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An investigation of the effect of shaping the pulses in multiple- *p for quadrupolar nuclear spin systems under RF puls
quantum magic-angle nuclear magnetic resonance experiments jrradiation. This situation can be improved by application o
was carried out on p_olycrystalllne sar_nples containing spin-; qua-  the z-filtering method which ensures the symmetry of the
drupolar nuclear spins. Both theoretical analysis and numerical  jiangities of the coherences before detection. The three-pu
simulations show that there exist types of shaped pUIS'.ES tha; are version of thez-filtering method 13) is superior to its four-
more advantageous than the usual rectangular pulses in exciting . .

pulse counterpartld) because the former yields higher spec:

multiple-quantum coherences and converting these into single- | o di i imized. Further i
quantum coherences or zero-quantum coherences (in z-filtering U@l Sensitivities and is more easily optimized. Further improve

cases). The sensitivities can be enhanced without loss of resolution ment of the spectral lineshapes can be achieved |
or increasing the RF offset dependences. Moreover, properly —Synchronizing the sample spinning rate with the pulse lengtt
shaped pulses can moderate the requirements on the RF power (12, 19. The presence of the spinning sidebands in the firs
and sample spinning speeds. Especially important for application dimension was detected and satisfactorily explained recent
purposes is the finding that lattice site quantification can also be (16, 17.

improved by the use of certain shaped pulses. © 1998 Academic Press Systema’[ic Comparisons between MQMAS NMR and VAS
(variable-angle spinning), DAS, and DOR NMR technique:
used in the study of quadrupolar nuclear spin systems ha
1. INTRODUCTION been publishedl®, 19. While the MQMAS method has rap-

The multiple-quantum magic-angle spinning (MQMAS) nui_dly become a favorite experimental choice, nevertheles
clear ma ngtic (r]esonance (lglMR)z ecit)roscog ic technique rYégsS’ DAS, and DOR are complementary techniques for som
9 P P q sa/gtems and can be incorporated with MQMAR (19, 20. A

engaged the attention of many scientists since Frydman el . .
Hardwood @) proposed the multiple-quantum coherenceEme split method 14, 21 was proposed to avoid the shearing

(MQC)-single quantum coherence (1QC) correlation tec r_ansfo:jmatlon of thg spectralddata Whlcfr]] is ususlly neelde_d a
nigue to obtain the isotropic spectra of half-integer quadrupolarpo‘?'t_ at_a processing procedure to enhance the reso Ut'(_)n
%e first dimension of the 2D MQMAS NMR spectra. This

spin systems without using dynamic-angle spinning (DA . . o
(2,3 or double-axis rotation (DOR)3(4) NMR techniques. r nde_rs d«_ata processing easier but the pure absorptivities of_1
resulting lineshapes are generally not as good as those obtait

Clearly, MQMAS is a significant enhancement of the repeE
i
I

toire of methods available for solid-state nuclear magnetil the two-pulse-plug-filtering method {3). The incorpora-

resonance studies. The two-pulse version of MQMAS which s of MQMAS. with cross polarization22, 23 and hetero- .
. : nuclear correlationZ4) has been demonstrated to be useful ir
experimentally simpler was subsequently found to produce

: Lo .. o . “Cértain situations. Because of its experimental convenienc
higher sensitivities in addition to yielding better spectral Imq\'/IQMAS has found many applications in studies of a large
shapes (pure abs_orptlve5—(13._ Extensive _s_tud!es involving range of practical chemical systems of different complexitie
numerical analysis and experimental verifications have begn

devoted to optimizing the pulse sequences for MQMAS NMSlzr\?ezlrsnpllg_lr;%rg_?géch?ogn Fe%%?gt?ozogﬂizzg rigﬁer:?tlee(;lgz
to achieve better sensitivitie$+8, 13. Although the tech- : X 9 )

nigues used to obtain pure absorptive lineshapes such as .ngcbpetegt weak mterac’qons qul\gmg qu_adrupolar Spins, €.9
J-coupling between spléand spin; nuclei 38).

and the hypercomplex method, have been applied in MQMAS ; T ‘
studies, it has been the case that dispersion is frequently foungased on the results of the above investigations, MQMA;

o be still serious, especially for high coherenchy & 3) can at present be regarded as an important new “routin

cases because of the asvmmetry of the coherence transfers 8xperimental method in solid-state NMR. Site quantification o
y y nuclei portrayed in the spectra acquired by the MQMAS NMF

