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Spurious signals such as the piezoelectric signal from a ferroelec-
tric crystal or the ringing signal from the NMR probe head tuned for
low gyromagnetic ratio nuclei are often observed in pulsed NMR.
Both signals are cancelled using the Hahn echo sequence with ap-
propriate phase cyclings. The present paper applies a composite-
pulse sequence to cancel the ringing signal. The main advantage of
this sequence over the Hahn echo sequence is in the simplicity of
optimizing the line intensity: the optimization of only one pulse du-
ration for this sequence but of two pulse durations and the interpulse
delay for the Hahn echo sequence. We are interested in half-integer
quadrupole spins (I = 2, 2, Z, and 2), which means that we must
consider the first-order quadrupole interaction during the pulses.
For simplicity, we deal mainly with spin | = g nuclei. Since the
central-line intensity depends on the ratio of the quadrupole cou-
pling constant (QCC) to the amplitude of the RF pulse, we can deter-
mine the QCC from a featureless lineshape by fitting the variation
of the experimental central-line intensity for increasing pulse du-
ration with theoretical results. Contrary to the one-pulse sequence
where the central-line intensity is proportional to the pulse duration
if the latter is short, there is no such condition with the composite-
pulse sequence. In other words, this sequence does not allow us to
quantify the relative spin populations in powders. The size of the
sample must be much smaller than that of the RF coil in order for
the RF magnetic field to become homogeneous for the sample. We
used ¥Rb (I = g) in an aqueous solution of RbCl and in RbNb,OsF
powder, *:Xe (I = 2) of xenon gas physisorbed in Na-Y zeolite,
and®Na (I = 2)intwo well-known powders (NaNO; and NaNO,)
to support our theoretical result. © 2001 Academic Press
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INTRODUCTION

effects of the ringing on the spectra’étXe (I = %) of xenon
gas, physisorbed in the supercages of Na—Y zeolite, for increa
ing pulse duratiom,. Clearly, we have difficulty recognizing the
131X e lineshape.

The two-pulse Hahn echo sequence with appropriate pha:
cyclings cancels these spurious signdlsy, 6). However, the
use of this sequence requires the optimization of the duratior
of the two pulses and of the interpulse delay for obtaining the
best line intensity. We apply a composite-pulse sequence col
sisting of three pulses of the same duratipibut without any
delay between them (Fig. 1b) and with the following four phase

cyclings (7):

FirstRF pulse: —X —-X +X +X
Second RF pulse: +X +X +X +X
. [Sequence 1]
Third RF pulse:  +X —-X —-X +X
Receiver: +X =X +X =X

With the one-pulse sequence, an acquisition delg¥ig. 1)
of 80 us is necessary to not detect the ringing signals for
131Xe FIDs. In contrast, only @ = 20 us is required with
this composite-pulse sequence to obséfi¥e FIDs without
any ringing signals, resulting in flat-baseline spectra (Fig. 2b).
The present paper applies this composite-pulse sequen
to determine the two quadrupole parameters of half-intege
quadrupole spind (= 3, 2, £, and3) in powder: the quadrupole
coupling constang?q Q/ h (QCC) and the asymmetry parame-
ter . For simplicity we focus on a spih = g system in pow-
der. If the second-order quadrupole interactHﬁ) is present,
the central-transition lineshape acquired with one-pulse, th

In pulsed NMR, spurious signals are often observed with tltemposite-pulse, or the Hahn echo sequences should provi
one-pulse sequence (Fig. 1a) as a complex FID superimposediswith the QCC ang (1, 8, 9. However, ing) is small, the
that of the spin systeni(2). They distort the spectra so stronglfirst-order quadrupole interactidﬁél) becomes the main inter-
that the lineshape becomes difficult to recognize. There are tnal interaction. As a result, the spectrum of the central line ha
kinds of spurious signals: (i) the ringing signals from the NMR featureless lineshape, which means that the lineshape ana
probe head tuned for low gyromagnetic ratio nuclei in strorgjs is not useful for determining QCC andWe can apply the
Zeeman fieldBy and (ii) the piezoelectric signals from ferroelec2D nutation approach to find the two quadrupole parameter
tric materials in single crystal forn3(4). Figure 2a presents the(10, 11). Due to the long pulse duration involved in this
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QUADRUPOLE PARAMETER DETERMINATION 11

