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Exact product operator solutions have been obtained for the
volution of weakly coupled spin-1

2 ImSn systems during arbitrary
F irradiation of one spin. These solutions, which completely

haracterize the nature of J-coupling modulation during RF
ulses, show that significant exchange occurs between single-spin
agnetization and two-spin product operator states when the RF

eld strength is comparable to the coupling. In particular, a long
tp 5 [=2J]21 s), low-power (B1 5 J/2 Hz), constant amplitude
ulse applied on resonance to one spin in an IS system completely

nterconverts the spinstates Sz 7 2SxIz and Sx 7 2SzIz when the
F is applied to the S spins, and interconverts Sx 7 2SyIy in 100%
ield when the RF is applied to the I spins. Thus, these “J pulses,”
hich select a bandwidth approximately equal to J Hz, may

eplace any combination of a (2J)21 delay period and a consecutive
ard 90° pulse in any polarization transfer or multiple quantum
equence. Although these rectangular pulses are highly frequency
elective, in general they increase the replaced (2J)21 period by
nly a modest 40%, a time saving of a factor of 5 compared to
xisting pulses exhibiting the same selectivity. In favorable cases,
here is no increase in duration of a pulse sequence using a
articular type of J pulse, the 90J variety, which accomplishes the
hird spin state transformation listed above. J pulses will be ad-
antageous for systems subject to rapid signal loss from relaxation
nd more generally for the enhanced operation of pulse sequences
ia the use of J modulation during RF irradiation. © 1999 Academic

ress

INTRODUCTION

In order to gain insight into the mechanics of a vector m
f spin state transformations during RF irradiation (1, 2), we
ave calculated the evolution of the orthogonal product o
tor states during application of arbitrary RF waveforms to
pin of a weakly coupled spin-1

2 ImSn system, under a comple
et of standard initial conditions (3, 4). Previous general trea
ents have dealt exclusively with the observable signal

nitial in-phase magnetization in an IS system subject to
rary RF (5, 6) or in an ImSn system subject to CW irradiatio
7). Our more comprehensive quantum mechanical solu
ield analytical expressions for a constant RF pulse tha
cribe the interconversion of the orthogonal spin states in
eginning with an arbitrary spin state. Thus, the equa
efine the conditions necessary for 100% transformation
 br
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ween two spin states. One general application of these
tate transformations, introduced here, is in frequency-sele
MR.
Frequency-selective RF pulses may be used to sim

omplex spectra by selecting a subset of resonances. In
idimensional NMR they may be used to reduce the bandw
f one or more dimensions to increase resolution for the s

otal acquisition time. Alternatively, they can eliminate o
imension to allow increased resolution in the remaining
ensions for the same acquisition time or to reduce the
xperimental time (8). In 1D applications, such as inin vivo
MR, the object is to select a reduced number of des

esonances from a complex overlapping array of signals.
uency-selective NMR is of increasing potential worth w

ncreasing molecular weight as an aid in discrimination
ween more numerous signals, but selective pulses ar
ommonly used at present because they are long and th
oss of S/N via relaxation for large molecules. The meth
escribed here replace existing delays within pulse sequ
ith selective pulses and so do not greatly increase the

ength of the sequence.
Frequency-selective pulses are normally classified assemi-

electiveif they operate over part of the spectrum and tra
orm all lines of a multiplet uniformly. In this case the effect
eld during the pulse is usually assumed to be much gr
han the coupling constantJ of any multiplet, or the effects o
oupling are suppressed, so thatJ evolution can be ignore
uring the pulse. The class ofselectivepulses is general
estricted to the excitation or inversion of only one line of
ultiplet and for these the RF amplitudeB1 ! J.
In this article we introduce the general concept of the u

ation ofJ modulation during an RF pulse to selectively a
ompletely transform a weakly coupled IS spin system
ween single-spin magnetization and two-spin product ope
tates, or vice versa. In the applications we describe,B1 is of
he same order as the coupling constant, and although all
f the multiplet are affected uniformly, the bandwidth of
ulse only just covers the entire multiplet. Thus, in term

requency, these RF pulses are on the border betweenselective
nd semiselectivepulses, and they are also selective w

espect to the initial and final spin states. In the conventional
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262 BENDALL AND SKINNER
se of frequency-selective pulses, the effects of scalar cou
re suppressed by decoupling or spin-locking the unsel
pins during selective 90° pulses, or by the refocusing
ccurs naturally during selective inversion pulses. By ta
dvantage ofJ-coupled motion during the RF irradiation w
how that any consecutive combination of a hard 90° pulse
(2J)21 free precession period in any pulse sequence ma

eplaced by a single frequency-selective pulse, and we
efer to this new class of RF pulse as “J pulses.” Thus,J pulses
re not distinguished from other selective pulses by shape
y the precise match of pulse timet p and B1 amplitude nec
ssary to provide an exact transformation between two
tates that would conventionally require a combination
ulse and delay period for the conversion.
Our initial project in this general area showed that adiab

nversion pulses could take the place of all or part of (2J)21

elay periods in pulse sequences (1) and that a time-depende
educed scalar coupling constant was operative during
ulse—this was the basis of the vector model. One illustra
f the reducedJ was that an off-resonance spin-lock pulse

