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An improved self-compensating pulsed field gradient (PFG) tech-
ique that combines antiphase gradient pairs with broadband fre-
uency-modulated 180° pulses is proposed. The antiphase gradient
airs lead to superb system recovery. In addition, evolution under
hemical shift and heteronuclear J coupling are refocused during the
FG, making it appear effectively instantaneous. This new approach
akes it possible to obtain high-resolution phase-sensitive 2D spectra

or the PFG version of many experiments such as COSY, DQF-
OSY, and HSQC without adding extra compensating delays or
ulses. While reasonable suppression of unwanted magnetization is
chieved, this method also gives satisfactory retention of desired
ignals. As a bonus, the field-frequency lock is not perturbed during
he experiments. © 1999 Academic Press

Key Words: pulsed field gradient; frequency-modulated pulse;
hase-sensitive 2D NMR spectra; PFG DQF-COSY; PFG HSQC;

ineshape.

INTRODUCTION

The pulsed field gradient (PFG) has been proven to be
f the most useful tools in modern NMR experiments, so
umerous new methods are based on it. One widely
pplication of PFGs is to dephase unwanted transverse
etization, as in solvent suppression, using so-called cr
radients (1–3). Various solvent suppression methods h
een developed in the past decade, among which several
ost successful rely on the use of gradients (4–7). A recent
reakthrough is the excitation sculpting technique usin
ouble pulsed field gradient spin echo (DPFGSE) (8), in which
ery high suppression ratios can be achieved while the pha
he spectrum remains well behaved. The DPFGSE
chieved success in other NMR experiments (9–12) as well.
Pulsed field gradients are also commonly used to imp

rtifact suppression, thereby giving “cleaner” spectra. W
rtifacts caused by fast pulsing and pulse imperfections c
ttenuated by phase cycling (13–15), the minimum experimen

ime inevitably lengthens. For example, to suppress arti
ssociated with 180° pulse imperfections in a spin echo
uence,t–180°–t, the EXORCYCLE phase cycling schem
13) can be implemented with a four-step phase cycle. F

1 To whom correspondence should be addressed. E-mail: ajshaka@u
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ll rights of reproduction in any form reserved.
ne
t

ed
g-
er

e
the

a

of
as

e
e
be

ts
e-

a

ulse sequence withn such components, independent EXO
YCLE phase cycling of then 180° pulses would require 4n

teps, which soon becomes impractical with the increasen.
owever, it is well known that the same degree of suppres
an be achieved ina single transientusing the pulsed fiel
radient spin echo (PFGSE)G–1808–G (16). This is, in fact
simple example of coherence transfer pathway sele

17, 18) using gradients (19–23). The fundamental princip
nderlying this technique is that the rate of dephasing
oherence in an inhomogeneous magnetic field is proport
o its coherence order (19, 20, 24). This allows selection of
articular coherence transfer pathway ina single transien
egardless of the coherence order (20, 21), while in the phase
ycled multiple-quantum-filtered COSY experiment (25, 26),
or instance, it would require at least four transients to se
ouble-quantum coherence and even more transients for

ive detection of higher order coherences (18, 26). Further-
ore, solvent suppression and artifact suppression are
ccomplished in conjunction with coherence transfer path
election when gradients are used, as the solvent resonan
rtifacts experience different pathways from the desired m
etization and thus are dephased by the gradients togethe
ther unwanted signals (20–23, 27, 28).
Conventional PFGs have, however, several problems.

f all, the application of an intense PFG induces eddy cur
hat may last for periods up to a millisecond or so even o
ctively shielded gradient coil, meaning that recovery dela
t least the same order must be added after the gradient to

he magnetic field to reestablish stability and homogen
ome signal loss can result if the relaxation time of the sa
olecule is short, as is often true in protein studies. Impr
ents in probe design can, of course, minimize the reco

ime but they cannot address a related problem: gradien
ot instantaneous. Depending on the situation, gradient

ions from 200ms to 1 ms are commonly used. Chemical s
nd spin–spin coupling will keep evolving throughout
radient and any necessary recovery delay that follows,
enting great difficulties to the correct phasing of the fi
pectra of many PFG experiments. In the 2D case it is
ore problematic to phase the spectrum correctly if unc
ensated long delays are present in botht and t , such as indu.
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55COMPOSITE PULSED FIELD GRADIENTS
he PFG COSY experiment (21). As a result, the spectra
outine 2D PFG experiments are presented in absolute-
ode, while the resolution and extra information containe

