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Abstract
In this Letter the possibility of selective excitation in coupled multispin systems is studied theoretically. A general
method of transforming any selective pulse developed for uncoupled systems into a form that is selective in coupled
systems is presented. This is accomplished by adding a small perturbation to a decoupling radiofrequency (RF) ﬁeld.
When viewed in an interaction frame given by the decoupling RF ﬁeld, this method generates, in an averaged sense, a
propagator similar to the propagator of uncoupled spins under a shaped RF pulse. Preliminary experimental results are
presented for the case of selective excitation in proton nuclear magnetic resonance in liquid crystals. Ó 2002 Elsevier
Science B.V. All rights reserved.

1. Introduction
Selective excitation is a very important and
versatile tool in nuclear magnetic resonance
(NMR) studies of spin-diﬀusion [1,2], imaging
[3,4], structural studies [5], quantum computing
[6,7], and various other applications. The need to
tailor radiofrequency (RF) pulses to create a desired excitation proﬁle has motivated much research into designing pulse sequences, and an
entire literature on calculating selective pulses in
the absence of strong couplings exists [8]. The
problem of selective excitation typically reduces to
*

Corresponding author. Fax: +1-510-486-5744.
E-mail address: pines@cchem.berkeley.edu (A. Pines).
1
Present address: Biosearch Italia SpA, Via R. Lapetit 34,
21040 Gerenzano (Varese), Italy.

the problem of ﬁnding an RF pulse acting on either a two-level system or on pairs of uncoupled
two-level systems that generates a desired excitation proﬁle. For a two-state system, this problem
can be solved exactly by inverting the Bloch
equations [9,10]. In addition, a variety of other
selective pulses based on either linear-response
theory (e.g., the sinc pulse and Gaussian pulses
[11]) or numerical optimization (e.g., BURP pulses
[12]) have been developed.
The above methods of selective excitation fail in
the presence of strong dipolar couplings since the
system can no longer be thought of as sets of uncoupled, two-state systems, making selective excitation diﬃcult to accomplish. In the past, selective
excitation in dipole-coupled systems has been
performed by taking a homonuclear decoupling
sequence like MREV-8 [13,14] and intermeshing it
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with a DANTE [15,16] sequence. DANTE consists
of a series of small-tip pulses separated by time stip
that characterizes the excitation proﬁle. Such an
approach has been used in the past for selective
excitation in solids based on isotropic shift [17]
and gradient ﬁelds [18]. The MREV-8 homonuclear decoupling sequence results, in an averaged
sense, in the system appearing to be sets of uncoupled two-state systems, leaving the DANTE
excitation sequence to excite the spins as if the
homonuclear couplings did not exist. Such techniques require that the cycle time of the MREV-8
sequence, sc , be chosen to satisfy the criterion
N sc ¼ stip (where N is an integer) in order to implement the DANTE selective excitation. This
approach is limited for two reasons. Firstly, the
delays and pulse lengths of the MREV-8 sequence
that optimize the decoupling performance may not
satisfy the condition N sc ¼ stip . Secondly, a different excitation proﬁle than that of the DANTE
sequence may be required experimentally. To our
knowledge there have been no successful attempts
to intermesh an arbitrary selective pulse into an
arbitrary homonuclear decoupling sequence.
The purpose of this Letter is to propose a new
experimental method that will allow general selective pulses to be implemented in the presence of
strong couplings. This is accomplished by modifying a decoupling sequence in a systematic way
that takes into account the selective pulse. This
treatment requires that the selective pulse acts as a
small perturbation to the decoupling ﬁeld. The
appropriate modiﬁcation to the decoupling sequence is obtained by transforming into an interaction frame deﬁned by the exact decoupling
sequence. In this frame, the required RF pulses
needed in order to make the eﬀective propagator
resemble the propagator for the selective excitation
in an uncoupled system are obtained. Experiments
have been performed that conﬁrm this methodology.