1To whom correspondence should be addressed. Fax: (604) 822-2d€€hnique is, however, often found to be not wholly satisfac
E-mail: mcdowell@chem.ubc.ca. tory, especially when the magnitudes of the quadrupolar col
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62 DING AND MCDOWELL

pling constants (QCCSs) of the nuclei at different crystal lattice 2. THEORY AND SIMULATION

sites in the system under investigation vary greatly. The com- o ) ) )
mon situation is that the intensities of the signals from lattice 1N€ Problem of obtaining the optimal conversion of certair
sites occupied by nuclei with large values of QCCs are reducBfers of MQCs in quadrupolar systems can be general
in magnitude. Recently, a method exploiting the nutation ch _pr-essed as ].CO."OWS: given thg quadrupolar mteraguqn Har
acteristics of the coherences of quadrupolar spins in rotati ignian qnd !nmal density matrix, how can one optimize the
solids under RF irradiation, named RIACBY (rotation- Hamiltonian so that the greatest portion of the MQCs ca
) . . ' . be converted into 1QCs or 0QCs, in thdiltering case (for
inducedadiabatic coherenceransfer), was proposed to yield

) - uncoupled spin systems such as that studied in this work, it
better site quantitative MQMAS NMR spectra by carefullxo be noted that 0QCs correspond to the diagonal elements

setting the pulse lengths according to the sample SpinniRg, yonsity matrix). In this work, spirquadrupolar nuclear

speeds. Because the adiabatic condition for coherence rangfgy, sy stems are investigated. The density matrix of the initi:
is better sans_ﬂed at h|_gher spinning speeds for r_1ucle| Witllate of the systenp(0), should be selected according to the
larger QCCs (i.e., the difference between the effective quadise under study (see later). The total Hamiltonian can |

polar frequencies is decreased by sample spinning), the int@Rpressed in the rotating frame as
sities of the signals for sites occupied by nuclei with large

values of QCCs can b_e r(_alatlvely enhanced b_y_ using the RI- H = ofl? - %I(I + 1]+ a0, [1]
ACT method, hence yielding better site quantification of the

MQMAS NMR spectra. . . . o
The goal of this paper is to present a method which hol Sherewl is the amplitude of the RF field which is generally

promise for further improvement in site quantification by usin ime dependent when shaped pulses are uséslthe phase of

properly shaped 3@> 1Q (or 0Q) conversion pulses. In anﬁ]e RF field. The quadrupolar frequen@y can be written as

earlier study 40), we reported that shaped 0 3Q excitation
pulses, which consume less RF power, may be used to enhance
spectral sensitivity without losing resolution or reducing site
quantification. In that work, however, only the first pulse (for

MQC excitation) could be shaped because the conversion pqlr‘?ethis equation% is the Wigner rotational transformation

was re.strlcted o a durgnon (_)f only a few .mlcrosecondmatrix, andp3, represents the principal elements of the electri
According to numerical simulations and experimental resultﬁ

o eld gradient tensor. The Euler angles f3, y) correspond to
by the use of the RIACT pulse scheng8), both the excitation the transformation from the principal axis system (PAS) of th

and the conversion pulses used in MQMAS NMR employingadrupolar interaction tensor to the rotor axis framés the

that method can have lengths of tens, even hundreds, of Qlkinning axis direction relative to the direction of the appliec
croseconds, and, therefore, there are presented the possibiljiggnetic field andy, is the rotor spinning rate.

for much more freedom to undertake extensive pulse shapingrhe density matrix(t) at any timet (>0) is
experiments. This can be understood because the second pulse

is used primarily to convert the MQCs into 1QCs or 0QCs (in p(t) = U(t, 0)"p(0)U(t, 0), 3]
z-filtering cases magnetizations are stored alongzthgis of

the laboratory frame as zero-quantum coherences and th@fere the evolution operator is written as

transferred back to the observable single-quantum signal). In

most quadrupolar spin systems, the MQCs spanningrke U(t, 0) = Te \fHv), [4]
—m transitions have rather narrow spectral widths which,