he phase properties are sacrificed. Finally, a convent
radient perturbs the field-frequency lock. Even though
oes not seem to cause any major deleterious effects in
ituations, it would still be preferable to avoid it to maintain
est possible field/frequency regulation and shimming

ime.
We propose to dispense with these problems by fabric
more ideal PFG along the same lines as composite RF p
e combine several PFGs together with some RF puls

hat the net effect is an instantaneous nucleus-selective
ith essentially zero recovery time. The resulting compo
FG can be used in a wide variety of experiments, and
ftentimes be blindly substituted for a conventional PFG w
ut any further thought. It could thus be coded into a softw
ubroutine and then used to update existing pulse seque

THEORY

n Ideal PFG

As in the area of composite 180° pulses, we can make u
nstrumental limitations like finite gradient amplitude and n
ero recovery time by combining PFGs with radiofreque
RF) pulses. Just as an ideal inversion pulse should mapI z3
I z independently of resonance offset or RF inhomogen

ur goal here is to seek an ideal PFG (29). Such an ideal PF
ill instantaneously wind all transverse magnetization
elected spin species into a perfect helix of specified
long the gradient axis, with zero recovery time needed

he application of the gradient pulse, leaving z magnetiza
naffected.The suppression ratio depends onall transvers
agnetization being dephased, the specificity is importan

ome realizations of “joint” experiments, the instantane
riterion allows no time for evolution under chemical shift
pin–spin coupling, and the zero recovery time allows e
ata acquisition or further pulses to be applied immedia

ollowing the ideal PFG. We will see how closely the id
FG can be approached using imperfect RF pulses and
entional PFGs.

ompensated PFGs

Figure 1 shows some timing diagrams for several comb
ions of RF pulses and PFGs. The most commonly used
ique to try to fix the phasing problem stated above is

ntroducing a conventional 180° pulse and a compens
elay (27), as shown in Fig. 1b. Evidently, the signal loss

o relaxation will get worse as this sequence necessarily
onger. In addition, this scheme may also lead to artifacts i
pectrum and cause the retention of desired signals off
ance to suffer due to imperfections intrinsic to the con

ional 180° pulse. On the other hand, suppression of trans
ue
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agnetization remains perfect, and chemical shifts are
used if the timing is correct. Note that reversing the time
n Fig. 1b and attempting to place the 180° pulse after the P

FIG. 1. Four different pulsed field gradient sequences. (a) A gradient of lent
s followed by a stabilization delaytstab. Typical values might be 1 ms and 250ms,
espectively. Chemical shifts and spin–spin couplings will evolve throughout this
b) A conventional 180° pulse together with a compensating delay can be intro
o refocus evolution under chemical shift and heteronuclear spin–spin coupling
equence becomes twice as long and the 180° pulse may give rise to artifacts a
ignal loss off resonance. (c) The scheme proposed by Wideret al. in which the 180°
ulse is placed within the gradient and half of the gradient pulse is applied
pposite polarity. The stabilization timetstabbecomes negligible with this arrang
ent, but suppression of unwanted transverse magnetization is degraded.

double-decker sandwich” scheme proposed in this work. We propose the
ymcomposite gradientleaving anundisturbedB0 field (CLUB) for this approach
wo high-power, constant-amplitude frequency-modulated pulses (shown
cored icons) with superior inversion performance are applied betweentwosets of
ntiphase gradients with unequal durations or/and strengths. The total ef
radient intensity is simply the sum of those of all four gradients. Suppress
nwanted magnetization is substantially improved, as is retention of d
ignals. The poor phase properties of the inversion pulses have no effect
erformance because of the inherent double spin echo nature. Optionally, a
et of FM 180° pulses can be applied (shown as RF2) as shown to refocu
ransverse magnetization from other spins: in the case shown there is no
ncoding, but by offsetting these pulses differently and breaking each grad

nto two PFGs, variable encoding on different nuclei can be achieved.
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56 HU AND SHAKA
o as to fold some of the eddy current recovery time into
ompensating delay, will not suppress any transverse m
izationcreatedfrom z magnetization by the 180° pulse itse
nd so can lead to poor suppression. Figure 1c show

mproved modification introduced by Wideret al. (30) in
hich the conventional PFG is replaced by a pair of matc
ntiphase PFGs centered around a conventional 180° pu
nit we will call a “PFG sandwich.” This arrangement s
tantially improves the recovery (30) as the eddy curren

nduced by the two juxtaposed opposite polarity PFGs ne
ancel. For the part of magnetization which gets inverte
he 180° pulse, evolution under chemical shift and het
uclearJ coupling are refocused, as was first demonstrate
ider et al. in a phase-sensitive 2D PFG NOESY experim

