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In this article a method is suggested for restricting a sample pe placed as a building block before ary or rare-spin NMR
(spatial localization) by preparing the magnetization with a phase- sequence). Second, ideally the plastic inserts typically used t
modulated radiofrequency pulse which inverts magnetization only  yagirict the sample should be susceptibility matched to the san
over a very narrow range of radiofrequency field strengths. Thisis = 0 | e ity this is rarely the case, so that the inserts themselve
the most efficient method, in terms of sensitivity, of restricting the - - ) e . .
sample to improve rf homogeneity. The method is demonstrated by Indqce some line broade_nln_g. Finally, itis experimentally incon-
using it to improve the resolution obtained in a homonuclear dipolar venient to pack rotors with inserts. .
decoupling experiment. © 2002 Elsevier Science Recently we have proposed a method that uses static magne

field gradients to excite magnetization in MAS experiments only

in the center of the sampld@). This method, which is based
INTRODUCTION on principles borrowed from magnetic resonance imaging, ef

fectively removes the need for inserts, and allows the spectrc

Many different types of multiple-pulse sequences are nd¥¢opist to choose interactively the degree of sample restrictio
used in solid-state NMR, ranging from heteronuclear reconecessary to achieve the required performance. It also avoi
pling to homonuclear decoupling, and including virtually all ofltogether problems of susceptibility matching. However, to im-
the possibilities in betweerl£5). The major weakness of manyplement the method one needs a CPMAS probe equipped wif
of these sequences is their sensitivity to the inhomogeneityagradient coil (which is currently a serious drawback), and a
the radiofrequency field (i.e., the radiofrequency (rf) field is ndbe current state of the art the gradients generated in such prok
uniform over the whole sample volume). This is a classic proBre not particularly strong, leading to problems with offset ef-
lem in NMR, and in liquid-state NMR the main way of dealindects. Also, one should note that (as illustrated by the field ma
with rf inhomogeniety has been to develop sequences that afd-ig. 1a) while restriction of the volume to the center of the
less sensitive to the precise rf field strengh?). In solid-state rotor does improve homogeneity, it is not the most efficient way
NMR this approach, although possible, is not quite as straigh@do so. In fact the most efficient way to improve homogeneity
forward, since the sequences must also be robust with respieuld be to selecta volume of the sample defined by the contol
to the relatively large (compared to the rf) dipolar couplingénes in Fig. 1b. In this article we suggest a method for doing
and/or carbon offset frequencies. Indeed, while a few sequent#s by preparing the magnetization with a phase-modulated rz
(for proton—proton dipolar decoupling) have been proposed ti@frequency pulse which inverts magnetization only over a ver)
are less sensitive to rf innomogenei—0), nevertheless the narrow range of radiofrequency field strengths. This is the mos
usual approach to avoiding this problem in solid-state NMR gfficient method, in terms of sensitivity, of restricting the sam-
to restrict the sample to a small volume in the center of the magjite to improve rf homogeneity. The method is demonstrated b
angle spinning (MAS) rotor. using it to improve the resolution obtained in a homonucleal

Sample restriction suffers from three main handicaps. Firgipolar decoupling experiment.
it reduces the intrinsic sensitivity of the experiment, making it
realistically useful only for proton NMR (though in principle it
would also improve the performance of, for example, carbon—

carbon recoupling experiments, the method presented here cap, ihe following we will use a model for the rffield distribution
inside the coil to illustrate the ideas we shall develop. The mode

170 whom correspondence should be addressed: E-mail: Lyndon.Emsle}#é§ US€ iS reIatingy §imp_|e, a}nd more sophisticated models QXiS
ens-lyon.fr. but the actual distribution is not important for the following
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discussion, since we do not need to know the field distribution for ~ a)
the method to work (indeed this is possibly the most important
feature of our method).