1H nuclei could be used to match the coupled precession o15N
pins in NH2 groups (angular rate5 6J Hz normally) with
hat of NH groups (angular rate5 6J/ 2 Hz normally) base
n a difference in chemical shift for the two types of group
roteins, so that an INEPT transfer step was close to opti

or both groups (1). We noted that this was a modern pul
pplication of off-resonance CW decoupling (7), a popula
ethod prior to FT NMR. In closely related work, the appr

mate linear relation between1JHC and chemical shift in b
molecules (9) and organic molecules (10) has since been us

o match coupled precession in chemically different gro
tilizing the same principles with adiabatic inversion pul
ost recently, in a detailed analysis of adiabatic decouplin2)
e found that calculations of the reduced coupling cons
sing the vector model, and exact quantum mechanical c

ations, gave indistinguishable results for a single adiab
nversion pulse. However, the concept of a reduced cou
onstant, and all the methods introduced in Refs. (1, 2, 9, 10),
omply with the condition thatB1 or the effective fieldBe @ J.
ccordingly, there is not a close relationship between t
tudies and the on-resonanceJ pulses introduced here f
hich B1 ' J.
Another area that may seem related is that of spin-tick

7), or the SPT (or SPI) techniques (11), in which one line o
doublet is selectively inverted. For these methodsB1 ! J

nd, in the approximation used, the effect ofJ modulation is
gnored during the pulse, so again there is not a close rel
ith J pulses. Inevitably, these three areas must merg

ntermediate values ofB1. We will show in a subseque
ublication how the spin physics alters dramatically betw

hese regimes.
In the next section an outline is provided of the spin s

ransformations that can be generally achieved in pulse
uences usingJ pulses. This is followed by examples
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pecific applications of rectangularJ pulses for frequency
elective NMR that can be usefully and easily impleme
ow. Comparisons are made with equivalent multidimensi
ethods. In a third section,J pulses are shown to have adv

ages over conventional frequency-selective technique
erms of reducing the time length of pulse sequences. In
oncluding section several areas for further developmen
oted that could makeJ pulses widely competitive with exis

ng methods.

POSSIBLE SPIN STATE CONVERSIONS
USING J PULSES

One example of aJ pulse has already been described
rondeau and Canet (12). They showed that for an IS sp
ystem, an on-resonance long low-power rectangular RF
ation pulse (B1 5 J/ 2 Hz; lengthtP 5 (=2J)21 s; phasex)
ill transform initialSz to 2SxI z. In consequence this pulse c
ubstitute for the initial pulse sequence elements, 9
]–(2J)21, in INEPT, where 90[S,x] signifies a 90° pulse o
phase on the S spins. The mechanism of the pulse c

escribed as the classical rotation of the two S-spin mag
ations (coupled to I spins along6z) by 180° around tw
ffective fields,Be

6, tilted at 45° from thexy plane by the6J/ 2
oupling fields (12). The pulse was first implemented a
ANTE train (13) to provide the equivalent of continuous lo
ower, but using a high-power source. Rapid RF power sw

ng is now routine, so this aspect is no longer needed.
We have found no other examples ofJ pulses in the NMR

iterature, but there are several other selective spin state
ormations that can be generated from a detailed analysis o
xact analytical equations, which include the effects of sc
oupling, for an RF excitation pulse (4). A subset of thes
quations has been derived previously by Bazzo and Boy

he particular case of an IS spin system as a 63 6 matrix (Eq.
6] of Ref. (14)). The matrix describes the interconversion
he six possible orthogonal spin states,Sx, Sy, Sz, 2SxI z, 2SyI z,
nd 2SzI z, but these authors did not find any of the 100% s
tate transformations that are possible within the set. Sim
cation of the 63 6 matrix for on-resonance irradiation reve
our conversions that occur in 100% yield under the s
onditions of RF power and pulse length given above.
erm in row 4, column 3 of the 63 6 matrix corresponds to th

z 3 2SxI z transformation described above. Brondeau
anet (12) did not consider the inverse 2SxI z3 Sz conversion
ut this is governed by the term in row 3, column 4. Furt
ore, new forward and reverse transformations,Sx 7 2SzI z,
re given by the terms in row 6, column 1 and row 1, colu
, respectively, of the 63 6 matrix. As one part of a subs
uent comprehensive paper that matches quantum mech
quations with vector descriptions, we will show that the m
eneral 63 6 matrix can be derived from calculating t
lassical rotation of the S-spin magnetizations around the
ffective fields,B6
e , defined by the resultant of the RF field and
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263J PULSES FOR MULTIPLET-SELECTIVE NMR
he coupling (see Eq. [5] below). One detail is that all fou
he above spin state transformations are 180° rotations.
hese rotations include the effect ofJ coupling, we will call the
F pulses that induce the rotations “180J” pulses.
In addition, we have derived exact product operator s