31). HomonuclearJ coupling will still evolve, but in practica
pplicationsJtg ! 1 for proton couplingsJ ; 10 Hz and PFG

imestg ; 1 ms and thus can be neglected. Another intere
oint here is that the use of RF pulses also makes the
andwich nucleus-selective. This should be obvious bec
ther nuclear species just experience two antiphase PF
qual intensity whose effects cancel each other. As a resu
eld-frequency lock is only momentarily perturbed since
F pulses are applied to the deuterium lock channel. How
otice that thez magnetization of the “target” spins is invert
y this sequence, meaning that the latter cannot represent

deal gradient. One potential problem with this is radia
amping caused in the case of a large positive H2O z magne

ization which gets inverted (32). Other unexpected results m
lso arise when one tries to substitute this sequence
onventional PFG. For instance, in the simple PFG
cho experiment 90°–G–1808–G–, blindly substituting thi
cheme into the pulse sequence forG turns out to dephase t
ignal, while an echo is certainly expected! Aside from t
areful examination of the PFG sandwich shows that w
he retention off resonance remains questionable due t
se of a conventional 180° pulse, suppression can als
ubstantially degraded. This observation is supported by
xperiments and product operator analysis (33, 34). In an
arlier treatment (8) of the PFGSE sequenceG–S–G,
hereG is a sufficiently strong PFG andS is any arbitrary
equence of pulses that can be represented by the u
ransformation

Us 5 exp~2ibIz!exp~2iuIy!exp~2iaIx!exp~iuIy!exp~ibIz!,

[1]

he transformation matrix from some arbitrary initial st
(0) 5 m z I immediately preceding the PFGSE to the fi
tates(t) 5 M z I was calculated for a single spin using
roduct operator formalism neglecting relaxation. The s
lgorithm can be applied to the PFG sandwich with s
odifications. Letm 5 (mx, my, mz) be now the inpu

ector of the PFG sandwich andM 5 (M , M , M ) the
x y z
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utput vector; the corresponding components of the
ectors are related by (8)

Ma 5
1

2p E
0

2p

Tr$Iaexp~ifI z!Usexp~2ifI z!

3 s~0!exp~ifI z!Us
†exp~2ifI z!} df, [2]

herea 5 x, y, z. Equation [2] can be written in the compa
orm M 5 Tm, whereT is a 33 3 matrix. Carrying out th
ntegration overf, we find

T 5 F cosa 1 P sin a sin u 0
2sin a sin u cosa 1 P 0

0 0 12 2P
G [3]

or the PFG sandwich, where

P §
1

2 S1 2
Mz

mz
D 5

1

2
~1 2 cosa cos2u 2 sin2u !

§ cos2u sin2~a/ 2! [4]

s the probability that a spin is flipped by the sequenceS and
atisfies 0# P # 1 (35). It is interesting to note the bloc
iagonal structure ofT, similar to that obtained for the PFGS
howing that transverse and longitudinal magnetization t
orm independently of each other. We now define the nor
zed intensity of the residual signal as

h §
uMtransu
umtransu

§
ÎMx

2 1 My
2

Îmx
2 1 my

2 , [5]

here the subscript trans denotes transverse magnetiz
ote that the suppression ratio is simply the inverse ofh. After
ome simplification, we then find

h 5 Î~cosa 1 P!2 1 sin2a sin2u 5 Î~1 2 P!2 5 1 2 P.

