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Using numerical optimization procedures it is shown that it is
ossible to design composite 180° RF pulses for MAS NMR spec-
roscopy by explicitly taking into account the variation of the
esonance offset of each crystallite during the application of the
F pulses. When using composite RF pulses in experiments such
s TOSS, where the delays between the RF pulses have to be
ritically adjusted, an optimization of these delays can lead to the
esired performance characteristics. © 1999 Academic Press

Key Words: composite pulses; NMR; MAS; numerical optimiza-
ion; TOSS.

INTRODUCTION

For the characterization of biomolecular structure and
amics in polycrystalline or amorphous solids, with or with

sotopic labeling, magic angle spinning (MAS) has becom
nvaluable tool (1). The lineshape of1H decoupled, dilut
pin-1/2 nuclei in solids is primarily governed by the chem
hift anisotropy (CSA) interaction, which can be an impor
ource of structural information. When the spinning spee
ess than the breadth of the static powder pattern, MAS br
p the powder pattern into a sharp center band and a s
otational sidebands. Principal values of the chemical shie
ensors can be obtained from an analysis of the side
ntensities. For each chemically inequivalent nucleus in
ystem, the spinning sidebands may span, depending up
pinning speed, the entire range of the static powder patte
ituations where this could possibly lead to overlapping s
and patterns that would make spectral analysis difficult,
ands free MAS spectra can be generated by the TOS
uence (1–11). In the interesting scenario wherein one ne
oth the isotropic and the anisotropic chemical shifts in p
rystalline samples having chemically inequivalent nuclei,
an achieve a complete resolution of isotropic and anisot
hemical shifts via a two-dimensional approach emplo
OSS sequences (12). Under MAS the structural information
ontained in the weak homo- and heteronuclear dipolar
lings are normally lost. However, in the case of isotopic

abeled biomolecules, the recent introduction of a plethor
owerful dipolar recoupling techniques for inhibiting the s

ial averaging of weak dipolar couplings has enabled dist
nd torsion angle measurements under MAS (13). The efficacy
382090-7807/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
-
t
n

l
t
is
ks
of
g

nd
e
the
In
-

e-
se-
s
-
e
ic
g

u-
y
of
-
ce

f any multiple-pulse NMR sequence in generating satisfa
ily the desired response from the system under investigat
ritically dependent on the performance profile of the
rradiations employed and MAS NMR is no exception to t

ultiple pulse MAS NMR experiments such as TOSS, PA
2), etc., and many of the dipolar recoupling experime
entioned above employ extensively multiple 180° pulse
oth the inversion of longitudinal magnetization and the r
using of transverse magnetization components. Obviousl
uccess of these experiments is critically dependent o
ccuracy of these pulses. Composite RF pulses have
xtensive usage in liquid state NMR in situations where
erformance profile of a single RF pulse is not satisfactory
xample, due to its limited bandwidth. Composite RF pu

hat have been developed for liquid state NMR applications
lso be effectively employed, in principle, in MAS experime
14, 15), in situations where the composite pulse durations
hort enough with respect to the rotor period so that
ariation in the resonance offset of each crystallite during
F pulses can be neglected. Unfortunately, many of the
uration solution state composite 180° pulses do not hav
esired performance profile and to date no composite p
ave been designed that explicitly take into account the ef
f MAS during the pulses. It is conceivable that, even if t
ad been specifically constructed for solid state MAS app

ions, the mere incorporation of composite RF pulses in
iple pulse MAS experiments can lead to a poorer perform
ompared to that seen with the application of normal 1
ulses if the functioning of such sequences is also critic
ependent on the interpulse durations, as in the case of T

f long pulses are used then a significant portion of the cri
ree evolution times required between the RF pulses in
xperiments will be occupied by the RF pulses themselve
iew of the potential of MAS NMR spectroscopy in the stu
f biomolecules, we are currently exploring the efficacy
umerical optimization procedures for the design of effic
F irradiation schemes for MAS applications. The powe
umerical optimization schemes has already been exploit
iverse fields of NMR research (16–24). Our exploratory the
retical studies, as described below, clearly indicate for the

ime that it may be possible via such an approach to dev
omposite 180° pulses for MAS applications and to reoptim
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383COMPOSITE RF PULSES FOR MAS NMR SPECTROSCOPY
he intercomposite pulse delays in experiments such as T
o obtain better performance characteristics than othe
ossible.

