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The response of a spin 3 ensemble, at thermal equilibrium and
experiencing chemical shift anisotropy (CSA), to the application of
adiabatic inversion pulses has been studied under magic-angle
spinning (MAS). Numerical simulations and experimental studies
on such systems, carried out under slow spinning conditions, show
that the response to adiabatic inversion pulses has much more
favorable characteristics than the response to conventional rect-
angular pulses. We have also explored the possibilities of employ-
ing adiabatic 180° pulses as dephasing pulses in rotational-echo
double-resonance (REDOR) experiments. Our results show that it

, 2000; revised May 22, 2000

DOR experiment without applying any 180° refocusing pulse:
on the observed spins, keeping the transmitter offset on res
nance. In any case, the additional dephasing of the magnetiz
tion of the observed spins introduced by the 180° dephasin
pulses gets reflected as a reduction in the integrated spin-ec
intensity. The latter is then monitored as a function of the
dipolar evolution time to extract the distance information.
Goetz and Schaefe6) have shown recently that REDOR

sideband intensities are sensitive to the Euler angles definir

is indeed possible to employ such adiabatic inversion pulses con-
veniently in REDOR experiments to eliminate resonance offset
and H; inhomogeneity effects which may arise from the usage of
conventional rectangular 180° pulses. © 2000 Academic Press

Key Words: REDOR,; adiabatic pulses; chemical shift tensor;
CSA; MAS; solid-state NMR.

the orientation of the dipolar vector between the heteronuclei i
the chemical shift (CS) tensor principal axes system of thi
observed spins. A knowledge of the CS tensor orientation i
the molecular frame of nuclei such as the backbone amid
nitrogens in peptides and proteins is required for a variety ¢
solution and solid-state NMR investigation3, 8, 7—13. By
orienting the ®N CS tensor with respect to the one-bond
N-"C and"N-"H dipolar vectors via°N-"*C REDOR and
“N-"H DIPSHIFT (14, 159 MAS experiments, respectively,