2. Theory
The internal Hamiltonian of a dipole-coupled
spin system can be written in the rotating
P frame as
ij
HINT ¼ HDIP þ HJ þ HCS . Here HDIP ¼ i<j Dij T2;0

P
is the secular dipolar Hamiltonian, HJ ¼ i<j
ij
Jij T0;0 P
is the scalar coupling Hamiltonian, and
HCS ¼ i xi IZi contains the chemical shifts of all
nuclei. The dipolar and scalar coupling Hamiltonians are written in terms of spherical spin tensor
ij
operators [19] (e.g., T2;0
¼ 3IZi IZj  ~
Ii ~
I j ). In the
following, scalar couplings are neglected since
their eﬀects are negligible on the time scale of the
selective excitation for the systems studied here.
The problem now arises as to how to construct a
series of RF pulses that selectively excite in the
presence of dipolar couplings. In order to solve
this problem, consider an RF ﬁeld consisting of
two parts, HRF ¼ HDEC þ HSEL , where HDEC is
some known decoupling sequence that averages
away the dipolar interactions (or any other particular interaction that is desired to be removed),
and HSEL is the part of the RF which will be used
to perform the selective pulse. There are many
HDEC schemes that are available to the experimenter; in the following, the purely phase-modulated scheme, phase-modulated Lee–Goldburg
(PMLG-n) [20,21], will be used to illustrate how to
combine arbitrary selective pulses with a decoupling scheme. PMLG was chosen since in most
commercial spectrometers, phases can be speciﬁed
to an accuracy on the order of a tenth of a degree
independent of RF amplitude, whereas amplitude
modulation is much less accurate at larger RF
amplitudes. Therefore in the following, the selective pulses calculated will be purely phase modulated pulses; a generalization of the theory to both
amplitude and phase modulated pulses will be
presented elsewhere.
Consider a dipole coupled spin system being
irradiated by a ﬁxed amplitude, phase-modulated
RF pulse. The Hamiltonian is given by
H ðtÞ ¼ HINT þ xRF
 fIX cos½/ðtÞ þ IY sin½/ðtÞ g;
ð1Þ
P i
where IX ðY Þ ¼ i IX ðY Þ . This Hamiltonian H ðtÞ can
b þ xRF IX ÞV ðtÞ, where
be rewritten as V y ðtÞð H
b ¼ HDIP þ HCS ;
H
V ðtÞ ¼ exp½i/ðtÞIZ
 Z t 

 
d/ðt0 Þ
dt0
¼ exp i
þ
/ð0Þ
IZ :
dt0
0

ð2Þ
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The propagator for this Hamiltonian is given by


Z


t
dt0 H ðt0 Þ

U ðtÞ ¼ T exp  i
0


Z t

b þ xRF IX V ðt0 Þ
dt0 V y ðt0 Þ H
¼ T exp  i
0


Z t 
0
b þ xRF IX  d/ðt Þ IZ :
dt0 H
¼ V y ðtÞT exp  i
dt0
0
ð3Þ

Under the standard PMLG homonuclear decoupling sequence, the phase modulation, /PMLG ðtÞ, is
given by
 xpRFﬃﬃ
t
for 0 < t < tc ;
2
/PMLG ðtÞ ¼
 xpRFﬃﬃ2 ðt  tc Þ þ 27:8° for tc < t < 2tc ;
ð4Þ
qﬃﬃ
3
where tc ¼ 1=xEFF and xEFF ¼ 2xRF . Consider
ﬁrst the time interval, 0 < t < tc . The spin system
evolves
under an eﬀective ﬁeld, HLG ¼ xEFF p1ﬃﬃ3
pﬃﬃﬃ
½ 2IX  IZ ¼ xEFF bI Z in the interaction frame deﬁned in Eq. (3). The eﬀective ﬁeld lies along the
magic-angle, which is responsible for averaging
away the homonuclear dipolar interaction to
lowest order [22].
In order to implement the selective excitation
scheme, an additional phase modulation is added
so that /ðtÞ ¼ /PMLG ðtÞ þ wðtÞ, where wðtÞ will be
responsible for the selective excitation. The only
additional requirement is that jHLG j  dwðtÞ=dt in
order that the additional phase modulation, wðtÞ,
does not interfere too much with the decoupling.
Deﬁning the decoupling propagator as W ðtÞ ¼
expðixEFF tbI Z Þ, the propagator can be written in
the decoupling frame as