ions for the effect of scalar coupling during arbitrary
ulses on the I spins after excitation of the S spins (3, 4). These
ew calculations show that the irradiation interconverts
rthogonal spin states,Sx, 2SyI x, 2SyI y, and 2SyI z. Although

he induced rotations are now nonclassical in the sense
hey are not simple linear rotations around the effective fie
he system can still be described in terms of exact analy
quations so that the rotation of magnetization vectors ca

ollowed straightforwardly, both by calculation and by m
urement. In particular, on-resonance pulses ofx phase do no
roduce any of the 2SyI x spin state and, whenB1 5 J/ 2 Hz,
W irradiation produces an oscillation betweenSx and 2SyI y

ith some transitory 2SyI z. Recently we provided the equ
ions for this on-resonance oscillation for anyB1 and showe
hat the phenomenon could be used to comprehensivel
uickly characterize the I-spin channel using signals from
-spin channel, yielding several methods for determining
omogeneity of the applied RF (15). Another outcome is tha
x can be converted entirely to 2SyI y with an on-resonanc

ow-power rectangular RF pulse on the I spins (B1 5 J/ 2 Hz;
engthtP 5 (=2J)21 s; phasex). Although these are the sam
onditions as for the 180J[S] pulses just described, the detai
nalysis of these equations in terms of magnetization ve
to be published as above) shows that the vectors asso
ith the I spin states rotate 90° from the6z axes to the6y
xes and remain antiparallel at all times. The axis of rotati

he B1 field and the6J/ 2 coupling fields are manifested in
onlinear rate of rotation of the I spins in theyz plane and
onlinear rate of precession of the S spins in thexy plane.
ince the rotation induced by the RF is 90°, we named
ulse “90J” and used it in the new methods for characteriz

he I-spin channel (which also provides an easy mean
alibratingB1 5 J/ 2 Hz (15)—see Experimental).
In summary, the above analysis shows that there are at

hree potentially usefulJ pulses:

180J@S, x# for Sz7 2SxI z, [A]

180J@S, x# for Sx 7 2SzI z, [B]

nd

90J@I, x# for Sx 7 2SyI y. [C]

n pulse sequences, the I and S labels and thex andy phase
ay be swapped at will. Thus, in a standard INEPT16)
ortion of a pulse sequence without refocusing pulses,
f
ce

-
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ast

90@S, x#–~2J! 21–$90@S, y#; 90@I#%–~2J! 21. . . , [D]

180J@S, x# for Sz 3 2SxI z may replace 90@S, x#–~2J! 21;

[E]

180J@S, y# for Sy 3 2SzI z may replace~2J! 21–90@S, y#;

[F]

90J@I, x# for Sy 3 2SxI y may replace~2J! 21–90@I#; [G]

180J@I, x# for 2I zSz 3 I x may replace 90@I#–~2J! 21; [H]

nd

90J@S, y# for 2I ySx 3 I x may replace 90@S, y#–~2J! 21.

[J]

lso, 180J as in scheme [E] can be used for the initial hard
xcitation pulse in multiple quantum sequences (e.g.,
ulse HMQC (17)), and a 90J pulse can substitute for any

he subsequent hard 90° pulses. Furthermore, each trans
ion is frequency selective because the applied RF pow
eak. Consequently, any combination of a (2J)21 free preces
ion period and a consecutive hard 90° pulse, in any pola
ion transfer or multiple quantum pulse sequence, for an IS
ystem, can be replaced by a frequency-selective 180J or 90J

ulse.
The exact analytical equations for the yield in transfor

ions [A] and [B] as a function of resonance offset, for re
ngular 180J pulses, may be obtained from the tables in R
4) or from the four relevant terms (specified above) in
ottom-left to top-right diagonal of the 63 6 matrix in Eq. [6]
f Ref. (14). The same expression applies in each case
oincides with that provided by Brondeau and Canet forSz3
SxI z (12). It may be written as

sin 2a1 sin2@u 1/ 2# 2 sin 2a2 sin2@u 2/ 2#, [1]

here

u 6 5 2p Be
6 tP, [2]

sin a 6 5 @DH 6 ~ J/ 2!#/Be
6, [3]

cosa 6 5 B1/Be
6, [4]

nd

~Be
6! 2 5 B1

2 1 @DH 6 ~ J/ 2!# 2, [5]

here B1 5 J/ 2 Hz and tP 5 (=2J)21 s to provide the
onditions for the 180J pulse, andDH is the resonance offs
n Hertz. The corresponding equation for transformation
sing a rectangular 90J pulse (4) is
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264 BENDALL AND SKINNER
sin@a 1 2 a 2#~cos 0.5@u 1 2 u 2# 2 cos 0.5@u 1 1 u 2#!,