DESIGN OF COMPOSITE PULSES FOR MAS NMR

In our approach, we consider an ensemble of spin-1/2 n
or which the MAS Hamiltonian in the rotating frame is giv
y (4, 6)

H~t! 5 2 DvI z 2 v@ g1cos(vrt 1 ø1! [1]

1g2cos(2vrt 1 ø2)] I z,

here

Dv 5 @1
3v0~s11 1 s22 1 s33! 1 voff#,

v 5 v0@s33 2 1
3~s11 1 s22 1 s33!#,

g1 5 1
2sin(2um) sin b[(h cos 2g 1 3)2cos 2b

1 h2sin22g]
1⁄2,

g2 5 1
2 sin2um@~3

2 sin2b 2 h
2 cos2g (11 cos2b)!2

1h2cos2bsin22g#
1⁄2,

f1 5 a 1 c1,

nd

f2 5 2a 1 c2.

n the above equationc1, c2, andh are defined as

tanc1 5
h sin 2g

cosb[h cos 2g 1 3]

tanc2 5
2h cosb sin 2g

3
2 sin2b 2 h

2 cos 2g (1 1 cos2b)

nd

h 5
s22 2 s11

s33 2 1
3 Tr(s)

.

a, b, g) are the Euler angles defining the orientation of
SA tensor in the rotor frame, (s11, s22, s33) are the principa
alues of the CSA tensor,v0 is the Larmor frequency,um is the
agic angle, andvoff is the resonance offset. In the constr

ion of a composite 180° RF pulse for MAS applications,
ulse widths (u1, u2, u3, . . . , uN) and phases (w1, w2, w3, . . . ,
) of the constituent pulses of the composite RF pulse
N
SS
se

lei

e

-
e

re

ptimized via the simulated annealing optimization proce
25, 26), so as to minimize the error function defined by

e~X! 5 O
a,b,g

Wabg O
m,n

@U mn
I ~u,w! 2 U mn

CP~X, v r, a, b!# 2,

[2]

hereX represents the 2N dimensional vector (u 1, u 2, . . . ,
N, f 1, f 2, . . . , fN), v r the MAS frequency, andUmn

I the
mn) matrix element of an ideal propagator corresponding
ingle 180° pulse with an RF field strength ofv1

0, phase ofw,
nd flip angle ofu. Umn

CP represents the (mn) matrix elements o
he propagator corresponding to the composite pulse sequ

abg is the probability of finding a crystallite at the orientat
a, b, g); a and b represent the normalized resonance o
Dv/v1

0) and RF field strength (v1/v1
0).

In our initial studies reported here we have assumedDv and
to be zero. In the calculations of the time evolution oper

uring the application of the composite pulses we divide
omposite pulses into a large number of small steps (10°
ssume that the time dependence of the Hamiltonian [1] c
eglected on the time scale of each step. That is, the reso
ffset is assumed to vary only from one time segmen
nother and not during the individual time steps. The total
volution operator for the entire pulse is then calculated

ime-ordered product of the time evolution operators co
ponding to the individual time steps that constitute the c
osite pulse. Typically, we have considered 64p 64 crystallite
rientations forh 5 0 case (64p 64p 64 forh Þ 0 case) in ou
alculations and we have neglectedH1 inhomogeneity effect
nd fluctuations in the spinning speed. While using comp
ulses it is possible, wherever needed, to reoptimize inter
osite pulse delays to obtain the desired performance ch

eristics. For example, as will be shown below, it is possib
eoptimize intercomposite pulse delays in a TOSS sequen
chieve better sideband suppression than is otherwise po

TOSS WITH COMPOSITE PULSES

TOSS involves the application of rotor synchronized 1
ulses with specific interpulse timings and the efficacy of
OSS sequence in generating sidebands free MAS spec
ritically dependent on accurate 180° pulses and interp
elays. To obtain optimal TOSS delays while using compo
ulses, we assume once again an axially symmetric

ensor. Under this assumption it is seen from an analysis o
agnetization trajectories that TOSS leads to an alignme

he time-averaged magnetization vector of each crysta
his leads to a situation where the centerbands of the sub

ra of each crystallite are in phase while the sideband ph
re such that the sidebands are cancelled under powder
ging. After a 90° pulse att 5 0, the magnetization vect
ssociated with each crystallite, in a normal MAS experim
ccumulates a time-dependent phase that is governed b
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amiltonian given above [1]. The phase angle at a timet after
he 90° pulse, under the assumption that the isotropic che
hift is on resonance, is given by (4, 6)