Enhanced sensitivity and spectral resolution can be obtain&g haveéhown recently the possibility of obtaining the orien
in solid-state NMR studies of polycrystalline specimens bton of “N CS tensors in the molecular fram6( 1. It is
carrying out the experiments under magic-angle spinnif§e" f_rom our studies that the senS|t|V|t_y of thg REDOR side
(MAS) rather than under static conditior®.(Structural infor- Pand intensities to the Euler angles is maximal er‘se” th
mation contained in weak homo- and heteronuclear dipoBFPOR dephasing is at its maximuni?. Since the™N
couplings is generally lost under MAS. However, a variety gthemical shift anisotropy (CSA) is small, one has to carry ou
dipolar recoupling procedures have been developed recentljt§ experiments at low spinning speeds so as to retain
inhibit the spatial averaging of these couplings 3. These sufficient number of spinning sidebands for a reliable extrac
experiments have opened up the possibility for obtaining strg#an of the tensor information. This means that, for an isolate
tural data, in terms of distances and torsion angles, in a variéd directly coupled®’N—"C spin system with a heteronuclear
of interesting systems. Rotational-echo double-resonance (FR¥Rolar coupling of~1 kHz, one or two rotor periods of dipolar
DOR) (4, 5 is a powerful dipolar recoupling technique thatecoupling would be sufficient to achieve maximal REDOR
permits the measurement of distances between dipolar couphé@hasing at low spinning speeds (1-2 kHz).
heteronuclei such aSC and™N. REDOR is generally carried Low spinning speeds coupled with the need to have maxim:
out as a spin-echo experiment, with the application of a singREDOR dephasing lead in general to poor signal-to-nois
180° pulse on the observed spins to refocus evolution duer@ios (SNR) in these experiments. Collection of data witt
isotropic chemical shifts. The heteronuclear dipolar coupling @od SNR therefore necessarily involves the acquisition of
reintroduced by the application of rotor-synchronized 180arge number of transients, and even a simple 1D experime
dephasing pulses on the unobserved spins. However, in mostetomes time consuming, especially when a large recycle tin
the REDOR studies that have been reported in the literaturehi@s to be employed. One of the simplest approaches for i
date, only one chemically shifted observed spin has beemasing the SNR would be the usage of a larger samp
considered. In such cases, it is possible to carry out the RElume where possible. However, increasing the sample vo
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ume usually results in an increaseld inhomogeneity within is perfectly inverted. Whep is arranged to vary from- /2 to
the sample volume. This would result in a nonuniform REDOR 7/2 during the adiabatic inversion pulse, a perfect inversiol
dephasing across the sample volume if conventional rectanguachieved irrespective of the homogeneity of the RF field
lar 180° dephasing pulses were employed, making the ddiae extent to which the adiabatic condition is fulfilled is
analysis unreliable. To avoitl, inhomogeneity effects, one generally expressed in terms of the adiabaticity paranigter
typically restricts the sample to a smaller central volume of the../|dx/dt|. It has been noted that one obtains the desire
rotor (18). Coupled with this, if one tries to improve the SNRoerformance characteristics from the adiabatic inversion pulse
by using a rotor with a larger diameter, then for a fixefbr Q values much greater than unity. Adiabatic inversions cal
transmitter power available this will result in a significanin principle be achieved by keeping the amplitude of the RF
reduction in theH, field strength. In situations where thefield constant and sweeping only the frequency of irradiation
dephasing spins have a large CSA, as in the case of carbdrglvever, the need to ensure that the effective field starts at tt
BC nuclei, a reduced, field may result in a nonuniform +Z and ends at the-Z axis, for achieving good nuclear spin
inversion across the spectral range of interest, again making timeersion, generally requires that the amplitude of the RF fiels
data analysis difficult. It has been shown that carrying out thee brought down smoothly to zero at the two extremes of th
REDOR experiment with several rotor periods of dipolar resweep 21-23. In this context a variety of amplitude and
coupling and with a suitable application of phase-alternatirfigequency modulation functions have been proposed for th
180° pulses can lead to the elimination of resonance offsetplementation of adiabatic inversion pulses with varying per
effects arising from a distribution in the isotropic chemicdormance characteristic2Z, 23. It should be noted that for
shifts (19). However, such schemes will have limited utilitythe time dependence of the resonance offset tear(t) during
when one is simultaneously dealing with, inhomogeneity an adiabatic inversion pulse, there exists only one differenc
and resonance offsets arising both from CSA and from keetween liquid and static solid-state NMR experiments witt
distribution in isotropic chemical shifts. We have tried t@espect to MAS NMR experiments. In the latter, the time
address these problems by making use of the full hardwatependence ihw(t) arises not only due to the time variation
capabilities of the current generation of solid-state NMR speic+ the irradiation frequencw(t) but also due to the periodic
trometers. We have performed initial numerical and expemodulations under MAS of the anisotropic interaction terms ir
mental MAS NMR studies carried out in the slow-spinninghe Hamiltonian, such as the CSA. Still, provided the condi:
speed regime, exploiting the potential of adiabatic inversidions mentioned above are satisfied, it is expected that tt
pulses 20-23. As seen from our results, it may be possible tauclear spins can be inverted via the application of adiabati
solve effectively all the problems mentioned above by avoidimulses irrespective of whether the experiment is carried ol
the usage of conventional rectangular 180° inversion puls@&sder magic-angle spinning or not. The time needed to achie
and making use of adiabatic pulses instead. In other areasotlear spin inversion via adiabatic pulses is in general muc
magnetic resonance, the latter have been already showrotoger than the corresponding time needed with rectangul
generate uniform flip angles, desphls inhomogeneities and pulses. However, it is seen from our studies that it is indee
resonance offsets, at or above a minimum threshbldvalue possible to make use of adiabatic inversion pulses without ar
where the adiabatic condition is satisfied. Application of addifficulty in MAS NMR experiments carried out in the slow
abatic pulses has the additional advantage that they completginning speed regime.
eliminate the need for time-consuming pulse-width calibra- To assess the efficacy of adiabatic inversion pulses in magi
tions. It is only required to have an initial estimate of thangle spinning experiments we have employed, as an examp
availableH, field strength under the given experimental corone of the many adiabatic inversion sequences that can |
ditions. implemented via the Varian shaped RF pulse generation sof
ware Pbox. The amplitude profile and the corresponding opt
ADIABATIC INVERSION PULSES mized (to achieve a constant adiabaticity factor over the swee
range) frequency-sweep function of the inversion sequenc
The basic principle behind the functioning of adiabatic iremployed wereZ3), respectively,
version pulses is that during the time course of the RF pulse the
frequency of the applied RF field is swept thro_ugh the spgctra_l w1(t) = 01 maCOg Bt)
range of interest. The sweep rate has to satisfy the adiabatic
condition |dy/dt| < yH.. Here,H4 is the effective RF field and
strength, the resultant ofH, and the offseiAw, andy is the
angle of inclination of the effective field with respect to th&X
axis of the rotating frame which is rotating at the instantaneous Aw(t) = (1/2)A[Bt + sin(Bt)cog Bt)],
frequency of the applied irradiatior2@—23. If the effective
field is sufficiently intense, then the magnetization remainghere = @/271, A = w?,,./BQ and 2r is the total duration of
essentially aligned along the effective field and the nuclear sphve adiabatic pulse with-7 <t < +7. The frequency sweep is
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generally implemented in the spectrometer hardware as a phasef\ \
modulation ¢(t) = [Aw(t)dt. The shaped pulse is divided High power decoupling
into a finite number (200 in our case) of time slices of equal H
duration, with each slice characterized by a proper amplitude 90_y180y90y
and phase so as to mimic the required amplitude and frequency
modulation. This information concerning amplitude and phase | ““"_____
of the RF pulse in each slice corresponding to a given shaped
pulse is available in a text file in the Varian spectrometer
system and has been employed to assess the inversion profile oB Y
adiabatic pulses under MAS.