[6]

here the symbols have the same meanings as for Eq. [
The selectivity profiles given by Eqs. [1] and [6] a

lotted in Figs. 1a and 1b, respectively, and the new Eq
s confirmed by experiment in Fig. 1c as described un
xperimental. The profiles demonstrate that the bandw
f theseJ pulses are of the order of theJ coupling constan
ince the length of theJ pulses is (=2J) 21 s, the replace

2J) 21 period is increased by only 40%, or 0.2J21 s. The
andwidth of conventional selective RF pulses is appr
ately equal to or greater than the reciprocal of their len

.e., t P $ J21 s for a bandwidth ofJ Hz. So, in compariso
o conventional methods, a time saving of about a facto

or more is achieved by substituting aJ pulse for a (2J) 21

recession period (this comparison is discussed in m
etail in a later section). The advantage over conventi
elective RF pulses will be important for application to la
acromolecules and other systems subject to rapid s

oss from relaxation.

FIG. 1. Plots of signal magnitude versus resonance offset for (a) a
sing Eq. [6]; (c) the 90J pulse obtained by experimental measurement u
alculated using the Bloch equation. The Bloch equation excludes the e
f inversion between21.0 and 1.0 units ofSz magnetization has been r
omparison with (a) to (d). (d and e) See Comparison with Convention
]
r

hs

i-
h,

f

re
al

al

SPECIFIC APPLICATIONS OF
RECTANGULAR J PULSES

From Fig. 1, the selectivity profile for the 90J pulse is much
etter than that for 180J in that the “sinc-like” oscillations ar
ore rapidly damped with resonance offset for 90J. Indeed, a
iscussed below, the profile for a 90J rectangular pulse
ompetitive with that of conventional shaped pulses. C
ersely, the rectangular 180J profile is not competitive, a
hough we suggest that it will be possible to shape 180J pulses
o improve their profiles.

A further advantage for 90J in more complex pulse s
uences is obtained by nesting this type ofJ pulse entirely
ithin a free-precession period to avoid any increase in

ime length of the sequence. For example, in triple-reson
ethods, it is common to refocus the antiphase state of s

elative to spin P and create the antiphase state with resp
pin I at the same time. Since the overall length of the f
recession period is determined by the smallest coupling
tant, a 90J pulse corresponding to the largest coupling c
tant can be inserted with no increase in the overall d
eriod.

angular 180J pulse calculated using Eq. [1]; (b) a rectangular 90J pulse calculate
g sequence [M]; (d) a one-lobe sinc 90° pulse; and (e) a one-lobe sinc
t of scalar coupling during the RF pulse. For the sinc-180 inversion pulshe exten
aled to vary between a signal magnitude of 1.0 and 0, respectively,
ulses.
rect
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ffec
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265J PULSES FOR MULTIPLET-SELECTIVE NMR
This principle, as well as the selectivity ofJ pulses, is
llustrated by the results in Figs. 2b and 2d for a 90J pulse
nserted in the C(CO)NH pulse sequence (18) for isotopically
abeled protein NMR, compared to normal results for the p
equence in Figs. 2a and 2c, respectively. In the middle o
ethod, polarization is transferred from13Ca nuclei to 13CO

carbonyl) nuclei via the pulses

· · · –$90@Ca#; 90@CO#%–h–180@Ca#–

~u 2 h!–$180@CO#; 180@N#%–u– · · · , [K]

ith the next step (not shown) being transfer of polarizatio
he 15N nuclei of the peptide bonds. The antiphase spin s
COyCa z, is refocused to COx during the 2h J-modulated
eriod centered on the 180[Ca] pulse, whereh is (4J)21 for the
5-Hz Ca-CO coupling. This occurs at the beginning of
verall 2u delay centered on {180[CO]; 180[N]}, whereu is
4J)21 for the 15-Hz CO-N coupling, during which COx trans-
orms to 2COyNz. If the 90[Ca] pulse is not applied, the sp
tate is 2COyCa x after 90[CO], and this can be transform
electively to COx with a 90JCC pulse as in option [J] liste
bove for INEPT:

· · · –$90@CO#; 90JCC@Ca#%–~u 2 2Î2h!–$180@CO#;

180@N#%–u– · · · , [L]

here 2=2h is the length of the 90JCC[Ca] pulse and 180[Ca]
s no longer necessary.

Consequently, this method selects only those amino
hose 13Ca nuclei resonate within a bandwidth of appro
atelyJ 5 55 Hz. A single slice at 46 ppm has been sele

n Fig. 2b (the peaks at 27 and 31 ppm are side chain ca
orrelated via the Ca nuclei at 46 ppm by a prior period
IPSI-3 mixing). This slice is narrower than the strip of pe

n the normal spectrum (Fig. 2a), and three small peaks
oincide with the sinc wobbles are indicated in the expan
lice region above Fig. 2b. Of these, the larger negative
les may be suppressed by plotting positive contours
igure 2c shows the normal15N/1H correlation contrasted wi

he selectivity obtained in Fig. 2d for the 90J pulse. Very high
electivity is obtained without increasing the time length of
equence. The overall pulse sequence structure is simplifi
nsertion of the 90J pulse demonstrating that the new met
s easy to apply.

