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We have recently shown that the sensitivity of single- and
multiple-quantum NMR experiments of half-integer (N/2) quadru-
polar nuclei can be increased significantly by introducing so-called
double frequency sweeps (DFS) in various pulse schemes. These
sweeps consist of two sidebands generated by an amplitude mod-
ulation of the RF carrier. Using a time-dependent amplitude
modulation the sidebands can be swept through a certain fre-
quency range. Inspired by the work of Vega and Naor (J. Chem.
Phys. 75, 75 (1981)), this is used to manipulate £#(m — 1) <> £m
(3/2 = m = N/2) satellite transitions in half-integer spin systems
simultaneously. For ®Na (I = 3/2) and “Al (1 = 5/2) spins in single
crystals it proved possible to transfer the populations of the outer
=m spin levels to the inner £1/2 spin levels. A detailed analysis
shows that the efficiency of this process is a function of the
adiabaticity with which the various spin transitions are passed
during the sweep. In powders these sweep parameters have to be
optimized to satisfy the appropriate conditions for a maximum of
spins in the powder distribution. The effects of sweep rate, sweep
range, and RF field strength are investigated both numerically and
experimentally. Using a DFS as a preparation period leads to
significantly enhanced central transition powder spectra under
both static and MAS conditions, compared to single pulse excita-
tion. DFSs prove to be very efficient tools not only for population
transfer, but also for coherence transfer. This can be exploited for
the multiple- to single-quantum transfer in MQMAS experiments.
It is demonstrated, theoretically and experimentally, that DFSs
are capable of transferring both quintuple-quantum and triple-
quantum coherence into single-quantum coherence in | = 5/2 spin
systems. This leads to a significant enhancement in signal-to-noise
ratio and strongly reduces the RF power requirement compared to
pulsed MQMAS experiments, thus extending their applicability.
This is demonstrated by *’Al 3QMAS experiments on 9Al,0; -
2B,0; and the mineral andalusite. In the latter compound, Al
experiences a quadrupolar-coupling constant of 15.3 MHz in one
of the sites. Finally a 5QMAS spectrum on 9Al,0; - 2B,0; dem-
onstrates the sensitivity enhancement of this experiment using a
double frequency sweep. © 2000 Academic Press
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INTRODUCTION

The application of NMR to half-integer quadrupolar nucle
in powder samples has increased steadily since the early eig
ies. Nuclei possessing a quadrupole moment are commc
some of the most important beidtpl, *Na, and”’O. They are
encountered in catalysis, geochemistry, materials scien
biomembranes, etc. Beside the chemical shift, NMR expel
ments of quadrupolar nuclei can provide the quadrupole co
pling constant C,.) and asymmetry parametet)( of the
electric field gradient tensor at the site of the nucleus. Th
information can, in principle, be obtained from the powde
lineshape of the central transition in static or magic angl
spinning (MAS) spectra of polycrystalline samples. The anis
tropic contributions of the quadrupole interaction in MAS
spectra are a source of information, but obviously compromi:
the resolution of the spectra. Therefore, important efforts we
made to design experiments to increase the resolution of NV
spectra of these nuclei, while maintaining their informatiol
content. By far the most successful in this respect is tt
multiple-quantum magic angles spinning (MQMAS) experi
ment introduced by Frydman and Harwodd. By combining
manipulations in spatial and spin space, this experiment st
ceeds in obtaining two-dimensional spectra that are free
anisotropic broadening in one dimension while maintaining tr
anisotropic information in the other dimension. This i
achieved by exciting-m < +m multiple-quantum coher-
ences, which evolve during the evolution period of the expe
iment and a subsequent conversion into observable sing
quantum coherence of the centrall/2 <« +1/2 transition.
Due to the fact that, under MAS, these coherences evol
under identical fourth-rank spatial functions, albeit with differ-
ent scalar scaling factors, a refocusing of the anisotropic terr
occurs at a specific time during the acquisition period. Depen
ing on the scaling factors an appropriate shearing of the spec
is necessary to obtain isotropic—anisotropic spectra, allowit
the identification of different sites and accessing their quadr
polar parameters. 3QMAS spectra are sheared by a faGtus
for| = 3/2 spins and 19/12 fdr= 5/2 spins. It is safe to say
that by now the MQMAS experiment has evolved into
routine experiment which has found application in the study ¢
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a wealth of crystalline and glassy materials. Unfortunately, thusing an external waveform generator that allows a pure al
behavior of the quadrupolar nuclei in the MQMAS experimenglitude modulation of the RF carrier. The second metho
strongly depends on the ratio of their quadrupolar frequencglled FAM (fast amplitude modulation), was put forward by
(Qo) and the RF field strengthw(). Therefore, the multiple- Vega and co-workers. In this scheme, which is of simila
guantum excitation and the multiple- to single-quantum coharature as the DFS, shifting the pulse phases alternatively
ence transfer must be carefully analyzed for quantitative intef80° creates a constant “amplitude” modulation. This methc
pretation of MQ spectra. Apart from this complication, theelies on magic angle spinning for most crystallites to adiabe
problem remains that the MQMAS experiment is rather inseically pass through the resonance conditions imposed by t
sitive and has problems with detecting sites with either vefixed modulation frequency2(Q, 22. With both techniques
low or high C,. values. It is therefore not surprising thasignal gains of several factors and improved lineshapes we
considerable efforts to improve the efficiency of the expenieported in 3QMAS spectra of spin-3/2 systems.
ment were reported2¢20. A brute force approach is to In this paper double frequency sweeps are studied in mc
increase the RF power to match large quadrupolar interactiodstail to deepen our insight in the dynamics of quadrupol:
Although great progress was achieved in this approach by #@n systems with the goal to transfer populations or cohe
spectrometer companies, this route remains limited. Other amces. Population and coherence transfer, using amplit
proaches rely on modulated pulsel6£18. Adiabatic pas- modulated pulses, is studied both theoretically and experime
sages hold great promise for the interconversion of multipleally in single crystals and powders. The application of the DF
and single-quantum coherend®( 20. Based on the work of to | = 3/2 and 5/2 spin systems is demonstrated. Besid
Vega Q1) describing zero passages of the quadrupolar frpepulation transfer, the transfer of both quintuple- and triple
quency in spinning samples in terms of adiabaticity consideguantum coherence to single-quantum coherence will be i
ations, Griffin and co-workers4] introduced the RIACT se- vestigated fol = 5/2. Finally the implementation of these
quence using CW pulses of a quarter rotor period. Thisethods in 3QMAS and 5QMAS experiments of the minere
technique relies on the adiabaticity of the quadrupolar zeamdalusite, a compound with overall composition X3 -
crossings, which can only be influenced by the experimenter Bya,O, - 4B,0, treated at 1100°C, and crystalline 94\ -
changing the spinning speed, thus leaving a limited applicati@B,O; is shown.
window. Moreover, as was described by Vega and co-workers
(20, 22, there are some more fundamental problems with the
conversion as during the zero passage all energy levels are THEORETICAL DESCRIPTION
coupled.

The development of pulse modulation has a strong traditioodulated Spin-Hamiltonian
Nowadays, high-resolution NMR of spimuclei heavily relies
on the use of phase and amplitude modulated sequences. Thdalf-integer quadrupolar nuclei with spih = N/2 have
use of amplitude modulated pulses on half-integer quadrupolir+ 1 equidistant energy levels, due to the Zeeman intera
spin systems was pioneered by Vega and N&8).(For tion, when placed in a high external magnetic field. This allow
spin-3/2 systems in single crystals they showed that the cenfi@l N single-quantum transitions. Depending on their surroun
transition intensity could be increased by a factor of 3 byiags the nuclei experience a quadrupolar interaction. In mal
combination of selective 90° pulses and amplitude modulatpdactical cases this is an order of a magnitude smaller than 1
pulses that act as simultaneous 180° pulse on the satellgeman interaction and can therefore be treated as a pertur
transitions. This concept of rearranging populations in a hatfen. In that case all energy levels are shifted by the quadr
integer quadrupolar spin system to enhance the sensitivitypislar interaction in first order; every energy levem is shifted
very attractive. To achieve this in powders, a pulsed approagi the same amount. As a result alilim < —m transitions,
fails as the satellite transitions cover a large frequency ranigeluding the central transition, are not affected in first orde
from O to =w,. As was shown in a number of publicationsThe effect is that the NMR spectrum of a half-integer quadrt
adiabatic techniques form an attractive alternati?d—{28. polar nucleus consists of a line at the Zeeman frequency (i.
Our approach is to use frequency- or time-dependent amplitutie isotropic chemical shift) of the central transition, accomn
modulation of the RF carrier to generate single and doulpanied by a set of lines due to the satellite transitidr{en —
frequency sweeps, which make it possible to invert one or bath < =m (3/2 = m = N/2) which are symmetrically
satellites for most crystallites in the powder distributid®)( displaced away from the central transition bytimes ( =

