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Exact product operator solutions have been obtained for the
evolution of weakly coupled spin-3 1,,S,, systems during arbitrary
RF irradiation of one spin. These solutions, which completely
characterize the nature of J-coupling modulation during RF
pulses, show that significant exchange occurs between single-spin
magnetization and two-spin product operator states when the RF
field strength is comparable to the coupling. In particular, a long
(t, = [V2J]™" s), low-power (B, = J/2 Hz), constant amplitude
pulse applied on resonance to one spin in an IS system completely
interconverts the spinstates S, <> 2S,1, and S, < 2S,l, when the
RF is applied to the S spins, and interconverts S, <> 25,1, in 100%
yield when the RF is applied to the I spins. Thus, these “J pulses,”
which select a bandwidth approximately equal to J Hz, may
replace any combination of a (2J) " delay period and a consecutive
hard 90° pulse in any polarization transfer or multiple quantum
sequence. Although these rectangular pulses are highly frequency
selective, in general they increase the replaced (2J)™" period by
only a modest 40%, a time saving of a factor of 5 compared to
existing pulses exhibiting the same selectivity. In favorable cases,
there is no increase in duration of a pulse sequence using a
particular type of J pulse, the 90’ variety, which accomplishes the
third spin state transformation listed above. J pulses will be ad-
vantageous for systems subject to rapid signal loss from relaxation
and more generally for the enhanced operation of pulse sequences
via the use of J modulation during RF irradiation. © 1999 Academic

Press

INTRODUCTION

tween two spin states. One general application of these sf
state transformations, introduced here, is in frequency-selecti
NMR.

Frequency-selective RF pulses may be used to simplif
complex spectra by selecting a subset of resonances. In m
tidimensional NMR they may be used to reduce the bandwidi
of one or more dimensions to increase resolution for the san
total acquisition time. Alternatively, they can eliminate one
dimension to allow increased resolution in the remaining di
mensions for the same acquisition time or to reduce the tot
experimental time§). In 1D applications, such as in vivo
NMR, the object is to select a reduced number of desire
resonances from a complex overlapping array of signals. Fr
guency-selective NMR is of increasing potential worth with
increasing molecular weight as an aid in discrimination be
tween more numerous signals, but selective pulses are r
commonly used at present because they are long and there
loss of /N via relaxation for large molecules. The methods
described here replace existing delays within pulse sequenc
with selective pulses and so do not greatly increase the tin
length of the sequence.

Frequency-selective pulses are normally classifiedessi-
selectiveif they operate over part of the spectrum and trans
form all lines of a multiplet uniformly. In this case the effective
field during the pulse is usually assumed to be much great
than the coupling constadtof any multiplet, or the effects of
coupling are suppressed, so tllatvolution can be ignored

In order to gain insight into the mechanics of a vector modéHring the pulse. The class sklectivepulses is generally

of spin state transformations during RF irradiatidn %), we

restricted to the excitation or inversion of only one line of the

have calculated the evolution of the orthogonal product opépultiplet and for these the RF amplituds < J.

ator states during application of arbitrary RF waveforms to one!n this article we introduce the general concept of the utili
spin of a weakly coupled spi},.S, system, under a Comp|etezation ofJ modulation during an RF pulse to selectively anc
set of standard initial condition84). Previous general treat-completely transform a weakly coupled IS spin system be
ments have dealt exclusively with the observable signal frofyeen single-spin magnetization and two-spin product operat
initial in-phase magnetization in an IS system subject to arlsitates, or vice versa. In the applications we descihes of

trary RF 6, 6) or in an |,S, system subject to CW irradiation the same order as the coupling constant, and although all lin
(7). Our more comprehensive guantum mechanical solutioathe multiplet are affected uniformly, the bandwidth of the
yield analytical expressions for a constant RF pulse that dadlse only just covers the entire multiplet. Thus, in terms o
scribe the interconversion of the orthogonal spin states in tinfegquency, these RF pulses are on the border betselective

beginning with an arbitrary spin state. Thus, the equatioasd semiselectivepulses, and they are also selective with
define the conditions necessary for 100% transformation lrespect to the initial and final spin states. In the convention:
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use of frequency-selective pulses, the effects of scalar couplspecific applications of rectanguldr pulses for frequency-
are suppressed by decoupling or spin-locking the unselectgsdective NMR that can be usefully and easily implemente
spins during selective 90° pulses, or by the refocusing thadw. Comparisons are made with equivalent multidimension:
occurs naturally during selective inversion pulses. By takingethods. In a third sectiod,pulses are shown to have advan-
advantage ofl-coupled motion during the RF irradiation wetages over conventional frequency-selective techniques
show that any consecutive combination of a hard 90° pulse aledms of reducing the time length of pulse sequences. In tt
a (2J) * free precession period in any pulse sequence may tencluding section several areas for further development a
replaced by a single frequency-selective pulse, and we wilbted that could maké pulses widely competitive with exist-
refer to this new class of RF pulse abpulses.” Thus) pulses ing methods.

