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Abstract

An approach for enhancing the NMR sensitivity of the central transition of spin-3r2 nuclei is presented. Through
selective excitation of the satellite transitions using a fast 1808 phase alternating pulse train during magic-angle spinning a

< :selectively excited state is prepared where the populations of all eigenstates m with the same sign of m are equal, resulting
in an enhanced central msy1r2™1r2 transition polarization. Numerical simulations predict enhancements up to a factor
of 2 and values of 1.7 and 1.9 have been obtained experimentally for 23Na in Na C O and 87Rb in RbClO , respectively.2 2 4 4

We observe no significant anisotropic lineshape distortion. The conditions for optimum enhancement are discussed. q 2000
Published by Elsevier Science B.V.

1. Introduction

w xIn 1993 Haase and Conradi 1 proposed a method
of enhancing the polarization of the central transition
of half-integer spin I quadrupolar nuclei by a factor
of 2 I using selective inversion of the outer satellite
transitions. This effect was demonstrated on 27Al in a
static single crystal of a-Al O , where the predicted2 3

enhancement factor of 5 was obtained. Using fre-
quency swept adiabatic passages Hasse and Conradi
demonstrated that a somewhat reduced enhancement
of 4.1 could also be obtained in polycrystalline
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w xa-Al O . In a subsequent paper, Haase et al. 22 3

presented a more detailed theoretical picture to de-
scribe such polarization enhancements in static sam-

w xples. Kentgens and coworkers 3,4 have examined
Žthe advantages of employing double frequency i.e.,

.amplitude modulated adiabatic sweeps to not only
enhance central transition polarization in static sam-
ples but also in samples undergoing magic-angle

Ž .spinning MAS , and to enhance multiple-quantum
to single-quantum coherence transfer in MQ-MAS
w x5,6 . In the case of polarization enhancement for the
central transition of 23 Na, where the theoretical max-
imum enhancement factor is 3, they obtained factors
of ;2.7 and ;1.7 in Na SO under static and2 4

MAS conditions, respectively. The reduced enhance-
ment during MAS was explained as due to an inter-
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ference between the frequency sweep and the transi-
tions induced by MAS.

w xMore recently, Mahdu et al. 7 employed an
X–X pulse train with the goal of enhancing
multiple-quantum to single-quantum coherence
transfer in MQ-MAS and obtained enhancements
similar to those obtained by Kentgens and Verhagen
w x4 . An interesting difference in the two approaches
is that Mahdu et al. maintain a constant cycle time in
their X–X pulse train, that is, the frequency is not
swept as in the experiments of Kentgens and Verha-

w x w xgen 4 . In a more recent paper, Mahdu et al. 8
explain the mechanism for this enhancement as co-
herence transfers induced by the adiabatic motion of

w xthe rotor 9,10 , a mechanism similar to that of
w xRIACT 11 , but apparently more efficient.

In light of the success of this approach for MQ-
MAS we have investigated the utility of the X–X
pulse train in enhancing the central transition polar-
ization in samples undergoing MAS. Such an ap-
proach has advantage over double-frequency sweeps
that no special hardware is required for implementa-
tion and that the enhancements we obtain are similar

w xthan those obtained by Kentgens and Verhagen 4 .

2. Experimental

All experiments were performed on a 9.4 Tesla
Chemagnetics CMX II spectrometer using a Che-
magnetics 4 mm MAS probe operating at a 23 Na
frequency of 105.82652 MHz and a 87Rb frequency
of 130.932474 MHz. The samples used for polariza-
tion enhancement experiments were polycrystalline
Na C O and polycrystalline RbClO , which have2 2 4 4
23 Na and 87Rb quadrupolar coupling parameters of
C s2.43 MHz and h s0.77, and C s3.3 MHzq q q

and h s0.20, respectively. Using the saturation re-q

covery experiment the effective T of 6.4 s was1

measured for the 23 Na central transition in Na C O2 2 4

and 147 ms was measured for the 87Rb central
transition in RbClO . Experiments on Na C O were4 2 2 4

performed using a 10 s recycle delay and spinning
speeds of 6 and 12 kHz. Experiments on RbClO4

were performed using a 1 s recycle delay and a
Ž .spinning speed of 12 kHz. The radiofrequency rf

field strength was calibrated using the solid-state
23 Na resonance of NaCl and the 87Rb resonance of

Fig. 1. Pulse sequence for RAPT from the satellites to the central
transition for spin Is3r2. For optimum transfer the inverse of
the cycle time of the X–X unit is set to C r4. Experimentally,q

the optimum duration of the whole pulse train was found to be
approximately one rotor period.

RbCl. The pulse sequence for enhancing the central
transition polarization is shown in Fig. 1. We call
this approach rotor assisted population transfer
Ž .RAPT . In practice, a 400 ns delay was inserted
between each pulse in the X–X pulse train of RAPT
to allow time for the transmitter phase to stabilize.
The X and X pulse lengths were equal, and the
inverse of the total time to complete one X–X

Ž .interval including the 400 ns delays is defined as
the RAPT modulation frequency, n .m

3. Results and discussion

Comparisons of central transition spectra of 23 Na
in polycrystalline Na C O and 87Rb in polycrys-2 2 4

talline RbClO with and without the RAPT prepara-4

tion are shown in Fig. 2. A factor of 1.6 and 1.9
sensitivity enhancement is observed in Na C O and2 2 4

RbClO , respectively. Most importantly, there ap-4

pears to be no significant lineshape distortions using
RAPT, implying that all crystallite orientations expe-
rience the same enhancement.