Z t
y
0b
0
U ðtÞ ¼ V ðtÞW ðtÞT exp  i
dt H INT ðt Þ ; ð5Þ
0



dwðtÞ
y
b
b
H INT ðtÞ ¼ W ðtÞ H þ
W ðtÞ
dt
2
X X
ð2Þ
ij
dm;0 ðhLG ÞDij Tb2;m
expðimxEFF tÞ
¼
i<j m¼2
X
þ
xi fbI Zi cosðhLG Þ þ sinðhLG Þ
i

 ½bI Xi cosðxEFF tÞ  bI Yi sinðxEFF tÞ g
dwðtÞ b
f I Z cosðhLG Þ  sinðhLG Þ
þ
dt
½bI X cosðxEFF tÞ  bI Y sinðxEFF tÞ g;

ð6Þ
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ð2Þ

where dm;0 ðhLG Þ are the reduced Wigner matrix
elements relating the laboratory frame
pﬃﬃﬃ to the decoupling frame, with hLG ¼ tan1 ð 2Þ, the magic
angle, andbindicates that the operators are written
in the decoupling frame. Over one decoupling cycle tc ¼ 1=xEFF , the RF propagator W ðtc Þ ¼ 1, and
average Hamiltonian theory [23] can be used to
evaluate the propagator as


Z tc
b INT ðt0 Þ
dt0 H
U ðtc Þ ¼ V y ðtc ÞT exp  i
0
ð0Þ

ð1Þ

b INT þ H
b INT þ   Þ ;
¼ V y ðtc Þ exp½itc ð H

ð7Þ

where the ﬁrst two terms of the average Hamiltonian are given by
Z
1 tc 0 b
ð0Þ
b
H INT ¼
dt H INT ðt0 Þ;
tc 0
ð8Þ
Z tc
Z t0
i
ð1Þ
0
00
0
00
b INT ¼
b INT ðt Þ; H
b INT ðt Þ :
H
dt
dt ½ H
2tc 0
0
In the case of PMLG homonuclear decoupling,
ð0Þ
b INT
H
is given by
Z
X
1 tc 0 dwðt0 Þ
ð0Þ
b INT
H
¼
xi bI Zi cosðhLG Þ þ
dt
tc 0
dt0
i
 fcosðhLG ÞbI Z  sinðhLG Þ
 ½bI X cosðxEFF tÞ  bI Y sinðxEFF tÞ g:

ð9Þ

The homonuclear dipolar couplings have been avð2Þ
eraged away over the time tc since d0;0 ðhLG Þ ¼ 0,
and the remaining terms involve the scaled chemical shifts, c
xi ¼ xi cosðhLG Þ, and an additional ﬁeld
depending on dw=dt, which is needed in order to
perform the selective pulse. The task of ﬁnding a
particular wðtÞ that can perform the selective excitation can be solved by examining the propagator
of a single spin under a pulse of time varying amplitude, dðtÞ. For simplicity, assume the pulse is
applied along the Y direction. As is typically done
in liquid-state spectrometers, the shaped pulse can
be approximated by a series of square pulses of
varying amplitude (Fig. 1). The kth pulse amplitude should not change too dramatically or be too
oscillatory over the time interval tk , otherwise a
shorter time step is needed in order to accurately
reproduce the pulse. Let the amplitude of the kth
segment of the shaped pulse be labelled by dk . The
Hamiltonian for the kth segment is then given by
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Hamiltonian can be symmetrized in time, i.e.,
b INT ðsc  tÞ, where sc is the given cycle
b INT ðtÞ ¼ H
H
time. This symmetrization of the decoupling sequence in PMLG (Eq. (4)) requires that dwðtÞ=dt
satisfy

Fig. 1. Implementation of a shaped pulse. Typically, a shaped
pulse is constructed using piecewise constant square pulses of
diﬀerent amplitudes, lengths, and/or phases. For the pulses
considered in this paper, selective pulses in the decoupling
frame involving only amplitude modulation are considered. The
propagator of the kth segment, Uk , is shown in the ﬁgure, where
the amplitude of the kth pulse is given by dk .