(a) sults on line intensity are valid for any ratio®f/wrr for single
crystals or QCGire for powders. However, there is an upper
limit for these ratios over which the theoretical line intensity
does not change anymore. In contrast to the one-pulse sequen
numerical calculation on the central-line intensity generated b
this composite-pulse sequence shows that there is no excitatic
condition (the pulse duration) that allows us to quantify rel-

(b) ative spin populations in powder. We illustrate the two extreme
‘ 4@ cases (zero QCC) with the nucfRb (I = 'g’) in an aqueous
: solution of RbCl where the electric-field gradient (EFG) is zero
\ and in Pyrochlore RbNi©sF powder where the EFG is strong
(17). For intermediate cases we use the nutisia (I = g) in

‘ t4 .Ol two extensively studied compounds, Nap#hd NaNQ, whose
' ‘ ‘ H €?qQ/h andy are (0.336 MHz, 0.0) and (1.1 MHz, 0.1), respec-
FIG. 1. (a) One-pulse sequence whose pulse durationtjisand tively (18—20)-

(b) composite-pulse sequence whose total pulse duratian.i®8e to the ac-
quisition delayd, the FID acquisition, whose durationTgp, starts at point A.

THEORY

experiment, we prefer to apply the 1D nutation approach With The Hamiltonians throughout the paper are defined in angu

the composite-pulse sequence and extract the QCC by fitting %%frquency(gnlts. Consudermg only thg fII’S"[ order guadrupole
. o : : : : .o Intéraction Hy” and neglecting magnetic dipole—dipole cou-
experimental line intensity for increasing pulse duration with the. Q . ; .
ings, chemical shift anisotropy, and relaxation phenomena, th

theoretical expression and the Simplex procedure. Iaam'lton'an during arX pulse is
We take into accourit-lél) during the RF pulsesl(-16) be- ton uring puise!

cause the quadrupole coupling, can be bigger than the am-

plitude wre of the RF pulse. In the literature, considerikig’ H® = HEY — wrely; (1]

during the RF pulses is called soft-pulse excitation. On the other

hand, ifHél) is neglected during the RF pulses, the excitation i 4t during a- X pulse is

called hard-pulse excitation. Of course, the soft-pulse excitation

includes the hard-pulse case. Consequently, our theoretical re-

HEX = Hél) + wrFrlx, (2]
(a) (b) with
20 US AN AN AN
1
HS = éwQ[m; —1(1 + 1)), [3]

_ 3qQ
Q= 821 — Dh

A mANAA S SN

WMVJ\\'W\—WV—\

R .
\/& 10 Wkw The first two Euler angleg andg describe the orientation of the
v/\/\/ " \,-‘W\,\jk\/\-/\«s/\/

W/\NJ\—’W'\NN

[3cog B — 1+ nsirf fcos2]. [4]

Zeeman fieldBy in the principal axis system (PAS) of the EFG
tensor. The quadrupole coupling, is defined experimentally
as half the frequency separating two consecutive lines in thi
spectrum of a single crystal.

The dynamics of a quadrupole spin system excited by the
composite-pulse sequence is described by four density operatc
01(3t1), 02(3t1), p3(3t1), andps(3t;) associated with the four
phase cyclings in Sequence [1]:

p1(3tr) = exp(—2i H ¥ty) exp(—iH )t1) p(0)
FIG. 2. (a) '3Xe one-pulse spectra and (b) composite-pulse spectra of

xenon physisorbed on Na—Y zeolite, for increaginginging from 2 to 2Q«s in X eXp(i H (_X)tl) eXp(Zi H (x)tl)
steps of 2us. Xenon pressure is 700 Torr. FIDs were acquired @ith 20 us;
NS = 2800; Do = 0.3 s. = exp(—2iH ¥ty) p_x(t) exp(2 H®t;)  [5]
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for the first acquisition of the FID, procedures, which are valid for the four half-integer quadrupole
spins. For the firsX or — X pulses of the composite sequence,
p2(3t1) = exp(—iH ™9t;) exp(—i H ®t;) exp(—i H ™) the density operators become
iHEx iH® iHEX)
xp(0)exp(iHT ) expli Ht) expliHTt) pult) = T expi QT p(OT exp( )T/, [13]
= exp(—TH ) exp(~1H ") (1) palts) = U expli @)U’ p(O)U expf@t)U’.  [14]
x exp(i H ®t;) exp(i H 7ty) [6]
Since the density operatp(t;, ¢) associated with an RF pulse
for the second FID acquisition, of phasep (phase relative to that of ak-pulse) is related to that
of an X-pulsep(t1) by
,03(3t1) = exp(—i H (7x)t1) exp(—2i H (X)tl)

x p(0) exp(2i H ¥t;) exp(iH ™ty)