In our approach we consider an ensemble of $pinclei, for H
which the MAS Hamiltonian in the usual rotating frame has
been given before2d), and calculate the response of the spin X
system via standard density matrix calculations. In our calcu- [ ||||||...
lations of the time evolution operator during the application of 180y
the adiabatic pulse we assume that the time dependence of the . [\
MAS Hamiltonian during the individual time slices of the RF :
pulse can be neglected. That is, the resonance offset variations P2 | g2
due to magic-angle spinning is assumed to vary only from oN& g, 1. (A) CPMAS sequence employed to assess the performance cha
time slice to another. The total time evolution operator for th@teristics of adiabatic inversion pulses and (B) a one-rotor-period REDOI
entire adiabatic pulse is then calculated by a time-orderpdse sequence with a single adiabatic inversion pulse on the S channel at |
product of the time evolution operators corresponding to tffaddle of the rotor period.
individual time slices. Typically we have considere@®3,000
crystallite orientations in our calculations. All numerical calStarting from a thermal equilibrium density matrix of0) =
culations were carried out using the software packadge the inversion characteristics of the adiabatic pulses at

High power decoupling

“SPINME” (17) that is being developed in-house. monitored by applying an ideal 90° pulse following the inver-
sion pulse. Unless indicated otherwise, the calculations wel
EXPERIMENTAL done at a spinning speed of 1.3 kHz, at a spectrometer fri

quency of 125 MHz, and employing the carbonyl carbon C¢

All experiments were performed at room temperature O Ehsor principal elements of the amide fragment of acetanilide

idal i a UNITY iq
500 MHz wide-bore Varian INOVA solid-state NMR g = 90 ppm.c,, = 175 ppm, andr,, — 248 ppm 27). For

spectrometer equipped with a 5-mm DOTY supersonic tripl ) . ]
comparison we have also given the response following a no

resonance prope and a waveform generator for _pulse Sh.a.p'r%%l 180° RF pulse of &s duration. The calculations were
Cross-polarization under Hartmann—Hahn matching conditions” . . .

