Journal of Magnetic Resonand&9, 382—388 (1999) ) ®
Article ID jmre.1999.1795, available online at http://www.idealibrary.conl BWE %I.

Magic Angle Spinning NMR Spectroscopy with Composite RF Pulses

Jarg Leppert, Bert Heise, and Ramadurai Ramachandran
Abteilung fur Molekulare Biophysik/NMR Spektroskopie, Institut Kiolekulare Biotechnologie e.V., Postfach 100 813, D-07708 Jena, Germany

Received January 26, 1999; revised April 20, 1999

Using numerical optimization procedures it is shown that it is  of any multiple-pulse NMR sequence in generating satisfactc
possible to design composite 180° RF pulses for MAS NMR spec-  rily the desired response from the system under investigation
troscopy by explicitly taking into account the variation of the  yitically dependent on the performance profile of the RF
resonance offset of e_:ach crystal_llte during th_e appllcgtlon of the  adiations employed and MAS NMR is no exception to that
RF pulses. When using composite RF pulses in experiments such Multiple pulse MAS NMR experiments such as TOSS, PASS

as TOSS, where the delays between the RF pulses have to be o d f the dipol i . ‘
critically adjusted, an optimization of these delays can lead to the (2), etc., and many of the dipolar recoupling experiment

desired performance characteristics. © 1999 Academic Press mentione.d aboye employ .extgnsively mu!tiplg 180° pulses fc
Key Words: composite pulses; NMR; MAS; numerical optimiza-  Poth the inversion of longitudinal magnetization and the refo
tion; TOSS. cusing of transverse magnetization components. Obviously, tl

success of these experiments is critically dependent on tt
accuracy of these pulses. Composite RF pulses have fou
INTRODUCTION extensive usage in liquid state NMR in situations where thi
performance profile of a single RF pulse is not satisfactory, fc
xample, due to its limited bandwidth. Composite RF pulse
at have been developed for liquid state NMR applications ca
&lso be effectively employed, in principle, in MAS experiments
invaluable tool {). The lineshape ofH decoupled, dilute (14,15, in situatipns where the composite puI;e durations ar
spin-1/2 nuclei in solids is primarily governed by the chemic&N0"t e€nough with respect to the rotor period so that th
shift anisotropy (CSA) interaction, which can be an importal’{ta”at'on in the resonance offset of each crystallite during th
source of structural information. When the spinning speed i~ Pulses can be neglected. Unfortunately, many of the shc
less than the breadth of the static powder pattern, MAS bredl4/ation solution state composite 180° pulses do not have t
up the powder pattern into a sharp center band and a setdgfired performance profile and to date no composite puls
rotational sidebands. Principal values of the chemical shieldiRgve been designed that explicitly take into account the effec
tensors can be obtained from an analysis of the sidebaddVAS during the pulses. Itis conceivable that, even if they
intensities. For each chemically inequivalent nucleus in th@d been specifically constructed for solid state MAS applice
system, the spinning sidebands may span, depending upontt@@s, the mere incorporation of composite RF pulses in mu
spinning speed, the entire range of the static powder patterntiffe pulse MAS experiments can lead to a poorer performanc
situations where this could possibly lead to overlapping sidéompared to that seen with the application of normal 180
band patterns that would make spectral analysis difficult, sideulses if the functioning of such sequences is also criticall
bands free MAS spectra can be generated by the TOSS dependent on the interpulse durations, as in the case of TOS
quence {-1J). In the interesting scenario wherein one needtlong pulses are used then a significant portion of the critica
both the isotropic and the anisotropic chemical shifts in poljee evolution times required between the RF pulses in suc
crystalline samples having chemically inequivalent nuclei, operiments will be occupied by the RF pulses themselves. |
can achieve a complete resolution of isotropic and anisotropiiew of the potential of MAS NMR spectroscopy in the study
chemical shifts via a two-dimensional approach employir@f biomolecules, we are currently exploring the efficacy of
TOSS sequence4?). Under MAS the structural informations numerical optimization procedures for the design of efficien
contained in the weak homo- and heteronuclear dipolar cdgF irradiation schemes for MAS applications. The power o
plings are normally lost. However, in the case of isotopicallyumerical optimization schemes has already been exploited
labeled biomolecules, the recent introduction of a plethora diverse fields of NMR researcii§—24. Our exploratory the-
powerful dipolar recoupling techniques for inhibiting the spaoretical studies, as described below, clearly indicate for the fir:
tial averaging of weak dipolar couplings has enabled distantme that it may be possible via such an approach to develc
and torsion angle measurements under MAJ).(The efficacy composite 180° pulses for MAS applications and to reoptimiz
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For the characterization of biomolecular structure and d
namics in polycrystalline or amorphous solids, with or witho
isotopic labeling, magic angle spinning (MAS) has become
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the intercomposite pulse delays in experiments such as TO§&imized via the simulated annealing optimization procedur
to obtain better performance characteristics than otherwi@b, 29, so as to minimize the error function defined by
possible.

