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An improved self-compensating pulsed field gradient (PFG) tech-
nique that combines antiphase gradient pairs with broadband fre-
quency-modulated 180° pulses is proposed. The antiphase gradient
pairs lead to superb system recovery. In addition, evolution under
chemical shift and heteronuclear J coupling are refocused during the
PFG, making it appear effectively instantaneous. This new approach
makes it possible to obtain high-resolution phase-sensitive 2D spectra
for the PFG version of many experiments such as COSY, DQF-
COSY, and HSQC without adding extra compensating delays or
pulses. While reasonable suppression of unwanted magnetization is
achieved, this method also gives satisfactory retention of desired
signals. As a bonus, the field-frequency lock is not perturbed during
the experiments.  © 1999 Academic Press

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

INTRODUCTION

pulse sequence with such components, independent EXOR-
CYCLE phase cycling of the 180° pulses would require"4
steps, which soon becomes impractical with the increase of
However, it is well known that the same degree of suppressic
can be achieved i single transientusing the pulsed field
gradient spin echo (PFGSEB-180-G (16). This is, in fact,

a simple example of coherence transfer pathway selectic
(17, 18 using gradients19-23. The fundamental principle
underlying this technique is that the rate of dephasing of
coherence in an inhomogeneous magnetic field is proportion
to its coherence orded, 20, 24. This allows selection of a
particular coherence transfer pathway ansingle transient
regardless of the coherence ord20,(21), while in the phase-
cycled multiple-quantum-filtered COSY experime56( 26,
for instance, it would require at least four transients to selec
double-quantum coherence and even more transients for sels
tive detection of higher order coherencds(29. Further-
more, solvent suppression and artifact suppression are oft

The pulsed field gradient (PFG) has been proven to be Fieeomplished in conjunction with coherence transfer pathwe

of the most useful tools in modern NMR experiments, so thaglection when gradients are used, as the solvent resonance
numerous new methods are based on it. One widely ucdtifacts experience different pathways from the desired ma
application of PFGs is to dephase unwanted transverse magtization and thus are dephased by the gradients together w
netization, as in solvent suppression, using so-called crusRE}er unwanted signal2Q-23, 27, 2 _
gradients {-3. Various solvent suppression methods have Conventional PFGs have, however, several problems. Fir
been developed in the past decade, among which several of¢h@!l: the application of an intense PFG induces eddy curren
most successful rely on the use of gradiemts?). A recent that may last for periods up to a millisecond or so even on a
breakthrough is the excitation sculpting technique using agtively shielded gradient coil, meaning that recovery delays c
double pulsed field gradient spin echo (DPFGSE)if which at least the same order must be added after the gradient to alls
very high suppression ratios can be achieved while the phasdfft magnetic field to reestablish stability and homogeneity
the spectrum remains well behaved. The DPFGSE hgome signal loss can result if the relaxation time of the sampl
achieved success in other NMR experimets12 as well. molecule is short, as is often true in protein studies. Improve

Pulsed field gradients are also commonly used to improf&€Nts in probe design can, of course, minimize the recove
artifact suppression, thereby giving “cleaner” spectra. Whifne but they cannot address a related problem: gradients &
artifacts caused by fast pulsing and pulse imperfections can'l Instantaneous. Depending on the situation, gradient dur
attenuated by phase cycling3-15, the minimum experiment tions frqm 20_0;us to 1_ms are commonly u_sed. Chemical shift
time inevitably lengthens. For example, to suppress artifa@3d Spin-spin coupling will keep evolving throughout the
associated with 180° pulse imperfections in a spin echo &gadient and any necessary recovery delay that follows, pr
quence,—180°«, the EXORCYCLE phase cycling schemes€Nnting great difficulties to the correct phasing of the fina

(13) can be implemented with a four-step phase cycle. ForSRectra of many PFG experiments. In the 2D case it is eve
more problematic to phase the spectrum correctly if uncor