This type of application, illustrated with the C(CO)NH
uence, will be useful whenever there is an advantag
onverting a 3D method (13C-15N-1H in this case) to a selectiv
D correlation (15N-1H here). For example, repetitive measu
ents of dynamics such as relaxation times may be obtain
set of selected resonances more quickly than by obtain

omplete 3D spectrum. The gains may be very large if t
easurements are to be repeated as a function of pH, te
 c
e
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ture, inhibitor concentration, etc. This is because selectiv
he 3D method is limited by the number of complex pointsni ,
nd the sweep width, SW, in the extra dimension. Resolu

or a 90J pulse may be defined as where the curve in Fig
ntersects zero signal amplitude at60.8J 5 644 Hz. For

ultidimensional NMR, resolution varies a little with the a
ization method used, but the equivalent resolution is g
pproximately by6SW/(2ni). The minimum 13C spectra
idth for aliphatic carbons (at 600 MHz for protons) is ab
800 Hz indicating that 100 complex points must be obta

o provide similar resolution to that shown in Figs. 2b and
ince a minimum of two transients are required for each
nd 200 FIDs are needed for the additional13C dimension, 40

ransients must be acquired for each of 60 complex poin
he 15N dimension for the complete 3D spectrum. This co
ares to 64 transients for each of the 60 points to produc
pectrum in Fig. 2d. Accordingly, in this illustration a selec
D spectrum can be obtained six times more quickly than
pectrum with the same resolution.
This theoretical comparison between the selective 2D

elation and a full 3D method is confirmed by the spectr
ig. 3. Two-dimensional slices are displayed in Figs. 3a an
btained from 3D acquisitions with 32 and 100 comp
oints, respectively, in the carbon dimension. Within exp
ental error these 2D slices match the13C frequency of th
0JCC[Ca] pulse in Figs. 2b and 2d. As expected, the Fig
pectrum, which has low resolution in the13C dimension
ontains several additional resonances to that in Fig. 2
ontrast, the Fig. 3b slice is very similar to that of Fig. 2d.

13C resolution for Fig. 3b is probably still a little worse th
hat obtained with the 90J pulse, but most of the minor diffe
nces are explicable in terms of a small13C frequency shif
etween the two spectra, which were obtained on diffe
ays.
There is also a gain inS/N ratio for the selective 2D examp

ver the 3D method for the same acquisition time. For the13C
imension the 90° read pulse is eitherx or y phase for an
ingle FID. That is, the quadrature detection of the13C fre-
uency is not simultaneous so that on averageS/N is reduced
y 1/=2 compared to the case of no13C chemical shift evo

ution. Accordingly, twice as many transients are required
he 3D method as for the selective 2D experiment to obtai
ameS/N. An experimental comparison is shown in Fig.
here Fig. 4a is a trace at a15N shift of 128 ppm from Fig. 2d
nd Fig. 4b is the equivalent trace from Fig. 3a. For the l
D experiment, twice as many transients were accumulat

or the 90J spectrum, and theS/N ratios are equivalent a
xpected. This, however, is an oversimplification. There
e some loss of signal during the 90J pulse because the Ca

inewidths are a significant fraction oftP
21. But additional losse

lso occur for the 3D method, in particular from apodizatio
he t 1 FID, relaxation during thet 1 delay, homonuclear13C
oupling, andt
 1 noise. The comparison in Fig. 4 indicates that
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267J PULSES FOR MULTIPLET-SELECTIVE NMR
hese extra losses from the two different methods are si
nd that the 1/=2 loss for the 3D experiment dominates.
Thus there are gains in acquisition time for the same spe

esolution or the sameS/N for this type of selective 90J 13C
ethod compared to the equivalent multidimensional ex
ent. Of course, the selective method contains much

nformation in terms of correlated nuclei than the multidim
ional technique, but a primary application as mentioned a
ill be in the repeated measurement of a few correlated
ances.
Another useful area of application is where a nonsele

D pulse sequence can be converted into a selective
ethod. For example, the H(CCO)NH sequence (18) provides
C1H9–15NH–N1H 3D correlation where1H9 nuclei are on th

mino acid side chains. Since H(CCO)NH contains the s
equence elements [K] listed above, these can be conver
lements [L] ensuring that a C1H9–15NH–N1H 3D correlation is
btained only for those amino acids selected by the 90JCC[Ca]
ulse. Thus, whenever crowding in the1H and 15N spectra
roduces ambiguity for particular amino acids using a stan
(CCO)NH sequence, this can be easily overcome usin

FIG. 2. Two-dimensional spectra of13C/15N isotopically enriched alpha
19). (a) Normal13Ca/b–N1H correlation. (b) As for (a) but with a 90JCC[Ca]
0[Ca]–h–180[Ca]–h–portion of the sequence. The slice selected at 46

or (c) but with the 90JCC[Ca] pulse substituted as in (b) to illustrate the s
orresponds to the sidechain carbons at 27 and 31 ppm in (b) and is a