[6]

quation [6] shows that a fraction (12 P) of the transvers
agnetization “breaks through” the PFG sandwich with
hase encoding. Note that in the ideal caseP 5 1 Eq. [6]
ould give h 5 0, corresponding to infinite suppressi
n intuitive way to interpret this result is that the part
agnetization that doesnot get flipped by the inversio
ulse is refocused by the second PFG of opposite pol
ssuming that the individual gradients are strong, the
uppression of transverse magnetization achieved by
FG sandwich depends solely on how well the sequenS

nverts z magnetization. For a conventional 180° pulse
raction (12 P) can be up to 10% off resonance depending
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57COMPOSITE PULSED FIELD GRADIENTS
he RF power available and the spatial homogeneity of thB1

eld over the detected sample volume, leading to mo
uppression ratios on the order of 10–50 instead of the e
ially infinite ratio achieved by a conventional gradient.
xample, even a perfectly homogeneous 20-ms 180° pulse
ives P , 0.98 for offsets u2pDvu . 3.5 kHz, and hence
redicted suppression ratio of less than 50 outside this ran
ffsets.
Based on these observations, and experience with

PFGSE, we propose the improved method shown in Fig
hich employs two PFG sandwiches with opposite sense.

double-decker sandwich” is identical to the DPFGSE seque
xcept that the polarity of the two gradients in the cente

nverted. The layers in the sandwich have to be arranged s
ransverse magnetization keeps dephasing throughout th
uence: the total effective gradient intensity is then simply
um of all four gradients. We propose the acronymcomposite
radientleaving anundisturbedB0 field (CLUB) for the double
ecker sandwich. The fast-recovering property of the PFG
ich is preserved by this scheme, evolution under chemical
nd heteronuclear spin–spin coupling are refocused, and th
lication of two inversion pulses restoresz magnetization to it
rior state. The phase property of the inversion pulse doe
atter because the use of two such identical pulses leads
nwanted phase shifts where the inversion is excellent (8). We

hus propose to use new broadband high-power constant-a
ude frequency-modulated (FM) pulses that we have design
chieveP 3 1. Finally, the CLUB sandwich is also nucleu
elective: as mentioned earlier, spins not receiving the inve
ulses simply experience a pair of matched antiphase grad
hich amounts to a net delay for those other spins. In most c

his delay will have no effect on the outcome of the experim
f the spin system of interest is homonuclear then evolutio
eteronuclei is irrelevant, and if the magnetization of those
uclear species is along thez axis it will not evolve coherentl
uring a delay, such as in the PFG HSQC experiment (36, 37). It

s possible to compensate for this delay by inserting a pa
ptional FM 180° pulses to theseX nuclei as shown in Fig. 1
ltering the position of the pulses allows for variable ph
ncoding of these other spins, so that they experience a

raction of the net PFG. This may prove useful for the realiza
f some potential “joint” experiments in which both1H–13C and
H–15N 2D spectra are obtained simultaneously.

As in the analysis of the DPFGSE, we claim that the tr
ormation matrix for the CLUB sandwich is simplyT2 (8), T
eing given by Eq. [3]:

T 2 5 F ~cosa 1 P!2 2 sin2a sin2u 2
22~cosa 1 P!sin a sin u ~c
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he only requirement for the validity of Eq. [7] is that t
radients used in the second sandwich be uncorrelated to
sed in the first one (8) to avoid any accidental refocusin
hich can be readily accomplished under computer con
e now proceed to calculate the normalized intensity of

esidual signal after applying a CLUB sandwich:

h 5 Î@~cosa 1 P!2 2 sin2a sin2u#2

1 4 sin2a sin2u ~cosa 1 P!2

5 Î@~cosa 1 P!2 1 sin2a sin2u#2

5 ~1 2 P!2. [8]

quation [8] shows that the suppression has been gr
mproved since now the fraction that “breaks through”
omes (12 P)2 which is much less than (12 P) whenP3
. Once a high level of suppression is achieved, simple p
hifting of either FM inversion pulse by 90° combined wit
eceiver phase shift of 180° can make the suppression e
ially infinite to the extent the spectrometer is stable. We
how that the CLUB sandwich can be served up in a varie
ommon PFG experiments.