therefore, can be excited uniformly when a long pulse is usq-dlereT is the time-ordering operator. The ideal RF pulses i
Itis well known that whenever a long pulse is used, a propery, ¢aqe are those that provide the greatest sensitivity, give t
shaped one often outperforms its rectangular counterpartyjg; site quantitative spectra over a broad range of QCCs, he
terms of excitation efficiency, homogeneity, tolerance to Ré:ood offset tolerance, and do not present demanding expe
offset, and other experimental imperfectiodd)( In this work  mental conditions such as very high sample spinning speec
we gresented both theoretical and experimental studies bm the above equations, there is no physical reason tha
spin; MQMAS NMR spectra obtained by using shaped pulsggctangular pulse would be the best pulse shape to be employ
for the 3QC-1QC (0QC) conversion process. Advantageosthese experiments. In fact, we can regard the internal inte
pulse shapes are proposed and experimentally demonstrategktion Hy, during the pulsing period as an additional “pulse”
show that they offer better site quantitative MQMAS NMRvhich is spatially highly anisotropic and time depenent. Th
spectra under less demanding experimental conditions thagtimum value of thew, |, term should be chosen so that the
those frequently employed. effect of H, can be canceled (or utilized) and the maximun

+2

wq = \//éh z gbl(’s:))(wl’t! 91 O)le(’lzl‘:'l(a! Bv y)pgn [2]

mn=-2
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3QC — 1QC (or 3QC— 0QC in thez-filtering case) conver- for a rectangular pulse, and

sion efficiency is achieved. Because usually Eqg. [3] cannot be

solved analytically, there are no general rules that can be used 4

to identify the ideal pulse shapes. A straightforward theoretical 12y = 3 Pa(ty) Pr(t,) Pan(0) P (0)e™ SHQIE) — Qundt)dlt
analysis, however, is given here to show that the rectangular p—

pulses normally used in MQMAS NMR studies are not nec- [9]
essarily the best in terms of optimal sensitivity, site quantifi-

cation, RF offset tolerance, and requirements on spinnigg g shaped pulse. Obviously, there are more adjustable [
speed and other conditions. For this purpose an elementgiyeters in Eq. [9] than in Eq. [8]. By a judicious choice of
application of Floquet theory4@-4§ is employed. When y3jyes of the parameters the signal thus can be better or
rectangular pulses are used, since the RF term is time indep@fized. This point can be supported by numerical simulation:
dent, the total Hamiltonian is periodical and, therefore, thge will not go further into the details of the analysis based o
evolution operator according to quantum Floquet theory can pgs_ [g] and [9] in this work; these will be presented later
written as Instead, we will focus on demonstrating the characteristics of
number of shaped pulses, based on the above consideratic
U(t,) = P(t,)e "®PY(0), 5] that are advantageous over the rectangular pulses norme

used in MQMAS NMR experiments.

Following the earlier work on shaped pulse¥)) other

whereP(t) is periodical and is a time-independent tracelesgulse shapes have been studied. For instance, when the ¢

diagonal matrix 42—-46. On the other hand, a pulse withversion pulse takes the shape defined by
arbitrary shape can be regarded as a cascade of very small

rectangular pulses, each of which can be described by Eg. [5]; w,(t) = a sinb(t — t)/(t — t,) [10]
therefore, the total evolution operator for this case can be given ! '

as . .
wherea, b, andt, are adjustable parameters, more site quar

titative MQMAS NMR spectra can be obtained. On the othe
u(t,) = P(tp)e—if})Q(t’)dt’P—l(o), [6] hand, the decaying exponential pulsg,..e ', has better RF
offset tolerance (see later). The Fourier transform of Eq. [10] i

] ) o a rectangle with a length df; therefore, it represents uniform
whereP(t) is no longer necessarily periodical aQdmay be «gycitation” over a range ob centered at zero frequency

time dependent. The signal after the conversion pulse(s)(ittually the carrier frequency in the laboratory frame). Con
determined by sequently, it can convert MQCs into 1QCs more uniformly
which means that better site quantitative MOQMAS NMR spec
S= Tr[OU(t,)p(0)U X(t,)], [7] trashould result. Actually, as shown below, it can offer mor
than better site quantification. To demonstrate the advantag
of employing shaped pulses in MQMAS experiments, a serie
whereO is the observation (or detection) operator @) is of spectral simulations based on Eq. [3] was performed t
the initial density matrix; both of these depend on the pulg®mpare the sensitivity, quantification, and offset tolerance fc
scheme employed. For the normal two-pulse scheme employgglerent pulse shapes.
in MQMAS NMR for quadrupolar spig-nuclei, p(0) can be  The coherence conversion pulse was studied for two typic
chosen a$** = |1)(4], andO asI{**. On the other hand the cases: e.g., the two-pulse scheme amfitiering scheme. As

first pulse of thez-filtering schemep(0), should be chosen aspointed out above, for the first case, the initial density matri
|1)(4|e'“"+ + HC, where HC is the Hermitian conjugatg. s chosen as

must be nonzero otherwise the populatippg(t,) andpz5(ty)
are equal (also see below). The detection operatdfis For 0) = |4 =