One possible mechanism for the enhancement
involves the selective inversion of the satellite transi-
tions, as depicted in Fig. 3a, by the fast amplitude
modulated rf pulse, which only irradiates near the
satellite transitions, and the motion of the rotor
which acts to provide an adiabatic ‘sweep’. In this
case, however, we would have expected significant
lineshape distortions, since it is impossible, at any
given time, for all crystallites to have undergone an
odd number of adiabatic passages. Thus, there can-
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Ž . 23 Ž . 87Fig. 2. A comparison of central transition spectra of a Na in polycrystalline Na C O and b Rb in polycrystalline RbClO with and2 2 4 4

without the RAPT preparation. In all cases, the spinning speed was 12 kHz, and whole echo acquisition was used to eliminate lineshape
distortions due to receiver deadtime. A RAPT modulation frequency and rf amplitude of n s550 kHz and n s100 kHz for Na C O andm 1 2 2 4

n s720 kHz and n s175 kHz for RbClO were employed. The RAPT duration in both cases was one rotor period.m 1 4

not be uniform inversion of the satellites for all
crystallites using this scheme, and we would predict
distortions in the anisotropic lineshapes, as some

Ž .Fig. 3. a Selective population inversion of the satellite transitions
leads to a sensitivity enhancement of the central transition by a

Ž .factor of 2 I. b Selective excitation or saturation of the satellite
transitions leads to a sensitivity enhancement of the central transi-
tion by a factor of Iq1r2.

orientations will be enhanced by a factor of 3 and
others will show no enhancement. An alternative
mechanism consistent with our observations is that
the enhancement is a result of an selective saturation
of the satellite populations, as depicted in Fig. 3b,
which occurs during the fast 1808 phase alternating
pulse train with MAS. Although a true selectively
saturated state, which in the language of fictitious

w xspin half operators 12,13 corresponds to

² 1 – 2 : ² 3 – 4 :I s I s0 1Ž .x , y , z x , y , z

in the spin-3r2 case, would lead to a factor of two
enhancement, it is not necessary to achieve such a
state to obtain the enhancement. Any selective devia-

² 1 – 2: ² 3 – 4:tion of I and I from equilibrium will leadz z

to an enhancement, with the goal of RAPT being

² 1 – 2: ² 3 – 4:I s I s0. 2Ž .z z

Once this condition is satisfied the populations of all
< :eigenstates m with the same sign of m will be

equal, and an enhanced central msy1r2™1r2
transition will be observed.

The difference in maximum enhancements be-
tween the 23 Na and 87Rb RAPT appear to arise from
the stronger homonuclear dipolar couplings among

23 Ž 23the more abundant Na nuclei i.e., 100% for Na
87 .versus 27.85% for Rb , which generate transitions
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between neighboring 23 Na nuclei, thus reducing the
efficiency of the selective population equalization of
levels having the same sign of m. When enhancing
the polarization of the central transition by transfer-
ring polarization from the outer transitions it is also
important that the outer transitions have re-equi-

w xlibrated before transferring polarization again 1,14 .
We investigated this as a possibility for the lesser
enhancement in Na C O by increasing the recycle2 2 4

delay in the RAPT sequence from 10 to 100 s and
found no change in the 23 Na polarization enhance-
ment.

To determine how sensitive the RAPT enhance-
ment is to the setting of experimental parameters, we
investigated its dependence on X–X pulse train dura-
tion, the modulation frequency, and rf field strength.
Shown in Fig. 4 is the experimental enhancement
curve of the central transition spectra of 23 Na in
Na C O as a function of the X–X pulse train2 2 4

² 1 – 2:duration and the predicted curves for I rz
² 1 – 2: ² 2 – 3: ² 2 – 3: ² 3 – 4: ² 3 – 4:I , I r I , and I r Ieq eq eqz z z z z

based on a full density matrix numerical calculation
with the same conditions as the experiment. The

² 2 – 3:shape of the experimental curve for I agreesz

qualitatively with the predicted curve, with the ex-
perimental enhancement maximum lying below the
prediction. The simulated curves verify the selective

‘saturation’ hypothesis presented above, with the
² 2 – 3: ² 1 – 2:enhancement in I increasing as the I andz z