_carried out for different values of RF field strength so as fc
was employed, and the spectra were collected under high-

power *H TPPM decoupling 25). The pulse sequence em ssess the p(_)ter_wtial_ utility of aQiabgtic pu_Ises under. an inh
ployed for experimentally assessing the performance charggadeneous distribution of tfté, field in magic-angle spinning

teristics of the adiabatic inversion sequence is given in Fig. 1 Xperiments. The calculations with the adiabatic pulses we:

. : ; a's? carried out with some moderate variations in the spinnin
Keeping the observed spins on-resonance, we have carried QU . |
a one-rotor-period REDOR experiment via the sequence givS (_aed gnd pulse W.'dth S0 as to assess the performanqe of

Sdiabatic pulses with different ratios of the pulse duration t

Ic:ner::tg ngtr?emrpcitt)oyrlngeﬁozmgrlr?é‘tsg edcifah?é?g rpeuf:esrznacte:j%e rotor period. It is seen from numerical simulations (data nc
P . P shown), carried out under static conditions and neglectin

In:rlgfsgtyerfleitclaveivtgnli)nstigg).ucr)(:hczr triilgglagg(ﬁl)\(g?;g?enéalCSA, that a frequency sweep width of 80 kHz provides ade
b 9 9 P ' guate inversion band width (greater than 95% inversion effi

acetanilide sample, prepared as descrii#f was packed so ciency over an isotropic chemical shift range-620 to —20

as to.f|II .the full rotgr V".'“'.“e aqd was employgd n Ou{(Hz). Hence, the sweep width of the adiabatic pulses wa
investigations. An adiabatic inversion sequence with the am-

plitude and frequency modulation functions given above aé%stncted in general to 80 kHz#0 to —40 kHz). Figures

. 4 o —2C represent, respectively, the plots obtained employin
having a constant adiabaticity factor of 4 has been employﬁ1e rectan%ular 180° Eulse gli&@— gdiabatic oulse arr:d);\
uniformly in our work. ' f

200-us adiabatic pulse. Figure 2D shows the plots obtained «
RESULTS AND DISCUSSION a spinning speed of 2000 Hz with a 128- adiabatic pulse.

From the plots it is seen that, in comparison to the rectangul

In Fig. 2 we give the simulated response of an ensemblemilse, all the adiabatic pulses employed do provide satisfacto

spin 3 nuclei to the application of adiabatic inversion pulseperformance at or above the minimum threshold RF fielc
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FIG. 2. Simulated plots ¢, = 1.3 kHz (unless indicated otherwise), = 125 MHz) of(l ,) following the application of different inversion pulses starting
from a thermal equilibrium density matrp(0) = |, and at different power level settings (left to right). CS tensor parameterg ef 90 ppm,o,, = 175 ppm,
andas; = 248 ppm were employed in these simulations. The plots were generated for different values of RF field strengths (corresponding to the different
values of the transmitter power levels indicated) employing: (A) a rectangular 180° pulsesoéi®d with power levels of-2, O (ideal, 62.5 kHzyH,), —2,
and —4 dB; (B) a 120us adiabatic pulse of 80 kHz sweep width with power levels-@ 0 (minimum threshold level, 31.3 kHgH ), +2, and+6 dB; and
(C) a 200us adiabatic pulse of 80 kHz sweep width with power level settings2f0 (minimum threshold level, 24.9 kHgH,), +2, and+6 dB. (D) Plots
obtained at a spinning speed of 2000 Hz with a li20adiabatic pulse of 80 kHz sweep width with power levels-@; 0 (minimum threshold level, 31.3 kHz
yH,), +2, and+6 dB.