; e _ (23 - p(0) = 1= [1)(4| [11]
the second pulse in thefiltering casep(0) = 1;°*) andO is
123 1t is not difficult, therefore, to verify that a properly
shaped pulse is better than a rectangular pulse. For exam
when the two-pulse scheme is used, the 1QC signal after
conversion pulse can be calculated from Eq. [5] as

gich is the 3QC operator for spﬁnuclear spin systems. The
iversion efficiency can be calculated with the absolute valt

of the density matrix element,, _ 1.
In the z-filtering case, there are two pulses, so the initia
density matrices differ. Because the population difference b

4 tween |3} and —|3) is involved in thezfiltering case, care

(12 = > Pyt) Pralty) Pan(0) P(0)e @%b [8] should be taken when choosing the initial density matrix. Fc
Lm=1 instance, the seemingly reasonable choice of Eq. [11] iSs n
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3 , . . , and to avoid accumulated errors. The time step used in tt
computation depends on spinning speed as well as on t
quadrupolar interaction parameters, the most important
which are the values of the QCCs and the asymmetry parat
eters. The partition of the solid angles, (3) can be efficiently
carried out by using the tetrahedron partitioning scheme ¢
Aldermanet al. (47). The simulations were performed for a
spin—g guadrupolar nuclear spin system with a variety of inter
B b action parameters, spinning speeds, and RF fields. Shoy
- 2Qx6 - below are some examples with a rotor spinning speed of 5 kFt
and a maximum RF power of 60.0 kHz.
The conversion efficiencies with three different pulse shape
B I are shown in Fig. 1. As can be seen, for rectangular pulses, t
— =7 ’ e paadd sensitivity is uniform over a broad range of values. This mear
L | thatit is unnecessary to set exactly the width of this pulse s
long as itis in the uniform range. Whereas, when shaped puls
i 1Q ] are used, the pulse duration must usually be set more careful
N e s s Lo As can be seen from the diagram, however, this requirement
L - - not difficult to satisfy. The sensitivity can be maintained with
0 .- ! l ! | ! | shaped pulses. In Fig. 1, the same maximum RF power w
0 1 2 used for all pulses; therefore, the total power applied to th
T probe is less when a shaped pulse is used.

FIG. 1. The conversion efficiencies from the initial 3QC for different Figure 2 gives a comparison of the_ Intensity C_hanges over
shaped pulses over a spinning period fg,2The lines for the 2QC and 3Qc Proad range of values of QCCs with three different puls
cases were shifted vertically by 1 and 2 units, respectively. The dashed lisd¥apes, e.g., a rectangular pulse, a decaying triangular pul
are for a rectangular pulse, the dotted lines for a decaying triangular pulse, and
the solid lines for the pulse defined by Eg. [10]. The parameters used are
Zeeman frequency, = 50.0 MHz, quadrupolar coupling constafyQ/h =

2.4 MHz with asymmetry parametej, = 0.8, and themoderatesample 3 N LR L L LU o e

spinning speed, = 5.0 kHz. For the rectangular pulse, the RF powes,is=
60.0 kHz for a decaying triangular pulse, the maximum RF power, s, =
60.0 kHz for the pulse defined by Eq. [1&],= 10w, = 600.0 kHz,b =
0.1w, = 6.0 kHz, andt, = 50.0 us.

suitable because the population difference would be zero e
gardless of the pulse shape. In fact, from the structure of the
Hamiltonian (Eq. [1]), it is not difficult to show that the
difference of the matrix elemenis, 1/ — p—1/2—1/2 IS Z€IO
whenever the initial 3QC is in th& or y directions of the
fictitious spin% space. Thus, the following general initial den- - —

sity matrix | B e e e e T T e
2Qx3
p(0) = 1"(ty) = |1)(4]€“ " + |4)(1]e', t,#0 [12] e I T