e(X) = D Wy 2[Uni(0,0) — USK(X, o, a, b)]?
DESIGN OF COMPOSITE PULSES FOR MAS NMR @By mn

In our approach, we consider an ensemble of spin-1/2 nuclei [2]
for which the MAS Hamiltonian in the rotating frame is givenyhere X represents the N2 dimensional vector s, 6., . . .,
by (4, 6) On, b1, Do ..., du), o, the MAS frequency, and)!,, the
(mn) matrix element of an ideal propagator corresponding to
H(t) = — Awl, — o[ gicos@t + ) [1] single 180° pulse with an RF field strength®f, phase ofep,
+,co8(2ot + B,)]1,, and flip angle of. U represents thenfn) matrix elements of
the propagator corresponding to the composite pulse sequen

W,;z, is the probability of finding a crystallite at the orientation

where (a, B, v); @ andb represent the normalized resonance offse
(Aw/w?) and RF field strengthaf/w?).

Aw = [Fog(011 + 025 + 035) + worl, In our initial studies reported here we have assuthednd

1 to be zero. In the calculations of the time evolution operato

® = w[033 — 3(011 + T2 + 039)], during the application of the composite pulses we divide th

9, = 3sin(29,) sin B[(n cos 2 + 3)%cos?B composite pulses_ into a large number of sma_ll ste_ps (10°) ar

assume that the time dependence of the Hamiltonian [1] can |

+ msin?2y] 1/2' neglected on the time scale of each step. That is, the resonar

offset is assumed to vary only from one time segment f

g, = 3sin?0,[EG sin’8 — 2 cos2y (1+ cosB))? another and not during the individual time steps. The total timi

evolution operator for the entire pulse is then calculated by

+n%cogBsin?2y] 72, time-ordered product of the time evolution operators corre

sponding to the individual time steps that constitute the comn
posite pulse. Typically, we have considered:6@4 crystallite
orientations fom = 0 case (64: 64 * 64 form # 0 case) in our

(rbl:a—’_d]lr

and calculations and we have neglectdd inhomogeneity effects
by = 2a + Uy and fluctuations in the spinning speed. While using composit
pulses it is possible, wherever needed, to reoptimize intercor
posite pulse delays to obtain the desired performance chare
In the above equatiot,, ¢»,, andn are defined as teristics. For example, as will be shown below, it is possible t
reoptimize intercomposite pulse delays in a TOSS sequence
_ m sin 2y achieve better sideband suppression than is otherwise possit

tanjs = cospB[n cos 2y + 3]
. TOSS WITH COMPOSITE PULSES
tang, — —7 COSp sin 2y

’ 3sin’B — 3 cos (1 + cos’B) TOSS involves the application of rotor synchronized 180°
pulses with specific interpulse timings and the efficacy of th
and TOSS sequence in generating sidebands free MAS spectra
critically dependent on accurate 180° pulses and interpuls
Ty — 011 delays. To obtain optimal TOSS_ delays while using composit
n=—"——""""— pulses, we assume once again an axially symmetric CS