strength needed. Even at a spinning speed of 3 kHz, theu$20width that may be allowed without violating the adiabatic
adiabatic pulse has the desired inversion profile (data rmmndition. Together with the data shown in Fig. 3, it is cleat
shown). that the adiabatic inversion pulses do provide a possible mea
The experimental performance characteristics of the ifer eliminating imperfections that may arise from the usage o
version pulses have been assessed via the pulse sequeactangular 180° inversion pulses.
given in Fig. 1A. The transverse magnetization following We have assessed the quality of REDOR data obtaine
cross-polarization is flipped back to theaxis via a 4us employing an adiabatic 180° pulse as dephasing pulse in ¢
rectangular 90° pulse, and thle magnetization is then *N-*C REDOR experiment. In these studies we have used ¢
inverted by the different inversion pulses. The inversiof®N, **C) labeled sample of acetanilide, a system that has be
characteristics of the 180° pulses employed are then aseently studied by us via MAS NMR to obtain the orientation
sessed by applying a subsequent 90° pulse. Figures 3A-8he N CS tensor in the molecular fram&7). Keeping the
show the performance under varying RF field strengths observed spins on resonance, we have carried out the expe
the 180° pulses employed. All spectra were recorded ement with one rotor period of dipolar recoupling by applying a
ploying usual CP phase cycling schemes. From the spectsaigle 180° dephasing pulse at the center of the rotor peric
data shown, it is seen that the performance characteristic{[eify. 1B). The experiments were carried out at a spinning spee
the adiabatic pulses are superior to those of a rectangubérl.3 kHz with different power levels of the 180° pulse, and
180° pulse, as expected from the plots given in Fig. 2. the REDOR data thus obtained are shown in Fig. 5. Fo
In Fig. 4 we show, as a typical example, the experimentabmparison we have also shown the performance of the RI
inversion profile as a function of the transmitter offse20 to DOR sequence with a rectangular 180° RF pulse qfs8-
—20 kHz) of the 120us adiabatic RF pulse which has theduration. The sideband intensities seen in the REDOR spect
desired inversion profile. It should be noted that the inversiabtained with the application of adiabatic inversion pulses, &
bandwidth of a simple rectangular pulse is limited by the Rénd above the minimum threshold RF level, are consistent wit
power employed. However, it is possible to obtain, with théhe REDOR data obtained with a rectangular 180° pulse havin
typical transmitter power available in solid-state NMR specthe correct RF power level setting. These REDOR sideban
trometers, a larger inversion bandwidth with adiabatic pulséstensities are consistent with the orientation of tfd—"C
This can be achieved by employing a larger range of swedjpolar vector in the®N CS tensor frame in acetanilidé®).
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FIG. 3. ™C CPMAS spectra of'{C, *N) labeled acetanilide obtained at 1300 Hz spinning speed (unless indicated otherwise) following the applicatic
the sequence given in Fig. 1A and employing different inversion pulses and power levels settings (left to right) as indicated. Spectra wereitbbtgijed w
a rectangular §ss 180° pulse and with power level settings of O (ideal, 62.5 kHz), —2, —4, and—6 dB; (B) a 120us adiabatic pulse having an 80-kHz
sweep width with power levels of 0 (minimum threshold level, 31.3 kiz), +2, +4, and+6 dB; and (C) 20Q+s adiabatic pulse having an 80-kHz sweep
width with power level settings of 0 (minimum threshold level, 24.9 ktt,), +2, +4, and+6 dB. (D) Spectra obtained at a spinning speed of 2000 Hz
employing a 12Qus adiabatic pulse with an 80-kHz sweep width with power levels of O (minimum threshold level, 31.8Hkhiz+2, +4, and+6 dB. All
spectra were recorded with 16 scans, 64 s of recycle time, and 1 ms of CP.

