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The existence of sidebands at +£w, in MAS spectra due to the We begin by briefly recalling the basis of the theory deve
radial component of the RF field at the edges of the coil is oped in (I). This is followed with an analysis of the radial-fielt
described theoretically and illustrated experimentally. The height  offect when spinning around the magic-angle axis and then

of the radial-field sidebands does not depend on the spinning illustrated with the experimental results.
speed and may contribute significantly to the intensity of —1

spinning sideband of MAS modulated internal interactions for a
sample placed in a rotor of length exceeding the solenoid coil or a

Il | | | d at th d f th il. cademic . . . . . .
i::? volume sample placed at the edge oF the cotl. - © 2001 Acad The starting point of the theory in (1) is the reciprocity

Key Words: radial RF field: spinning sidebands; MAS. principle (L, 3, 4: the emfinduced in a coil by a magnetizatior
distributionm(r) is equal to

THEORETICAL FRAMEWORK AND BASIC EQUATIONS

INTRODUCTION d

V= ——| Byr) -m(r)d’, [1]
The effect of a shift of the NMR resonance frequency dtf
induced by sample spinning when the RF field is radial has
been described theoretically and illustrated experimentally inghereB, (r) is the field produced at poimtby a current of unit
previous article 1) (henceforth I). The main emphasis of thisntensity in the coil. In NMR, the field, and the magnetiza
previous work considered the case when the RF field amplitugién m are limited to their part perpendicular to the directio
was constant, resulting in a single frequency shift equal to tii& of the external steady magnetic fiddg, and the magneti
spinning frequency. This paper did note the spinning sidebanggion is precessing at the Larmor frequengy It is conve
generation when this amplitude is not constant, such asrent to use semi-polar coordinates and to express all vector:
magic-angle spinning. This was very schematic, incomplet@e xy plane in the form of complex numbers, i.e.,
and not entirely correct. However, the experimental observa-
tion of a similar effect, with certain characteristics in apparent Bi(p, 2, 0) — Bi(p, z, 0)
contradiction with the suggestion of (I), has prompted us to {m(p, z,0) — mip, z 0), (2]
perform a more thorough theoretical analysis of this case.

The aim of this article is threefold. First, any new effect, once

suggested by either theory or experiment, is worthy of inves-
tigation. Second, the use of MAS is so widespread that an
observation of experimental features for which no clean de-
scription is available in the literature is likely to be puzzling or . . T
worFs)e, misleading. Last but not least, the )e/malysiz of spi%miE llowing the usage in NMR, we keep the magnetization in t
sideband (ssb) manifolds resulting from rotation-induced co- m of a complex numbem, and we use
herent modulation of internal interactions such as chemical
shift anisotropy and dipolar and quadrupolar interactions is
now routinely exploited to extract the structural and motional
information through the principal values of corresponding tefleglecting relaxation, for a static sample the evolution of tf
sors and their mutual orientation8)( When exploiting this Magnetization following a RF pulse is
information from the ssb manifold it is therefore important to

B,-m = 1(B;m* + B*m) = ReB*m). [3]

B,-m=Bim. [4]

be aware of possible experimental and instrumental artifacts m(p, z, 6; t) = m(p, z, 6; O)exp(iwgt). (3]
affecting the intensity of individual spinning sidebands relating
to the internal interactions. It is initially locally normal to the pulse RF field, that is
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imaginary. The case essentially studied in (1) is that when the a z .
coil axis is parallel to Oz, in which case the amplitudes of both
B, andm are constant and radial. They are written

Bi(p, z, 6) = bi(p, 2)exp(if)
{m(p, z, 6; 0) = ia(p, 2)exp(if). (6]

For such a static sample, the emf takes the form

V = 27 weexpi wot) JI pdp dz Bi(p, 2)a(p, 2). [7] b

In the case when the sample is rotating at frequefigythe
sample element located at position, ¢, 6) at timet is that
which was initially at position p, z, (6 — Qt)], that is,

mM(p, z, 6; t) = m[p, z, (6 — Qt); O]exp(i wot)
=ia(p, zyexdi(0 — Qt)]expliwet),  [8]

and one obtains in place of Eq. [7] FIG. 1. The frames of reference used in the text. (a) The lab frayzs
related to the rotor framXYZ Near the coil edges, the RF field has radia
components with respect to OZ. (b) The radial component of the RF field in t
. planeXY (solid circle) and its projection in the plang (dashed ellipse). As
V = 27weexfi(w, — Q)t] JJ pdp dz Bi(p, 2)alp, 2),  an ilustration for a given angl® in the XY plane, the radial field and its
projection correspond to the solid and dashed arrows, respectively.