= exp(_i H (_X)tl)Px(Ztl) exp(iH (_X)tl) [7] inthe matrix form, anelementpft;, ¢) and that corresponding
to px(ty) are related by

p(t1. @) = exp=i ¢ 12)px(t1) expl ¢ 1), [15]

for the third acquisition, and
(rlp(ts, p)lc) = (rlpx(t)Ic) exp(=ipy), [16]
pa(3ty) = exp(—3iH ®t;) p(0) exp(3i H Mty)
— 0x(3t) 8] p being the coherence orde2d). Equation [15] allows us to

rewrite Egs. [5]-[8] as

for the last acquisition. In Egs. [5]-[8], the density operators of

— o T T
the first pulse are introducegy(t;) andp_x(t;) for an X pulse p1(3t1) = T exp(-2 Q)T p(ts, 7)T exp(@Qt)T!.  [17]

and a— X pulse of pulse duratiofy, whose expressions are 02(3t1) = U exp(i QU)U T expi Qt) T p(ty, 7)
px(tl) — exp(—i H (X)tl) ,O(O) exqi H (X)tl), [9] xT expﬁ Qtl)TTU expﬂ Qt]_)UT, [18]
p3(3t) = U exp(i Qt)U T pe(2t)U exp(Qt) UT,  [19]

p—x(t1) = exp(—iH ) p(0)exp(iH T¥t;).  [10]
pa(3t1) = px(3ta). [20]
In the high temperature approximation, the thermodynamic
equilibrium state is described hy(0) = .. The central-line Equations [17]-[20] require numerous matrix multiplications.
intensity S(3t;) is given by For this reason we perform a numerical calculation instead ¢
an analytical calculation. For powdered samples, averaging th
}> direction of By in the PAS of the EFG tensor is performed ac-
2/ cording to the previously described procedur& 3. The aver-
[11] aged central-line intensities are denoted 8ft;)) and({S(3ty))
for the one-pulse and the composite-pulse sequences, resp:

where the signs of the four density operates; (3t;) are those tively. They depend ofy, wrr, ez_q Q/h, andy, instead of on
of the receiver phase given in Sequence [1]. Similarly, for tHe @rr. @q,andn forthe central-line intensitieS(t;) andS(3t,)

one-pulse sequence, the central-line intensity is given by of a single crystal_. Experiment_ally, the central_—line intensity is
given by the amplitude of the first sampled point of the FID or

1> the integrated area of the central line; both are affected by th
E .

S(3t) = <—% ‘{,01(3'[1) — p2(3t1) + p3(3t1) — pa(3t1)}

px(t1) (12] acquisition delayl.

Figure 3a presents the graphs of the averaged central-line i

In fact, Egs. [5]-[10] are defined by quantum operators. bensity(S(t;)) of a spinl = % system versus the pulse duration
practice, they are expressed in matrix form in order to apply ma4in the one-pulse sequence. Several QCCs, alwaysitio,
trix multiplication, which can be performed by computer. Sincbave been used. The graphs have sine shapes. Infact, they are
the matrices oH® andH (-*) expressed in the eigenstated of sum of sine curves with different amplitudes and phases. Thes
are not diagonal, the matrices of their eigenvalues and eigenvemperties are the foundation of the 2D nutation approadh (
tors must be determined first. The two Hamiltoniah& and The Fourier transform of these sine curves provides us with-
H(X have the same eigenvalue matfix but different eigen- specific lineshape in thE; dimension of 2D nutation spectrum.
vector matrices, denoted by andU, respectively. Analytical This lineshape depends on the Q@g¥ ratio andy. Figure 3a
expressions foR2, T, andU were obtained for a spin= g sys- shows that the maximum of the line intensity and the associate
tem 1). However, it is easier to determine them with numericaulse duration decrease when the QCC increabésl, 20.

St) = <—§
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In practice, the FID acquisition starts at point A (Fig. 1).
Therefore, the first part of the FID is lost. As longds small
compared to the duratiofgp of the FID,d has a negligible
effect on the spectra. This is the case ¥%Xe of xenon gas
physisorbed on Na-Y zeolite at room temperature where mo
tion averages the EFG in the supercages (Fig. 2b). However, i
general, the lines of solids are broad and an important part ¢
the FID can be lost. The spin-echo sequence is recommended
this case to recover the lost part of the FID.(

(S(ty))(a.u.)