² 3 – 4:I expectation values approach zero.z

Fig. 5a shows the experimental and theoretical
dependence of the RAPT enhancement for 23 Na in
Na C O on the modulation frequency, n . The2 2 4 m

modulation frequency was varied over a range of
approximately 170–700 kHz. The maximum experi-
mental enhancement factor of 1.67 was found using
a modulation frequency of 550 kHz, a value not far
from C r4s607.5 kHz. Because of hardware con-q

straints, we were not able to experimentally explore
modulation frequencies beyond 700 kHz. Also shown
in Fig. 5a, are numerical simulations which predict
that the enhancement is diminished at higher modu-
lation frequencies and drops to one for n 0C r2,m q

which in the case of Na C O is 1215 kHz.2 2 4

Finally, we experimentally varied the rf field
strength over a range of 10–100 kHz at spinning
speeds of n s12 and n s6 kHz. These dataR R

along with theoretical predictions are shown in Fig.
5b. The enhancement decreases with decreasing rf
field strength, and at very low rf field strengths there
is no enhancement. Although it would be technically
difficult to experimentally explore very high rf field
strengths, numerical simulations shown in Fig. 5b
predict that the enhancements would eventually di-

23Fig. 4. Dependence of Na central transition signal enhancement in Na C O on the duration of the X–X pulse train in the RAPT2 2 4

sequence of Fig. 1 expressed in units of rotor period. The curves in grey are the simulated expectation values of the fictitious spin half
operator I ry s scaled by their equilibrium expectation values for the 1–2, 2–3, and 3–4 transitions. The curve in black is the experimentalz
² 2 – 3: ² 2 – 3:I r I value measured by a selective pr2 pulse on the central transition. In both experiment and simulation a rf field strength ofeqz z

n s101 KHz was employed during the X–X pulse train, with a modulation frequency of n s427 KHz, and a spinning frequency of 121 m

KHz. With this combination there are approximately 35 X–X cycles within about one rotor period. Optimum transfer appears to occur
experimentally after one rotor period. The experimental time interval between the pulse train and acquire pulse was ts50 ms, and the
recycle delay was 10 s. The simulations were based on a full density matrix calculation and were averaged over 3722 crystallite orientations.
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Ž .Fig. 5. a Dependence of maximum RAPT enhancement on the
modulation frequency. Filled squares show the experimental de-
pendence for the 23 Na central transition in Na C O . For each2 2 4

point a series of experiments were performed with the total
number of X–X cycles varied in order to find the maximum
enhancement. The modulation frequency, n , is defined as them

inverse of the total time to complete one X–X interval. The n1

field strength was held constant at 101 kHz. The sample spinning
frequency was 12 kHz. Open squares show the predicted depen-
dence of maximum signal enhancement on modulation frequency.
Spinning speeds were varied slightly in order to maintain integral
relationships between the X–X cycle time and the rotor period.

Ž . Ž . Ž .The n ,n frequency pairs were 100,11.11 , 200,11.11m R
Ž . Ž . Ž . Ž .301.205,10.76 , 403.2,10.61 , 500,10.42 , 595.2,10.26 ,
Ž . Ž . Ž . Ž .694.4,10.21 , 806.5,10.21 , 892.9,10.15 , 1000,10.10 ,
Ž . Ž . Ž . Ž .1087,10.06 , 1190,10.00 , and 1316,9.97 kHz. b Dependence
of signal enhancement on rf field strength with a fixed RAPT
modulation frequency of n s550 kHz. Filled squares and circlesm

correspond to experimental data collected for the 23 Na central
transition in Na C O with n s12 kHz and n s6 kHz, respec-2 2 4 R R

tively. Open squares show the predicted dependence of maximum
signal enhancement on the rf field strength with n s550 kHzm

and n s12 kHz. All simulations were averaged over 3722R

crystallite orientations.

minish as one approaches the higher rf field strengths
where the excitation of the central and satellite tran-
sitions are no longer selective.

4. Conclusion

Using a simple X–X pulse train with MAS we
have shown that the sensitivity of the NMR signal
for the central transition of spin-3r2 nuclei can be
enhanced without significant anisotropic lineshape
distortions by transferring polarization from the outer
transitions via a selective excitation of the satellite
transitions. The relevant parameters in optimizing the
RAPT enhancement are the rf field strength and
modulation frequency. The optimum modulation fre-
quency appears to be on the order of n sC r4 form q

a spin-3r2 nucleus, and may vary slightly depending
on the value of h . We also found that the enhance-q

ment gradually increased with increasing rf field
strength, and through numerical simulations we pre-
dict that the enhancement will diminish as one ap-
proaches the higher rf field strengths where the
excitation of the central and satellite transitions are
no longer selective. Importantly, the enhancement
factors are not critically sensitive to the X–X pulse
train modulation frequency or the rf amplitude, yield-
ing a simple experimental protocol. Experimental
enhancement factors of 1.7 were obtained in the case
of the central transition of 23 Na in Na C O , and 1.92 2 4

in the case of 87Rb in RbClO . Numerical simula-4

tions predict that a maximum enhancement factor of
2 is possible. The less than optimal enhancements
observed in Na C O appear to arise from homonu-2 2 4

clear dipolar couplings, which act to reduce the
efficiency of the selective equalization of popula-
tions among levels having the same sign of m.
Extension of these ideas to higher spin quadrupolar
nuclei with greater enhancements is possible, and in
general, a theoretical maximum enhancement factor
of Iq1r2 can be obtained with selective excitation
of the all satellite transitions.
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