VT

is used to ensure that there is a nonzero population differencer 1Q 7

in these states after the conversion pulse. Our simulations show_ i

that pulse shaping has a similar effect on bothpulses.Ther@— T T T T NN PR

fore, only the results relating to the second are shown here. 1 2 3 4 5 6 7
The simulations were carried out on an IBM RISC 6000 QCC(MHZ)

computer. The computing programs based on the above theo-
retical analysis were written in FEORTRAN code. Because inFIG. 2. The dependence of the conversion efficiency on the QCC value

. . The dashed lines are for a rectangular pulse (\Aﬁdm: 50.0 us), the dotted
our work the RIACT protocol was used the evolution time Cafhes for a decaying triangular pulse (widzth = SS.OMS), and the solid lines

be set to be larger than one spinning period, and full use of #3gihe puise defined by Eq. [10] (Widtzn', = 50.0 us). The parameters have
periodicity of the Hamiltonian can be made to save CPU timee same values as those in Fig. 1 excgpt th, = 100.0pus.
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intensities divided by their respective values at zero offse
which are a more accurate description of the offset toleranc
Note that the maximum RF power used is the same for all thre
pulse shapes. As can be seen from Fig. 3, the offset toleran
can be improved by properly adjusting the pulse shape; e.(
the decaying exponential shaped pulse is the best among
three used to yield the data for Fig. 3. It should be noted th:
the optimum shape with good offset tolerance might cause
reduction of sensitivity but the loss can be made quite small ¢
shown in Fig. 3. Also, the best pulse shapes for quantificatic
are not necessarily the optimum ones for improving offse
characteristics.

Analogous results are obtained for tlzfiltering case.
Shown in Figs. 4—6 are the comparisons of conversion eff
ciencies of the three typical pulse shapes (for the second puls
with different pulse lengths, QCCs, and RF offsets, respe
tively. It is obvious that the pulse shape (Eqg. [10]) can signif
icantly improve the site quantification problem caused by th
large range of magnitudes of the QCCs although the offs
effect is slightly degraded.

When higher RF fields or higher spinning speeds are use
the afore-mentioned results also hold but generally with highe
sensitivity. It is noteworthy that in Figs. 1-3, although the
spinning speed assumed is 5 kHz the sensitivity loss compar
with higher spinning speeds is not drastic, meaning that shap

OJllllll]|'IIllJlllllJ'|\I\l|XI\lllIillllllllll\[l'lllIJ_I_LJl. 2
-6-5-4-3-2-10 1 2 3 4 5 6
01(kHz)

FIG. 3. The dependence of the 3Q conversion efficiency on RF offset, 0

displayed with (a) the absolute intensities and (b) the (normalized) relative

intensities. The dashed lines are for a rectangular pulse, the dotted lines for a| '
decaying exponential pulse, and the solid lines for the pulse defined by Eq. |*

[10]. The exponential pulse is defined @g(t) = w; e ! Wherew, oy =

60.0 kHz and = 6.0 kHz. The other parameters have the same values as those

in Fig. 1.

and the pulse defined by Eq. [10]. It is clear that the site
quantification can be improved by optimizing the pulse shape.

For example, a nearly horizontal line can be obtained by using

the shape generated by Eq. [10].
Similar to Fig. 2, the intensity changes with different RF

anrk AN NNKY

2

offsets for different pulse shapes are shown in Fig. 3. Figure 3&!G. 4. The conversion efficiencies from the initial 3QC for different

shows the variation of the absolute signal intensities (1Q >

with regard to offsets with three different pulse shapes: regot—u

ped pulses in the-filtering case over a spinning period [;R The
inates follpy/, 1, = p_1/2—1/2 and|pg, 5,4 are shifted vertically by 1 and
nits, respectively. The dashed lines are for a rectangular pulse, the dot