033 — 3 Tr(0) tensor. Under this assumption it is seen from an analysis of tt
magnetization trajectories that TOSS leads to an alignment
(a, B, y) are the Euler angles defining the orientation of thihe time-averaged magnetization vector of each crystallite
CSA tensor in the rotor frameg(;, 02, 03;3) are the principal This leads to a situation where the centerbands of the subsp:
values of the CSA tensodg, is the Larmor frequency),, is the tra of each crystallite are in phase while the sideband phas
magic angle, ana,; is the resonance offset. In the construcare such that the sidebands are cancelled under powder av
tion of a composite 180° RF pulse for MAS applications, thaging. After a 90° pulse at = 0, the magnetization vector
pulse widths @, 6., 6, . . ., 6y) and phasesd, ¢, ¢s, ..., associated with each crystallite, in a normal MAS experimen
¢n) Of the constituent pulses of the composite RF pulse amecumulates a time-dependent phase that is governed by 1
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TABLE 1
Composite Inversion Pulses for MAS Spectroscopy (Bandwidth = (%£0.25 yH,), yH, = 31.25 kHz)

MAS frequency Total composite pulse
(Hz) length (degrees) Sequence
1000 412.0 (59.198456.4)5(90.5), §(90.5) ,6(56.4) 5(59.1) 1559
1000 997.2 (215.3)5 {167.7)70231.2) 167.7 )70 215.3) 452
3000 619.6 (53.5)44235.5)001(21.2)10.421.2) 10 4235.5) 100.4(53.1) 2042
3000 420.0 (60.Q)0.4300.0),,(60.0):30.0
5000 567.4 (171.Q354(95.3)77.17.4)%15(17.4) 615(95.3) 1774171.0) 165
5000 566.6 (156.296.4113.5)701(13.6)r6.4(13.6)-76.1(113.5) 170 (156 .2) 1964

Hamiltonian given above [1]. The phase angle at a tirafier wherer,, 7, . . . , 7, are the TOSS delays adef"(0) andd'(0)
the 90° pulse, under the assumption that the isotropic chemiogppresent, respectively, the initial phases calculated for tt

shift is on resonance, is given b¥, (6) TOSS sequence employing the composite pulses and ide
180° RF pulses. The calculation of the time evolution operatc
(1) = Q,sin(, + dy) + Q,8in(2w, + by) during the application of the composite pulses is carried out
before. The error function given in Eq. [6] can be minimized,
— ysing; — Qssing,, [3] depending on the situation, either via local or global numericz
optimization procedure6). While the first approach will be
where(),=wg,/w, andQ, = wg,/2w.,. fast and work in situations where the starting point in the

The average phase angle over one rotor period is given pgrameter space to be searched is close to a minimum in t
error surface, the latter approach, although it may be tim

0o = —Sind; — SN, [4] consuming, will lead to a global minimum, if such a solution

indeed exists, irrespective of the initial point of search chose

in the parameter space. We have employed the Nelder—Me

_ . o N
Th.G. appllcat|on of the rptor synchronlzed 180 'pulses WItﬁmplex and the simulated annealing algorithr@§) (for the
specific mte.rpullse de!ays n an ideal TOS,S experiment affe(f tal and global optimization, respectively. Only in situations
the magnetization trajectories such thgt S|debands'free SPeGHre we find that possible starting points for a local optimi-
are generated. In particular, for the axially symmeFrlc case it 1S tion search do not lead to a good solution do we employ tr
seen that the average phase angle of the magnetization veq f8Bal minimization procedure. Since in general global opti

for'each crystallite, over one rotor period and starting frqm t ization carried out in a finite amount of time may not lead tc
point of data acquisition, becomes zero and results in the

