refer now to the last column (D) we can appre-
ciate the impact of such modulation on the principal
component of the B, field along Oy in the laboratory
frame. The presence of a periodic variation whose peri-
od is the same as the rotor period is noticeable in partic-
ular in the first line of Fig. 3D. This modulation of B}*
during the course of the sample rotation is an important
information that was until now fully neglected in MAS
experiments.



16
A
a
-0.95
=
S -0.96
=
& -0.88
2]
£
= -0.89
on
=
[ -0.9
=]
2 048
z
@ -05
N
£
= -0.52
D
N
= -0.54
<
E -0.24
=
7z 025
-0.26
-0.27
B
a
-0.94
-0.96
=
= 098
-
A 088
2]
£
2
g 09
<
=
s 092
>
s 04
w
=
D
2
£ 05
=
D
N
= 06
E
5 02
V4
-0.25
03

Fig. 3. (A-D): Magnetic field vectors calculated in free space, and displayed around circular rings of different diameters (0.5, 1, 1.5, and 3 mm)
represented in four sets of figures (A, B, C, and D). Each line corresponds to a transverse plane perpendicular to OZ, the main axis of the coil. The
first line corresponds to the center of the coil (Z/Z .« = 0%). The second line represents a position midway between the center and the end of the coil
(Z/ Z nax = 50%), the third line represents the end of the coil (Z/Z,.x = 100%). The last line describes the field seen by the spins outside of the coil (Z/
Zmax = 125%) Th{; first three columns represent the projection of the field in the coil frame, exactly as described in Fig. 2, the last column is the
projection of the B, field in the (x,y,z) laboratory frame. The dashed curves correspond to the projection of the magnetic field B, y = B;_,. The
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Fig 3. (continued)

The second result of the simulations concerns the
behaviour of the radial field. B}" undergoes as well some
modulation in the course of the sample rotation. For a
ring of 0.5 mm and at a value of Z/Z,,,, = 0%, Bj}" is van-
ishing small, i.e., the field is purely axial. As the diameter
of the ring increases from 0.5 to 3 mm, the amplitude of
the radial field increases and fluctuations as a function
of the rotation becomes clearly visible. When moving Z/
Z max from 0 to 125%, the amplitude of the radial field in-

creases and becomes comparable in intensity to the axial
field at the upper and lower edge of the coil.

When comparing these simulations to the two previ-
ous proposed models, it is clear that Model 1 is valid out-
side the solenoidal coil (Z/Zax values of 100 and 125%).
In this region, the intensity of the radial and axial com-
ponent of the field become comparable and the direction
of B is roughly along the normal of the ring (as shown
by the two last lines of column B) in Figs. 3B-D.
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In the center of coil (Z/Zmax values of 0 and 50%),
many characteristics of Model 2 can be identified. B*
follows a cosine dependence at the frequency wp and
B} exhibits a cosine dependence at the frequency 2weg.
This is illustrated in the laboratory frame by the B,
component along Ox in the first line of column (D) of
Fig. 3D, which experiences a modulation whose period
is two times shorter than the rotation period.

The rigorous electromagnetic derivation of Eq. (30)
justifies the simplified models used in the quantum cal-
culations presented in Section 6.2. This result proves
that the rather complex distribution of B; inside a sole-
noidal coil can be analysed with a good accuracy using
the simple Models 1 and 2 presented in Section 6.2.
To model more accurately the B; distribution, an addi-
tional Gaussian distribution factor can be introduced in
these models.

6.4. Field modulation effects induced by sample spinning:
results and discussion

In the following sections, we present three experi-
ments that can be affected by B field modulation effects.

6.4.1. Nutation experiment

The determination of the amplitude of the RF-field
and an estimation of its inhomogeneity can be achieved
with the so-called nutation experiment [109]. The exper-
iment used consists in applying a single hard pulse of
increasing length (¢1), followed by an acquisition period