The magnetic field created by an infinitely long solenoid with 1
“jointed turns” would be constant (i.e., perfectly homogeneous).
However, the coil in a CPMAS probe usually has a relatively
short length compared to the radius, and does not have jointed
turns. Thus, the magnetic field it creates is inhomogeneous; that
is it depends on the position inside the coil. For example, using
an idealized modeli(l) we obtain

Probability (a.u.)

tod A PM 0 0,5 1 Binom
s = [ o

Pecoll b)
whereJ is the current flux and® a point in the coil. We can
evaluate this expression numerically to obtain the distribution
shown in Fig. 1a. In the figure, each contour line corresponds
to a given value of theBx field. Analytical calculations (not
developed here) show how the field changes rapidly along the
coil axis and more slowly in the radial direction (perpendicular
to the coil axis).

0785 (Dlnom wlnom

a

) 1.4 A FIG. 2. (a) Simulated probability distribution of rf fields generated by the
coil of Fig. 1. The probability is calculated by subdividing the space betweer
the turns of the coil in small elementary volumes, and counting those where tt
field has the same value, with a given uncertainty. The shaded region indicat
the range of 0.98 to 1.02 selected by the BISON-1 pulse described in the te»
(b) Experimental probability distribution measured with the nutation experimen
on a sodium acetate sample for a nominal rf field of around 100 kHz. The
oscillations in the signal to the right of the nominal value are probably due tc

experimental artifacts, although we cannot explain their origin.

Radial position (mm)

In Fig. 2 we show the field distribution for the coil calculated
from Fig. 1a. We can see that the highest field is the most prc
Axial position (mm) bable, but that other fields are significant for up to around 209
lower than the maximum field. This value is actually reachec
b) C] T slightly outside the coil, but even these positions are relevar
because the rotor is actually longer than the coil. The distribu
tion shown in Fig. 2b corresponds to the distribution that cat
be measured experimentally using a nutation experiment. Tt
figure corresponds to a nutation experiment performed on th
carbon channel of our double-tuned Bruker 2.5-mm DVT-
CPMAS probe. It can be appreciated that it contains all the
essential features of the predicted distribution of Fig. 2a. Thus
it appears reasonable to assume that in a normal CPMAS pro
/) D there is an inhomogeneity of about 20%.

FIG. 1. (a) Simulated rf field distribution generated by the coil. The field RADIOFREQUENCY FIELD SELECTIVE PULSES
lines do not have a simple form due to the spaces between turns. The coil has

a length of 6 mm and a radius of 1.4 mm with 5 turns. The rotor used in the To select onlv those parts of the sample that experience
experiments described in the text measures 9 mm with an external radius of y p P Xperi

1.25 mm. (b) Sample volume selected by the BISON-1 pulse described in @@rticular rf ﬁ(‘jld strength We propose to use the prgparat?o
text. This volume corresponds to quarter of the total volume. sequence outlined schematically in Fig. 3a. A pulse is applie
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a) tion of the simulated NMR response to a pulse which is definec
H FSLG by an arbitrary function with many variable parameters. We us
a representation of the phase of the pulse in terms of a Fourie
T . series
13C | BISON ||n/2 m!m N
' | 2 2
. nnnnnﬂﬂﬂﬁnnn @:Z%COS(n—nt)"'bnSin(n_nt) (Oftff),
T T

LEALLLRARAASS

b) — wherer is the length of the pulse. The amplitude of the pulse
is constant. We have chosen a Fourier series since it represel
T 7T T a convenient basis set of functions (and it yields satisfacton
GG T results), but in principle any other basis functions could be usec
- T The optimization procedure consists in finding an optimal set 0

L T ' G / the Fourier coefficients, andb,,. For purely practical reasons of
41 computational time, the Fourier series is truncated at 10th orde
XL‘?elding an optimization using 20 variat_)le parameters. Also, fol

practical reasons the pulse must be “discretized,” yielding

FIG.3. (a)Pulse sequence used inthe experiments presented here (avail
on our web site http://www.ens-lyon.fr/STIM/NMR). As the selective pulse i
an inversion pulse, a/2 pulse is used to acquire a signal. waefield for the
carboninversion pulses was aboﬁt: 100 kHz; the FSLG decoupling was also T N np np
calibrated withu'f =100 kHz. Data were acquired on a 2.5-mm CPMAS probe At = — = ¢ = Z an COS<2JT —) + b, sin <27'r —)
(Bruker Avance DSX 500-MHz spectrometer). (b) Selective< t),, pulse, M n=1 M M

which can be used instead of BISON in the previous sequence. .
P g if(p— 1)At <t < pAt.