are not distinguished from other selective pulses by shape, but

by the precise match of pulse tintg and B, amplitude nec- POSSIBLE SPIN STATE CONVERSIONS

essary to provide an exact transformation between two spin USING J PULSES

states that would conventionally require a combination of a

pulse and delay period for the conversion. One example of a pulse has already been described b

Our initial project in this general area showed that adiabatdrondeau and Canetl?). They showed that for an IS spin
inversion pulses could take the place of all or part af)(2 system, an on-resonance long low-power rectangular RF ex
delay periods in pulse sequencésgnd that a time-dependenttation pulse B, = J/2 Hz; lengtht, = (V2J) * s; phase)
reduced scalar coupling constant was operative during tél transform initial S, to 2S,1,. In consequence this pulse can
pulse—this was the basis of the vector model. One illustratisabstitute for the initial pulse sequence elements, 90J:
of the reduced was that an off-resonance spin-lock pulse oxr]—-(2J) %, in INEPT, where 90[Sx] signifies a 90° pulse of
*H nuclei could be used to match the coupled precessidiNof x phase on the S spins. The mechanism of the pulse can
spins in NH, groups (angular rate= +=J Hz normally) with described as the classical rotation of the two S-spin magne
that of NH groups (angular rate =J/2 Hz normally) based zations (coupled to | spins alontjz) by 180° around two
on a difference in chemical shift for the two types of groups iaffective fieldsB., tilted at 45° from thexy plane by the=J/2
proteins, so that an INEPT transfer step was close to optimwoupling fields 12). The pulse was first implemented as a
for both groups 1). We noted that this was a modern pulse®ANTE train (13) to provide the equivalent of continuous low
application of off-resonance CW decoupling),(a popular power, but using a high-power source. Rapid RF power switcl
method prior to FT NMR. In closely related work, the approxing is now routine, so this aspect is no longer needed.
imate linear relation betweehl,. and chemical shift in bi- We have found no other examples bpulses in the NMR
omolecules ) and organic moleculedQ) has since been usedliterature, but there are several other selective spin state trai
to match coupled precession in chemically different groufsrmations that can be generated from a detailed analysis of
utilizing the same principles with adiabatic inversion pulsesxact analytical equations, which include the effects of scal
Most recently, in a detailed analysis of adiabatic decoup®)g (coupling, for an RF excitation pulsef)( A subset of these
we found that calculations of the reduced coupling constaefuations has been derived previously by Bazzo and Boyd f
using the vector model, and exact quantum mechanical caltive particular case of an IS spin system as> 6 matrix (Eq.
lations, gave indistinguishable results for a single adiabafi] of Ref. (14)). The matrix describes the interconversion of
inversion pulse. However, the concept of a reduced couplitize six possible orthogonal spin stat8g,S,, S,, 2S.l,, 2S,1,,
constant, and all the methods introduced in Reffs2( 9, 10, and %,1,, but these authors did not find any of the 100% spit
comply with the condition thaB, or the effective field, > J. state transformations that are possible within the set. Simpl
Accordingly, there is not a close relationship between thegeation of the 6X 6 matrix for on-resonance irradiation reveals
studies and the on-resonandepulses introduced here forfour conversions that occur in 100% yield under the sam
which B, =~ J. conditions of RF power and pulse length given above. Th

Another area that may seem related is that of spin-ticklingrm in row 4, column 3 of the & 6 matrix corresponds to the
(7), or the SPT (or SPI) technique$lj, in which one line of S, — 2SI, transformation described above. Brondeau an
a doublet is selectively inverted. For these methBds< J Canet (2) did not consider the inverses2, — S, conversion,
and, in the approximation used, the effectJomodulation is but this is governed by the term in row 3, column 4. Further
ignored during the pulse, so again there is not a close relatimore, new forward and reverse transformatidBsgs> 2SI ,,
with J pulses. Inevitably, these three areas must merge ame given by the terms in row 6, column 1 and row 1, colum
intermediate values oB,. We will show in a subsequent6, respectively, of the 6< 6 matrix. As one part of a subse-
publication how the spin physics alters dramatically betweemuent comprehensive paper that matches quantum mechan
these regimes. equations with vector descriptions, we will show that the mos