A further concept introduced by Vega and Na28B)(is the =*=1, +2,..., form = 3/2, 5/2, ..., etc.) the quadrupole
transfer of coherences in a quadrupolar spin system. Basedmguency(),. TheN + 1 energy levels are populated accord
these ideas two new schemes were put forward to enhaivg to the Boltzmann distribution, which in the high-tempera
MQMAS spectroscopy. Our procedure is a double frequentyre approximation is proportional tg. It is of interest to have
sweep (DFS) covering a frequency range affecting all satellilee possibility of redistributing the populations over the spi
transitions in a powderl1Q). These DFSs are implementedsystem, e.g., to bring the populations of the outét/ 2 levels
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to the inner=1/2 levels in order to increase the intensity of the a 1
central transition by a factad.
To gain insight in these processes we have to study the&

=
=

dynamics of the spin system under appropriate RF irradiation.:

G Vo
In first-order perturbation theory, the spin-Hamiltonian for g
quadrupolar nuclei with spih in a high magnetic field under <
RF irradiation is given by -1
T T
1 2
H:AwIZ+EQQ[3|Z—I(|+1)]+wllx [1] b 1
. . (b}
in the rotating frame. Here 2
=0 Vo
Q.
1 g
Qu(6, @) = > wo(3 cosh — 1 + m sin®6 cos 2p), [2] 1
3C T T
wo= 2T S [3]
21(21 = 1) FIG. 1. Amplitude profiles for a converging (a) and diverging (b) double

frequency sweep.

and 6, ¢ are the polar angels orienting the external magnetic
field in the principal axis system of the electric field gradient
tensor. Here we will restrict ourselves to half-integer quadrahosen sufficiently large to cover the distribution Gy, in
polar spins and leave dipolar interactions out of consideratiggpwdered samples. The RF Hamiltonian in the rotating fran
A further restriction of the theoretical analysis presented hemaust now be written as
is that we assume that; < (), so that at most one transition
is at resonance at a given offset or, in the case of modulated
pulses, the simultaneous resonances of the satellite transitions t
are completely uncoupled. In this approach each transition can H,(t) = wlcosJ' wn(t)dt’ - 1,. [5]
be described in their particular subspaces, e.g., using the fic- 0
titious spins concept 29, 30.

A set of satellite transitionsc(m — 1) < =m can be
inverted by an amplitude modulation of the RF field. It is welfhe time dependence af,(t) can be chosen freely, e.g., to
known that amplitude modulation of a carrier wave leads {@aintain constant adiabaticity for a transitioBl), In pow-
sidebands. For a cosine modulation of the carrier with constajred samples linear sweeps are preferred. In that case,
modulation frequencw,, the RF Hamiltonian is given by

H, = w; omb)ly. 4 _
cog wpt) (4] on(l) = o, + (w5 Tws)t -

As was explained by Vega and Na@3}, using the fictitious

spin approach, forw, = Qo and 1/2V3 w,t = = this

modulated pulse effectively acts as two simultaneous, selectif@eeps the frequencies from starting frequenoy, to the

180° pulses on the first satellite transitions, thus inverting thejhal frequency+w; in a time = (Fig. 1).

populations, which is in line with the expectations based on thejmplementation of the new RF Hamiltonian [5] makes the

fact that the modulation generates two sidebandsat with  total Hamiltonian time dependent, which complicates an an

respect to the carrier frequency. lytical treatment. The most insightful approach was introduce
The same effect can be obtained with an adiabatic swegp Vega and colleague@, 22, 23. In this description the

when the RF frequency is slowly swept through the satellitgn-resonance) Hamiltonian of a spin-3/2 system is describe

transitions. This is achieved by sweeping the frequency fromyging fictitious spin operators, by

position sufficiently far above resonance to a frequency well

below resonance or vice versa. To accomplish this for both

satellites simultaneously, the amplitude modulation frequency H = wo(1 72— 134

o, must be made time dependent. A great advantage of this _

approach is that the frequency range of the sweep can be + (B o(1372+ 1579 + 2w i 9cosp(t)  [7]
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with L= 5 (I32+ 179 +2202%+ 159 + 3154 [12]

t
o(t) = f wn(t)dt’. [8] and the quadrupolar Hamiltonian

0

- . . . 10 8
To e_I|m|r_1ate the time depend_ence in the RF term in _the Ho = QQ[g (152 — 156 1 3 (128 — |§_5)]_ [13]
Hamiltonian a transformation into a modulation interaction
frame, rotating with the instantaneous frequencies of the two

sidebands, is brought about by the unitary operator Using the transformation

Ut = T-expl—ie(t) - (1772 - 1779} 9]

. . . . . — : 10 1-2 5— 8 2-3 4-5
In the modulation interaction frame the Hamiltonian becomes U(t) = expy —i¢(t) 3 (1372=179+ 3 (1:7=127)

L [14]
H = BogI?= 129 + B o 5 (5179

and discarding all oscillating terms, we end up with the Han
X [1+ cog2¢(1))] iltonian in the modulation frame

1
-5 (132— |§‘4)sin(2cp(t))}

10 8
_ 1-2 _ ) 5- 2 12-3_ 14-5
+ 2wyl 27%c0q ¢(1)), [10] H AwQ[ 3 U 177 + 3 (Iz 127)

[~ . —
where + w2 (1234159, [15]

Awg = Qqgt) — wp(t). [11] From the Hamiltonian [15] we learn that if we modulate with
a frequency close ta=Q), then thel;™ + 1;° term is on-
For a nonspinning samplé€),, is time independent. Under theresonance and internal satellites are affected. Modulating a
assumption thab, < o, the terms containing(t) represent frequency closet2(),, a similar approach as described abov
oscillating terms and can therefore be neglected. In this walgows that thé; > + 1.7° term becomes time independent anc
the only time dependence in the Hamiltonian [10] is in the the quadrupolar term contaidso, = 2Q04(t) — w.,(t), mean
term. ing that the external satellites are affected. Therefore, with
For a spinning sample things are slightly more complicatditiearly changing modulation frequency as given by Eq. [6]
as (), becomes time dependent. Supposing we start withoae can only affect the different sets of satellite transitions
positive quadrupolar frequency, a passage through the satelldégerent times. Again, ignoring offset effects, the Hamiltoniar
is reached af)(t) = w,(t) which can be described using thebreaks down in various parts describing uncoupled subspac
Hamiltonian [10] neglecting the oscillating terms. At a later Introducing resonance offsets in the Hamiltonian serious
point in time(}, can become negative, however, and a furtheomplicates the analytical approach as the fictitious spin-Har
passage through resonance maybe encounterdd,@ = iltonian no longer breaks up in a sum of uncoupled sut
—w,(t). In this case we cannot discard the oscillating terms Hamiltonians. For an insightful discussion we therefore restri
[10], as they now are on-resonance. To arrive at a timeurselves to the on-resonance case. Moreover, the applicatit
independent Hamiltonian for this transition the transformatiachosen in this contribution focus on nuclei with limited chem
into the modulation frame [9] should be carried out with &al shift ranges {Na and*Al) and as the experiments were
reversed sign ob,,(t). Animportant consequence of the aboveerformed in high external fields, second-order quadrupol
description is that the Hamiltonian can be separated in psewtifts, which can also be viewed as resonance offsets,
spin$ Hamiltonians for transitions 1-2 and 3-4, i.e., the twemall. Therefore the effects of these terms are negligible in tl
subspaces are uncoupled. A further important point to notepiesent study. Madhet al. (22) have shown the effects of
that the density matrix description of the 2—-3 single- and 1+ésonance offsets for FAM conversion by numerical simule
triple-quantum subspaces are left unaltered by the transforrtians. The effects of substantial resonance offsets encounte
tion in the modulation frame2Q). for nuclei with very large chemical shift ranges will need &
For 5/2 spins a similar approach can be used using theparate study and possibly demand adaptation of linear D
appropriate fictitious spin-1/2 operatoig;becomes sweeps as defined by Eq. [6].
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Population and Coherence Transfer during a Double (IFHT=1
Frequency Swee . L .
q y P [1/2 0 0 0] adiabatic inversion
As described above, after discarding the oscillating terms, 0O 00 O of 1-3 and 2-4
the (| = 3/2) Hamiltonian in the modulation frame 1o 00 O
| 0 0 0 —1/2]
1 1 [0 o0 0 O
_ 1-2 , = [ 1-2 _ 34, — [a 3-4 0O -—-1/2 0 0
H=Awql; "+ 5 V3 ol Awgl ;7" + 5 V3 ol 0 0 172 ol = —128= (1797, [19]
[16] 0 0 0 o0