F~t! 5 V1sin(vr 1 f1) 1 V2sin(2vr 1 f2)

2 V1sinf1 2 V2sinf2, [3]

hereV 15vg1/v r andV 2 5 vg2/ 2v r.
The average phase angle over one rotor period is give

uav 5 2V1sinf1 2 V2sinf2. [4]

The application of the rotor synchronized 180° pulses
pecific interpulse delays in an ideal TOSS experiment af
he magnetization trajectories such that sidebands free s
re generated. In particular, for the axially symmetric case
een that the average phase angle of the magnetization v
or each crystallite, over one rotor period and starting from
oint of data acquisition, becomes zero and results in
lignment of magnetization vectors of each crystallite along
-axis (4, 6, 11). The critical condition to be fulfilled fo
chieving effective suppression of sidebands in a TOSS e

ment while employing composite 180° RF pulses is that
nterpulse delays have to be readjusted such that the
hase of the magnetization vectors of each crystallite sh
atisfy the condition (6)

F~0! 5 V1sinf1 1 V2sinf2. [5]

In our approach, we do a density matrix calculation of
volution of the magnetization vectors for many crysta
rientations under MAS and employ numerical procedure
eadjust the intercomposite pulse delays in a TOSS sequ

e optimize the intercomposite pulse delays by minimiz
he error function given by

De~t1, t2, . . . ,tn, vr! 5 O
a,b,g

Wabg@F
I(0) 2 FCP(0)]2,

[6]

TAB
Composite Inversion Pulses for MAS Spectrosco

MAS frequency
(Hz)

Total composite pulse
length (degrees)

1000 412.0
1000 997.2
3000 619.6
3000 420.0
5000 567.4
5000 566.6
al

y

h
ts
tra

is
tors
e
e
e

er-
e
ial
ld

e

to
ce.
g

heret1, t2, . . . ,tn are the TOSS delays andFCP(0) andF I(0)
epresent, respectively, the initial phases calculated fo
OSS sequence employing the composite pulses and
80° RF pulses. The calculation of the time evolution ope
uring the application of the composite pulses is carried o
efore. The error function given in Eq. [6] can be minimiz
epending on the situation, either via local or global nume
ptimization procedures (26). While the first approach will b

ast and work in situations where the starting point in
arameter space to be searched is close to a minimum
rror surface, the latter approach, although it may be
onsuming, will lead to a global minimum, if such a solut
ndeed exists, irrespective of the initial point of search cho
n the parameter space. We have employed the Nelder–
implex and the simulated annealing algorithms (26) for the

ocal and global optimization, respectively. Only in situati
here we find that possible starting points for a local opt
ation search do not lead to a good solution do we emplo
lobal minimization procedure. Since in general global o
ization carried out in a finite amount of time may not lea

he exact minimum in the error surface, we use the solu
btained from the global optimization as a starting point

urther improvement via a local optimization scheme. In
nitial study such calculations have been carried out assu
nce again ideal experimental conditions to minimize the c
utational time needed in the global minimization sea
ypically, we consider an axially symmetric case and (8p 8)
rystallite orientations for calculating the optimal TOSS in
omposite pulse delays. For the local optimization calcula
e have used as a starting point some of the solutions tha
een reported by Lang (8) for a four-pulse TOSS sequence

RESULTS

In our calculations, we have considered typical MAS s
ing speeds of 1, 3, and 5 kHz, CSA principal tensor elem
f s11 5 5 ppm,s22 5 5 ppm,s33 5 130 ppm, an inversio
andwidth of60.25gH1, and a RF field strength correspon

ng to a 90° pulsewidth of 8ms. In Table 1 we give som
ypical examples of composite 180° RF pulses obtained
he numerical optimization procedures outlined above. In

1
(Bandwidth 5 (60.25 gH1), gH1 5 31.25 kHz)