In the next section an outline is provided of the spin statgeneral 6X 6 matrix can be derived from calculating the
transformations that can be generally achieved in pulse stassical rotation of the S-spin magnetizations around the tw
guences usingl pulses. This is followed by examples ofeffective fieldsB., defined by the resultant of the RF field and
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the coupling (see Eq. [5] below). One detail is that all four of  9Q[S, x]—(2J) *~{90[S, y]; 90[1]}—-(2J) "% .., [D]
the above spin state transformations are 180° rotations. Since

these rotations include the effectbtoupling, we will call the 1807[S, x] for S, — 2S,, may replace 9[8, x]—(2J) ~*%;
RF pulses that induce the rotations “I'8@ulses.

In addition, we have derived exact product operator solu- [E]
tions for the effect of scalar coupling during arbitrary RF 1807[S, y] for S, — 2S|, may replacg2J) *-90(S, y];
pulses on the | spins after excitation of the S sp8)sl]. These
new calculations show that the irradiation interconverts four [F]
orthogonal spin states,, 2S1,, 2S,1,, and Z5,1,. Although 907[I, x] for S, — 2SJ, may replacg2J) *-901]; [G]
the induced rotations are now nonclassical in the sense that 1
they are not simple linear rotations around the effective fields, 1801, x] for 21.S, — 1, may replace 90]—~(23) % [H]
the system can still be described in terms of exact analytical
equations so that the rotation of magnetization vectors candyd
followed straightforwardly, both by calculation and by mea-
surement. In particular, on-resonance pulses phase do not ~ 907S, y] for 2I,S, — I, may replace 98, y]—(2J) ~*.
produce any of the &1, spin state and, wheB, = J/2 Hz, [9]
CW irradiation produces an oscillation betwegnand 2SI,
with some transitory 8,1,. Recently we provided the equa-Also, 180 as in scheme [E] can be used for the initial hard 90
tions for this on-resonance oscillation for aBy and showed excitation pulse in multiple quantum sequences (e.g., fou
that the phenomenon could be used to comprehensively andse HMQC (7)), and a 90 pulse can substitute for any of
quickly characterize the I-spin channel using signals from tliee subsequent hard 90° pulses. Furthermore, each transforr
S-spin channel, yielding several methods for determining ttien is frequency selective because the applied RF power
homogeneity of the applied RA%). Another outcome is that weak. Consequently, any combination of d)2' free preces-
S, can be converted entirely toS2, with an on-resonance sion period and a consecutive hard 90° pulse, in any polariz
low-power rectangular RF pulse on the | spils < J/2 Hz; tion transfer or multiple quantum pulse sequence, for an IS sp
lengtht, = (V2J) ' s; phase). Although these are the samesystem, can be replaced by a frequency-selective’ 800’
conditions as for the 1805] pulses just described, the detailegbulse.
analysis of these equations in terms of magnetization vectorsThe exact analytical equations for the yield in transforma
(to be published as above) shows that the vectors associdieds [A] and [B] as a function of resonance offset, for rect-
with the | spin states rotate 90° from thez axes to thety angular 180 pulses, may be obtained from the tables in Ref
axes and remain antiparallel at all times. The axis of rotation() or from the four relevant terms (specified above) in the
the B, field and the+J/2 coupling fields are manifested in abottom-left to top-right diagonal of the 8 6 matrix in Eq. [6]
nonlinear rate of rotation of the | spins in tlge plane and a of Ref. (14). The same expression applies in each case at
nonlinear rate of precession of the S spins in ®yeplane. coincides with that provided by Brondeau and CanetSor>
Since the rotation induced by the RF is 90°, we named tR&,l, (12). It may be written as
pulse “90” and used it in the new methods for characterizing
the I-spin channel (which also provides an easy means of sin 2x* sin#*/2] — sin 2o~ sin[ 6 /2], [1]
calibratingB, = J/2 Hz (15—see Experimental).