(£2). Fourier transformation of the NMR data in the
two dimensions leads to a 2D spectrum where the /2
dimension is the regular spectrum while the f1 dimen-
sion gives the B; distribution experienced by the spins
in the sample. A series of nutation experiments was per-
formed under MAS conditions and at different RF-field
amplitudes. A set of nutation spectra recorded on a sam-
ple of D,O is shown in Fig. 4. The carrier frequency was
set on the proton HDO resonance. The spinning speed
used for MAS was 6 kHz which corresponds to the clas-
sical value used in HRMAS experiments. Nutation sig-
nals were acquired with a good digital resolution
(20 Hz). In general, the sampling time was set equal to
Py to assure that the Nyquist condition is fulfilled.
The experimental results show that the aspect of the
spectra vary strongly with the amplitude of the RF-field.
The shape of the nutation spectra is highly modified. An
interesting experimental observation is the appearance
of an additional sharp line at the frequency of the spin-
ning speed (6 kHz) or at twice the frequency (12 kHz).
The resonance observed at B; =6 kHz appears when
the value of the RF-field amplitude is close to the spin-
ning speed. The intensity of the peak increases as the
RF-field amplitude approaches 6 kHz and becomes even
more intense than the actual nutation peak. For a RF-
field amplitude very close or equal to the spinning speed,
the shape of the nutation peak is distorted. These effects
are more marked for a RF-field amplitude equal to twice
the spinning speed (12 kHz). For a value equal to three
times the spinning speed (18 kHz), the shape of the nuta-

5 10 15 v (kHz)

Fig. 4. Proton spectra resulting from nutation experiments recorded on the HDO signal of a D,O sample under MAS at a speed of 6 kHz. Spectra
were recorded for different B, field amplitudes. Indicated B; values were determined at a different spinning speed (8 kHz) to prevent the effects of
sample spinning on the nutation spectra (see below). As the nutation spectra exhibit an asymmetric shape resulting from the RF-field distribution
over the sample, these values correspond to the mean position of the nutation peak. Each spectrum corresponds to the f1 slice extracted from 2D
Nutation spectra obtained with a resolution in f1 dimension of 20 Hz. Spectra were recorded on a Bruker Avance 500 MHz equipped with a 4 mm
'H/'3C/?H MAS probe. The sample was placed in a 4 mm rotor fitted with Teflon inserts delimiting an active volume of 12 pl. This volume
corresponds to a volume which is less than the active region of the solenoidal coil of the probe (50 pl).
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tion peak is strongly affected, however the intensity the
line at this multiple of spinning frequency is low. These
nutation experiments under HRMAS were performed
on additional samples. The nutation spectra of mole-
cules bound to a swollen resin show the same features
mentioned above. For the solid sample adamantane,
the nutation MAS spectra of 'H and '°C lead to similar
findings. These effects seem to be general and can be pre-
dicted on the basis of B; inhomogeneities as will be
shown in the following simulations.

To simulate these experimental results, initial I, mag-
netization was subjected to a pulse of phase x. The cal-
culations were performed by numerical integration of
Eq. (17) and by summing the results obtained using 60
equally spaced values of 0. This set of values was found
to be adequate to represent the spin population on the
ring. The simulations were performed using Models 1
and 2 of Section 6.2, which correspond to Egs. (20)
and (22), respectively. The off resonance factor Av and
the spinning speed were set equal to 0 and 6 kHz, respec-
tively. The calculations were performed for different val-

\/%b‘l”‘ ranging from 3 to 19 kHz with &}" = 0.157"

and ¢ = 0.1 in Eq. (23). The RF-field amplitude distribu-
tion was approximated by a Gaussian function. For

ues of

each value of \/gbj"‘, the final result is the sum over a

Gaussian distribution with a linewidth of 150 Hz. The
results of the simulations describing the behavior of
the I, component are shown in Fig. 5. Figs. 5SA and B
represent the simulations using Models 1 and 2, respec-
tively. The simulated nutation spectra are obtained after
Fourier transformation of the nutation signal. These re-
sults show that, as expected, the nutation signal is
strongly affected by the spinning rate. According to Mod-
el 1, a line at the position of the spinning rate, 6 kHz, ap-
pears when the RF-field amplitude is close to the spinning
speed. The peak intensity increases when the RF-field
amplitude approaches the value of the spinning speed.
The maximum expected intensity is reached for a RF-field
amplitude of 6 kHz. Deformations and perturbations on
the nutation signal are also predicted. Using Model 2, two
resonances at 12 and 18 kHz appear when the RF-field
amplitude is close to the double of the spinning speed.
The peak at 18 kHz is less intense than that at 12 kHz.
As for Model 1, the peak intensities are maximum when
the RF-field amplitude is very close to 12 kHz. Again, if
the RF-field amplitude is equal to 12 kHz, the nutation
signal is affected. The modulation in wg present in Model
1 gives rise to the spinning line at 6 kHz. On the other
hand, both modulations in 2wz and 3wg present in Model
2 give both resonances at 12 and 18 kHz. The comparison
between experimental and simulated data indicates that
Model 1 is less appropriate. Indeed, the calculated
nutation spectra consist of only one peak at 6 kHz whose
intensity is overestimated. Model 2 seems to be the more
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Fig. 5. NMR spectra simulations of nutation experiment using Model
1 (A) and Model 2 (B) at different RF-field amplitudes. Eq. (20) was
used for Model 1 and Eq. (22) was used for Model 2. The off resonance
factor Av and the spinning speed were set equal to 0 and 6 kHz,
respectively. The calculations were performed for different values of