EXPERIMENTAL

ecovery and Suppression Performance

To verify the previous predictions, we performed a
imple experiments. Figures 2a and 2b show the puls
uences we used to study the suppression. Data were co
ith one single scan on a 1% H2O/99% D2O sample (contain

ng a small amount of GdCl3 to bring the protonT1 to ;250
s). In both cases a conventional hard inversion pulse
sed. In Fig. 2b the two sets of gradients had different d

ions for reasons described above. The duration of the i
ion pulses was fixed at 20ms while the RF power of th
nversion pulses was systematically arrayed to achieve d
nt values ofP and the corresponding intensity of the resid
ignal was recorded. In one case the inversion pulses
iterally “turned off” by shifting the transmitter way off res
ance and setting the RF power to the lowest level avail
his should give no suppression of the signal in question
inceP 5 0 in this case, so this peak intensity can be use
he reference for normalization. All experiments describe
his article were performed on a Varian UnityPlus 500-M
pectrometer equipped with a 5-mm Varian triple-reson

osa 1 P!sin a sin u 0
a 1 P!2 2 sin2a sin2u 0

0 ~1 2 2P!2
G . [7]
~c
os
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58 HU AND SHAKA
FG probe and waveform generator. All PFGs were alon
axis of the sample.
Figure 2c shows the experimental results obtained usin

ulse sequences of Figs. 2a and 2b along with the predicte
rom Eq. [8], the latter being simply squares of those obta
sing the pulse sequence of Fig. 2a. The normalized intens

he residual signal is plotted as a function of the RF po
eviation from the nominal RF power required to give a 20ms
80° pulse. Toward the right side of the horizontal axis it co
ponds to smaller deviation and thus better inversion, or gr
alues ofP. For relatively smaller values ofP (,0.9), the exper

mental results match almost perfectly with the calculated
howing that the suppression ratio does get squared as pre
y Eq. [8]. AsP gets closer to unity, however, this requirem

FIG. 2. Suppression study. (a) Using the PFG sandwich. (b) Using
LUB sandwich scheme. The gradients used in (a) were 500ms in duration
ith a strength of 5 G/cm, while those in (b) were 200 and 300ms in duration

espectively, and applied at 10 G/cm. (c) The normalized intensityh of the
esidual signal as a function of the RF power of the inversion pulses in (a
b). In each case 11 different values were used for the RF power whi
uration was fixed at 20ms to achieve different values ofP. Note that the
orizontal axis is labeled as deviation from the nominal RF power requir
ive a 20-ms 180° pulse. Data obtained with the pulse sequence of (a
epresented by open circles, while those obtained using (b) are shown a
quares. The filled diamonds are the predicted data from Eq. [8], being s
he arithmetic squares of the open circles. All experimental data were col
ith a single transient on a doped H2O/D2O sample.
e

he
ata
d
of
r

-
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a,
ted
t

ecomes so critical that other minor factors like spectrom
nstability and the distribution ofB1 fields over the sample volum
ow play a crucial role in dictating the degree of suppressio
articular, ifP is a function of space because ofB1 inhomogene

ty, then some values ofP may be low in regions that coup
oorly to the receiver coil. This small percentage that is po

nverted does not result in much percentage error except wh
est of the sample is nearly perfectly inverted, and the rele
nequality is

E W~r ! P~r !2dr . FE W~r ! P~r !dr G 2

, [9]

here the nonnegative spatial weight functionW(r ) describe
he coupling of the spatial region to the receiver coil. P
nversion of a small percentage of the sample can thus lim
bserved improvement to a factor of 5–10 in practice inste

he predicted 10–50, which improves the suppression
rom 10–50 to several hundred in this particular case.

However, further improvement can be achieved by repla
he conventional 180° pulses in Fig. 2b with broadband h
ower FM pulses shown in Fig. 3. The maximum conven
F field we can achieve on the1H channel is 25 kHz, corre
ponding to a 90° pulsewidth of 10ms. The 60-ms duration o

e

nd
he

to
re
pen
ly
ed

FIG. 3. The phase profile versus time and inversion profile versus
uency of a constant-amplitude FM pulse. Better than 99.99% invers
chieved over a bandwidth of62.5 kHz using a 60-ms pulse applied at
5-kHz RF field (10ms 90°).
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59COMPOSITE PULSED FIELD GRADIENTS
his constant-amplitude inversion pulse is relatively brief,
as been designed to achieve excellent inversion ove

ypical 10 ppm bandwidth of 5 kHz at 500 MHz for proto
he calculated extent of inversion is shown in Fig. 3 an
etter than 99.99% over a bandwidth of62.5 kHz, or 10 ppm
n our spectrometer. There is also high tolerance for p
iscalibration or RF inhomogeneity. With this better invers
ulse, suppression can be substantially improved. In pra
uppression ratios on the order of 103 are observed.
Figure 4 compares the recovery of a conventional gra
ith the CLUB sandwich approach. Spectra were acqu
ith one single scan on the same doped H2O/D2O sample. Th

ecovery delay in both cases was fixed at 100ms and the
radient duration at 1 ms. The gradient strength was

ncremented from 0 to 30 G/cm in 3 G/cm steps. The u
race shows the response of a conventional gradient. A c
ook at the spectra reveals that at very high gradient stre
ot only is the phase affected, but the Lorentzian linesha