9]

that is a frequency shift algebraically equalt®) and a signal component in the plankY as a function of the angleéand the

amplitude independent of the spinning frequency. This is tl&%shed ellipse represents its projection in the phaneit has

basic result of article (1). no longer a constant amplitude as a function of the polar an

0. For a purely radial RF field this has a double consequen:

First, during the pulse prior to the observation of the FID, tt
MAS consists of using a sample spinning around an axsiglea by which the spins are tilted will depend on the pola

oriented in a direction OZ forming the “magic” anglg = angle6, so that the initial magnetization, proportional to &n

arccos(1%/3) with the direction Oz of the external field. As awill also depend orf. Second, the amplitude, entering the

general rule, the coil is axially symmetric around the axis O&xpression of the emf depends also on that afglherefore,

(Fig. 1a). The RF field it produces is aligned with this axis, &sq. [6] is now to be replaced by

a rule, except near the edges of the coil, where it acquires a

radial component. In the system of axes OXYZ associated with

the coil, the coordinates of a given point can be expressed in {Bl(p, Z, 0) = bi(p, Z, 0)explio)

cylindrical coordinates Zp, 6 with X = p cosf andY = p sin m(p, Z, 0) = ia(p, Z, 0)expio),

0. Due to the symmetry of the coil around the axis OZ, for all

points of equal componen&andp, the amplitude of the radial o . . )

component is independent of the polar angle the XY plane whereb, anda are real: it is their amplitude which changes

perpendicular to the spinning axis OZ. However, it is only thg0t their orientation. In the case when the RF field has
component of the RF field in thay plane normal to the COMponent of constant orientation along OZ, its projectic

external field direction Oz which is able to induce transition§0rmal to the main field axis Oz is along the axis Oy. We tre
that is which is active for rotating the spins during a pulse ard turn the case when the RF field is purely radial and then t
also for representing the “unit current” to be used in thgenerallcase when the component of constant orientation d
reciprocity theorem. We must therefore consider only the prgot vanish.

jection of the RF field on that plane. This is schematically (a) Purely radial RF field. As above, we “isolate” a ring
shown in Fig. 1b with the superposition of two planes. Thef constantZ and p. For this ring, the RF field components
solid circle represents the constant amplitude of the radial-fielddrmal to Oz are easily derived from Fig. 1:

Magic-Angle Spinning

[10]
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B.x = b coso with
By, = b cos sin 6 = b sin 0/,3, [11]
2
whereb is related to the amplitude, by A(—Q) = f {(6)(p?+ pg exp(—2i6))do
0
b, = b/cos’0 + sin*6/3. [12]

2w
AQ) = J ¢(0)(g* + pg exp(2i6))do
The complex notation for the field then reads 0

£(6) = sin(Aby)/b,. [18]
B.(6) =b[pexpif) + qexp—ih)];
p=1(1+ 1/\’@); q=3%(1- 1/V,§)_ [13] In.the linear limit, whemb, < 1, thg factor(6) reduces to thg
f-independent valug, so that the integrals of the exponentia

o o i factors vanish, and the sideband amplitudes reduce to
The initial transverse magnetization is proportional to the

sine of the local pulse angle (and locally in quadrature with the

_ _ 2. _ 2
RF field), and, to within a constant, it is equal to A(=Q) = 2mAp* A(Q)) = 2mAq [19]
SinAb,(0)] and their ratio is then
m(6) == gy X [P exio) + qexp—io)],
' ) A(-Q)IAQ) = p%q® = 14, [20]

whereAb, (0) is the local pulse angle. Since during the puls@ result which corrects that given in article (I).

the RF field, although very different from,(6), is propor It can be shown in _fuII generality that the amplitudes at
tional to it, A is a constant proportional to the pulse duratiod€al. Indeed, the imaginary part 8(Q2) equals

As for

27
[pexpif) + qexp—if)]/b.y(6), Im[A(Q)] = f (sin(Ab,)/b,)(pq sin(26))d6
0
::“;jeescnbes a vector parallel 8,(0) and of modulus 1J 7 sin(Ab |1 — 2 sir?0/3)
pendent of). =2 / —
The contribution of the ring to the emf is of the form byl - 2sin"6/3

X sin 6 cos6d6, [21]

2m
dV = weexpliwgt)pdp dzf B%(6)m(6 — Qt)de. ) ) .
0 which can be decomposed into an integral frem/2 to /2
plus one froms/2 to 3m/2. Writing sin6 = u, we have cos
[15]  9do = du and