\/gb"l“ ranging from 3 to 19 kHz with &{" = 0.15{* and ¢ =0.1 in Eq.

(23). The RF-field amplitude distribution was approximated by a
Gaussian function with a linewidth of 150 Hz.

realistic model since the predicted nutation spectra
reproduce well the experimental results.

Spins experiencing an uniform RF-field will nutate at
the same frequency. RF-field distribution amplitude due
to the B; inhomogeneities results in distribution in fre-
quency nutation. Dispersion of spin flipping angles
causes the damping of the signal nutation and therefore
the broadening of the corresponding line (see Fig. 4).

Under MAS conditions, the sample spinning induces
modulations in the nutation motion of spins at the fre-
quencies (wg,2wg, and 3wg). The amplitude of these
modulations and therefore the intensity of their corre-
sponding peaks depend on the B; inhomogeneities. The
fluctuations of the spinning speed can act as damping fac-
tor of these modulations. Apparently however, the fluctu-
ations are weak as indicated by the sharpness of the lines
at wg, 2w, and 3wg. Their broadening are caused only by
the natural transverse relaxation processes.



20 K. Elbayed et al. | Journal of Magnetic Resonance 174 (2005) 2-26

6.4.2. (90°) ., —t—(90°)_, experiment

This experiment is based on the simple sequence
(90°)4,—1—(90°)_, and is a classical building block used
in numerous experiments to sample the f1 indirect
time-domain (NOESY, COSY, TOCSY, etc.). The data
are recorded after a variable evolution time (¢). In the
absence of relaxation processes, RF-field imperfections
and offset effects, the magnetization of the spins initially
aligned along the z axis is returned to exactly the same
position at the end of the sequence. Experiments ran un-
der static conditions in liquid-state high-resolution
probes clearly agree with this statement. However, many
experimenters know that the outcome of the (90°)4,—1—
(90°)_, experiment run under MAS conditions does
not lead to this result (unpublished results). The actual
results obtained under these conditions are illustrated
in Fig. 6. The spectrum was recorded on a D,O sample
by incrementing the evolution time (¢) between the two
pulses and by Fourier transforming the different spectra
in both dimensions. The carrier frequency was set ex-
actly on the proton HDO resonance. The spinning speed
used for MAS was 2 kHz and the 90° pulse-length was
equal to 7.5 ps, corresponding to a RF-field amplitude
of 33.3 kHz. The experimental results show that the
spectra consist of several lines at the frequencies of 2
and 4 kHz. The maximum intensity is observed for the
line at the spinning frequency. These resonances repre-
sent only a small fraction of the magnetization since
most of the initial M, magnetization is returned along

0 2 4 6 v (kHz)

Fig. 6. Proton spectrum resulting from the (90°),,—1+(90°)_, experi-
ment recorded on the HDO signal of a D,O sample. The data are
recorded after a variable evolution time (). The carrier frequency was
set on the proton HDO resonance. The spinning speed used for MAS
was 2 kHz and the 90° pulse length was equal to 7.5 ps, corresponding
to a RF-field amplitude of 33.3 kHz. The spectrum was recorded by
incrementing the evolution time (¢) between the two pulses and by
Fourier transforming the different spectra in both dimensions.
Displayed spectrum is the corresponding f1 slice extracted from 2D
spectra obtained with a resolution in f1 dimension of 250 Hz. Spectra
were recorded on a Bruker Avance 500 MHz equipped with a 4 mm
"H/'3C/*H MAS probe. The sample was placed in a 4 mm rotor fitted
with Teflon inserts delimiting an active volume of 50 pl.

the z axis. Similar experiments were performed on other
samples leading to the same findings. This unusual
behavior in a consequence of the B; inhomogeneities
experienced by the sample during them rotation. This
will be demonstrated by the following simulations.