consists of commuting terms that independently act on the SE%iIarly 11 — 123 There is no intermixing o andy

system. These terms are identical to the subspace Hamiltonigggponents as long as we ignore resonance offsets and secc
derived in our description of single frequency sweeps in qugrder effects.
drupolar spin system{) except for the fact that the RF field  similar considerations for spin 5/2 show that if we are clos

strength is halved as the available field is equally distributgg resonance for the outer transitions we find the followin
over the two RF sidebands. This means that it is possible to y$gmiltonian in the tilted rotating frame,

double frequency sweeps to simultaneously invert the satellite

transitions by an adiabatic passage in complete analogy with s ol oa as
the description of single frequency sweeps presented before. H = A")Q[g (1= 1570 + 3 (1" =127)
Obviously in a single frequency sweep only one transition is
inverted at a time.

In view of the suitability of the double frequency sweep for
the conversion of triple- to single-quantum coherence, very ) o
similar conditions hold as for the conversion of populations fith Awg = 20(t) — wn(t). Under this Hamiltonian the
the spin system. The question is how the triple-quantum c%tgtes|2_> and 6), and|1} and 5), will be inverted during an
herence terms};* in the density matrix evolve into single- 2diabatic passage. This means that if we start with a dens
quantum coherence terrh’ under the Hamiltonian [16]. The m.atnx consisting purely of quintuple-quantum coherence, th
analogy with population transfer becomes clear when a repy}é'll be transferred to triple-quantum coherence,
sentation is chosen where coherences look like populations.

=

15

tory (135159, [20]

. . . (ll—G)T: | 1-6
This is achieved by the transformatio?2) X z
L -
-~ 00O0O0 O
c T P 2 adiabatic inversion
U=exp —i5 Iy rexpio 157 [17] 000O0O0 O 1
00000 O of 1-5 and 2—6
“loooo0o0 O
Under this transformation;™ — 1.7 127> — —127 and the 00000 01
Hamiltonian [16] transforms into 0 0O0OO 5
(0 0 00 0 0
H_A |1—3 1 [ Il—3 A |2—4 l [A |2—4 0 _E 0 0 O 0
= wQZ +§\/3(1)1X - wQZ _5\3/3le' 2
0O 0 O0O0OTDO
[18] 0 0 00 0 0="1F=09T 21
0O 0 0O L 0
This Hamiltonian describes two independent subspaces 1-3 2
and 2—4, so a full adiabatic passage will simultaneously invert L0 0 0 0 0 O

the populations of1) and|3) and of |2) and |4) in this tilted

modulation frame. As a result, if we start with a density matrix

consisting purely of triple-quantum coherence, this will bEor modulation near the inner satellite transitions, the tilte
transferred to single-quantum coheren2g)( frame Hamiltonian is
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8 0% 3o0?
2159 45 (11 AvE= A= =T 24

+ w2 (1354129, [22]

10

wherea is the sweep rate for a linear sweep andhe RF field
_ ) _ strength which gets distributed equally over the two sideban
with Awg = Qq(t) — wn(t), so that an adiabatic sweep aroung, ihe sweep. For the double- and triple-quantum transition ol
Awq = 0 leads to a level anticrossing of levé®s and|4), and  ghoyid consider their effective coupling fields of w30, and
|3) and|5). In this case triple-quantum coherence is transferregh g w302, respectively, as calculated by Wokaun and Em:

to single-quantum coherence, (30) and Vega 29). Again the distribution of the field over the
two sidebands has been taken into account. To allow comp:
(=123 T=2" ison with our previous work, we characterize the adiabaticit
_ of our double frequency sweeps with a single adiabaticit
0 00O O parameter
1
0500 00 adiabatic inversion w2
0000 0O of 2-4 and 3-5 A= [25]
“l0o000 O
0000 _} 0 which describes th_e on-resonance adiabaticity of a single sic
2 band (cf. Eq. [10] in 27)).
0 000 O In general we will be dealing with powdered samples an
00 0 0 0 O therefore the distribution i), has_to be taken into account.
00 0O 00 O Ideally one wants to traverse the single-quantum transitions f
1 polarization or coherence transfer adiabatically and all oth
00 --0O0DO transitions suddenly for every orientation in the powder. I
2 1 =13 =(13Y7, [23] Ppractice this is not possible; the sweeps have to be optimized
00 O -~ 00 fulfill the desired condition for as many crystallites in the
2 powder as possible. As mentioned before, this is complete
8 8 8 8 8 8 analogous to the discussion of single-frequency sweeps ¢

scribed beforeZ7).
In the case of magic angle spinning an extra complicatic

o ) arises, as the quadrupolar frequeriey of each spin packet
Note that this is markedly different to the RIACT case whergj| pecome time-dependen8®):

during a zero-crossing quintuple-quantum coherence is directly

converted to single-quantum coherence and triple-quantum o

coherence is inverted. In the adiabatic limit no triple- to single- Q(t) = 7Q [Acodw,t + v) + Asin(w,t + )
guantum coherence transfer takes place in the RIACT experi-

ment @1). + B,cog2w,t + 27y) + B,sin(2w,t + 2v)]
Adiabaticity Considerations [26]
[ qj _
The concept of adiabaticity has been described in the mono- A = V2 sing cosg(n cos X — 3)
graph of Abragam32) for a spin 1/2. For spinning quadrupolar 3
nuclei, Vega 21) has derived the adiabaticity conditions de- 2 m singsin 26
scribing the zero-crossings of the quadrupolar frequency under A= — 3

on-resonance RF irradiation. The effects of frequency stepped

adiabatic passages in half-integer quadrupolar nuclei were de- § sinto + } 1 co$20/(1 — cose)

scribed by van Veenendaeat al. (27). A similar approach can 2 2
be made for the amplitude modulated pulses that generate B, = 3
double frequency sweeps. As the subspaces for the satellite .
transitions are not coupled in the Hamiltonian, one can con- _ m cosgsin 2§

. L o B, =
sider the individual transition 1-2 and 3-4 separately and z 3

analyze the adiabaticity of their transitions. Thus, in static

systems the adiabaticity parameter describing the passagénahe case of on-resonance CW irradiation the zero-crossin

the satellites is of Qy(t) can be described as a sweep through various tran



198 IUGA ET AL.

tions, leading to (partially) adiabatic processes in the spin a
system. This was extensively described by V&) &nd is the
basis of the RIACT phenomenon. If a frequency sweep is
applied to a rotating sample, a more complicated situation
occurs as both the RF frequency and the quadrupolar frequency
are time-dependent. For the double frequency sweep described
in the modulation frame the rate of change of the quadrupolar
term Awg(t) = Qo(t) — wy(t) through zero determines the
adiabaticity of the transition:

Eigenvalues (MHz)

2
W eff

A=—" [27]

d A '
dt wQ(t)

£ (s}

The rate of change dfl . is now determined by the combined
effect of spinning and frequency sweeping. As these terms can
add or subtract nonadiabatic spinning and sweeping can still
lead to an adiabatic passage and vice versa.