In summary, the above analysis shows that there are at leggkre
three potentially usefu pulses:

0" = 2m B, tp, 2]
1807S, x] for S, < 2S1,, [A] sina® = [AH = (¥2)]/BE, @l
1807S, x] for S, <> 2S,1,, [B] cosa® = B,/B:, 4]
and and
N2 _Rp 2 + 2
907[1, x] for S, < 2S/1,. [C] (Be)*=B,"+[AH + (J/2)]7, [5]

where B, = J/2 Hz andt, = (V2J) ' s to provide the
In pulse sequences, the | and S labels andxthaedy phases conditions for the 180pulse, andAH is the resonance offset
may be swapped at will. Thus, in a standard INEFE)( in Hertz. The corresponding equation for transformation [C
portion of a pulse sequence without refocusing pulses, using a rectangular 9Qulse @) is
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FIG. 1. Plots of signal magnitude versus resonance offset for (a) a rectangulapliBe calculated using Eq. [1]; (b) a rectangular §Qise calculated
using Eq. [6]; (c) the 90pulse obtained by experimental measurement using sequence [M]; (d) a one-lobe sinc 90° pulse; and (e) a one-lobe sinc 18(
calculated using the Bloch equation. The Bloch equation excludes the effect of scalar coupling during the RF pulse. For the sinc-180 invetsioaxpense t
of inversion between-1.0 and 1.0 units o5, magnetization has been rescaled to vary between a signal magnitude of 1.0 and 0, respectively, for ¢
comparison with (a) to (d). (d and e) See Comparison with Conventional Pulses.

sifa™ — a](cos0.56" — 6] —cos 0.50" + 67]), SPECIFIC APPLICATIONS OF
[6] RECTANGULAR J PULSES

] From Fig. 1, the selectivity profile for the 9@ulse is much

where the symbols have the same meanings as for Eq. [1]petter than that for 180in that the “sinc-like” oscillations are

The selectivity profiles given by Egs. [1] and [6] ar@nore rapidly damped with resonance offset for 9@deed, as
plotted in Figs. 1a and 1b, respectively, and the new Eq. [fiscussed below, the profile for a 9@ectangular pulse is
is confirmed by experiment in Fig. 1c as described undgpmpetitive with that of conventional shaped pulses. Cor
Experimental. The profiles demonstrate that the bandwidt{srsely, the rectangular 18(@rofile is not competitive, al-
of theseJ pulses are of the order of thecoupling constant. though we suggest that it will be possible to shape’l80ses
Since the length of thd pulses is §/2J) * s, the replaced to improve their profiles.
(2J) ! period is increased by only 40%, or @.2 s. The A further advantage for 90in more complex pulse se-
bandwidth of conventional selective RF pulses is approxXjuences is obtained by nesting this typeJopulse entirely
mately equal to or greater than the reciprocal of their lengtyithin a free-precession period to avoid any increase in th
i.e.,tp = J' s for a bandwidth offl Hz. So, in comparison time length of the sequence. For example, in triple-resonan
to conventional methods, a time saving of about a factor pfethods, it is common to refocus the antiphase state of spin
5 or more is achieved by substitutinglgulse for a (3) ' relative to spin P and create the antiphase state with respect
precession period (this comparison is discussed in maggin | at the same time. Since the overall length of the free
detail in a later section). The advantage over conventiornaecession period is determined by the smallest coupling co
selective RF pulses will be important for application to largstant, a 90 pulse corresponding to the largest coupling con
macromolecules and other systems subject to rapid sigstdnt can be inserted with no increase in the overall dele
loss from relaxation. period.
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This principle, as well as the selectivity &f pulses, is ature, inhibitor concentration, etc. This is because selectivity |
illustrated by the results in Figs. 2b and 2d for a’Q@ulse the 3D method is limited by the number of complex points,
inserted in the C(CO)NH pulse sequend®)(for isotopically and the sweep width, SW, in the extra dimension. Resolutic
labeled protein NMR, compared to normal results for the pul$er a 90’ pulse may be defined as where the curve in Fig. 1
sequence in Figs. 2a and 2c, respectively. In the middle of thvigersects zero signal amplitude &t0.8] = =44 Hz. For
method, polarization is transferred frofCa nuclei to *CO  multidimensional NMR, resolution varies a little with the apo-

(carbonyl) nuclei via the pulses dization method used, but the equivalent resolution is give
approximately by +SW/(2n;,). The minimum “*C spectral
-+ 490[Ca]; 90[CO]}-1—18( Ca]- width for aliphatic carbons (at 600 MHz for protons) is abou
8800 Hz indicating that 100 complex points must be obtaine
(6 — m)—~{180[CO]; 180[NJ}—0— - - -, [K] . Do

to provide similar resolution to that shown in Figs. 2b and 2d

. . ~ Since a minimum of two transients are required for each FIC
with the next step (not shown) being transfer of polarization 4 200 FIDs are needed for the additioli&l dimension, 400

the N nuclei of the peptide bonds. The antiphase spin stajgynsients must be acquired for each of 60 complex points
2CQ,Ca,, is refocused to COduring the % J-mﬁoldulated the **N dimension for the complete 3D spectrum. This com
period centered on the 180ifpulse, wheren is (4J) “forthe 5104 15 64 transients for each of the 60 points to produce t