alignment of magnetization vectors of each crystallite along t%%e exact minimum in the error surface, we use the solutior
. g ey . tained from the global optimization as a starting point fol
x-axis @, 6,173). The critical condition to be fulfilled for 9 P gp

hieving effectiv ression of sidebands in a TOSS ex furrther improvement via a local optimization scheme. In this
ﬁﬁ net wr?ile er(r:1 Ie si;:pp ersns 0 i'? iggo ??F s | a is th Ei tF;1|"F1itial study such calculations have been carried out assumir
€ € employing composite pulses Is tha oegce again ideal experimental conditions to minimize the con

mrt]erpulsfeﬂ?eliys r:]at\i/ze ;O nbs reta?jus:ed Skl‘mhr ﬂla'l[":he r']n'é tational time needed in the global minimization search
phase ol the magnetization vectors of ach crystafiite sno pically, we consider an axially symmetric case and:(8)

crystallite orientations for calculating the optimal TOSS inter-
composite pulse delays. For the local optimization calculation
®(0) = Qysind; + Q;5ind,. [5] we have used as a starting point some of the solutions that ha
been reported by Lang) for a four-pulse TOSS sequence.
In our approach, we do a density matrix calculation of the
evolution of the magnetization vectors for many crystallite RESULTS
orientations under MAS and employ numerical procedures to
readjust the intercomposite pulse delays in a TOSS sequencen our calculations, we have considered typical MAS spin:
We optimize the intercomposite pulse delays by minimizinging speeds of 1, 3, and 5 kHz, CSA principal tensor elemen

satisfy the condition®)

the error function given by of oy, = 5 ppm, o, = 5 ppm,os; = 130 ppm, an inversion
bandwidth of+0.25yH,, and a RF field strength correspond-

Ae(Ty, To « o T @) = 2, W, [@'(0) — F0)]?, ing to a 90° pulsewidth of s. In Table 1 we give some
@By typical examples of composite 180° RF pulses obtained fror

[6] the numerical optimization procedures outlined above. In Ta
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TABLE 2
Normal (8) and Reoptimized Time Delays for a Four-Pulse TOSS Sequence®

v, (Hz) t t; ts ts tacq

For all v, (8) 0.188821 1.230053 1.811179 2.769947 4.000000
1000 0.182689 1.225854 1.816961 2.773808 4.000025
3000 0.187054 1.229092 1.812186 2.770184 4.000071
5000 0.182134 1.011788 1.795181 2.519675 3.108296

®Time delays are expressed as a fraction of the rotor period. The reoptimized delays were obtained for the composite pulses given in Table 1 and
durations of 997.2, 420.0, and 567.4°.
® Solution obtained via simulated annealing.

ble 2 we give, for a few cases, the optimized intercomposité the composite RF pulse reported here is satisfactory i
pulse delays, with composite pulses replacing the ideal 18@mparison to the response seen after a simple 180° or
RF pulses in the four-pulse TOSS sequen8e Using the 90,180,90, composite pulse. Figure 2 demonstrates tha
method outlined here and employing a SGI Power ChallengellOSS spectra with good sideband suppression can be obtair
(R10000), it takes approximately 50 h for the generation oflay reoptimizing the intercomposite pulse delays. The compo:
composite 180° pulse. It takes less than 10 min of CPU timeite pulses given in Table 1 are typical examples of sequenct
obtain optimized TOSS delays via the local and 15 h via tivéith reasonably satisfactory performance characteristics ar
global optimization scheme. The typical responses of an amhich have been derived by putting some symmetry restric
semble of spin-1/2 nuclei to the composite inversion pulse atidns on the parameters of the component pulses so as to redt
the composite pulse TOSS sequences are shown in Figs. 1 ted number of variables in the optimization procedure. W¢
2, respectively. From Fig. 1 it is seen that the inversion profiteave also derived sequences without any restrictions and al