which inverts magnetization only over a very narrow range gforeach setof cpefﬂuents Fhe.resp.onse ofan |solated_smgle sP
neglecting magic angle spinning, is evaluated numerically as

rf field amplitudes, and signal is acquired in a difference expg-~" : . ) !
riment with and without the field selective pulse. We are by n%mcnon ofthe rf f|eld_ampI|tudapl, using the_BIoph equations,
gere for each step in the pulse, the evolution is given by

means the first to consider radiofrequency field selective pulsvt\é
(12-29, which form the basis of many methods for magnetic re- ,
sonance imaging using surface coils. However, existing methods My Mx
do not have the required selectivity for our application, where My | =[TT| My
we wish to invert magnetization over a range of only 4% of the M M
nominal maximum rf field strength in a quite selective fashion. z
(Clearly, a pulse that inverts a region of 20% around the nominal
. . S Ith
maximum fields will, in our probes, select the whole sampIeYy
Notably, in order to apply our experiment to achieve sample res- .
triction in a way similar to that achieved by using inserts, WET] = [
wish to select a square profile for tBg distribution instead of a
Gaussian one. Thus, we have derived a new pulse scheme parti-
cularly suitable for sample restriction applications in solid-statehered = w; At.
NMR. To do this we have adopted an approach using phaseThe quality ofthe response isthen determined by least-squar
modulated pulses analogous to the so-called DUMBO approammparison with a target function. The target function we usec
we have recently introduced for homonuclear dipolar decoimnthe optimization procedure is shown in Fig. 4. The optimiza-
pling sequencess). We should note, however, that some of théon was started by generating several million random sets ¢
existing B; selective pulses may also be promising in this corourier coefficients and evaluating the quality factor. The bes
text, with the family of pulses suggested by Shaka and FreenteEhsets were then used as starting points in a least-squares g
(17-19 (which yield a roughly Gaussian profile) appearingient descent method (the MINUIT method). The performance
relatively attractive (though we have not tested their perfoof our best result so far is shown in Fig. 4, and the Fourier co
mance experimentally). Our objective here is not to compaefficients for this pulse are given in Table 1. To obtain a pulse
different selective pulses, but rather to demonstrate that thigving a sufficiently square response requires the use of at lec
approach is of use to improve resolution in solid-state NMRO Fourier coefficients. (No dependence of these coefficients c
experiments. the radiofrequency field strength has been observed.) We dt
This approach (which has previously been applied to a ranthés pulse BISON-1B; is selected by optimizing numerically).
of problems in NMR 6, 9)) consists in the numerical optimiza-As can be seen from the figure, BISON-1 inverts magnetizatiol

cosp sing(l — cosf)  cosh + sirf (1 — cosd) — cosy sind

00 + cog (1 — cosd)  cosgsing(l — cosd) sing sinf
—sing sing cosy siné cosf
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05+ FIG.5. SimulatedB; inversion profile for & — ), sequences. The higher
E A then, the narrower thd; profile. To be useful, large values ofare necessary,
0+ so theses pulses will be efficient for a sample with a ldp@nd a shorfl,, so

E that the transverse magnetization dephases quickly during asstetay, and
0.5 the signal does not disappear at large

§ 9 95 100 105 110 115 Note that we have chosen to optimize an inversion pulse an
Biﬁ (%) usea di'ffer.ence schemg, r'ather than Qirectly op.timB@saaI.ec—
tive excitation pulse. This is because inversion is a considerab
FIG. 4. Simulated response to the BISON-1 sequence (solid line), and t8@sier problende). Our attempts to find a (pure phas)selec-
target function used in the minimization (dashed line). tive excitation pulse have so far failed to give satisfactory results
Finally, we remark that there is another, less demanding (bt

only over a range af-4% around the nominal maximum vaIue,SUt_)St"’l_mIaIIy Ion_ger), way of _ach|eV|r@1 Se'eC“Ye inversion
ch is shown in Fig. 3b. This sequence consists of a train c

and leaves the following 16% untouched; the pulse does have ar. . .
v wing o untou pu v inaryr pulses followed by dephasing delays (or gradients)