Hk ¼

X

c
xi IZi  dk IY :

ð10Þ

i

Equating the exact Hamiltonian for the kth element of the shaped pulse (Eq. (10)) to the zerothorder average Hamiltonian in the decoupling
frame (Eq. (9)) gives
Z tc
dwðt0 Þ
cosðhLG Þ
dt0
¼ 0;
ð11Þ
dt0
0
sinðhLG Þ

Z

tc

0

sinðhLG Þ
tc

Z
0

tc

dw
dt0 0 cosðxEFF t0 Þ ¼ 0;
dt
dw
dt 0 sinðxEFF t0 Þ ¼ dk :
dt
0

ð12Þ

ð13Þ

One way to satisfy the above equations is to make
dwðtÞ=dt an odd function over the time interval tc ,
i.e.,
dwðtÞ
dwðtc  tÞ
¼
:
dt
dt

ð14Þ

In order to eliminate the next order term (and all
odd order terms for that matter), the interaction

dw
dw
ðtÞ ¼
ð2tc  tÞ
ð15Þ
dt
dt
b INT ð2tc  tÞ and so the ﬁrst-order
b INT ðtÞ ¼ H
then H
average Hamiltonian vanishes.
One of the simplest modulations that satisﬁes
Eqs. (14) and (15) under PMLG decoupling (Eq.
(4)) is given as follows: wðtÞ during the kth interval
of the selective pulse is given by
8
pﬃﬃ
dk ppﬃﬃ3t
>

for 0 < t < t2c ;
>
2
> pﬃﬃ 2
pﬃﬃ
>
>
=2ÞÞ
< dk p 3ðtðt
pﬃﬃ c
 dk4ppﬃﬃ23tc
for t2c < t < tc ;
2 2
ﬃﬃ
p
wðtÞ ¼ d p 3ðttc Þ
k
>
pﬃﬃ
for tc < t < 3t2c ;
>
>
2 p
2 ﬃﬃ
>
pﬃﬃ
>
=2ÞÞ
:  dk p 3ðtð3t
pﬃﬃ c
þ dk ppﬃﬃ3tc for 3tc < t < 2t :
2 2

4 2

2

c

ð16Þ
This phase modulation leads to an average Hamiltonian over the interval 2tc up to second order
X xi
Hk ¼
 pﬃﬃﬃ bI Zi  dk bI Y
ð17Þ
3
i
and a propagator during the kth interval is given
by
Uk ð2tc Þ ¼ exp½i2tc Hk :

ð18Þ

The overall propagator for the selective pulse,
which was divided in N steps, is then given by
U ð2Ntc Þ ¼ UN ð2tc ÞUN 1 ð2tc Þ    U2 ð2tc ÞU1 ð2tc Þ
¼

N
Y

Uk ð2tc Þ:

ð19Þ

k¼1

In summary, the procedure for creating selective
pulses is accomplished as follows:
1. Take a given selective pulse and divide it up into
time intervals which are some multiple of the
decoupling cycle time (2tc ) and assign an amplitude, dk as shown in Fig. 1.
2. For the kth segment, using dk given from step 1
and using Eqs. (11)–(13), construct a wðtÞ to be
added to the decoupling scheme for the kth
step. A simple way of accomplishing this is given in Eq. (16).
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3. Repeat steps (1) and (2) for each time division
of the selective pulse.
Fig. 2 shows a selective pulse implementing a
simple Gaussian pulse during a PMLG decoupling
sequence. By subtracting the phases for pure
PMLG decoupling from the phases of the selective
pulse (Fig. 2a), the diﬀerence gives wðtÞ in the
laboratory frame (Fig. 2b). As can be seen in Fig.
2b, the diﬀerence in phase modulation between

300
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250

...

200
150
100
50
0

24

2760

number of phases

(a)

3
2

degrees

1
0

ordinary PMLG and PMLG combined with selective excitation can be very small, requiring very
accurate phase speciﬁcations. Simulations and
discussions of the tolerance of these selective pulses versus phase imperfections will be discussed
elsewhere.