POPULATION TRANSFER

Static Single Crystal, Spin 3/2

Eigenvalues (MHz)

For a single crystalline spin-3/2 system, with the Zeeman
and quadrupolar interactions as the main interactions, the pop-
ulations of the energy levels are proportional Itoin the
high-temperature approximation. In order to increase the po- 0 20 40 50 80 100
larization for the central transition one can simultaneously L
invert the satellite transitions prior to the normal excitation andFIG. 2. Energy level diagrams for ah= 3/2 spin withQo/27 = 850
observation of the spectra. In this way the populations of tifdz. (a) Linear single frequency sweep froatl.3 to +1.3 MHz in 100us
outer Ievelil} and|4) are transferred to the inner Iev¢B and (v, = 50 kHz) repres_ented in the rotating frame. (b) Doub_le frequency s_wee
|3>, increasing their population difference by a factor of 3. from 0 t_o +1.3 MHz in 100us (v, = 50 kHz), represented in the modulation

; . . interaction frame defined by Eq. [9].
complete inversion of the satellited) < |2) and|3) < |4),
respectively) can be achieved by selective 180° pulses on these
transitions 23) or by subsequent adiabatic frequency sweepsgenvalues and functions of the Hamiltonian can be evaluat
over these satellite6). Single frequency sweeps generatednalytically. To cover all experimental conditions we choose
by stepping the frequency phase continuously have been amamerical approach, analyzing the time dependence by pie
lyzed in great detailZ7). For the description of these sweepsvise constant Hamiltonians. Figure 3 shows the influence
it is useful to transform into a rotating frame that rotates witadiabaticity parameter on the inversion of the satellite trans
the instantaneous frequency of the RF field. In this frame, foons for a single crystal witlf)o/2m = 850 kHz Cq.c = 1.7
the case where, < (), the energy level diagram is depictedViHz). The DFS runs fromv, = 0.4 MHz to »; = 1.3 MHz,
in Fig. 2a. During this sweep all transitions in the spin systensing an RF field strength of 10 kHz. Figures 3a, 3b, and :
are traversed one by one as indicated in the picture. In casesbbw the time evolution of the level populations as viewe
a double frequency sweep, generated with a time-dependiomm the modulation interaction frame for DFSs with =
amplitude modulation [5], both satellites can be inverted 90.22, 0.04, and.001, respectively. Figures 3d, 3e, and 3
multaneously. Figure 2b shows the energy level diagram dghow the same results as viewed from the laboratory fram
ing a DFS defined in Eqg. [6] in the modulation interactiorrom Fig. 3a it is clear that even for an adiabaticity paramet
frame. In this frame the external levels) and |4) and the as low as 0.22 A"> = A** = 0.66) thepassage of the
internal levels|2) and|3) are degenerate. If the DFS is slowsatellite transitions is completely adiabatic. As viewed from th
enough both satellite transitiofy) <> |2) and|3) <> |4) will modulation frame, this adiabatic behavior reveals itself in th
experience an adiabatic level anticrossing and will be inverteabsence of any change in the level populations, i.e., the sj

In order to analyze the response of the spin system subjecsgdtem closely follows the change of the Hamiltonian. As we
to a DFS, we must solve the equation of motion under tliedicated in Fig. 2b, the eigenfunctions interchange their lab
Hamiltonian [7]. For the idealized situatiom, < (), the during the course of the DFS. Therefore, if we monitor thi
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the central line intensity was monitored as a function of th
sweep time, i.e., the adiabaticity of the sweeps. First a select
sweep over the satellite transitions was chosen; the DFS rang
from 60 to 100 kHz with the resonance position of the satellit
transitions at+85 kHz. Figure 4 shows the intensity curves a:
a function of the overall sweep time at an RF field strength ¢
~2kHz (-, 5kHz (-—-), and 10 kHz (- —-). Clearly, the
higher the RF field strength the sooner the transitions a
traversed adiabatically a& is proportional tow:. At an RF
field strength of~2 kHz the maximum signal intensity is still
not reached using a sweep of 8 ms; at this point the adiabatic
of the sweep is 0.2. At 5 kHz a plateau is reached after abc
2 ms corresponding t& ~ 0.3. At 10 kHz the maximum is
reached at approximately 1 ms, followed by a slight decline i
intensity. This is probably related to the fact that with the
increased RF field we slightly violate the conditian < ().

If the sweep range is increased to run from 10 to 190 kHz, tt
double-quantum transitions of the spin system are traversed
well. A (partially) adiabatic passage of the 2Q transitions aga
depopulates the central levels and thus reverts the signal g
induced by the inversion of the satellites. This is visible in th
solid curve ¢, = 12.5 kHz) in Fig. 4, which shows a decreas
ing signal intensity with increasing sweep time. For thes
sweeps an optimum has to be found where the single-quant
transitions are traversed as adiabatically as possible, wher:
the higher quantum transitions should be traversed as sudde
as possible. This optimum is found arouhd- 0.15where the
signal gain is still a factor of 2.5. This is in complete analog

frame (a—c) or the laboratory frame (d—f). Adiabatic passages are reali2&th our work on single frequency sweeps (cf. Fig. 2e2m).

for an overall sweep time of 8 ms (a and A, = 0.22). Intermediate
behavior is witnessed for a sweep time of 1.5 ms (b and es 0.04),
whereas the transitions are traversed suddenly for sweeps @646 and
f, A = 0.001).

process from the laboratory frame, an inversion of the level

populations of the satellite transitions takes place (Fig. 3d). For

a DFS characterized with af of 0.04 (Figs. 3b and 3e) we
observe intermediate behavior in terms of adiabaticity, with
oscillations and partial equilibration of the level populations.
For a very rapid sweep with an adiabaticity parameteh of
0.001 thepassage of the satellite transitions is completely

sudden. In the modulation frame we therefore see an inter-

change of the level populations (Fig. 3c). Translated to the

0

........... v,=2 kHz
........ v,=5 kHz

—— vi=125kHz

2000 4000 6000 8000

laboratory frame this means that the spin system had no time to

t(us)

react to the applied field and all populations remain unchanged
(Fig. 3f).

In our previous work19) we demonstrated the effectivenes

FIG. 4. Experimental intensity gain by applying DFSs of different RF
field strengths (2 kHz-(- ), 5 kHz (- -+ ), 10 kHz (- —-)) prior to a selective
§0° pulse for the®Na resonance in a single crystal of NaN@ /27 = 85

of the DFS for simultaneously inverting the satellite transitiongyz). The overall duration of the DFSs, running from 60 to 100 kHz, wa

for the *Na resonance in a single crystal of NaNQC ... =

varied. For the solid curve the sweep range was extended to 10—190 kHz

0.337 MHz,n = 0). We found that an appropriately choseithat the double-quantum transitions are traversed as well. The RF field stren
DES applied before a selective 90° pulse excitation of tH&s 12.5 kHz. A (partially) adiabatic passage of the 2Q transitions aga

central transition led to an increase of the central transiti

depopulates the central levels and thus reverts the signal gain induced by

%ersion of the satellites as is witnessed by a decrease in intensity w

intensity by a factor of 2.97, close to the theoretical maximuicreasing sweep time. The maximum efficiency in this curve occurs at :
of 3. In order to further verify the adiabaticity of this processdiabaticity factorA ~ 0.15.
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FIG. 5. Energy level diagrams for ah= 5/2 spin withQq/27 = 750
kHz. (a) Linear single frequency sweep froa? to +2 MHz in 100us (v, =

50 kHz) represented in the rotating frame. (b) Double frequency sweep from
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sweep duration was 20 and 3 ms, leading to an adiabatic
parameter oA = 0.11 and0.017, respectively. The converg-
ing DFS withA = 0.11 (Fig. 6a) displays nicely adiabatic
passages of the (single-quantum) satellite transitions. First t
populations of thell) <> [2) and |5) <> |6) transitions are
exchanged; subsequently the transitifis— |3) and|4) < |5)
are inverted thus bringing the original populations of the out
levels|1) and|6) into the central levelf8) and|4), respectively.
This means that the polarization in the central transition
increased by a factor of 5. For the diverging sweep (Fig. 6c) tf
inner satellites are traversed first so that the central transiti
will not be affected by the passage of the outer satellite
Therefore its polarization is increased by only a factor of 3. Fc
faster sweeps the transitions are no longer traversed adiab
cally and partial saturation takes place, as is shownAfor
0.017 inFigs. 6b and 6d.