Sequence

(59.1)188.9(56.4)6.3(90.5)2.6(90.5)22.6(56.4)26.3(59.1)2188.9

(215.3)145.2(167.7)179.0(231.2)66.3(167.7)179.0(215.3)145.2

(53.1)204.2(235.5)190.1(21.2)10.7(21.2)210.7(235.5)2190.1(53.1)2204.2

(60.0)180.0(300.0)0.0(60.0)180.0

(171.0)185.9(95.3)177.8(17.4)91.5(17.4)291.5(95.3)2177.8(171.0)2185.9

(156.2)186.4(113.5)179.1(13.6)76.1(13.6)276.1(113.5)2179.1(156.2)2186.4
LE
py
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385COMPOSITE RF PULSES FOR MAS NMR SPECTROSCOPY
le 2 we give, for a few cases, the optimized intercompo
ulse delays, with composite pulses replacing the ideal
F pulses in the four-pulse TOSS sequence (8). Using the
ethod outlined here and employing a SGI Power Challen

R10000), it takes approximately 50 h for the generation
omposite 180° pulse. It takes less than 10 min of CPU tim
btain optimized TOSS delays via the local and 15 h via
lobal optimization scheme. The typical responses of an
emble of spin-1/2 nuclei to the composite inversion pulse
he composite pulse TOSS sequences are shown in Figs.
, respectively. From Fig. 1 it is seen that the inversion pr

TAB
Normal (8) and Reoptimized Time D

nr (Hz) t1 t2

For all nr (8) 0.188821 1.230053
1000 0.182689 1.225854
3000 0.187054 1.229092
5000b 0.182134 1.011788

a Time delays are expressed as a fraction of the rotor period. The reo
urations of 997.2, 420.0, and 567.4°.

b Solution obtained via simulated annealing.

FIG. 1. Simulated MAS plots (nr 5 3 kHz, v0 5 125 MHz) of ^I x& (A),
he thermal equilibrium density matrixr(0) 5 I x, I y, I z, respectively. A RF fi

33 5 130 ppm were employed in the simulations. The composite pu
imulations shown in the last column.
te
0°

L
a
to
e
n-
d

and
e

f the composite RF pulse reported here is satisfacto
omparison to the response seen after a simple 180°
0y180x90y composite pulse. Figure 2 demonstrates
OSS spectra with good sideband suppression can be ob
y reoptimizing the intercomposite pulse delays. The com

te pulses given in Table 1 are typical examples of seque
ith reasonably satisfactory performance characteristics
hich have been derived by putting some symmetry res

ions on the parameters of the component pulses so as to r
he number of variables in the optimization procedure.
ave also derived sequences without any restrictions and

2
ys for a Four-Pulse TOSS Sequencea

t3 t4 tacq

1.811179 2.769947 4.000000
1.816961 2.773808 4.000025
1.812186 2.770184 4.000071
1.795181 2.519675 3.108296

mized delays were obtained for the composite pulses given in Table 1

(B), and^I z& (C) following the inversion pulses indicated and starting f
strength of 31.25 kHz and CSA parameters ofs11 5 5 ppm,s22 5 5 ppm, and
(53.1)204.2(235.5)190.1(21.2)10.7(21.2)210.7(235.5)2190.1(53.1)2204.2 was employed in th
LE
ela

pti
^I y&
eld
lse
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386 LEPPERT, HEISE, AND RAMACHANDRAN
ith RF pulse frequencies as an additional variable. Howe
ur preliminary studies indicate that neither the total dura
f the composite pulses nor the performance profiles get
atically improved under these conditions. In the course o
OSS intercomposite pulse delay optimization, we have
een that satisfactory TOSS sideband suppression ca
chieved in many cases where the inversion profile of
omposite pulse sandwich is not ideal. In some situations
een that good TOSS performance can be obtained with n
OSS delays. For example atnr 5 1 kHz the composite puls
iven in Table 1 and with the total duration of 412° required
eoptimization of TOSS delays. On the other hand, somet
he performance of the composite pulse TOSS sequences
atisfactory even after optimizing the intercomposite p
elays, although the inversion profiles of the composite pu
mployed were satisfactory. It is conceivable that a pr
pproach for achieving good sideband suppression in T
xperiments would involve the design of TOSS sequence
e. Such a process would necessarily entail more com
ional time. However, the fact that we are able to ob
mproved sideband suppression by a reoptimization of
ntercomposite pulse delays via the method outlined a
ffers support to the validity of the analysis of TOSS in te
f the alignment of magnetization trajectories (4, 6, 11). Al-