ideal 180, 180, 90,180,90, composite pulse

1 11 1/ 1

-20 0 20 -20 0 20 -20 0 20 -20 0 20’
kHz KHz KHz kHz

FIG. 1. Simulated MAS plots# = 3 kHz, w, = 125 MHz) of(l,) (A), (I,) (B), and(l,) (C) following the inversion pulses indicated and starting from
the thermal equilibrium density matrp(0) = I,, |, |,, respectively. A RF field strength of 31.25 kHz and CSA parameteos,of 5 ppm,o,, = 5 ppm, and
o33 = 130 ppm were employed in the simulations. The composite pulse (53(235.5)001(21.2)0421.2) 10A235.5) 1904(53.1) 204> Was employed in the
simulations shown in the last column.
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FIG. 2. Simulated MAS (ideal) and TOSS spectra obtained at 1, 3, and 5 kHz employing the CSA parametersrgf= 5 ppm,o,, = 5 ppm, andr;; =
130 ppm and a Larmor frequency of 125 MHz. The TOSS responses were obtained employing the intercomposite pulse delays given in Table 2
corresponding composite pulses. TOSS simulations were performed employing a RF field strength of 31.25 kHz. Wherever needed, addition of aewvhole
of rotor periods was effected to the intercomposite pulse delays. All interpulse delays are calculated from center to center of the RF pulses employe

with RF pulse frequencies as an additional variable. Howevesimplify the calculations, this does not preclude the applica
our preliminary studies indicate that neither the total duratidsility of the results reported here foy # O cases.

of the composite pulses nor the performance profiles get dra\WWe have made an initial experimental assessment of tt
matically improved under these conditions. In the course of tperformance characteristics of the composite pulses report
TOSS intercomposite pulse delay optimization, we have alkere. Figure 3A shows normal 125-MHz CPMAS spectra o
seen that satisfactory TOSS sideband suppression can™¥& (n # 0) in the peptide bond of the dipeptide Fmoc-
achieved in many cases where the inversion profile of tifEC’,"”N)Aib-(**N)Aib®-NH,, which is under investigation in
composite pulse sandwich is not ideal. In some situations itasr laboratory. Figure 3B shows the spectra obtained afte
seen that good TOSS performance can be obtained with norim&kerting the transverse magnetization following the cross pc
TOSS delays. For example at= 1 kHz the composite pulse larization by the composite pulses indicated in the legenc
given in Table 1 and with the total duration of 412° required nalthough the spectral range to be covered is larger than tf
reoptimization of TOSS delays. On the other hand, sometimeasndwidth for which the composite pulses have been cor
the performance of the composite pulse TOSS sequences isstnicted, from Fig. 3B it is seen that the inversion profiles o
satisfactory even after optimizing the intercomposite puldéke composite pulses are satisfactory. For minor variations |
delays, although the inversion profiles of the composite pulse§ pulse flip angles, phases, and spinning frequencies it is se
employed were satisfactory. It is conceivable that a propfom both numerical and experimental studies that the perfo
approach for achieving good sideband suppression in TOB@&nce characteristics of the sequences are not very mu
experiments would involve the design of TOSS sequences pdfected, although they don’t reach the full inversion efficiency
se. Such a process would necessarily entail more computéa 180° pulse. The spectra shown in Fig. 3 were recorded
tional time. However, the fact that we are able to obtairoom temperature employing a Varidii™ INOVA 500 MHz
improved sideband suppression by a reoptimization of tkéde bore solid state spectrometer equipped with a 5-mr
intercomposite pulse delays via the method outlined abosepersonic DOTY triple resonance probe. Fast small-ang
offers support to the validity of the analysis of TOSS in termghase shifts needed for the generation of composite puls
of the alignment of magnetization trajectories 6, 17. Al-

though we have assumed an axially symmetric CSA tensor, td a-Aminoisobutyric acid.
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FIG. 3. (A) Experimental®*C’ CPMAS spectrai, = 1, 3, and 5 kHzpy, = 69, 0, = 77, 033 = 218 ppm) of the dipeptide and (B) the spectra obtained
after inverting the transverse magnetization following the cross polarization by the composite pulses with durations of 997.2, 619.6, andigéii.#° Eable
1. A RF field strength of 31.25 kHz was employed uniformly in all the three cases.