To experimentally verify the analysis described above, w
studied the®’Al resonance in a single crystal af-Al,O;,
(Cyee = 2.38 MHz, oriented such thddy/2m = 180 kHz).
Spectra obtained with a hard,(= 155 kHz), respectively soft
(v, = 13 kHz) excitation pulse are presented in Figs. 7a and 7
Using the hard pulse excitation we observe five lines from tf
central line and the satellite transitions. A soft 90° puls
selectively excites the central transition only, so we obsen
one line (Fig. 7b). The intensity of this line serves as
reference. Next we employed an adiaba#ic€ 0.15) DFS to
manipulate the level populations prior to pulse excitatior

Converging sweep Diverging sweep

0 to £2 MHz in 100 us (v; = 50 kHz), represented in the respective

modulation interaction frames for the inner and outer satellites.

Static Single Crystal, Spin 5/2

For | = 5/2 spins, similar considerations hold as for

T

0

el populations

I
T

-1

3/2 spins, but more transitions are encountered. The energy
diagrams for a linear sweep and a DFS are represented in Fig.”

-

1 [
Y
I

Level populations
=]

-
L
L

5. Note that during the linear sweep the single-quantum tran- ¢ ° t(m;)o v 20 o s t(m;)o 520
sitions occur successively. In the case of a DFS, represented in
the modulation interaction frame in the fictitious spin-1/2 apy, d
proach for irradiation neaf}, and 2}, (Fig. 5b), we observe , , \
the simultaneous passage of the two inner satellites and the ——} lE @ T
outer satellites, respectively. 2 s
Beside adiabaticity considerations the direction of the sweeb o 2 9
is now of importance. For a diverging sweep the inner satellites _ s | P
are traversed before the outer satellites, whereas it is the otHer ﬁ E S — }:
way around for a converging sweep. Figure 6 shows the effect i
on the level populations in the laboratory frame for a converg- ° ®° {1 # 2 9 © e 20

ing and diverging sweep of different length (i.e., adiabaticity).

The numerical simulations were performed for a system withF'C- 6. Evolution of the level populations for a spin= 5/2 (0g/27 =

quadrupolar coupling consta@t,.. = 5 MHz (Qq/27 = 750
kHz, 20,/27 = 1.5 MHz) for a DFS ranging front2 to =0.4
MHz and vice versa. The rf field strength was 6 kHz and thitverging sweep wittA = 0.017.

750 kHz) during a DFS withy, = 6 kHz viewed from the laboratory frame.
The DFSs run from 0.4 to 2 MHz. (a) Converging sweep witk 0.11; (b)
converging sweep withh = 0.017; (c)diverging sweep wittA = 0.11; (d)
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o ALOg single crystal reached already for sweeps of 2 ms and longer. At 27 kHz tl
maximum intensity is reached for very short sweeps followe

a b . by a decrease in intensity with increasing sweep time as t
l l 1 - f double-quantum transitions also start to be traversed mc
L k oy adiabatically, which is undesirable. For diverging sweeps, tt
. 3- and 9-kHz sweeps have the same shape as those for
c d converging sweep, with the exception that the maximum sign
2.93 gain is now close to 3, as only the inversion of the inne
satellites brings a polarization gain for the central transitiot
. An interesting phenomenon is observed for the 27-kHz curv
l — however. Instead of a decrease in intensity with increasir
—
l = -
_seee a t(ms)
2 4 6 8
e f
4,67
= con
5 .
= div
—.- =
.
—
L [ ! [y e WD | P
T Seee
senee 0.5 1 15 2 25 3 385 4 2
A 10
(1T T 11 1711 [T 1T 71T7T1TT7T1T°T7T1TT7TT1-1
1000 600 200 -200 -600 -1000 1000 600 200 -200 -600 -1000
kH
(kHz) (kHz) b Cms)
FIG.7. (a)Hard pulse excitation/{ = 155 kHz) of*’Al in a single crystal 2 = § d
of a a-Al ,O; showing the central transition and four satellites. (b) Selective Ton
excitation ¢, = 13 kHz) of the central transition. Diverging sweep &
0.15) followed by (c) a hard pulse and (d) a selective 90° pulse showing a
div

signal gain close to 3. Converging sweed € 0.15)followed by (e) a hard
pulse and (f) a soft pulse, now leading to a signal gain of approximately 5. The
population distribution prior to the pulse excitation is indicated in the center.

Figure 7c shows the spectrum obtained by hard pulse excitation
after a diverging DFS. The polarization of the inner satellites is
positive and that of the outer satellites negative, in line with the
expected state populations created by the diverging DFS. This
sweep increases the signal intensity of the central transition
after a selective excitation by a factor of 2.93, close to the
theoretically achievable 3 (Fig. 7d). A converging DFS also
leads to the expected results, followed by a hard pulse, nega-
tively polarized inner satellites are observed next to positive
outer satellites (Fig. 7e). Using a selective 90° pulse, the
intensity of the central transition appears to be increased by a
factor 4.67, close to the expected factor of 5.

An analysis of the adiabaticity can again be made by record-
ing the central transition intensity as a function of the sweep
time. In Fig. 8 the experimental gain is presenteddeil ,O,

I{swp+p) / I(p)

I(swp+p) / I(p}

0.1 0.2 0.3 0.4
A
t{ms)
2 4 6 8
con
div
0.5 1 1.5 2 25 3

(Qof/27 = 180 kHz) for sweeps with different RF field strength FIG. 8. Experimental intensity gain, by applying a DFSs of varying RF
(3 kHz (a), 9 kHz (b), and 27 kHz (c)). For a converging sweefg!d strength prior to a selective 90° pulse, for ffl resonance in a single

using a field of 3 kHz an increase of the central line intensi

rystal of a-Al,O; (2o/2m = 180 kHz). The overall duration of the DFSs,
nning from 100 to 550 kHz, was varied. The sweep duration is indicated

IS, observed with mcrgasmg syyeep tlme'_ This is because gtop in milliseconds, whereas the adiabaticity param&tir given on the
single-quantum satellite transitions are still not traversed fullyyer x-axis. Converging and diverging sweeps are shown/for (a) 3 kHz,
adiabatically. At 9 kHz the maximum signal gain of 4.7 igb) 9 kHz, and (c) 27 kHz.
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a 1 i) \ Powder Samples

Due to the orientational dependence of the quadrupole i
4 teraction, a distribution i, ranging from 0 to+w,, occurs
o in powder samples. For a fraction of the crystallites, the cor
dition w; < (), that was assumed in our theoretical considel
2 div ' ations will not be fulfilled. For these crystallites it is not
' possible to discuss adiabatic 1Q and sudden MQ transitions,
1 the transitions are not well separated. Numerical simulatior
have shown that the signal gain for these crystallites is not t
0t—03 o5 7 » 2 full 300% forl = 3/2 or 500% fol = 5/2. The experimental
A ' signal gain as a function of sweep time for ffida resonance
in powdered NaN@(C,,. = 1.1 MHz, 1 = 0.11) is shown in
5 — 3 4 Fig. 10a. Curves obtained at different RF field strengths we
con obtained for a DFS running from 0 to 750 kHz. After this DFS
4 : a selective 90° pulse was administered to the sample and "
div central transition spectrum was recorded. The response of
sample to a selective 90° pulse alone was used as a referel
2| i.e., intensity 1. We observe signal gains of approximatel
230% in a nonspinning situation under optimum conditions
1 Spin-5/2 spins also behave completely as expected, as can
1 seen in Fig. 10b showing the response of thd signal in
powderedua-Al ,O; (Cy.. = 2.38 MHz,m = 0) as a function of
sweep time using converging and diverging DFSs of differel
c () rf field strengths. The maximum gain in these cases ends up
5 about 200% for a diverging sweep and 300% for a convergir
div | sweep. Again, the effect of crossing the double-quantum tra
sitions partially adiabatically at higher RF field strength can b
3 clearly distinguished by the decrease in intensity at increasi
con sweep times.