angular, decaying exponential, and the one defined by Eq. [1Qks for a decaying triangular pulse, and the solid lines for the pulse define
Figure 3b shows the change of relative intensities, i.e., the thigesq. [10]. The parameters used are the same as those in Fig. 1.
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3 BN R R R R R second pulses were used: a short rectangular pulse as use
Refs. (1, 5-12), rectangular pulses with a duration of one
quarter of a spinning period as used in RIACT(B9), a
decaying exponential pulse, and the shaped pulse defined
(tp)] -4 Eq. [10]. Pulse shaping can be easily realized on digital NMI
> 4 spectrometers. In our experiments it was achieved with
"""""""""""""""""""""""""""""""""""""""""""""""""""""""""""" homebuilt electronic circuit, a schematic diagram of which i
shown in Fig. 7. The audiofrequency modulation signal i
generated by an arbitrary wave generator. The modulatic
- 4 waveform (determined by the parameters including frequenc
L ,pll(t ) _ y | amplitude offset, and duration) is changeable by downloadir
55 P p_%_%( p)l different sets of data from a microcomputer connected to tr
” oo e = waveform generator. The wave generator used was
1=""7 S — = Wavetek-75 with a maximum sampling frequency of 2 MHz;
7 - therefore, the time resolution in pulse shaping was ©s5
|p%%( b sufficient for shaping pulses with a duration of approximatel
T 100 us as in our experiments. The modulation signal is the
o ___7 fedto a mixer circuit when a trigger signal (controlled by the
LT T T 4 pulse program) is applied to the wave generator. The mixe
0 i gqada97 0 b b b b signal (shaped pulse) is first amplified by a low-power ampli
1 2 3 4 o) 6 7 fier and later by a high-power amplifier. A variable attenuato
QCC(MHz) can be used between the two amplifiers to adjust the outp
_ o ower. The linearity of the high-power amplifier is crucial for
FIG. 5 The 'dependence of the 3Q conversion efficiencies on the Q ﬁe production of an undistorted shape after amplifying. Th
values in thez-filtering case. The ordinates fdp,,, 1> — p_1/2_1,4 and e .
lps/2.3/4 are shifted vertically by 1 and 2, respectivel)). The dashed lines are fMPlifier attached to our MSL-200 was found to be nonlinea
a rectangular pulse (widthr, = 100.0 us), the dotted lines for a decaying and thus unsuitable for our experiment. Therefore, a gateal
triangular pulse (widtéq-, = 100.0us), and the solid lines for the pulse defined|inear high-power (ENI LPI-10, class-AB) amplifier was used
by Eq. [10] (widthyr, = 50.045). The other parameters have the same values The above theoretical predictions are verified by a serie
as those in Fig. 2. of experimental results fof*Na 3Q-1Q MQMAS NMR
correlation spectra from polycrystalline anhydrous
pulse MQMAS NMR can be performed with moderate spifNa&HPO,. There are three magnetically nonequivalent N:
ning speeds. One problem related to slow or moderate spinnfitgs in this compound4@) with large QCC differences
speeds is the occurrence of spinning sidebands in the isotropic
dimension, meaning that the central band intensity is not a T T [T T [T T [T T [T T [T T T
wholly reliable indication for use in site quantification analysis; — —
However, for typical compounds, nuclei at all lattice sites may
manifest spinning sidebands. Moreover, it is seen from Eqgs.| 7
[5]-[9] that the pulse shaping has the same effect on the lp
sidebands and the central band. Therefore, the relative increas
of the central band intensity of certain sites corresponds to an_ |
improvement of the site quantification as compared with the — ]
original spectrum. On the other hand, there exist Certain ap-L . eeeeeeeeeeeeeeeeeeeeeee -
proaches that either restore the central band intensity and
remove the spinning sidebands or reconstruct sideband-frEg - il b L]
Spectrafrom the eXperlmentaI ones Comblned Wlth numerlcal !H!‘HII'IIII!I!I\ Lrreder ey et ittty
fitting. This latter approach is under stud ~6-5-4-3-2-10 1 2 3 4 5 6
g PP y: 01(kHz)

M1

3. EXPERIMENTAL RESULTS AND DISCUSSION FIG. 6. The dependence of the 3Q conversion efficiency on RF offset i
the z-filtering case, displayed with absolute intensities. The ordinate is th

The experiments were performed on a Bruker MSL-20®pulation difference of the two central energy levéis,, 1o — p-1/2,- /2l
NMR spectrometer. A Doty DAS probe was used with ahe dashed lines are for a rectangular pulse, the dotted lines for a decayi

. exponential pulse, and the solid lines for the pulse defined by Eq. [10]. TF
spinning speed of about 6.5 kHz. The two-pulse sequence Vi@Sonential pulse is defined ag(t) = ;e ", wherew, ., = 60.0 kHz

used in our experiments. To compare the conversion pul§gp = 6.0 kHz. The other parameters have the same values as those
performance (quantification and offset effect), four types &fg. 5.
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lXT“X) ingful and may be significant for future MQMAS NMR
i applications.
> A‘t'tae‘;':lglf,r Inverter As pointed out in the previous section, one must note th:
4 il lGate under the above spinning speeds, the presence of spinni