were achieved by employing the optional waveform generatoitimate inversion sequences for MAS experiments. Howeve

in the spectrometer hardware. it is shown here that composite pulses, although their duratior
can be considerably larger than a simple 180° pulse, can still
CONCLUSIONS designed to provide satisfactory spin inversion. Encouraged &

this, further works directed toward the generation of composit

The present work clearly indicates the potential of numericelF pulses are planned that will have convenient and dire
techniques in the design of efficient RF irradiation schemeggplicability in routine experimental MAS NMR investigations
needed for MAS applications. One of the main drawbacks ghd an assessment of the relative efficacy of different optim

NMR is the poor inherent sensitivity of the technique angation schemes for increasing the speed of the computatior
hence, any means by which improvements in the signal-{grocess.
noise ratio (SNR) can be effected will have considerable im-
pact on the general applicability of MAS NMR experiments in
structural studies. Although novel ways for achieving this are
currently being explored2({/, 2§, modest improvements in 1 k. schmidt-Rohr and H. W. Spiess, “Multidimensional Solid-State
SNR can be easily obtained in principle by carrying out ex- NMR and Polymers,” Academic Press, London (1994).
periments at higher magnetic field strengths and/or with largex w. T. Dixon, J. Chem. Phys. 77, 1800 (1982).
sample volumes, where possible. However, both situations canw. T. bixon, J. Schaeffer, M. D. Sefcik, E. O. Stejskal, and R. A.
impose considerable demand on the requirements of the RFMcKay, J. Magn. Reson. 49, 341 (1982).
transmitters employed for achieving uniform excitation over. E. T. Olejniczak, S. Vega, and R. G. Griffin, J. Chem. Phys. 81, 4804
the spectral range of interest. Under the circumstances where(1984).
RF transmitter hardware requirements cannot be met satisfde-D- P. Raleigh, E. T. Olejniczak, S. Vega, and R. G. Griffin, J. Magn.
torily, it is conceivable that the availability of composite pulses Reson: 72, 238 (1987).
specifically tailored for MAS will have a dramatic impact on 8- D: P- Raleigh, E. T. Olejniczak, and R. G. Griffin, J. Chem. Phys. 89,
MAS NMR spectroscopy. The usage of large sample volumes 1333 (198&_3) . .

. . . 7. D. P. Raleigh, E. T. Olejniczak, and R. G. Griffin, J. Magn. Reson.
may also require that one has to take into accétninhomo-

93, 472 (1991).
geneity effects in the design of RF irradiation schemes. In thi§ s 3 Lar:g 3 )Magn Reson. A 104, 345 (1993)

prellmlnar_y StUdy’ tq reduce cor_n_putauonal time, _We hav%. Z. Song, O. N. Antzutkin, X. Feng, and M. H. Levitt, Solid State
assumed ideal experimental conditions and neglddteitiho- Nucl. Magn. Reson. 2, 143 (1993).

mogeneity effects, spinning speed fluctuations, distribution {§ o N antzutkin, z. Song, X. Feng, and M. H. Levitt, J. Chem. Phys.
isotropic chemical shifts, etc. The composite 180° pulses and 100, 130 (1994).

optimized composite pulse TOSS delays have also been @b-c. m. Rienstra, S. Vega, and R. G. Griffin, J. Magn. Reson. A 119,
tained for specific MAS frequencies and RF field strengths and 256 (1996).

this may limit the potential utility of the results reported herei2. A. C. Kolbert and R. G. Griffin, Chem. Phys. Lett. 166, 87 (1990).
The sequences reported in this work may not represent ti®e R. G. Griffin, Nat. Struct. Biol. 5, 508 (1998).
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