=]

=}

0.2 0.4 A 0.6 0.8

=}
[~
o~

I(swp+p) / I{p)

. COHERENCE TRANSFER

0 ‘ ' Spin 1= 3/2

0 0.2 04 5 08 0.8 1

The DFS performance for transferring populations in th

FIG. 9. Calculated intensity gains using converging and diverging DF§pin system has been demonstrated convincingly so far. As

preparations, under idealized conditions for a spir 5/2 (Qo/2m = 750  qagcribed in the theoretical introduction, the DFS should &
kHz). v, = (a) 6 kHz, (b) 46 kHz, and (c) 70 kHz. A . . .

equally effective in the conversion of triple- to single-quantur

coherence. In the MQMAS experiment one wants to achieve

optimal conversion fron;* to 1 2,°, which as viewed from an

sweep time, an increase above 3 is detected. For diverg ropriate modulation frame is similar to convertirig' to
sweeps an adiabatic passage of (e [3) and |4) <> 6) |23 )5 lation. This means that a simultaneous, selective 18
double-quantum transitions does convert the populations of t@se on both satellite transitions should lead to a full transf
outermost levels to the inner levels. This is corroborated Ry triple- to single-quantum coherence. Vega and Naor der
numerical simulations (Fig. 9), which shows that a 500%nstrated that this is indeed the ca88)( To achieve the same
increase in the polarization of the central line is possible forgdfect in a powder a double frequency sweep over a lare
diverging sweep if we cross the double-quantum transitigfequency range should be a superior alternative to puls
fully adiabatically (Fig. 9c). Such a full adiabatic passage @fiversion. We experimentally demonstrated the effectivene
the 2Q transitions is hardly realized in practice, however, asof the DFS in this respect in a study bf= 3/2 spin systems
needs extremely long sweeps or high RF field strength. By some model compound4q, 34.

increasing the RF field strength one will soon violate the An in-depth evaluation of the theoretical concept was re
condition w; < (g, in which case all transitions will be cently presented by Vega and co-worke?®)(for adiabatic
affected simultaneously and the concept of individual passagesnsfer using their fast amplitude modulation sequence whi
breaks down. splits the excitation in two sidebands. As was discussed the
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wn(t) determines the adiabaticity of the transfer; this paramet
can be influenced not only by varying the spinning speed b
also by changing the sweep rate of the DFS. In combinatic
with the fact that these terms can add or subtract nonadiabe
spinning and sweeping can still lead to adiabatic passag
Figure 11a shows the energy level diagram in the modulatic
frame of a single crystallite under the combined effect of a DF
and magic angle spinning. The avoided level crossings, occi
ring simultaneously for thil) <> |2) and|3) <> |4) transitions,
are clearly witnessed. This leads to a pure converkjoh—
a-1%andl;* - a- 1772

Even under on-resonance CW irradiation (RIACT) efficien
triple- to single-quantum conversion takes plade2l). The
energy level diagram in the rotating frame for CW irradiatior
in a spinning crystallite is presented in Fig. 11b. If during th
duration of the RF irradiation a zero-crossing of the quadrt
polar interaction occurs, triple- to single-quantum coherenc
transfer can occur very efficiently, albeit with an additiona
phase modulation due to the fact that at the crossing :
transitions are coupled and not just the 1-2 and 3—4 subspa
as in FAM and the DFS. This additional phase modulation |
orientation dependent and hampers the echo formation in t
MQMAS experiment, thus adversely affecting the performanc
of the RIACT experimentZ2).

a

0.6

0.4

0.2

Eigenvalues (MHz)

field strength prior to a selective 90° pulse for (a) théa (I = 3/2) resonance
in powdered NaN@(w, = 550 kHz) and (b, c) th&Al (I = 5/2) resonance
in powderedx-Al ,O; (wq = 357 kHz). The sweeps in (a) run from 010750
kHz. The sweeps in (b) run front850 kHz to 0 and in (c) from O ta=850
kHz. The RF fields are 2.5 kHz (), 5 kHz (- —-), and 10 kHz (—).

and corroborated by our own work, the basic mechanism acting
in FAM and DFS is identical, with the exception that the DFS
has more degrees of freedom to manipulate the experimental
conditions. An important factor is that the desired coherence
transfer must take place under MAS conditions. This means
that adiabatic passages can occur for most crystallites in a
powder even if a modulated irradiation is used that creates two
sidebands at fixed frequencigso,, as is the case for FAM. In

the FAM sequence the variation dfw,(t) = wo(t) — wn
describes the transition through resonance and determines the

Eigenvalues (MHz}
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adiabaticity of the rotation-induced coherence transfer. For the

FIG. 11. Energy level diagram during magic angle spinning (MAS) for ar
3/2 spin withQ /27 = 850 kHz,n = 0.1, initial orientationa = 156°;

DFS the process is similar with the sole exception Hatis g = 9g°; y = 12°. (a) DFS from 0 to+1.3 MHz; (b) on-resonance CW

time dependent as well. This means thas,(t) = wo(t) —

irradiation during one rotor period{ = 50 kHz, v, = 10 kHz).
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at elevated RF field strengths, the DFS also yielded the me
2 » imum efficiency for relatively short sweeps followed by &
NA T gradual decrease in efficiency with increasing sweep time. Tt
similarity between population transfer and coherence transt
is in line with the theoretical description presented in the theol
section. As is clear from Fig. 12, the curves for the spinnin
sample look very similar, again hinting at the adiabaticity o
the process. Now the adiabaticity is determined by the cor
P @=20kHz bined effect of sweeping and spinning. The maximum sign:
"""" o gain is approximately 180% for the sample spinning at 20 kH.

Lorsy’! ow)

—— w=0kHz
Note that we compared the obtained signal gain of a DFS at |
- 50 100 150 200 kHz with respect to a 150-kHz strong conversion pulse. If w
t (us) had made the comparison with respect to an 80-kHz conversi

, : 0
FIG. 12. 3Q to 1Q conversion process for powdered NaN§&pinning at pUIse the Slgnal .galn amounts to more than 300 A)'.The O
0(—), 10 (- —+), or 20 ¢ - ) kHz) using a short excitation pulse,(= 150 Served signal gain of a DFS compared to a conversion pul

kHz) and DFS conversion. The sweep runs from 0 to 750 kHz witk- 80 Will depend on the adiabaticity achieved with the DFS for th
kHz. The intensity is normalized with respect to the maximum intensityarious crystallites in the powder and on the ra,tgjwl for the
obtained with a two-pulse sequence employing an excitation and conversmBe_ Pulse conversion is most efficient if the RF field streng
pulse of 150 kHz. is of the order of the quadrupolar frequency. In this regime tr
transitions in the quadrupolar spin system during a DFS are r

The overall behavior of DFS, FAM, or RIACT in a powdemwell separated and its effect cannot be described as a cons
is determined by the variation of the quadrupolar frequencyive passage of individual transitions. Numerical calculatior
during spinning. For optimum performance one strives to rare needed to calculate the results in this intermediate regin
alize one single adiabatic passage for every crystallite in tAe analytical approach with well-defined inversions of indi-
powder. For the DFS we should follow the path@f(t) — vidual transitions demands that is significantly smaller than
wy(t) during the excitation. In the powder each crystallite willo,. The gain in performance of the DFS is expected to be mo
have its own path. Therefore it will not be possible to reach thgonounced for samples with large quadrupolar interaction
aforementioned truly adiabatic passage for every crystallite Tine quantifiability, lineshapes, etc., of the MQMAS experi
the powder. So far our approach has been to optimize thment employing DFS conversion, as a function of quadrupol
performance of the DFS experimentally for the compouridteractions and sweep parameters, are under investigati
under study. A detailed account of adiabatic population afthis is aimed at developing a recipe giving reliable results fc
coherence transfer for static and spinning single crystals will Bemaximum range of quadrupolar interactions.
presented elsewher&q).