EXPERIMENTAL AND RESULTS

The FIDs were recorded at room temperature with a Bruke
MSL 400 multinuclear high-power pulsed NMR spectrometer.
The resonance frequencies'dtXe, 2°Na, and®’Rb are 32.8,
105.80, and 130.88 MHz, respectively. The high-power static
probe head was equipped with a solenoid coil 10 mm in diamete
and 35 mm in length. In order to have a homogeneous RF fiels
B;, a spherical container was used for aqueous solutions; on tt
other hand, powdered samples were packed as a cylinder 5 m
high and centered in the solenoid coil. Other experiment detail
0 2 4 6 8 10 are given in the figure legends, namely, the number of scan
(NS), the recycle delay¥p), the acquisition delay or the dead
time of the receiverd), and the RF pulse amplitudee.

FIG. 3. Calculated powder central-line intensities of a spin= %’ F'gureS. 4aand 4b show two serieS @b spe_ctra of an.aque'.
(a) (S(ty)) for the one-pulse sequence and (B§3ty)) for the composite-pulse 0US solution of RbCl versus the pulse duration, acquired with

sequence, with the pulse duratigrranging from 0 to 1Qus for four values of the one-pulse and the composite-pulse sequences, respective
€2qQ/h (0, 100, 200, and 1000 kHz); = O: wre/(27) = 50 kHz.

(S(3t,)) (a.u.)

Pulse duration t, (us)

However, for short pulse duration, the line intensity is propor-
tional to the pulse duratioty, whatever the QCC. This is the
well-known excitation condition for obtaining quantitative re-
sults on the spin population in powder. Figure 3b presents the
graphs of the central-line intensitys(3t;)) of a spinl = %
system versus the pulse duratigrof the composite-pulse se-
guence with the same parameters as for the one-pulse sequenc
The graph fore?qQ/h = 0 is a bell-shape curve and that for
€qQ/h = 1 MHz has two bell shapes of opposite signs. As
with the one-pulse sequence (Fig. 2a), the pulse duration tha
maximizes the central-line intensity in the selective excitation
condition €9Q/h > wre/(2)) is half that corresponding to
the nonselective excitation conditioe?Q/h <« wrr/(27)). (b)
The first maximum of the central-line intensity and the cor-
responding pulse duration decrease when the QCC increase:
But there is no linear regime where the line intensity is pro-
portional to the pulse duration, even for short pulse duration. A 47 ps
In other words, quantitative results on spin populations are not e A A
possible with this composite-pulse sequence. The three curve: 3 s 25‘ s

concerningg?q Q/h = 0, 100, and 200 kHz (Fig. 3a) are sim- H H
ilar for the one-pulse sequence. In contrast, the corresponding,

three curves for the composite-pulse sequence (Fig. 3b) are much a7 _ _
FIG. 4. Rb spectra of an aqueous solution of RbCI, obtained from the

more dlstlngwshable. Asaresult, the 1D nUtajtlon approgch _nge-pulse sequence (a) and from the composite-pulse sequence (b), with t
the composite-pulse sequence allows a precise determinatiop@fe duration; ranging from 1 to 47:s in steps of 2cs; Do = 2 s:d = 20 is:
weake?q Q/ h values. NS=4.
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FIG. 5. 87Rb spectra of powdered Pyrochlore RbIgF, obtained from
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8 us

"

20 kHz
16 us 23 us J\‘ 30 us
FIG. 8. 23Na spectra of powdered NaNQobtained from the composite-

pulse sequence, with the pulse duratipmanging from 1 to 3Qus in steps of
1us;Dg =1s;d =6 us; NS= 64; wrr/(27) = 23.31 kHz.

Since the EFG is averaged to zero in aqueous solution, the lir
intensity is similar to the “averaged” central-line intensities. Its
behavior versus the pulse duration is in agreement with simt
lated curves in Figs. 3a and 3b corresponding’tpQ/ h = 0.