3. Experimental
The diﬀerent solutes, chloroform and 1,2-dichloro-4-ﬂuoro-5-nitrobenzene, were purchased
from Aldrich Chemical Company, and the liquid
crystalline solvent, ZLI 1132, from EM Industries
and used without further puriﬁcation. Experimental veriﬁcation of the selective excitation proﬁles was carried out at ambient temperature on
chloroform dissolved in ZLI 1132 contained in 4
mm Wilmad NMR tube using 499.74 MHz Chemagnetics spectrometer equipped with 4 mm triple
channel MAS probe using the sequence shown in
Fig. 3a. The two-dimensional spectra were
recorded using 399.83 MHz Chemagnetics spectrometer equipped with 5 mm HD Bruker liquidstate probe. Each selective pulse consisted of 2784
phase changes in total time of 9471.6 ls. Phases
could be speciﬁed experimentally to an accuracy of
0:1°. A constant RF amplitude of 20 kHz was
used in all experiments for both selective pulses
and phase modulated Lee–Goldburg decoupling.
The duration of a 90° pulse was 12.5 ls, and a
relaxation delay of 10 s was used between scans to
prevent sample overheating.

-1

4. Results and discussion

-2

In order to test the above methodology, both a
Gaussian pulse and a cosine-modulated Gaussian
pulse were implemented into a PMLG-12 decoupling using the formalism presented in the theory
section. Fig. 4 shows the theoretical and experimental proﬁles of a Gaussian pulse (a) and a cosine-modulated Gaussian pulse (b) added to a
PMLG-12 decoupling sequence. The experimental
proﬁles show good agreement with the theoretical
proﬁles. Diﬀerences in the excitation proﬁles could
be a result of either phase imperfections and/or

-3
(b)
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Fig. 2. (a) The phases for the ﬁrst 24 and last 24 pulses of a
purely phase-modulated pulse created by combining a Gaussian
pulse with a PMLG-12 decoupling sequence, as calculated using
Eq. (16). This pulse is comprised of 2784 phases. (b) The difference, wðtÞ, between the phases in the PMLG-12 decoupling
pulse and the selective pulse. The proﬁle of wðtÞ is Gaussian,
with a maximum phase deviation between 3°.
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(a)

(b)
Fig. 3. (a) Pulse sequence used to measure the excitation proﬁles for the selective pulses. The selective pulse is sandwiched between
magic-angle tilt pulses in order to transform bI Z in the decoupling frame to IZ in the laboratory frame. (b) Pulse sequence used to
measure the selective excitation in a dipole-coupled spin system. After the selective pulse, a PMLG decoupling sequence is used in the
indirect dimension, t1 , in order to observe the proton-decoupled local ﬁeld [24] of the ﬂuorine nucleus.

Fig. 4. Theoretical (left) and experimental (right) excitation proﬁles for (a) a Gaussian pulse and (b) a cosine-modulated Gaussian
combined with PMLG-12 decoupling and calculated using Eq. (16). The experimental proﬁles were generated using the pulse sequence
in Fig. 3a. Good aggreement is obtained between the experimental and theoretical proﬁles.
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improper tilt pulses used in the pulse sequence
(Fig. 3a), which could explain the small residual
magnetization seen for oﬀsets far away from resonance.
These selective pulses were then used for selective excitation in the simple molecule, 1,2-dichloro4-ﬂuoro-5-nitrobenzene dissolved in nematic
solvent ZLI 1132 using the pulse sequence shown in
Fig. 3b. Here the selective excitation was based on
the heteronuclear dipole coupling between the
protons and a ﬂuorine nucleus. Since the dipolar
coupling between the protons (200 Hz) is smaller
than the heteronuclear coupling with the ﬂuorine
(1 kHz), the spectra appears ﬁrst-order (Fig. 5a).
The Gaussian selective pulse was used to excite the
inner transitions, whereas the cosine-modulated

(a)