An experimental verification of the 3@> 1Q conversion Spin 1 = 5/2
process under a DFS as a function of sweep time is presented
in Fig. 12 for powdered NaN@Ospinning at O (static), 10, and For coherence transfer the spin-5/2 case is more complica
20 kHz. The intensity is normalized with respect to the maxhan the spin-3/2 case, as more transitions are involved and
imum intensity obtained using the two-pulse experiment at &ave to consider 5Q and 3Q transfer to 1Q coherence se|
RF field strength of 150 kHz and an interpulse delay qfsl rately. The energy level diagram of a spin 5/2 during a rotc
The DFS ranged from 0 to 750 kHz and employed an RF fiefgeriod under on-resonance CW irradiation is shown in Fi
strength of 80 kHz. A first observation that can be made is thb3a. The most important feature of this diagram is that at tt
the DFS has a strong effect in the static sample. This impliagoided level crossing the staté® and |6) convert to the
that the DFS indeed induces the desired conversion for tbentral transition states and vice versa. The stajesd|5) are
majority of the crystals in the powder distribution, as the wholeot involved in this transfer. This means that if the rotatiol
frequency range of the satellites is covered by the sweep. Atakes place under adiabatic conditions, quintuple-quantum c
fixed modulation frequency, such as in FAM, only a limitedherence is transferred to single-quantum coherence and v
number of crystallites with(), near w, would have been versa. No triple- to single-quantum coherence takes plac
affected in a pulse-like fashion with the optimum conversionowever. Although a report of 3QMAS under RIACT condi-
for the satellites experiencing &h- 180 pulse. Furthermore, tions exists 87), the effects observed there cannot be calle
the shape of the conversion curve, with a steep initial increasgationally induced adiabatic coherence transfarthe strict
followed by a subsequent gradual decrease without any clsanse of that formulation. Other coherence transfer meck
oscillatory behavior, is indicative that the process is indeetdsms must be active. We have monitored-3€1Q and 5Q—
adiabatic. In fact the shape of the curves looks very similar 18 transfer under CW irradiation as a function of pulse lengt
the curves obtained for population transfer (cf. Fig. 4). Therfar the?’Al resonance in powdereg-Al ,O,. Clearly there is no
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FIG. 13. Energy level diagram during magic angle spinning (MAS) for an

| = 5/2 spin withQq/27 = 750 kHz,n = 0.1, initial orientatione = 156°;
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For the DFS the situation is different; now the inner an
outer satellite transitions are traversed at different times. Tl
energy level diagrams under the combined effect of a DFS a
MAS are shown in Figs. 13b and 13c. For the coherenc
transfer this implies that we can transfer quintuple-quantul
coherence to triple-quantum coherence to single-quantum
herence, but in the idealized situatian, (< ., €,) no direct
conversion from 5Q— 1Q conversion takes place. The lattel
transfer has to take place in two consecutive steps. For t
3Q — 1Q transfer we have to be aware that 3¢€6Q transfer
can take place as well. Therefore, it is advantageous to L
diverging sweeps so that the inner satellites are traversed fi
Furthermore, it is advantageous to avoid multiple crossings
the same transition as this may adversely influence the perfi
mance of the sweeps.

To experimentally support the argumentation presented abo
we recorded the conversion efficiency @Al ,O, using the DFS
(v, = 115 kHz). The intensity of the 3Q to 1Q conversion proces
as a function of the sweep time is presented in Fig. 15a for
sample spinning at 0, 10, and 20 kHz. The intensity is normaliz
with respect to maximum intensity obtained with a short conve
sion pulse with an RF field strength of 180 kHz, similar to th

a
1

e =0 kHz,
0.8 —— a=10kHz

B = 98° y = 12°. (a) On-resonance CW irradiation during one rotor period.
(b) DFS passage of the inner satellites and (c) passage of the outer satellites
(v, = 50 kHz, v, = 10 kHz).

RIACT effect for the triple- to single-quantum conversion (Fig.
14a); the intensity of a 3QMAS echo was monitored increasing
the conversion pulse length from O to one full rotor period.
After a peak obtained for the optimum conversion pulse length
a gradual decrease in conversion efficiency is observed. In fact
the conversion in a spinning sample soon drops below the
conversion in a static sample. The performance for the 5QMAS
echo is very different (Fig. 14b). For the rotating sample we
observe the initial maximum for the optimum conversion pulse
length followed by a steep decline; after a short time the
efficiency of the conversion process increases again as the
RIACT conversion starts to be effective for various crystallites
in the powder distribution. A local maximum is reached at a
quarter of a rotor period in accord with the predictions and
observations of Vega2() and Griffin and co-workersdj. The
height of the RIACT maximum shown in Fig. 14b is slightly
lower than the short pulse maximum. The relative height of
these two maxima depends strongly on the ratifw,. Here

we used a very strong RF field of 180 kHz so thgtand w,

Intensity

Intensity

0.8

=3
=3

o
~

02

........... =0 kHz
— w=10kH

0 20 40 80 80 100

t{us)

are of the same order of magnitude, in which case pulséFlG.14. MQto 1Q coherence transfer under CW irradiation for powdere
excitation and conversion are rather efficient. If the RF field 5”20 (&) 3Q to 1Q conversion/{ = 150 kHz) under static-¢ ) and 10

relatively weak with respect to the quadrupolar interaction

kHz (—) MAS (RIACT, a = 6.3) conditions. (b) 5Q to 1Q conversion, (=

?80 kHz) under static-(-) and 10 (—) kHz MAS (RIACT, « 9.1)

RIACT conversion is more efficient as long as the zero crosgsnditions. Only in the latter case is a clear RIACT maximum observed at 1

ing takes place adiabatically.

rotor period.
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a is plotted in Fig. 15b, using similar conditions as for the-3€1Q
transfer. Remarkably, a significant signal gain is again realize
despite the fact that an idealized adiabatic DFS conversion has
proceed in two steps. Considering the strength of the RF field \
cannot rule out that direct transfer of 5@ 1Q coherence takes
place for certain crystallites in the powder distribution that have
small (), at times that the modulation frequency is still small an
not exceedingw,. For those sites a RIACT-type transfer will
occur. Furthermore, “pulse-like” transfer can play a role. Thi
would explain the oscillations we observe in the conversio
curves. So in this case we do not argue that the conversion ta
place mainly by a single well-described mechanism. More ri
search is needed to clarify the relative importance of the differe
transfer processes.

3QMAS AND 5QMAS FOR SPIN | = 5/2

A good verification of the increased conversion efficiency c
the DFS is obtained from th€Al 3QMAS whole-echo 38)
________ 10 ki spectrum of andalusite (Fig. 16). Andalusite has two differe!
0.5 — w0 Al (1 = 5/2) sites, a five-coordinated AC(,, = 5.6 MHz,

n = 0.76) and an octahedrally coordinated Al experiencing
very large quadrupolar interactioltC{. = 15.3 MHz, n =
e 0.13) 39, 40. Alemanyet al. (40) have recently shown the

FIG. 15. MQ to 1Q coherence transfer for powdered\l ,O; (spinning at challenge that the latter site poses on the normal puls

0(—), 10 (- —+), or 20 ¢ - ) kHz) using a short excitation pulse,(= 180  3QMAS. Employing RF field strengths of up to 280 kHz, they

kHz) and DFS conversion. The sweep runs from 0 to 850 kHz with 115 \yoe capable of making this site visible in a 3QMAS, albei
kHz. The intensity is normalized with respect to the maximum intensity .

obtained with a two-pulse sequence employing an excitation and conversWHh a significantly distorted Iineshape. For this site both th
pulse of 180 kHz. (a) 3Q to 1Q conversion. (b) 5Q to 1Q conversion.  3Q excitation and the 3@> 1Q conversion are hampered. At
the excitation side, one can increase the excitation pulse tc
value above the recommended 180° pulSg (vhich will
situation in Fig. 14. As for the spin-3/2 case, the shape of cunfesther increase the excitation efficiency for the site with th
suggests that the conversion is mainly achieved by the adiab&igeC .. whereas the intensity of the site with the smallgr,
process as fast oscillations, specific for the pulse-like conversianill go down. The efficiency of the conversion process is th
are not present. Furthermore, we again observe a significardin problem, however. The effect of replacing this pulse b
improvement for the static sample, which implies that the moda-DFS can be judged from Fig. 16. A diverging sweep from
lation of the Hamiltonian by the DFS is effective for manyo 2.5 MHz was employed using an RF field strength of 11
crystallites as the sweep covers the whole range of satellite fkétz; the spinning speed amounted to 25 kHz. As can be judg
guencies in the powder. A gain of approximately 200% is olrom Fig. 16b, a good signal to noise ratio is obtained, ar
tained in conversion process for the sample spinning at 20 khizore importantly the lineshape is in accord with the simulate
That the efficiency is the highest for the sample spinning at 8@ape without significant distortions. This absence of disto
kHz implies that there must either be an influence of the combingons is a further indication that most of the crystallites in th
sweeping and spinning making the transitions more adiabaticpmwder distribution must be affected by the DFS, not just a fe
more crystallites experience an appropriate passage due towitd a favorable orientation.
combination. Again it must be considered that the reported gain isThe application of DFS-enhanced MQMAS spectra to “real
with respect to a pulse with significantly higher RF field strengtsamples is demonstrated in a study of samples in th©Al
than the DFS. As was already mentioned, pulse conversion Ha;0,—B,0; system prepared by sol-gel synthesis and subs
pends on a mixing of states that is achieved wlgandw, are  quent heat treatment. Figure 17a shows’théMAS spectrum
of the same order, whereas the adiabaticity concept using conggca compound with overall composition 24, - 2La,0; -
utive transitions demands that < wq. For relatively highw, 4B,0, treated at 1100°C. The spectrum, obtained at 14.1
values the various subspaces are no longer isolated and the vaspiisning at 20 kHz, shows severe overlap and calls f
transitions cannot be viewed independently. The effect of the DRS)MAS to resolve the various sites. In order to gain sens
can then only be evaluated by a numerical approach. tivity and to obtain better lineshapes allowing a better extras
The efficiency of the quintuple- to single-quantum conversidion of the structural information, the conversion in the