This form is adequate for small pulse angles, for which

sin(Ab,)/b, reduces to\.. For an arbitrary pulse angle, it proves +1 -1
much more convenient to use an equivalent expression, Im[A(Q)] = f(u)du + fludu=10. [22]
-1 +1
2w
dV = weexpliwgt) pdp dzJ Bi(0 + Qt)ym(0)do. The same result is obtained f&(—().
o In order to compare the phase of sidebands with that of t

[16] normal, unshifted signal, we may remark that the latter, ori

inating from the constant orientation of the RF field, corre

With the help of Egs. [13] and [14], we obtain sponds to the absence of a dependence on the phasefang
and it gives rise to a real coefficient of exp(t) for the emf

dV = woexpliogt) pdp dz it produces. As a consequence, if the Fourier transform of t

0 ot)pEPp FID is phased so as to display the normal unshifted signal

X {A(—Q)exp(—iQt) + A(Q)expiQt)} [17] absorption, then the sidebands are also in pure absorption
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(b) The general case.We now include a component of (c) Remarks and commentsThe following comments can
constant orientation along the axis Oy. In place of Eq. [11], th®e made in connection with the above theory.

field components are written under the form _ )
(1) In all cases, the amplitudes of the sidebands are p

B, = b cosf dicted to be independent of the spinning frequency, in cor
{B — bo(sin 6/.(3 + d) [23] plete contrast with the sidebands originating from a modulatit
ly v ' of the anisotropic interactions like chemical shifts or quadr
pole couplings. This provides a decisive test as to the origin
me observed sidebands.

(2) The form ofm « Ab, is a complicated function of (see
Egs. [12] and [24]), whose Fourier transform contains mar
harmonics. This is to be contrasted with the simplicity of th
/ form of B,(0) (Egs. [13] and [23]). Indeed, except in the limif

b, = bcos0 + (sin 6/3 + d)?, [24]  of very small pulse angles, the form [16] is much easier to u
than [15], since it shifts the dependence@nfrom m to B;.
from which we obtain the expression B (0 + Qt): This makes it immediately visible that there are only tw
sidebands, at-() and —().
Bi(0 + Qt) = b{p exd —i(6 + Qt)] (3) From a practical point of view, the radial-field and th
: . constant-orientation amplitudes vary continuously within tr
+aexdi(0+ Qu]—id/2}y, - [29] sample, and the observed sidebands correspond to an inte
of Egs. [26] over a continuum of values bf d, andA, whose
which yields for the sidebands an expression of the same fo\r’vrﬁ'ghts would require an el_aborate computatlon. we d|d_n
as Eq. [17], with attempt such a computation in the experiments to_be describ
The case of a loosely packed powder sample is even m
complicated, since the powder may move toward the extert
part of the sample tube under the effect of the centrifugal for
during sample spinning, so that the exact sample distributior
not known with accuracy. The most important qualitative fe:
+Lidp exp(—i0))d6 ture of the theory is that the relative amplitudes of the tw
sidebands depend in a complicated fashion on the coil &
27 sample geometries and on the pulse length. It may be noted
A(Q) = f £(0)(g? + pg exp2i0) the effect described in this article is not the only source
0 parasitic sidebands. Indeed, it was noticed very early that
L ) liquids the inhomogeneity of intensity of either the main fiels
+zidq exp(i0))do, [26] B, or the radiofrequency fiel@, is responsible for sidebands
in the spinning samples used for producing a line narrowir
where(6) has the same form as in Eq. [18], with given by (5-7), an observation extended to the case when the orientat
Eq. [24]. of the RF field is position-dependers)( Similar and more

As for the case of a purely radial field, these amplitudes acemplex effects were also detected and analyzed in rot:
real, that is they correspond to absorption signals when ttesonance recoupling experimens. (
central signal is in absorption. It is sufficient to prove it for,

say,A(Q2). We have EXPERIMENTAL VERIFICATIONS

where the constant-orientation component is equadddpso
thatd is a dimensionless parameter. This results in a slig
simplification of the next equation. The amplitutle is now
equal to

A(—Q)=J £(0)(p®+ pgexp(—2i6)

2m ) The presence of radial-field sidebands may be easily ¢
Im[A(Q)] = J ¢{(6)(pgsin(26) + 3qd cos6)do served in high-resolution MAS spectra with narrow resonan
0 signals on a standard probe using a sample in a rotor of len
exceeding the solenoid coil. This is illustrated in Fig. 2, whic
shows three standard cross-polarization MAS spectra of a

B J’z’f sin(Ab \/1 — sin?0 + (sin 0/ 3 + d)?)