55'HZ”CO"COI coupling. This occurs at the beginnr:ng of aldnectrum in Fig. 2d. Accordingly, in this illustration a selective
overall 2 delay centered on {180[CO]; 180[N]}, wher@ s 2D spectrum can be obtained six times more quickly than a 3

o X . !
(4J3) " for the 15-Hz CO-N coupling, during which G@ans- spectrum with the same resolution.

fc;rTS.tOZZCCQNZ' IffttheS;EJOO[CCg] pulsdetlﬁ_not apghetd, th? SPN “This theoretical comparison between the selective 2D co
state is 2CCCay after 90[CO], an IS can be trans ormec#elation and a full 3D method is confirmed by the spectra i

Zﬁls\fg\:‘glryllzloEFC’g with a 90 pulse as in option [J] listed Fig. 3. Two-dimensional slices are displayed in Figs. 3a and -
’ obtained from 3D acquisitions with 32 and 100 comple»
points, respectively, in the carbon dimension. Within experi

-+ - 490[COJ; 90 Ca}—~(6 — 22m)—{180[CO]; mental error these 2D slices match tHE frequency of the
180NJ}=6— - - -, [L] 90’[Ca] pulse in Figs. 2b and 2d. As expected, the Fig. 3:

spectrum, which has low resolution in tH&C dimension,

. - contains several additional resonances to that in Fig. 2d.
where 2/2n is the length of the 93Ce] pulse and 180[@] contrast, the Fig. 3b slice is very similar to that of Fig. 2d. The

is no longer necessary. 3 : . . : .
Consequently, this method selects only those amino aci g resolution for Fig. 3b is probably still a little worse than

whose **Ca nuclei resonate within a bandwidth of approxi-t at obtained W_'th the _QJQDUISE' but most of the minor dn“fgr-
ces are explicable in terms of a smat frequency shift

matelyJ = 55 Hz. A single slice at 46 ppm has been selectéd! ) ) )
in Fig. 2b (the peaks at 27 and 31 ppm are side chain Carb(lﬂ%ween the two spectra, which were obtained on differel
correlated via the & nuclei at 46 ppm by a prior period of days. ) o . )
DIPSI-3 mixing). This slice is narrower than the strip of peaks | Nere s also a gain i&/N ratio for the selective 2D exalmple
in the normal spectrum (Fig. 2a), and three small peaks tf4er the 3D method for the same acquisition time. For'tte
coincide with the sinc wobbles are indicated in the expandédinension the 90° read pulse is eitheior y phase for any
slice region above Fig. 2b. Of these, the larger negative wodgle FID. That is, the quadrature detection of ffi@ fre-
bles may be suppressed by plotting positive contours onfj4€NCy is not simultaneous so that on aver&e¢ is reduced
Figure 2¢ shows the norm&N/*H correlation contrasted with bY 1/V/2 compared to the case of H&C chemical shift evo-
the selectivity obtained in Fig. 2d for the 9pulse. Very high lution. Accordingly, twice as many transients are required fo
selectivity is obtained without increasing the time length of tH&e 3D method as for the selective 2D experiment to obtain tf
sequence. The overall pulse sequence structure is simplifiedBneS/N. An experimental comparison is shown in Fig. 4,
insertion of the 90 pulse demonstrating that the new methowhere Fig. 4a is a trace at'@N shift of 128 ppm from Fig. 2d,
is easy to apply. and Fig. 4b is the equivalent trace from Fig. 3a. For the latte
This type of application, illustrated with the C(CO)NH se3D experiment, twice as many transients were accumulated
quence, will be useful whenever there is an advantage for the 90" spectrum, and th&/N ratios are equivalent as
converting a 3D method{C-°N-'H in this case) to a selective expected. This, however, is an oversimplification. There wil
2D correlation {®N-H here). For example, repetitive measurebe some loss of signal during the 9pulse because thedC
ments of dynamics such as relaxation times may be obtainedlimewidths are a significant fraction tf*. But additional losses
a set of selected resonances more quickly than by obtaininglso occur for the 3D method, in particular from apodization o
complete 3D spectrum. The gains may be very large if theiee t, FID, relaxation during the, delay, homonucleat’C
measurements are to be repeated as a function of pH, tempeupling, and;, noise. The comparison in Fig. 4 indicates tha
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FIG.3. Two-dimensional®NH-N'H correlated planes of a 3B8Ca/—*NH-N"H spectrum obtained using the C(CO)NH sequence as in Fig. 2. The plan
correspond to the sanfC frequency selected by the 9pulse in Figs. 2b and 2d. (a) 32 complex points were obtained i apectral width of 8800 Hz—the
spectrum shows poorer slectivity than that in Fig. 2d and needed twice as many transients. (b) As for (a) except that 100 complex points werehacqui
spectrum shows similar selectivity to that in Fig. 2d but required 6.25 times more transients.