o @=20KHz S

0 20 40 60 80 100
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FIG. 16. DFS enhancedAl 3QMAS whole-echo spectrum of andalusite using a gs7excitation pulseiy, = 150 kHz) and a 1+s-long DFS from 0 to
+2.5 MHz (v, = 115 kHz). The spinning speed was 20 kHz t9hcrements with an increment time ofu& were collected, acquiring 320 scans per experimen
(a) Contour plot showing the five- and sixfold coordinated Al. (b) The line of the AI(Zlx{= 15.3 MHz) is easily observed using moderate RF field strengt
and its shape appears to be hardly distorted.

3QMAS experiment, presented in Fig. 17b, is achieved byAd(V)_1 lacks any clear features indicating a distribution ir
DFS. We observe four well-resolved sites, a tetrahedrally cohemical shift and quadrupolar interaction, whereas tt
ordinated aluminum, two fivefold coordinated Al species, andll(V)_2 line shows clear singularities but is likely to be due tc
an octahedrally coordinated aluminum. The lineshapes of ttveo overlapping lines. To further clarify this a 5QMAS exper-
fivefold coordinated Al both show distortions. The line markeinent, again using DFS conversion, was carried out. The 5
experiment, with different quadrupolar-induced shifts infhe
dimension, now clearly separates the Al(V)_2 into two differ

o 10’ ent sites as is shown in the zoomed region of the 5QMA
spectrum presented in Fig. 18. Extraction of the quadrupol
12
a o parameters based on the quadrupolar induced shifts and
‘ lineshapes in the 3QMAS spectra we come to the conclusi
ok that the aluminum-bearing part of the compound consists
0 0 -1 .
F2 (ppm) 9A1,0, + 2B,0; (A.B,) and a less well-crystallized phase
x 107
4
3 6
80 60 40 20 0 -20 -40 x 10
/ F2 (ppm) 2 1
b / 1 12
0
3 AW”@ 45 ng( 25) . o 8
£30 AL(V)_1 x 107 PPM) x 10 ( \)7 | 4
Ess Al(Y) * N e & .
2 3 a
L 40 — 1> 19 2 55
LL45 @ 5 2 b 60 40 20 o
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FIG. 17. DFS enhanced’Al 3QMAS whole-echo spectrum of 24D, - FIG. 18. Zoomed Al(V) region of the DFS enhanc&@él 5QMAS whole-

2La,0, - 4B,0; treated at 1100°C. 3Q to 1Q coherence transfer is enhancecho spectrum of 9A0; - 2B,0,. 5Q to 1Q coherence transfer is enhancec
with a 10us-long DFS from 0 tat2 MHz (v, = 100 kHz). A strong ¢, =  with a 12us-long DFS from 0 to 1.6 MHz at an RF field strength= 140
180 kHz) 1.9us pulse is used for excitation. A spinning speed of 20 kHz wasHz. In this spectrum the two sites overlapping in the resonance labels
employed. (a) MAS spectrum. (b) 3QMAS spectrum. Al(V)_2 in the 3QMAS spectrum of Fig. 17 are clearly separated.
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containing mainly fivefold coordinated Al, giving rise to thenoise, but also extends the applicability of the experiment to sit
Al(V)_1 signal. A full account of the study of these materialexperiencing quadrupolar interactions beyond the reach of t
will be presented elsewhere. conventional pulsed method. Moreover, less distorted lineshay
Inspection of the lineshapes in the 5QMAS experiments shoae obtained in DFS-enhanced MQMAS experiments.
strong distortions. Considering the fact that the quadrupolar cou-
pling constants for Al in 9AIO; - 2B,0; vary from 6 to 9 MHz EXPERIMENTAL
(41, the excitation efficiency of the 5Q coherences is very low
and will be partly selective. Furthermore, as was discussed in theall experiments were carried out on a Varian/Chemagnetic
previous section, different mechanisms are effective in the capMX Infinity 600 spectrometer, operating at 158.7 MHz ftha
version. Idealized adiabatic DFS transfer will proceed in twand 156.3 MHz for’Al. Chemagnetics HX MAS probes of 2.5
steps, 5Q— 3Q — 1Q, and thus both the outer and the inneind 3.2 mm were used, employing spinning speeds up to 25 kl
satellites have to be traversed for this transfer to be effective; thiDouble frequency sweeps were realized by a pure amplitu
cannot be realized for all crystallites in the powder. There will alsdodulated carrier wave. Much attention was paid to avoi
be direct 5Q— 1Q transfer, e.g., via a RIACT-type transfer fodistortions of this modulation, as this would reintroduce on
those crystallites for whicl,, is smaller tharw, when(), passes resonance carrier, which will directly affect the spin system i
through zero. Finally, there will be excitation-type processes agn adverse way. To achieve a clean signal we use a comm
tive. All the aforementioned processes will be effective for diially available, PC-based, arbitrary waveform generator frol
ferent crystallites with different efficiencies and might thereforational Instruments (DAQArb PCI5411). This is used tc

lead to lineshape distortions. generate the amplitude modulation on a center frequency of
MHz with a time resolution of 25 ns. This signal is added to th
CONCLUSIONS spectrometer frequency using a four-quadrant modulator

avoid distortions. The spectrometer frequency is set to 14 Mt
Understanding the complex spin dynamics of half-integ@elow the desired frequency used to irradiate the nuclei unc
quadrupolar nuclei under the combined action of sample rottudy so that the sum frequency is the (modulated) Larm
tion and CW or modulated RF irradiation is of utmost imporfrequency §,). This frequency is filtered and fed into the
tance in designing more efficient experiments for these nuclgbwer amplifier in the usual way. The signal obtained from th
Pure amplitude modulation of the RF carrier leads to tweample is demodulated with an unmodulated 14 MHz befo
sidebands placed symmetrically around the carrier frequency. Bying fed into the receiver channel of the spectrometer. In t
introducing a time dependence in this amplitude modulatioway all phase cycling capabilities, etc., from the spectromet
symmetric frequency sweeps can be generated. We have shavéretained, whereas we have great flexibility in generatir
that these double frequency sweeps can be used to redistrigui@eforms. The waveforms used here are described by Eq. [
populations, by simultaneously inverting satellite transitions, The starting frequencw, and the final frequencw, can be
the spin system. This can be put to good use by transferring tosen freely so that both converging and diverging swee
population of the outgm) and|—m) levels to the centrdl/2) and  over any frequency range are possible.
|-1/2) levels prior to a selective excitation of the central transi-
tion. For single crystals this can lead to a signal gain of a factor of ACKNOWLEDGMENTS
2l. It proved possible to approach this gain factor experimentally.
For powders one has to compromise, as a distribution of quadrufhe authors are grateful to Prof. S. Vega for stimulating discussions and 1
polar frequencies exists; therefore it is not possible to fuffill treeipplying us with a preprint of his work on fast RF amplitude modula@@h Ve
appropriate conditions for adiabatic population transfer in &jfsh to thank Mr. J. van Os, Mr. H. Janssen, Mr. G. Janssen, and Ms. G.
chtegaal for their technical support. Ms. M. Brinksma is acknowledged ft

crystallites. Experimentally we realized gain factors of 2.3 andﬁ?aking her Mathematica NMR package available to us. We thank the Dut

for | = 3/2 andl = 5/2 spin systems, respectively, demonstrating,ndation for chemical research NWOI/CW for their financial support of thi
the usefulness of this concept for sensitivity enhancement f@sject.
insensitive quadrupolar nuclei such'as.
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