FIG. 4. Comparison of the recovery of a conventional gradient with
f the CLUB sandwich. The stabilization delay was fixed at 100ms in both
ases, while the gradient strength was incremented from 0 to 30 G/cm
/cm steps and the total effective duration of the gradienttg was fixed at 1 ms
pectra were acquired with a single transient on a doped H2O/D2O sample

Top) The response recorded using a conventional gradient. At very
radient strength the phase is twisted and the Lorentzian lineshape is a
Bottom) The response obtained using a CLUB sandwich. The con
mplitude FM pulse of Fig. 3 was used as the inversion element. The
emains constant as the gradient strength is incremented, as does the
ian lineshape. The recovery is clearly substantially less than 100ms.
d
he

s

se

ce

nt
d

n
r
er
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is

lso altered. The lower trace shows spectra obtained usin
LUB sandwich. Even at 30 G/cm the recovery is substant

ess than 100ms and the lineshape remains Lorentzian.
As pointed out earlier, even though the phase-sensitive

ives better resolution and allows interpretation of the e
nformation that might be contained in the phase propertie
he spectra, the use of conventional gradients often lea
reat difficulties in phasing the final spectra and there
llows absolute-value-mode presentation only. In contras
LUB sandwich allows one to obtain high-resolutionphase
ensitivespectra for many popular 2D PFG experiments, e
omonuclear or heteronuclear, bysimply substitutingthe
LUB sandwich for a conventional gradient. This is b

llustrated by a couple of applications described below.

pplication to 2D Spectroscopy

Figure 5 shows the timing diagrams of the phase-sens
FG DQF-COSY pulse sequences (22, 27) using the CLUB
andwiches. In Fig. 5a we apply two identical decoding CL
andwiches which are otherwise exactly the same as th
oding one except possibly different in polarity. This ens
hat the ratio of the encoding element to the decoding ele
s 1:2. An alternative to Fig. 5a is shown in Fig. 5b, in wh
ach individual gradient of the decoding element has
ade twice as long as the corresponding gradient in th

oding element. It is essential to refocus the double-qua
volution during the gradient because it leads to phase

hat cannot easily be corrected with standard software.
hat the sequences of Figs. 5a and 5b are shown for select

FIG. 5. The timing diagrams of the phase-sensitive PFG DQF-C
ulse sequences using the CLUB sandwiches. (a) Two identical dec
LUB sandwiches are applied which are otherwise exactly the same
ncoding CLUB sandwich except possibly different in polarity. (b) An a
ative to (a). Each individual gradient of the decoding CLUB sandwic

wice as long as the corresponding gradient in the encoding CLUB sand
he scored icons are 60-ms FM pulses using a 25-kHz RF field. The to
ffective gradient durations we used were 1 and 2 ms for the encodin
ecoding elements, respectively.
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he coherence transfer pathway123 21. The other pathwa
22321) can be selected by simply reversing the polarit
ll the PFGs in the decoding element. Unlike most PFG
eriments, this particular version of the PFG DQF-CO
xperiment gives purely amplitude-modulated data sets
an be processed according to standard States–Habe
uben procedures (38).
The phase-sensitive 2D DQF-COSY spectrum o

rosslinked tripeptide obtained using the pulse sequence o
a is shown in the upper panel of Fig. 6. The spectrum sh
ould be correctly phased without any linear phase corre
n either dimension. The lower panel of Fig. 6 shows
xpansion of the aromatic region (the dashed square i
pper panel). Most correlations can be identified.
For HSQC (36) applications, we need to find a suitably br

nd accurate high-power FM pulse which is capable of in
ng the entire carbon-13 bandwidth of ca. 25 kHz, or 200
n a 500-MHz spectrometer. Good results were obtained
112-ms broadband FM pulse with an RF field of 17.8 k
hich gives better than 99.5% inversion over the entire