However, the sideband intensities seen with inaccurate settitf)0, and 1300 Hz. The ratiaS/S, was measured as a
of the RF power level of the rectangular 180° pulse are nfatnction of the dipolar recoupling time, and the data thus
consistent with the sideband intensities seen with the corretitained, along with the corresponding spectra, are given |
setting of the power level. This clearly demonstrates the pdsig. 6. An **N-"C dipolar coupling strength of-1200 Hz is
sibility of avoiding H, inhomogeneity effects for the accurateestimated from Fig. 6, which is consistent with the value tha
extraction of orientational, distance, and other information @fe obtained earlier employing a rectangular 180° dephasir
interest from the REDOR experiment via the application d®F pulse and a small sample volumE7y, From the initial
adiabatic dephasing pulses. results presented here, the potential of adiabatic dephasi
A prerequisite for the extraction of orientational informatiompulses in REDOR experiments is clearly seen.

from the REDOR experiment is to have a knowledge of the Most of our numerical and experimental studies with the
relevant dipolar coupling strength. This information can badiabatic inversion pulses were carried out with a sequenc
easily extracted from the REDOR experiment by monitoringpaving a duration of 12@us and a sweep width of 80 kHz.
as a function of the dipolar recoupling time, the rati§/S, of These parameter values were chosen taking into account r
the REDOR difference intensity to the intensity observed wittonly the desired inversion bandwidth needed but also th
out the application of a dephasing pulse. For acetanilide, \&eailable transmitter power and the power handling capabilitie
have used the sequence given in Fig. 1B with a i80adia- of the probe. It is worth pointing out that we have been able t
batic dephasing pulse, employing spinning speeds of 1708duce the adiabatic inversion pulse duration to values small
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FIG. 4. ™C CPMAS spectra of'{C, **N) labeled acetanilide obtained employing the pulse sequence given in Fig. 1A withigsIfiabatic inversion pulse
and with an 80-kHz sweep width as a function of the frequency offset (left to rigld, —10, 0,+10, +20 kHz) of the inversion pulse. All spectra were recorded
with 16 scans, 64 s of recycle time, and 1 ms of CP.

than 120us and still obtain satisfactory inversion performancéNMR experiments. It is conceivable that sequences with sho
However, the performance characteristics could be assesdathtion and with good performance characteristics can &
only over a limited range of power levels above the criticalesigned specifically for MAS applications, and work in this
threshold needed. The adiabatic sequence employed in thigction is already in progress in our laboratory. The avail
work is one of several sequences that can be employed in MARility of such sequences with a short overall duration cal

A
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T
300 200 N [ppm] o 300 20 BN [ppm] 3 200 15N [ppm] 0 300 200 ‘SN[ppml 3 BN [ppm] 0

FIG.5. Experimentaf®N-*C REDOR spectra of acetanilide obtained employing the pulse sequence given in Fig. 1B at 1300 Hz spinning speed usil
a rectangular 180° pulse of& duration and (B) a 12@:s adiabatic inversion pulse with an 80-kHz sweep width for recoupling, at different power levels. (l¢
to right) Normal MAS spectrum (first column, without dephasing pulse) and recoupled spectra obtained with: (A) power-level settings of O (ikidaly62)5
—2,—4, and—6 dB; and (B) power levels of 0 (minimum threshold level, 31.3 ki), +2, +4, and+6 dB. Experiments were carried out using 128 scans,
64 s of recycle time, and 1 ms of CP.
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FIG. 6. Experimentally measured ratio of the REDOR difference to full echo intendi§/,) as a function of the mixing time obtained employing the
one-rotor-cycle REDOR pulse sequence given in Fig. 1B. The continuous REDOR curve has been generated assuming a dipolar edig@ihé¢inf The
respective spectra (64 s of recycle time, 16 scans) without and with REDOR dephasjng 4700 Hz(A), 1500 Hz (B), and 1300 Hz (C) are also shown.
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