To simulate these experimental results, initial 7, mag-
netization was subjected to a the pulse sequence (90°).,—
t—(90°)_,. The calculations were performed according to
the procedure described above. The following parame-
ters were used for the simulations: Av =0, wgr =2 kHz,

\/§b§X — 33.3kHz, b™ = 0.15™ and ¢ = 0.1 in Eq. (23).

The results of the simulations describing the fate of
the I, I, and I. components as a function of the evolu-
tion time (¢) are shown in Fig. 7. The spectra presented
in Fig. 8 are obtained after Fourier transformation of
the transverse magnetizations plotted in Fig. 7. Figs.
7A and 8A represent the simulations using Model 1
while Figs. 7B and 8B represent the results of the
simulations using Model 2. These results show that the
spinning provokes periodic oscillations of the magneti-
zation. As can be seen, a large fraction of the magneti-
zation is returned along the z axis and a non-negligible
part of the magnetization is shared periodically between
the longitudinal and transversal components. Amplitude
and frequency of the oscillations are provided by the
spectra presented in Fig. 8. According to Model 1, the
spinning induces two oscillations of frequency 2 and
4 kHz. The intensities of these two resonances indicate
the preponderance of the oscillation at 2 kHz with cor-
responds to the spinning speed. Using Model 2, the cal-
culations predict two intense oscillations of frequency 2
and 4 kHz. These simulations agree with the experimen-
tal observations. The inspection of the experimental
data shows that the intensities of two lines at wgp and
2wpg fit well with the predictions of Model 2.

These investigations show that for sequence (90°)4,—
t—(90°)_, spinning gives rise to a weak loss of the
magnetization along the z axis. The repetition of this
sequence in a NMR experiment can lead to some loss
of magnetization. To prevent these effects, the increment
of the evolution time (#) must be set equal to a multiple
of the rotor period.

6.4.3. MLEV16 and DIPSI2 experiments

The goal of the present section is to provide an expla-
nation to the data shown in Fig. 9. These data represent
the variations of the first increment of an MLEV-16
[110] experiment recorded on a sample of sucrose in
D>O as a function of the rotor spinning speed. The B
field used for the MLEV-16 mixing pulses was 8 kHz
which corresponds to the classical value used at moder-
ate By fields. Only the proton HDO resonance line, in
the center of the spectrum at 4.76 ppm, is shown in
Fig. 9. The data were recorded with a 100 Hz increment
of the spinning speed to obtain a fine description of the
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Fig. 7. NMR simulations of the evolution of the magnetization in the (90°),——(90°)_, experiment using Model 1 (A) and Model 2 (B). Eq. (20) was
used for Model 1 and Eq. (22) was used for Model 2. The following parameters were used for the simulations: Av=0, wg=2kHz,

\/gb'“l"‘ = 33.3 kHz, bi" = 0.1b{* and ¢ = 0.1 in Eq. (23). I, I, and I. components are plotted as function of the evolution time () between the flip and

flop pulses.

phenomenon. An extremely strong decrease in signal
intensity is observed for sample rotation values of 2, 4,
6, 6.5, and 9.5 kHz. This phenomenon is most puzzling
since the proton of the HDO resonance represents an
isolated spin system whose MLEV-16 spectrum should
be independent of the speed of rotation. Similar effects
were observed on all the resonances of the sucrose mol-
ecule in the sample. The maximum signal intensity is
only obtained at a rotation speed of 8000 Hz which
matches exactly the value of the Bj field strength. Under
these conditions, the length of the basic element of the
MLEV-16 cycle R = 90°, — 180°, —90°, is exactly
equal to one rotor period. These experimental condi-
tions are the ones recommended to acquire MLEV-16
spectra under MAS [102]. For DIPSI-2 [111] experi-
ments, the optimum value of the B field over the speed
of rotation is different and more difficult to define ex-
actly. The data published in [102] can be used to chose
the optimum value of the rotation.