effect at even lower field strengths, but these should normal )
 the number ofr pulse increases (where the total number of

not be presentin the sample. Figure 2 shows the predicted dist isesi h lectivity of i o di
bution that should be obtained with BISON-1, and Fig. 1b shoW¥ :ﬁcs)\:\?nei\r{\egi)g’; 5e selectivity ofinversion increases according

the regions of the sample within the probe that are selected
g P P {R{As shown below, both approaches appear to work experimel

the pulse. As we mentioned above, the profile obtained with thiﬁ| d the choice b h bably d q k
pulse is not necessarily more “selective” than others in the "téf‘f y, and the choice between the two probably depends on t

ature (225, but it is more “square” and seems well adapted etails of the particular experimental setup and the sample.
the application to solid-state NMR experiments. (Curiously, we
found this satisfying “square” response result using a Gaussian
objective function.) In any case, we recall that our objective is
to demonstrate the use of such pulses to restrict the sample, an'g

we are not necessarily claiming that BISON-1 is “better tha\'?ersion pulses to a sample of polycrystalline sodium acetate |

APPLICATION TO HOMONUCLEAR DIPOLAR
DECOUPLING EXPERIMENTS

s an illustrative example we have applied both kinds of in-

any other alternative on any absolute scale. a Bruker 2.5-mm double-tuned DVT-CPMAS probe using the
sequences shown in Fig. 3a. During acquisition we observe tt

TABLE 1 carbon-13 signal in the presence of FSLZ¥)(homonuclear
Fourier Coefficients for the BISON-1 Sequence dipolar decoupling applied to the protons. As we have demor

strated previously4), the resolution of the fine structure due

i a b . . .
to the carbon—proton heteronuclear scalar coupling is a dire

1 3.124 —9.558 indicator of the performance of the homonuclear proton—proto
2 2.738 —1.254 dipolar decoupling. The FSLG sequence is known to be sens
i 1'2(1)5 :i;gg tive to rfinhomogeneity, so we expect to see an improvement c
5 0.09 _1105 the performance of the sequence when we restrict the sample
6 0.769 ~0.734 a small range oB; fields.

7 —-0.434 —0.851 The results obtained using the ¢ ), sequence are shown
8 0.584 —0.413 in Fig. 6 in which we show the methyl group quartet as a func:
12 _ci'igg jzégg tion of n with and without FSLG. The spectra without FSLG

show that as increases the signal diminishes since the range ¢
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a)
(t-m)n
n (even)
b)
R=0,8
(7-m)p + FSLG

R=0,5

n (even)

FIG. 6. (a) Experimental performance of (— t), preparation sequences obtained using the sequence of Fig. 3b for the carbon-13 signal of sodium ac
(a) Methyl resonance of sodium acetate acquired without FSLG decouplinginsseases the width of the selectBd distribution decreases, and therefore the
excited volume is reduced. (b) With FSLG homonuclear proton—proton decoupling during acquisitionf(vﬂtlloo kHz), the quartet fine structure due to the
heteronucleat’C—H J coupling is better and better resolved as inhomogeneity decreases. We note thahav@@igields high-quality decoupling without too
much signal lossR is defined as the intensity ratio of the lowest to the highest part of the doublet and defines the “resolution” of the doublet. The arrows hig
how the outer transitions of the methyl quartet also become better resolved with increasingalue of 150 ms was used and found to be the shortest compatibl;
with dephasing of the transverse magnetization. This delay could be considerably reduced By dtthgradients to dephase the magnetization during the
period.

a) FSLG b) BISON +FSLG

(Ppm)

39 38 37 36 35 (ppm) 39 38 37 36 35

FIG. 7. (a) Methyl quartet of sodium acetate decoupled without BISON. The linewidth is around 100 Hz and we can barely see the outer lines. (b) G
decoupled with FSLG and prepared with BISON-1. The linewidth is now around 30 Hz and we can distinguish the four lines of the quartet. 320 scarisagere a
for each of the spectra. The rf fields were as in Fig. 6, and the BISON-1 pulse was implemented as 640 steps of 300 ns duration for a total pulse lgisgth o
at av{ of 100 kHz. (BISON-1 is a 4@ on-resonance pulse.)
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