247

Gaussian selective pulse was used to excite the
outer transitions. The one-dimensional projections
are shown in Figs. 5b and c, and show reasonably
good selectivity. Although this is not a strongly
dipolar coupled system, the above spectra demonstrate the validity of the methodology presented in
this paper. Work in more strongly coupled systems
in liquid crystals and solids is currently under way
and will be presented elsewhere.
The above methodology allows for the implementation of general selective excitation in the
presence of homonuclear decoupling. This was
demonstrated by implementing a Gaussian pulse
and a cosine-modulated Gaussian pulse with a
PMLG decoupling sequence, and preliminary experimental veriﬁcation of the technique was presented. Generalizations of this technique to other
RF interaction frames might allow diﬀerent
excitations based on relaxation times (T1 in quadrupoles, or T1q for imaging experiments). Additionally, pulses developed for adiabatic inversions
and/or excitations, calculated in the absence of
dipolar couplings, might be able to be implemented in the presence of couplings by performing
similar transformations as described in this letter.
Finally, the above methodology might aid in the
development of better pulse sequences for decoupling, where the small perturbation to the decoupling sequence could be used to second-average
higher-order corrections to the decoupling sequence.

(b)
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Fig. 5. (a) One-dimensional spectrum of 1,2-dichloro-4-ﬂuoro5-nitrobenzene dissolved in ZLI 1132. (b) Projection in the indirect dimension obtained using pulse sequence in Fig. 3b for a
Gaussian pulse combined with PMLG-12 decoupling. (c) Projection in the indirect dimension obtained using the pulse sequence in Fig. 3b for a cosine-modulated Gaussian pulse
combined with PMLG-12 decoupling. The scaling factor of 0.58
characteristic of PMLG decoupling is observed.

References
[1] J.Z. Hu, C.H. Ye, J. Magn. Reson. 99 (1992) 576.
[2] F. Deng, J. Hu, J.C. Xiong, Y.R. Du, Sol. State Nucl.
Magn. Reson. 2 (1993) 97.
[3] J. Frahm, W. Hanicke, J. Magn. Reson. 60 (1984) 320.
[4] M.F. Davis, G.E. Maciel, J. Magn. Reson. 94 (1991) 617.
[5] L. Emsley, Method Enzymol. 239 (1994) 207.

248

J.D. Walls et al. / Chemical Physics Letters 357 (2002) 241–248

[6] J.A. Jones, Prog. Nucl. Magn. Reson. Spec. 38 (2001) 325.
[7] N. Linden, B. Herve, R.J. Carbajo, R. Freeman, Chem.
Phys. Lett. 305 (1999) 28.
[8] R. Freeman, Prog. Nucl. Magn. Reson. Spec. 32 (1998) 59.
[9] D.E. Rourke, P.G. Morris, J. Magn. Reson. 99 (1992) 118.
[10] D.E. Rourke, P.G. Morris, Phys. Rev. A 46 (1992) 3631.
[11] C. Bauer et al., J. Magn. Reson. 58 (1984) 442.
[12] H. Geen, R. Freeman, J. Magn. Reson. 93 (1991) 93.
[13] W.K. Rhim, D.D. Elleman, R.W. Vaughan, J. Chem.
Phys. 59 (1973) 3740.
[14] P. Mansﬁeld, J. Phys. C 4 (1971) 1444.
[15] G.A. Morris, R. Freeman, J. Magn. Reson. 29 (1978) 433.
[16] G. Bodenhausen, R. Freeman, G.A. Morris, J. Magn.
Reson. 23 (1976) 171.

[17] P. Caravatti, M.H. Levitt, R.R. Ernst, J. Magn. Reson. 68
(1986) 323.
[18] D.G. Cory, J.B. Miller, A.N. Garroway, J. Magn. Reson.
90 (1990) 544.
[19] M. Mehring, Principles of High Resolution NMR in
Solids, 2nd ed., Spinger, Berlin, 1983.
[20] E. Vinogradov, P.K. Madhu, S. Vega, Chem. Phys. Lett.
329 (2000) 207.
[21] E. Vinogradov, P.K. Madhu, S. Vega, J. Chem. Phys. 115
(2001) 8983.
[22] M. Lee, W.I. Goldburg, Phys. Rev. 140 (1965) 1261.
[23] U. Haeberlen, J.S. Waugh, Phys. Rev. 175 (1968) 453.
[24] S. Caldarelli, M. Hong, L. Emsley, A. Pines, J. Phys.
Chem. 100 (1996) 18696.