0 b\/l — sin®0 + (sin 6/ \,@ +d)? mantane recorded at three different spinning frequenci
These spectra clearly show the presence: of sidebands and
X (2p sin 6 + d)cos6d6 [27] the absence of any second- or higher-order sidebands. Th

features cannot be related to a residual chemical shift anis
and, by writing sind = u, we obtain an expression of the sameopy of adamantane molecules which, at room temperatu
form as Eq. [22], which proves the statement. rotate nearly isotropically. Clearly, no second-rank tensor i
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FIG. 2. Radial-field sidebands in theC CP/MAS spectra of adamantane recorded at three different spinning frequencies by using a standard BR
probe. A sample is contained in tke7-mm rotor with length of 18 mm largely exceeding the solenoid coil (seven tdrnand length of 9 mm). For better
visualization, each spectrum is presented with a 16-fold increase of the amplitude.

teraction could be responsible for the appearance pfside these “edge” positions of the sample, the ratio of intensity
bands. Indeed, according to the theoretical treatment presersiettbandd /I at spinning frequency of 1 kHz is close to
above, the observetlv, sidebands have to be produced by th&2, which is in good agreement with the theoretical ratio (vic
radial part of the RF field at the edges of the solenoid coil. Tsupra).

check this hypothesis, we have compared the spectra of adaAs expected, besides a largely dominatind. sideband,
mantane for a loosely packed sample with those recorded foargother unusual feature of radial-field sidebands is their cc
small volume sample placed at different heights in the rotawtant amplitude at different spinning speeds. This fact can
Figure 3 shows such spectra at two spinning speeds. Compasbderved for small volume samples placed at the edge of ¢
with spectra recorded for the loosely packed sample, pradind tightly packed to avoid the displacement of powder
cally a complete disappearing and dramatic increase ofthe higher spinning speeds. This is illustrated in Fig. 4, whic
sideband is observed for a 3-mm slice of adamantane placedliows a series of standard one-pulse spectra of benzene-
the central part and at the bottom of the rotor, respectivelyated G, with approximately constant intensity at higher spin
This proves that the radial component of the RF field i8ing speeds of the-1 “purely radial-field” sideband of the &
responsible for the presence of the obseryddsidebands. The signal. Due to the fact that no second-rank tensor governs:
similar effect of a huge increase of the intensity of radial-fielchdial-field sidebands, they may also manifest themselv
induced sidebands can be observed for a sample placed atwhen using the techniques of suppression of spinning sic
top of the rotor, the single pulse spectra instead of crodsands. Indeed, as shown in Fig. 5, the TOSS pulse sequenc
polarization transfer showing the same characteristics. Fable to suppress efficiently the ssb resulting from the MA!
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FIG. 3. Comparison of the radial-field sideband intensities in the stand@r@P/MAS spectra of adamantane recorded at spinning frequencies of 1 (bott
and 2 kHz (top) for a (left) 3-mm slice of sample placed in the central part of the rotor; (middle) whole rotor; (right) 3-mm slice of sample placesttatthe
of the rotor. A standard 7-mm CP/MAS Bruker probe has been used (for technical details see Fig. 2). Each spectrum is presented with the sante ful
of the isotropic CH signal (the intensity of-1 radial-field induced sidebands for middle and the right-hand spectra is, respectively, 3 and 17% of the c
peaks).

modulated chemical shift anisotropy of benzene molecules but CONCLUSIONS

is completely ineffective in suppression of the purely radial-

field sidebands of ¢ which now appear with arbitrary phases. This paper describes theoretically and illustrates experime
The radial-field effect may also be the reason for the presertally a contribution to sidebands intensities in solid-state MA
of the residual-1 sideband of benzene in the TOSS spectrurapectra arising from magnetization excited by the radial cor

4000 Hz J
3000 Hz

2000 Hz

1000 Hz

500 Hz
v, =250 Hz N JJ LLN

PPM 180.00  170.00 160.00 150.00 140.00

FIG. 4. Effect of the “purely radial-field—1 sideband of g signal in the one-pulsEC spectra of benzene-solvateg, @r a small volume sample placed
at the edge of coil and recorded at different spinning frequencies.
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sors and their mutual orientations. The radial-field sideban
may also manifest themselves when using the techniques
suppression of spinning sidebands. In general, the effect
radial-field sidebands will be attenuated in the rare spin spec
requiring a high-power proton decoupling due to the broade
ing of the resonance signals under lower RF decoupling field
the edges of the coil. As demonstrated above, things would
different in the presence of small dipolar interactions encou
tered in highly mobile or magnetically dilute systems as well :
in most inorganic solids.
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