onated carbon-13 chemical shift range (29).
Figure 7 shows the timing diagram for the particular P

ersion of the HSQC experiment we employed. In orde
pproximate the first increment to the truet1 5 0 point in the

nterferometric dimension, an extra delaye is introduced to
ompensate for evolution during those internal delays fo
eiver gating and phase setting represented by the delaysD and
he proton 180° pulse time in the middle oft1. It is well known
hat a 90° pulse leads to a small linear phase roll (39) that can
e modeled by an instantaneousd-function 90° pulse followe
y a delay of length 1/gB1. If this is also to be included, th
elaye can then be set so that

e 5 4D 1
2

gB1
1 t180, [10]

heret180 is the proton 180° pulse time (excluding any as
iated hardware delays). While a composite PFG could be
or the decoding gradientG1, there is little advantage to do
n this particular case, as there is adequate time to ap
trong conventional PFG during the last 1/4J delay right
efore acquisition and still leave adequate time for stabi

ion. Like most PFG experiments that use gradients to se
articular coherence transfer pathway, the PFG HSQC g
tes purely phase-modulated data sets which lead to the
nown “phase-twist” lineshape (40). For this reason, eacht1
ncrement has to be repeated with the polarity of either
ncoding or the decoding element reversed so that bot
N-” and “P-type” data sets can be obtained. These are
ourier transformed with respect to the running timet2 before

hey are combined to give the usual purely amplitude-m
ated data sets from which the desired double-absorption
hape can be obtained (37, 41, 42).
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Figure 8 shows the natural abundance 2D HSQC spec
f the steroid progesterone obtained using the pulse seq
f Fig. 7. A total of 64 t1 increments were acquired, ea
epeated with the polarity of the decoding element reve

FIG. 6. The phase-sensitive 2D DQF-COSY spectra of the crossli

ripeptide Ac-Trp-Pro-Trp-OMe in DMSO-d6 obtained with the pulse s-
uence of Fig. 5a. The spectral width was 5500 Hz (11 ppm) in both di
ions. Each FID was acquired with two transients and 2048 complex p
ero filled to 4096 points before Fourier transformation. A total of 2
ncrements were taken in thet1 dimension, each repeated with only the ph
f the first 90° pulse shifted by 90°. These were then also zero filled to
oints. The data were apodized to avoid truncation effects before the sta
ypercomplex data processing procedure was carried out. The lower
hows the expansion of the aromatic region (the dashed square in the
anel) on a different vertical scale for clarity.
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61COMPOSITE PULSED FIELD GRADIENTS
gain near zero linear phase correction was needed in
imensions. This hybrid PFG version also keeps the sup
ion ratio extremely high, giving a very clean spectrum fre
rtifacts.

SUMMARY

In summary, we have proposed a composite pulsed
radient technique that gives almost instantaneous rec

FIG. 7. Pulse sequence timing diagram for the hybrid PFG HSQC e
60-ms FM inversion pulse using a 25-kHz RF field was employed, whi

29). All other 180° pulses represented by open rectangles on the carbo
roton and carbon-13 pulses and a 14-ms 90° pulsewidth on carbon-13, th

FIG. 8. The phase-sensitive natural abundance HSQC spectrum
teroid progesterone. The pulse sequence of Fig. 7 was used. The spectr
btained with 64t1 increments over a spectral width of 8250 Hz (66 ppm),
lled to 256 points before FT. The spectral width inF2 was 2000 Hz. Each FI
as acquired with four transients and 2048 complex points, zero filled to
oints. Eacht1 increment was repeated with only the polarity of the deco
radient reversed to obtain bothN- and P-type data sets. These were th
rocessed as described in the text to give the final spectrum. Appro
podization was applied to avoid large truncation effects.
th
s-
f

ld
ry

nd refocuses evolution under chemical shift and heteronu
coupling. While any inversion pulse with arbitrary ph

roperty can be used in this scheme, best results in term
oth suppression and retention were obtained with a fam
roadband high-power constant-amplitude FM pulses. U

his new approach we were able to obtain phase-sensitiv
pectra for both homonuclear and heteronuclear PFG ex
ents such as DQF-COSY and HSQC with very little effor
hasing the spectra. The success of these applications d
trates that the CLUB sandwich can simply be substitute
onventional gradients in any pulse sequence when de
he nucleus-selective nature of this scheme will be the su
f a further investigation.
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