FIG. 3. Two-dimensional15NH–N1H correlated planes of a 3D13Ca/b–15N
orrespond to the same13C frequency selected by the 90J pulse in Figs. 2b an
pectrum shows poorer slectivity than that in Fig. 2d and needed twice
pectrum shows similar selectivity to that in Fig. 2d but required 6.25 ti
ar

ral

i-
ss
-
ve
o-

e
D

e
to

rd
he

ispersion in the13C spectrum to select those particular r
ues without the need to obtain a time-consuming 4D s

rum. Another example from the same family is for the Cb
CO)NH sequence (20). The constant time (TAB)

13C chemica
hift evolution period is long enough to allow replacemen
he 90[H]–e elements with 90J[H] so that the original 3D
ethod becomes a selective 3D technique with respect

hosen aliphatic proton frequency.
Continuing with examples from the C(CO)NH sequen

ny of the overall (2J)21 periods may be utilized forJ pulses
s described above for simple INEPT if the modest 4

ncrease in the length of these periods is acceptable. Pul
he 180J type may be used for the initial 908–(2J)21 or
2J)21–908 periods as in schemes [E] and [F] and no refo
ng pulses are needed because the RF is on resonance
xcited spins. However, as noted already, further wor
eeded to design shaped 180J pulses so that their offset profil
re competitive with conventional counterparts of the s

ength. Any delay and an appropriate 90° pulse can als
eplaced with 90J as in schemes [G] and [J], but for a 90J[I]
ulse the 180[S] chemical-shift refocusing pulses at the c

protease obtained using the C(CO)NH pulse sequence (18) as implemented i
se,B1 5 28 Hz, length5 12.9 ms applied at 46 ppm in place of the nor

is expanded and displayed above (b). (c) Normal15NH–N1H correlation. (d) As
ctivity obtained using the 90J pulse. The peak at a15N shift of 127.4 ppm in (d
nt from Fig. 3 (see further details under Experimental).

N1H spectrum obtained using the C(CO)NH sequence as in Fig. 2. The
d. (a) 32 complex points were obtained for a13C spectral width of 8800 Hz—th
many transients. (b) As for (a) except that 100 complex points were ahe

s more transients.
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268 BENDALL AND SKINNER
f the (2J)21 period must be retained. We find that whene
180[S] pulse occurs during a 90J[I, x] pulse, the norma

ourse of theJ modulation operative during theJ pulse on
esonance is restored by applying a high-power “insta
eous”180[I, x] inversion pulse simultaneously with 180[S
nfortunately this impairs the well-behaved offset profile
isplayed in Fig. 1b so that it becomes similar to that of
80J pulse in Fig. 1a. Again improvements can be expecte
haping these 90J pulses when they are overlapped by re
using pulses, so that they can be applied optimally and
rally.

COMPARISON WITH CONVENTIONAL METHODS

For a detailed comparison ofJ pulses with convention
elective-pulse methods, the offset profiles of one-lobe sin
nd 180° pulses, which have the same bandwidth at 0.5 s
mplitude as the 90J pulse, are displayed in Figs. 1d and
espectively. The 90J pulse provides a bandwidth ofJ Hz
within 2%) at half height. The emphasis in this article is
mporting frequency selectivity generally into pulse seque
ith the minimum increase in their time length, and the o

obe sinc (central lobe only, no side lobes) is optimally s
or a conventional selective pulse (19). Indeed, the length o
he sinc-90 pulse of Fig. 1d is 0.6J21 s compared to 0.7J21 s
or the 90J pulse of Fig. 1b. But as described for the C(CO)
equence, in favorable cases a 90J pulse can be nested with

pulse sequence without increasing its length, and in

FIG. 4. 1H spectra over a width of 6 ppm obtained at a15N shift of 128.2
pm from (a) Fig. 2d and (b) Fig. 3a. TheS/N ratios, defined as the sign
eight divided by the rms noise, are 19 and 20, respectively, but the s
pectrum was obtained with twice as many transients as the first. The
lent spectrum derived from Fig. 3b has aS/N ratio of 35 but was obtaine
ith 6.25 times more transients than spectrum (a).
s

r

a-

s
e
y

-
n-

0°
al

,

s
-

rt

e

eneral case of substituting for an entire (2J)21 period it
ncreases the time length by only 0.2J21 s as already men
ioned. In contrast, the entire length of the conventional s
ive pulse is additional to a sequence. Moreover, convent
ethods cannot be applied to pulse sequences by simply

tituting a soft pulse for a hard pulse, because the spin
odulated by scalar coupling during the long soft puls
ays that only now can be fully described (4). Any attempt to

ake this modulation into account leads full circle back tJ
ulses. If a soft pulse is substituted for a hard excitation p
cting on in-phase S-spin magnetization, the I spins mu
ecoupled (13). If the substitution is for a hard 90° pulse in