For the one-pulse sequence, the curve has a sine shape; for
composite-pulse sequence, the curve is bell-shaped. The pul
duration given the highest signal is 2ds, which means that
the RF pulse amplitude isre/(27) = 12 kHz. Figures 5a and
5b show two series 0f'Rb spectra of Pyrochlore RbNOsF
versus the pulse duration, acquired with the one-pulse an
the composite-pulse sequences, respectively. The variation

the one-pulse sequence (@) and from the composite-pulse sequence (b), withiee ayeraged central-line intensities versus the pulse duratic

pulse duration; ranging from 1 to 47:s in steps of 2us; Dg = 1 s;d = 20 us;
NS = 64.

Line intensity (a.u.)

20

30
Pulse duration t;(us})
FIG. 6. Fit(solid line) of’"RbNb,OsF experimental line intensities (filled

squares) from Fig. 5b with = % €2qQ/h = 324kHz,y = 0, andwrr/(27) =
13.53 kHz.

Cau

2us 16 ps
10 kHz

32 ps 46 ps

FIG. 7.
pulse sequence, with the pulse duratipmanging from 2 to 6Qus in steps of
2 us; Dp = 100 s;d = 6 us; NS= 16; wrr/(27) = 23.31 kHz.

TT$LﬁL

60 ps

23Na spectra of powdered NaNQobtained from the composite-

is in agreement with the prediction. Indeed, the pulse dura
tion (t;=10 us) that maximizes the line intensity is nearly
half that determined with the aqueous solution £ 21 us).
Figure 6 shows the best fit of the experimental line intensities o
Fig. 5b with | = 2, wre/(27) = 1353 kHz, n = 0, and
€?qQ/h = 324 kHz. The fit is not perfect; only half of the
experimental data are on the calculated curve. The RF pulse ar
plitude is higher than that of the experimental one by 1.53 kHz
Increasing the QCC value does not change the curve becau
the limit of strong QCC value is reached, strong relative to the
value of the RF pulse amplitude. The QGR£ ratio is 27; that
corresponding to Fig. 3b is 20. The lower limit for the QCC
of 8’Rb in this sample should be 324 kHz. A more accurate

Line intensity (a.u.)

20

30

Pulse duration t; (us)

40 50 60

FIG. 9. Fit (solid line) of 22NaNGQz experimental line intensities (filled
squares) from Fig. 7 with = % €?qQ/h = 354 kHz,n = 0, andwrr/(27) =
23.37 kHz.
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perimental line intensity. Our approach remains valid for the
other half-integer quadrupole spins. Despite the fact that thi
sequence cancels the ringing signals with an acquisition de
lay of the same order of magnitude as that for high gyromag
netic ratio nuclei, spectra with broad lines or short FIDs are
still distorted by this acquisition delay. The spin-echo should
be used to recover signals lost in the acquisition delay. The
main drawback of this 1D nutation method is the restriction
to a single QCC determination. If this is not the case, the
, , , , , 2D nutation method is recommended. Further progress witl
0 5 10 15 20 25 30 this sequence should include (i) the hetero and homonucles
magnetic dipole—dipole interactions, which provide atomic dis-
tances, (ii) the second-order quadrupole interaction in order t

FIG. 10. Fit (solid line) of 2NaNO, experimental line intensities (filled obtain strong QCC values, and (iii) the effect of a nonzero
squares) from Fig. 8 with = 3. €’qQ/h = 995kHz, =0, andwrr/(27) = asymmetry parameter on the line intensity. Finally, this se-
2362 kHz. quence should be tested for the cancellation of piezoelectri

signals.
determination of QCC should be obtained with a stronger RF

pulse amplitude using a smaller RF coil.

The above two examples illustrate well the two excitation
conditions: the nonselective excitation (Figs. 4a and 4b) and th@ve
selective excitation (Figs. 5a and 5b). The following two exampmp
ples @Nain NaNG and NaNQ) with well-defined quadrupole
parameters allow us to test our fitting program. The RF pulse REEERENCES
amplitude for?*Na, determined with the same methods as
8'Rb, is wrr/(27) = 2331 kHz. Figures 7 and 8 show the 1 A c. Kunwar, G. L. Turner, and E. Oldfield, Solid-state spin-echo Fourier
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Fig. 7 with] = 3 a)RF/(ZJT) = 2337 kHz,n = 0, and pulsed Fourier transform NMR spectroscopypgr. Nucl. Magn. Reson.

27 .
€?qQ/h = 354 kHz. Figure 10 shows the fit of the experimental Spectroscl9, 267-329 (1987).
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Pulse duration t; (us)
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