MLEV-16 sequences are experiments designed to
achieve coherence transfer through scalar coupled spin
systems to assign the different spin systems present in a
molecule. The basic element of the sequence is a compos-
ite 180°, pulse called R which is defined as:
R =90°, —180°, —90°,. Its opposite R =907 —
180° — 90‘iy is the secong basic element of the sequence.
The two elements R and R are combined in the following
manner to generate the MLEV-16 cycle:

RRRR RRRR RRRR RRRR.

The magnetization of interest in these experiments is
the one initially perpendicular to the RF-field of the
MLEV-16 element. For example, if the MLEV-16 cycle
is applied along +y, then the magnetization of interest is
I.. Under these conditions, the initial magnetization I, is
taken successively through —71., + I. and then back to
I.. The experimental results of Fig. 9 show that the
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Fig. 8. Spectra obtained after Fourier transformation of the transver-
sal magnetizations plotted in Fig. 7. Spectra A and B correspond to the
Models 1 and 2, respectively.

intensity of the magnetization almost drops to zero at 2,
4, and 6 kHz. Signal losses can also be observed at 1.5,
3.25, 4.75, 6.5, and 9.5 kHz. The maximum expected
intensity of the experiment is only reached at a spinning
rate of 8 kHz which corresponds to the intensity of the
B, field used in the experiment.

)

To simulate these experimental results, initial 7, mag-
netization was subjected to two consecutive MLEV-16
cycles of phase y. These particular conditions corre-
spond to a R element given by R = 90°, — 180°,— 90°,.
The calculations were performed by numerical integra-
tion of Eq. (17) and by summing the results obtained
using 60 equally spaced values of 6. This set of values
was found to be adequate to represent the spin popula-
tion on the ring. The simulations were performed using
Models 1 and 2 of Section 6.2, which correspond to Egs.
(20) and (22), respectively. The following parameters

were used for the simulations: Av =0, \/%”?X = 8 kHz,
b =0.167" and ¢=0.1 in Eq. (23). The value of
8 kHz chosen for \/%b?" corresponds to the experimental

conditions of Fig. 9 and leads to a 4 ms MLEV-16 mix-
ing time. The calculations were performed for different
spinning rates ranging from 1 to 10 kHz.

The results of the simulations describing the fate of
the I, component after two MLEV-16 cycles are shown
in Fig. 10. Fig. 10A represents the simulations using
Model 1 while Fig. 10B represents the results of the sim-
ulations using Model 2. These results show that, as ex-
pected, the magnetization present after the MLEV-16
cycles is strongly affected by the spinning rate. Model
1 creates important losses of magnetization at 1.5, 4,
6.5, and 9.5 kHz. Model 2, on the other hand, features
intensity drops at 1.5, 2, 4, 6, and 6.5 kHz. In both cases,
a small amount of I, and I, magnetization is created
during the MLEV-16 mixing. However, this new magne-
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Fig. 9. Proton spectra of the first increment of an MLEV-16 experiment recorded on the HDO signal of a 2 mM sucrose sample in D,O. The spectra
were recorded at different spinning speeds, starting at 1 kHz and going to 10 kHz in 100 Hz increments. The constant B, field used for the MLEV-16
element was set to 8 kHz and two MLEV-16 cycles, corresponding to a 4 ms mixing time, were applied. Spectra were recorded on a Bruker Avance
500 MHz equipped with a 4 mm 'H/'*C/*H HRMAS gradient probe. The sucrose sample was placed in a 4 mm rotor fitted with Teflon inserts

delimiting an active volume of 50 pl.
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Fig. 10. NMR simulations of the magnetization of the first increment of a MLEV-16 experiment as a function of the mixing time using Model 2.
Simulations were performed at a speed of 2 kHz (A), 4 kHz (B), 6 kHz (C) and 8 kHz (D). Data points were taken after each R cycle. The parameters

used for the simulation are the same as those used in Fig. 10.

tization does not compensate the much larger intensity
drops observed for I,. Everything happens as if some
of the magnetization had disappeared. An analysis of
the fate of the magnetization in different parts of a single
ring shows that the spins behave as if they were sub-
jected to an intense gradient B; pulse. Along a given
ring, the MLEV-16 sequence effectively dephases all
the spins, creating a state in which the magnetization
points in every directions in the (x,y) plane, resulting
in a net magnetization equal to zero.