hough we have assumed an axially symmetric CSA tens

FIG. 2. Simulated MAS (ideal) and TOSS spectra obtained atnr 5 1, 3, a
30 ppm and a Larmor frequency of 125 MHz. The TOSS responses
orresponding composite pulses. TOSS simulations were performed em
f rotor periods was effected to the intercomposite pulse delays. All int
r,
n
a-
e
o
be
e
is
al

o
es
not
e
es
er

S
er
ta-
n
e
e

s

to

implify the calculations, this does not preclude the app
ility of the results reported here forh Þ 0 cases.
We have made an initial experimental assessment o

erformance characteristics of the composite pulses rep
ere. Figure 3A shows normal 125-MHz CPMAS spectr

13C9 (h Þ 0) in the peptide bond of the dipeptide Fm
13C9,15N)Aib-( 15N)Aib (1)-NH2, which is under investigation
ur laboratory. Figure 3B shows the spectra obtained

nverting the transverse magnetization following the cross
arization by the composite pulses indicated in the leg
lthough the spectral range to be covered is larger than
andwidth for which the composite pulses have been
tructed, from Fig. 3B it is seen that the inversion profile
he composite pulses are satisfactory. For minor variatio
F pulse flip angles, phases, and spinning frequencies it is

rom both numerical and experimental studies that the pe
ance characteristics of the sequences are not very
ffected, although they don’t reach the full inversion efficie
f a 180° pulse. The spectra shown in Fig. 3 were record
oom temperature employing a VarianUNITYINOVA 500 MHz
ide bore solid state spectrometer equipped with a 5
upersonic DOTY triple resonance probe. Fast small-a
hase shifts needed for the generation of composite p

1 a-Aminoisobutyric acid.

kHz employing the CSA parameters ofs11 5 5 ppm,s22 5 5 ppm, ands33 5
re obtained employing the intercomposite pulse delays given in Tab

ying a RF field strength of 31.25 kHz. Wherever needed, addition of a wer
ulse delays are calculated from center to center of the RF pulses empl.
nd 5
we

plo
erp
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ere achieved by employing the optional waveform gene
n the spectrometer hardware.

CONCLUSIONS

The present work clearly indicates the potential of nume
echniques in the design of efficient RF irradiation sche
eeded for MAS applications. One of the main drawback
MR is the poor inherent sensitivity of the technique a
ence, any means by which improvements in the signa
oise ratio (SNR) can be effected will have considerable
act on the general applicability of MAS NMR experiment
tructural studies. Although novel ways for achieving this
urrently being explored (27, 28), modest improvements
NR can be easily obtained in principle by carrying out
eriments at higher magnetic field strengths and/or with la
ample volumes, where possible. However, both situation
mpose considerable demand on the requirements of th
ransmitters employed for achieving uniform excitation o
he spectral range of interest. Under the circumstances w
F transmitter hardware requirements cannot be met sat

orily, it is conceivable that the availability of composite pul
pecifically tailored for MAS will have a dramatic impact
AS NMR spectroscopy. The usage of large sample volu
ay also require that one has to take into accountH 1 inhomo-
eneity effects in the design of RF irradiation schemes. In
reliminary study, to reduce computational time, we h
ssumed ideal experimental conditions and neglectedH 1 inho-
ogeneity effects, spinning speed fluctuations, distributio

sotropic chemical shifts, etc. The composite 180° pulses
ptimized composite pulse TOSS delays have also bee

ained for specific MAS frequencies and RF field strengths
his may limit the potential utility of the results reported he
he sequences reported in this work may not represen

FIG. 3. (A) Experimental13C9 CPMAS spectra (nr 5 1, 3, and 5 kHz;s1

fter inverting the transverse magnetization following the cross polarizati
. A RF field strength of 31.25 kHz was employed uniformly in all the t
or

l
s
f
,
o-
-

e

-
er
an
F

r
re
c-

s

s

is
e

in
d
b-
d
.
he

ltimate inversion sequences for MAS experiments. Howe
t is shown here that composite pulses, although their dura
an be considerably larger than a simple 180° pulse, can s
esigned to provide satisfactory spin inversion. Encourage

his, further works directed toward the generation of comp
F pulses are planned that will have convenient and d
pplicability in routine experimental MAS NMR investigatio
nd an assessment of the relative efficacy of different op
ation schemes for increasing the speed of the computa
rocess.
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