Low Power High Power sidebands in the isotropic dimension may be significan

Amplifier Linear Amplifier hence the central band intensity alone does not reflect qua

T l titative information about the lattice site signal. A larger

F1] onverter —s—— Mixer . central band_ llnte_nsny, howeyer, definitely corrgsponds t
better quantification. A study is underway to devise a tect

1 l niqgue more general than the synchronized acquisitio

XT (+Y) 11ﬁgger Output Probe scheme 15) to remove the spinning sidebands and restor
Arbitrary Waveform the intensity of the central band. If this technique prove
Generator practical, then the problem caused by insufficient spinnin

1 speed should become insignificant.

Figure 9 shows the contrast between the 3QC intensities
IBM PC the MQMAS NMR spectra of NaPO, obtained by using
rectangular and decaying exponential pulses, and with variol
bffsets. The normalized (Na(1)) integral intensities of the spe«
tral peaks of the F1 projections are used. Obviously, with th
decaying exponential pulse, better offset dependence can

) . . achieved than with the rectangular pulse, in agreement with t
(2.13, 1.374, and 3.702 MHz); thus the undistorted ISOtr()pfﬁeoretical results shown in Fig. 3. It is noteworthy that for

solid-state NMR spectrum should show three peaks W'thd’iaﬂerent sites (with different QCCs), the offset curves are mor

. . Yimilar to each other when a shaped pulse is used than when
regarded as an appropriate sample for testing the qualifica-

tion by comparing the intensities of the three sites exhibited
in its MQMAS spectrum. Demonstrated in Fig. 8 is the
contrast between the spectra obtained with a short pulse, Na(1)
with the RIACT(l) scheme, and with the RIACT pulse Na(3)
(

FIG. 7. The block diagram of the electronic circuitry used for high-powe
pulse shaping.

Na(2)

sequence but employing a shaped pulse (Eqg. [10]) for co-
herence conversion. It is clear that better site quantification
is achieved by means of proper pulse shaping. For the

spectrum generated with short pulses (Fig. 8a) (the normal
MQMAS method), as expected, the intensity of the signal
from site Na(3) is much weaker than the signals from the
other two lattice sites, and, in addition, its linewidth is (b)
broader, meaning lower resolution. Even the intensities of

the signals from the Na(1) and Na(2) lattice sites are not

equal, though the two sites have relatively small and similar ,

QCC:s; this clearly means that other parameters such as the /

orientation of the EFG tensor of the quadrupolar nucleus at (a)
a particular site may also affect site quantification. As can

be seen, the RIACT spectrum (Fig. 8b) exhibits little dif-

ference between the intensities of the signals from lattice e by by b

sites Na(1) and Na(2), and there is also a significant en- 0 2 4 6
hancement of the intensity of the signal for lattice site kHz

Na(3). At higher magnetic fields and at hlg.her stm.ng FIG. 8. Experimental*®Na MQMAS NMR spectra of polycrystalline
speeds, the RIACT method may offer better site quant'f'cgﬁhydrous NgHPO, acquired with (a) two short pulses (the second pulse
tion; see Ref. §9). As shown in Fig. 8c, site quantificationiength = 3 ps), (b) RIACT(I) with rectangular pulses (the second pulse
is further improved in the MQMAS NMR spectrum obtainedength= 38.5us, one-quarter of the spinning period), and (c) the second puls
with the conversion shaped pulse defined by Eq. [10]. Co#faped (Ea. [10], with a pulse width of 1155, a = 10w, = 700.0 kHz,b =

sidering that our experiment was performed on a relatively: = /-0 kHz, andt; = 75.0us). One hundred twenty-eight FIDs were
9 P P quired for each 2D spectrum with incremented in steps of 2@s. One

Iqw-magnetic-field spectrometer With mOde.‘r_ate_rOt(?r SPiMundred twenty scans were used for each FID. The RF power was 70.0 kF
ning speed, this enhancement of site quantification is meatte first pulse length= 12 us, and the sample spinning speed was 6.5 kHz.

c)
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though the optimum pulse length might be different. Ther
may, of course, also exist more preferable pulse shapes that
more efficient than those presented here and they might |
discovered, or designed, by using more powerful theoretic
tools such as Floquet theory mentioned in Section 2. Mor
work is being done along these lines and will be publishe
separately.
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