What s particularly striking in these simulations is that
Model 2 reproduces the experimental data of Fig. 9 to a
very high degree. Most of the magnetization losses ob-
served in Fig. 9 are observed in the simulations of Fig.
10B, which is quite remarkable considering the relative
simplicity of Model 2 and the fact that the simulations
were carried out using a single ring. An important point
is that the modulations in wg and 2wy present in Model
2 are essential to reproduce the experimental data. On
the other hand, the results of the simulations using Model
1 do not reproduce the experimental data. Only the inten-
sity drops observed at4 and 6.5 kHz are reproduced prop-
erly. These findings are consistent with the results of the
electromagnetic simulations of Section 6.3 that show that
Model 2 is valid inside the coil whereas Model 1 is valid
outside the coil. Models 1 and 2 coexist but in different
regions of the solenoid. However, for most NMR applica-
tions, Model 2 is certainly the most important since it
describes the B; distribution of the active volume of
the solenoidal coil. The time evolution of the magnetiza-
tion at 2, 4, 6, and 8 kHz is simulated in Figs. 11A-D,
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Fig. 11. NMR simulations of the magnetization of the first increment of
a MLEV-16 experiment using Model 1 (A) and Model 2 (B) at different
spinning speeds. Eq. (20) was used for Model 1 and Eq. (22) was used for
Model 2. The following parameters were used for the simulations:
Av =0, \/gbj“ = 8kHz b} = 0.15}", and ¢ = 0.1 in Eq. (23). Data points
were taken after each R cycle and the average of all these values was
plotted in the graph. I is represented by solid lines and Z. by dashed lines.
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respectively, in the case of Model 2. Each point on this
curve represents a data point taken after one R cycle. It
is clear that when the rotation speed is 2, 4, or 6 kHz,
the loss of intensity is a very fast process, requiring only
a couple of milliseconds. This intriguing phenomenon
of destruction of magnetization is clearly related to the
spatial properties of the electromagnetic field in the sole-
noidal coil. It should be therefore possible to minimize
these effects by restricting the sample position. For that
purpose, we have manufactured a cylindrical Teflon in-
sert with an inner cylindrical hole of diameter 0.5 mm.
This insert allows to restrict the sample location to a
cylinder of diameter 0.5 mm in the center of the sole-
noidal coil. Under these conditions, the effects of radial
fields and the amplitude of the modulations of the axial
field should be far less pronounced than in a normal
4 mm rotor. Results of MLEV-16 experiments carried
out on such a sample (data not shown) show that vir-
tually no magnetization losses are observed at 2, 4, and
6 kHz, thereby confirming the hypothesis developed in
this paper.

When comparing these observations to the models
proposed in Section 4, it is clear that many features of
Model 1 are present outside the solenoidal coil (Z/Zax
values of 100 and 125%). In this region, the intensity of
the radial and axial component of the field become com-
parable and the direction of b} is roughly along the nor-
mal of the ring. This situation is similar to the one
described by Goldman and co-workers [104,105].

7. Conclusions

In this work, we have shown that sample rotation in-
duces a time-dependence of a number of NMR parame-
ters like the B, field, the intensity of the pulsed field
gradients and the intensity of the main By magnetic field.
In particular, the time-dependence of the B, field can have
an impact on a number of NMR experiments performed
under MAS. The most striking examples are clearly the
MLEVI16 and the DIPSI2 experiments. Some simpler
experiments like the nutation and the (90°),—1—(90°)_,
experiment are also affected. Using geometrical argu-
ments supported by electromagnetic simulations, we have
shown that, in the active region of the solenoid, the B field
can be represented by the sum of a cosine modulated axial
field and of a cosine modulated radial field (Model 2). The
frequency of the axial modulation is equal to the rotor
spinning frequency whereas the frequency of the radial
modulation is equal to twice the rotor spinning frequency.
At the edge of the coil, the B, field can be represented by
the sum of a constant axial field and of a constant radial
field normal to the solenoidal plane (Model 2). Recently,
experiments describing unexpected first-order spinning
side-bands in the MAS spectra of solid-state compounds
were reported by Goldman and co-workers [104,105].

They showed theoretically and experimentally that this ef-
fect could be ascribed to the presence of radial RF-fields at
the upper and lower edge of the coil. In the context of the
present paper, their results can be explained quite simply
using Model 1.

In the light of the present study, it is clear that the ef-
fects of these natural time-dependant B; fields are ubig-
uitous in MAS NMR experiments and that their effects
should be investigated further both in HRMAS and in
the field of solid state NMR.
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