these extra losses from the two different methods are similéispersion in the®*C spectrum to select those particular resi-
and that the 1¥/2 loss for the 3D experiment dominates.  dues without the need to obtain a time-consuming 4D spe
Thus there are gains in acquisition time for the same spectiraim. Another example from the same family is for the CbCa
resolution or the sam&/N for this type of selective 90°C (CO)NH sequence20). The constant timeT(,s) *C chemical
method compared to the equivalent multidimensional expeshift evolution period is long enough to allow replacement o
ment. Of course, the selective method contains much ldee 90[H]- elements with 9H] so that the original 3D
information in terms of correlated nuclei than the multidimermmethod becomes a selective 3D technique with respect to
sional technique, but a primary application as mentioned abasteosen aliphatic proton frequency.
will be in the repeated measurement of a few correlated reso-Continuing with examples from the C(CO)NH sequence
nances. any of the overall (2) ' periods may be utilized fad pulses
Another useful area of application is where a nonselectias described above for simple INEPT if the modest 409
3D pulse sequence can be converted into a selective BRrease in the length of these periods is acceptable. Pulses
method. For example, the H{CCO)NH sequeri® provides the 180 type may be used for the initial 99(2J)" or
a C'H’—"NH-N"H 3D correlation wheréH’ nuclei are on the (2J) '-90° periods as in schemes [E] and [F] and no refocus
amino acid side chains. Since H({CCO)NH contains the sarimg pulses are needed because the RF is on resonance on
sequence elements [K] listed above, these can be convertedxoited spins. However, as noted already, further work i
elements [L] ensuring that a"8’—""NH-N"H 3D correlation is needed to design shaped &@ilses so that their offset profiles
obtained only for those amino acids selected by th¥80«] are competitive with conventional counterparts of the sam
pulse. Thus, whenever crowding in thel and N spectra length. Any delay and an appropriate 90° pulse can also |
produces ambiguity for particular amino acids using a standaeplaced with 90 as in schemes [G] and [J], but for a ‘i)
H(CCO)NH sequence, this can be easily overcome using thalse the 180[S] chemical-shift refocusing pulses at the cent

FIG. 2. Two-dimensional spectra 6fC/**N isotopically enriched alphalytic protease obtained using the C(CO)NH pulse seqdéhnas {mplemented in
(19). (@) Normal™Ca/p-NH correlation. (b) As for (a) but with a 96¢[Ca] pulse,B; = 28 Hz, length= 12.9 ms applied at 46 ppm in place of the normal
90[Ca]-n—180[Ca]-n—portion of the sequence. The slice selected at 46 ppm is expanded and displayed above (b). (c}°NbkaNtH correlation. (d) As
for (c) but with the 90cc[Cq] pulse substituted as in (b) to illustrate the selectivity obtained using thg@ge. The peak at &N shift of 127.4 ppm in (d)
corresponds to the sidechain carbons at 27 and 31 ppm in (b) and is absent from Fig. 3 (see further details under Experimental).
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general case of substituting for an entireJ\2' period it
increases the time length by only 0.2 s as already men-
tioned. In contrast, the entire length of the conventional sele
tive pulse is additional to a sequence. Moreover, convention
methods cannot be applied to pulse sequences by simply s
stituting a soft pulse for a hard pulse, because the spins &
modulated by scalar coupling during the long soft pulse i
ways that only now can be fully described).(Any attempt to
take this modulation into account leads full circle backJto
pulses. If a soft pulse is substituted for a hard excitation puls
acting on in-phase S-spin magnetization, the | spins must |
(a) decoupled 13). If the substitution is for a hard 90° pulse in an
INEPT transfer step, or for the equivalent step in HMQC, the

transverse coupled spins must be uncoupled by spin lockit
L\M\JMMWJWW during the selective puls@{) and /N loss may occur if the
spin locking does not adequately cover the full spectral widtt

Furthermore, it is clear from the comparison of Figs. 1d an:

(b) 1b that the shaped sinc-90 pulse provides a worse profile th

the 90 pulse even though the latter is rectangular. Bette

FIG. 4. 'H spectra over a width of 6 ppm obtained afi shift of 128.2 .Conventlonal pUIseS tha.” the sinc can be employed but |

ppm from (a) Fig. 2d and (b) Fig. 3a. TI®N ratios, defined as the signal IMProvement in the profile comes at the expense of a long

height divided by the rms noise, are 19 and 20, respectively, but the secgdlse. For example, a half-Gaussian shape does not indL
spectrum was obtained with twice as many transients as the first. The equiegative signal lobes, but to produce a bandwidtld éfz at
al_ent spectrum derived fror_n Fig. 3b hasS& ratio of 35 but was obtained pg|f height its length is 09! s (22). However, it is not

with 6.25 times more transients than spectrum (a). possible to devise a reasonable conventional experiment tha
equivalent to scheme [L] even if the time penalty of D.9s

of the (2J) ! period must be retained. We find that whenevdpr a half-Gaussian is accepted. The prime difficulty is a
a 180[S] pulse occurs during a 40 x] pulse, the normal follows. To prevent coupling effects during a soft 9¢{C

course of theJ modulation operative during thé pulse on conventional pulse in scheme [K], the 90[CO] pulse could b:
resonance is restored by applying a high-power “instant@pplied first and the resulting transver$€0 spins might be

neous”180[l, x] inversion pulse simultaneously with 180[S].uncoupled by spin locking during the soft pulse. But the

Unfortunately this impairs the well-behaved offset profile a&oupled spins are homonuclear and it would be difficult t

displayed in Fig. 1b so that it becomes similar to that of tH€tain the integrity of the soft pulse at one frequency while spi

180’ pulse in Fig. 1a. Again improvements can be expected I§cking at another.
shaping these 90pulses when they are overlapped by refo- The more common type of conventional selective pulse |
cusing pulses, so that they can be applied optimally and géhe soft inversion pulse. Scalar coupling effects are refocus

erally. during all symmetric inversion pulses so no decoupling or spi
locking of the nonirradiated spin is necessary. It is well know:
COMPARISON WITH CONVENTIONAL METHODS that shaped inversion pulses provide much better offset profil

than the equivalent 90° pulses, and this is illustrated in Fig. 1
For a detailed comparison af pulses with conventional for a conventional sinc-180 pulse. But, unsurprisingly, the
selective-pulse methods, the offset profiles of one-lobe sinc ¥Ac-180 is twice as long at 1J2* s. Except in special cases
and 180° pulses, which have the same bandwidth at 0.5 sigaath as the heteronuclear spin-echo difference experime
amplitude as the 90pulse, are displayed in Figs. 1d and 1¢(23), the use of inversion pulses to import selectivity into pulse
respectively. The 90pulse provides a bandwidth of Hz sequences requires additional pulse sequence segments ¢
(within 2%) at half height. The emphasis in this article is otaining the soft pulse. In the case of methods such as spi
importing frequency selectivity generally into pulse sequencpging 24) and DANTE-Z @5) these additional segments are
with the minimum increase in their time length, and the on@ptimally equal to the length of the soft pulse, but othe
lobe sinc (central lobe only, no side lobes) is optimally shoteéchniques such as excitation sculpting6)( require extra
for a conventional selective puls&9). Indeed, the length of pulsed-field-gradient delays and even repetition of the so
the sinc-90 pulse of Fig. 1d is Q6" s compared to 0.¥ ' s pulse. In all cases the extra time requirement is greater th:
for the 90 pulse of Fig. 1b. But as described for the C(CO)NH ' s.
sequence, in favorable cases & @Qlse can be nested within In applications as in Fig. 2 it will generally be acceptable tc
a pulse sequence without increasing its length, and in theppress moderate negative contours by not plotting them, a
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so the offset profile for the 9Qulse in Fig. 1b is a little better multidimensional methods, especially for repetitive measure
than that for sinc-180 in Fig. le. If this is not acceptable thenents using the same pulse sequence and sample.