NEPT transfer step, or for the equivalent step in HMQC,
ransverse coupled spins must be uncoupled by spin lo
uring the selective pulse (21) andS/N loss may occur if th
pin locking does not adequately cover the full spectral w
Furthermore, it is clear from the comparison of Figs. 1d

b that the shaped sinc-90 pulse provides a worse profile
he 90J pulse even though the latter is rectangular. Be
onventional pulses than the sinc can be employed bu
mprovement in the profile comes at the expense of a lo
ulse. For example, a half-Gaussian shape does not in
egative signal lobes, but to produce a bandwidth ofJ Hz at
alf height its length is 0.9J21 s (22). However, it is no
ossible to devise a reasonable conventional experiment t
quivalent to scheme [L] even if the time penalty of 0.9J21 s

or a half-Gaussian is accepted. The prime difficulty is
ollows. To prevent coupling effects during a soft 90[Ca]
onventional pulse in scheme [K], the 90[CO] pulse could
pplied first and the resulting transverse13CO spins might b
ncoupled by spin locking during the soft pulse. But
oupled spins are homonuclear and it would be difficu
etain the integrity of the soft pulse at one frequency while
ocking at another.

The more common type of conventional selective puls
he soft inversion pulse. Scalar coupling effects are refoc
uring all symmetric inversion pulses so no decoupling or

ocking of the nonirradiated spin is necessary. It is well kno
hat shaped inversion pulses provide much better offset pr
han the equivalent 90° pulses, and this is illustrated in Fig
or a conventional sinc-180 pulse. But, unsurprisingly,
inc-180 is twice as long at 1.2J21 s. Except in special cas
uch as the heteronuclear spin-echo difference exper
23), the use of inversion pulses to import selectivity into pu
equences requires additional pulse sequence segment
aining the soft pulse. In the case of methods such as
inging (24) and DANTE-Z (25) these additional segments
ptimally equal to the length of the soft pulse, but ot

echniques such as excitation sculpting (26) require extra
ulsed-field-gradient delays and even repetition of the
ulse. In all cases the extra time requirement is greater
21 s.
In applications as in Fig. 2 it will generally be acceptabl

uppress moderate negative contours by not plotting them

nd
iv-
, and
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269J PULSES FOR MULTIPLET-SELECTIVE NMR
o the offset profile for the 90J pulse in Fig. 1b is a little bette
han that for sinc-180 in Fig. 1e. If this is not acceptable
he 90J profile is a little worse than sinc-180 profile. Over
e can say that the two pulses are competitive in term

requency selectivity. Unlike the sinc-90 case, a selective
ersion method can be readily added to scheme [K].
xample, a sinc-180 pulse could be inserted between
0[Ca] and 90[CO] pulses in [K] when the spin state
COzCaz. If inserted for alternate transients as in
ANTE-Z technique with alternate subtraction of signal (25),
similar result to scheme [L] will be achieved. This met
ill not be as stable as scheme [L] because it relies on
ancellation of unwanted signal outside the selected band
y addition/subtraction, whereas in scheme [L] usingJ pulses

he nonselected spins remain unobservable in the 2COyCa x

tate. But if a time penalty of 1.2J21 s for the sinc-180 i
cceptable then why not double it and use the more s
xcitation sculpting method? If that is acceptable then
inc-180 pulses should be replaced with much longer p
ith rectangular offset profiles such as BURP pulses (25).
hus, solely in terms of ideality of frequency profiles, it w
lways be possible to implement a conventional method th
etter than a rectangular 90J pulse.
This, however, is a complete departure from the b

remise of this article. Our thesis is that if the most impor
erformance criterion is the length of the pulse sequence
ill be for large molecules, then there are no conventi
ethods that are competitive withJ pulses.
There is one 90° pulse, the Janus pulse (27), that might be

ermed conventional in that it does not make use ofJ modu-
ation, but still induces the spin state transformation,Sz 3
SyI z and so could take the place of a 908–(2J)21 combination
t the beginning of a pulse sequence. However, the Janus
as designed for a different purpose to be effective ov

actor of 10 variation in coupling constant, so it has a lengt
bout 5J21 s relative to averageJ. There is no indication i
ef. (27) that this pulse could be redesigned for a singleJ to be
ompetitive with the 180J pulse of Brondeau and Canet (12).

CONCLUSIONS

A new class of frequency-selective RF pulses has
emonstrated. These utilizeJ modulation during the irradiatio

o selectively transform a weakly coupled IS-spin system
ween in-phase magnetization and a two-spin product ope
tate. Potentially, theseJ pulses are generally applicable
ulse sequences since they can replace any combinatio
ard 90° pulse and a (2J)21 free-precession period as in t
ulse sequence elements, 908–(2J)21 or (2J)21–908. Unlike
onventional selective pulses,J pulses minimally increase th
ime length of pulse sequences and so have advantag
ystems subject to rapid relaxation. Like conventional sele
ulses, there are gains in reducing the acquisition time
s f
n

of
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he
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th
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ultidimensional methods, especially for repetitive meas
ents using the same pulse sequence and sample.
In the specific applications described here, a 90J pulse
as implemented in its simplest form as a rectangular p
nd it was shown to be competitive with the shortes
mplitude-modulated pulses on the basis of off-reson
electivity. A further advantage in terms of limiting the ti
ength of a pulse sequence was gained by entirely ne
he pulse within the parent sequence and, although de
trated for a particular group of sequences, this typ
pplication should find use throughout the class of tri
esonance sequences employed for biomolecular NMR
auseJ pulses are selective, they can be used as eas
omonuclear methods as heteronuclear sequences (the

llustration is a homonuclear example).
Furthermore, we suggest that the three main limitation

he present illustration ofJ pulses may be lifted in th
uture:

● Rectangular 180J pulses, and rectangular 90J pulses tha
re overlapped by refocusing pulses, are not competitive
onventional methods in terms of offset profiles. These pro
hould improve with the substitution of pulse shapes desi
ia numerical simulations in an analogous way to their c
entional counterparts.1

● J pulses uniformly operate on the whole multiplet, yet
urrently implemented, they have an impressive minim
andwidth ofJ Hz. Nevertheless this is restrictive and ma
pplications require greater spectral widths. It should be
ible to reduce the extent ofJ modulation during the pulse a
o provide any bandwidth.

● The analytical equations for any ImS or ISn group (4) will
etermine the conditions for selectiveJ pulses on systems wi
ore than two coupled nuclei.

emoval of these limitations would realize the potential g
ral applicability of theJ pulse method at which time
onvenience factor should become apparent—any high-re
ion pulse sequence can be made selective with respect
roup of weakly coupled spins by one simple change.

EXPERIMENTAL

The experimental points in Fig. 1c were obtained usin
tandard HCN triple-resonance PFG probe on a 500-
arian INOVA spectrometer using a 2% sample of

sopropyl ester of1H13CO2H in CDCl3, doped with 0.2%
r(AcAc)3 relaxation agent. TheB1 calibration method tha
as employed is described in more detail in Ref. (15).
riefly, signifying S[ 1H and I [ 13C, CW decoupling o

he I spins during signal detection of the S spins yield
enterband with amplitude 12 ( J/ 2Be

J) 2, and sidebands

1 Note added in proof.Except for overlapping refocusing pulses, th
roblems have been solved as described in the subsequent compre
aper referred to in the body of the text and now submitted for publica
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270 BENDALL AND SKINNER
Be
J with amplitude 0.5(J/ 2Be

J) 2, where Be
J 5 [B1

2 1
J/ 2)2] 0.5. B1 was calibrated to within 1 dB ofJ/ 2 Hz (111
z) from the difference in frequency between these s
ands, which is=2J when B1 5 J/ 2. Values of signa
agnitude as a function of resonance offset for theSx 3

SyI y transformation were obtained by measuring antiph
SyI z signal at6J/ 2 Hz with sequence [M],

90@S, 2y#; 90J@I, x#; 90@I, 6 x#; acquire S@ 6 #. @M#

he final pulse in [M] converts 2SyI y to 2SyI z.
The spectra in Fig. 2 were obtained using a standard

riple-resonance PFG probe on a 600-MHz Varian INO
pectrometer using a sample of doubly labeled alphalytic
ease. The C(CO)NH pulse sequence (18) with minor modifi-
ations as implemented in Ref. (19) was used for Figs. 2a an
c. For Figs. 2b and 2d scheme [L] was employed. The p
hift, induced on the homonuclear13CO spins by the13Ca
ulses (18), was calibrated by adjusting the phase of
ubsequent 90[CO] pulse to null the 1D signal, and 90°
hen added to this phase to eliminate the shift. This adjust
hanges when the 90J pulse is substituted as in scheme [L]. F
igs. 2a and 2b, 64 transients were acquired for each o
omplex points int 1 with the 13C spectral width set at 10,30
z. For Figs. 2c and 2d, 64 transients were obtained fo
omplex points int 2 for a 15N width of 2200 Hz. The13C width
as reduced to 8800 Hz and 2 transients were acquired f
omplex points int 2, and 32 and 100 complex points int 1 for
igs. 3a and 3b, respectively. For the Fig. 3 spectra, a co
quared apodization window was applied whose time le
xceeded the number of acquired points int 1 by 25% to
aximize resolution andS/N by permitting small sinc wobble
n either side of resonances—these wobbles are not disp

n Fig. 3. The apodization functions used in Figs. 2 and 3
he 1H and15N dimensions were the same for all spectra. M
f the 13Ca resonances selected in Fig. 2b are from gly
esidues. However, the side chain signals at 27 and 31 p
ig. 2b, which correlate with the peak at 127.4 ppm in Fig.
re detected via a13Ca nucleus that resonates at 46 ppm
hich produces no C(CO)NH signal and is therefore ab

rom Fig. 3. 13Ca1H moieties do not necessarily provide
orrelation using the C(CO)NH sequence as demonstrat
trip plot 6, Fig. 2a, Ref. (18).
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