the 90 profile is a little worse than sinc-180 profile. Overall In the specific applications described here, & 9Qlse
we can say that the two pulses are competitive in terms whs implemented in its simplest form as a rectangular puls
frequency selectivity. Unlike the sinc-90 case, a selective iand it was shown to be competitive with the shortest o
version method can be readily added to scheme [K]. Famplitude-modulated pulses on the basis of off-resonan
example, a sinc-180 pulse could be inserted between #wectivity. A further advantage in terms of limiting the time
90[Ca] and 90[CO] pulses in [K] when the spin state idength of a pulse sequence was gained by entirely nesti
2CO.LCu,. If inserted for alternate transients as in théhe pulse within the parent sequence and, although demo
DANTE-Z technique with alternate subtraction of sign2b), strated for a particular group of sequences, this type ¢
a similar result to scheme [L] will be achieved. This methodpplication should find use throughout the class of triple
will not be as stable as scheme [L] because it relies on thesonance sequences employed for biomolecular NMR. B
cancellation of unwanted signal outside the selected bandwid#useJ pulses are selective, they can be used as easily
by addition/subtraction, whereas in scheme [L] usingulses homonuclear methods as heteronuclear sequences (the Fi
the nonselected spins remain unobservable in the @aQ illustration is a homonuclear example).

state. But if a time penalty of 12" s for the sinc-180 is  Furthermore, we suggest that the three main limitations ¢
acceptable then why not double it and use the more stabihe present illustration ofl pulses may be lifted in the
excitation sculpting method? If that is acceptable then tlieture:

sinc-180 pulses should be replaced with much longer pulses

with rectangular offset profiles such as BURP pulsgs).( * Rectangular 180pulse_s, and rectangulargﬁulses_ f[hat .
: . . . . are overlapped by refocusing pulses, are not competitive wi
Thus, solely in terms of ideality of frequency profiles, it will

. . . conventional methods in terms of offset profiles. These profile
always be possible to implement a conventional method that’ls . . - .

should improve with the substitution of pulse shapes designe
better than a rectangular 9@ulse.

. : via numerical simulations in an analogous way to their con
This, however, is a complete departure from the basiC .
tional counterparts.

premise of this article. Our thesis is that if the most |mportar\1/fan ; .
NN .o J pulses uniformly operate on the whole multiplet, yet, a
performance criterion is the length of the pulse sequence, as it . . . 7
. - “currently implemented, they have an impressive minimun
will be for large molecules, then there are no convention . L "
o : andwidth ofJ Hz. Nevertheless this is restrictive and many
methods that are competitive withpulses. o . .
. R . applications require greater spectral widths. It should be po
There is one 90° pulse, the Janus pul@@,(that might be . ) )
; . . sible to reduce the extent dfmodulation during the pulse and
termed conventional in that it does not make usd ofiodu- . .
so provide any bandwidth.

lation, but still induces the spin state transformati®,— . . .
25,1, and so could take the place of a°8¢2J) —* combination * The analytical equations for any$ or IS, group ) wil
? determine the conditions for selectiygulses on systems with

at the beginning of a pulse sequence. However, the Janus pulse .
> : ; more than two coupled nuclei.
was designed for a different purpose to be effective over a
factor of 10 variation in coupling constant, so it has a length &emoval of these limitations would realize the potential gen
about 7" s relative to averagd. There is no indication in eral applicability of theJ pulse method at which time a
Ref. 27) that this pulse could be redesigned for a sinble be convenience factor should become apparent—any high-reso
competitive with the 180pulse of Brondeau and Candt?j. tion pulse sequence can be made selective with respect to

group of weakly coupled spins by one simple change.
CONCLUSIONS EXPERIMENTAL

A new class of frequency-selective RF pulses has beenlhe experimental points in Fig. 1c were obtained using
demonstrated. These utilidenodulation during the irradiation standard HCN triple-resonance PFG probe on a 500-MH
to selectively transform a weakly coupled 1S-spin system b¥arian INOVA spectrometer using a 2% sample of the
tween in-phase magnetization and a two-spin product operag#propy! ester of HCO,H in CDCl;, doped with 0.2%
state. Potentially, thes& pulses are generally applicable infCr(AcAc), relaxation agent. ThB, calibration method that
pulse sequences since they can replace any combination df& employed is described in more detail in Rel5)(
hard 90° pulse and a {2 * free-precession period as in theBriefly, signifying S= 'H and | = **C, CW decoupling of
pulse sequence elements,°9(2J) * or (2J) '-90°. Unlike the I spins during signal detection of the S spins yields
conventional selective pulsespulses minimally increase thecenterband with amplitude + (J/2B;)? and sidebands at
time length _Of pulse _sequencgs an_d SO have_advantage_s Note added in proofExcept for overlapping refocusing pulses, these
systems subject to rapid relaxation. Like conventional selectiy@plems have been solved as described in the subsequent comprehen
pulses, there are gains in reducing the acquisition times f@iper referred to in the body of the text and now submitted for publication.
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