1 To whom correspondence should be addressed. E-mail: ajshaka@uci.g@einsated long delays are present in bigthndt,, such as in
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the PFG COSY experimenl). As a result, the spectra of a T + Tstab
routine 2D PFG experiments are presented in absolute-value RF S
mode, while the resolution and extra information contained in
the phase properties are sacrificed. Finally, a conventional G, I | -
gradient perturbs the field-frequency lock. Even though this T (Tswb
does not seem to cause any major deleterious effects in most D+ 21
situations, it would still be preferable to avoid it to maintain the steb
best possible field/frequency regulation and shimming over b 180°
time. RF 1

We propose to dispense with these problems by fabricating
amore ideal PFG along the same lines as composite RF pulses. G, . | [
We combine several PFGs together with some RF pulses so P T+ Tsan i T (Tstan
that the net effect is an instantaneous nucleus-selective PFG T
with essentially zero recovery time. The resulting composite ' P
PFG can be used in a wide variety of experiments, and can c ' 180
oftentimes be blindly substituted for a conventional PFG with- RF : l :
out any further thought. It could thus be coded into a software G ]
subroutine and then used to update existing pulse sequences. z ]

THEORY . T '

An Ideal PFG d RE ;1800 18005

As in the area of composite 180° pulses, we can make up for ;
instrumental limitations like finite gradient amplitude and non- 18b° 180° |
zero recovery time by combining PFGs with radiofrequency ;
(RF) pulses. Just as an ideal inversion pulse should Ipap RF, M:'w’u
—1, independently of resonance offset or RF inhomogeneity, G |—| ”
our goal here is to seek an ideal PFZD)( Such an ideal PFG z ; ;
will instantaneously wind all transverse magnetization of a ! |—| U :

selected Spin .SpeCIe$ |ntc_) a perfect helix .Of specmed pItCW:IG. 1. Four different pulsed field gradient sequences. (a) A gradient of length
along th.e g'fadlent axis, Wllth zero recovery time neede.d a_ftl@'%ollowed by a stabilization delay,,, Typical values might be 1 ms and 258,

the application of the gradient pulse, leaving z magnetizatiqgspectively. Chemical shifts and spin-spin couplings will evolve throughout this time
unaffected.The suppression ratio depends alh transverse (b) A conventional 180° pulse together with a compensating delay can be introduc
magnetization being dephased, the specificity is important figrefocus evolution un_der chemical shift and heteronuclea_r spin—spin c_ouplings. T
some realizations of ujointn experiments, the instantaneodggauence becomes twice as long and the 180° pulse may give rise to artifacts and c

L I . f It d h ical shif signal loss off resonance. (c) The scheme proposed by \&tidéin which the 180°
criterion allows no time for evolution under chemical shift 0E)ulse is placed within the gradient and half of the gradient pulse is applied wit

spin-spin coupling, and the zero recovery time allows eithggposite polarity. The stabilization time,.,becomes negligible with this arrange-
data acquisition or further pulses to be applied immediatehent, but suppression of unwanted transverse magnetization is degraded. (d) -
following the ideal PFG. We will see how closely the idealdouble-decker sandwich” scheme proposed in this work. We propose the acr

PEG can be approached using imperfect RF pulses and ¢ ncomposite gradierieaving arundisturbed,, field (CLUB) for this approach.
ventional PEGs wo high-power, constant-amplitude frequency-modulated pulses (shown as t

scored icons) with superior inversion performance are applied betweesets of

antiphase gradients with unequal durations or/and strengths. The total effecti

Compensated PFGs gradient intensity is simply the sum of those of all four gradients. Suppression ¢
. L . . unwanted magnetization is substantially improved, as is retention of desire

_ Figure 1 shows some timing diagrams for several combinggnals. The poor phase properties of the inversion pulses have no effect on

tions of RF pulses and PFGs. The most commonly used tegbrormance because of the inherent double spin echo nature. Optionally, a sect

nique to try to fix the phasing problem stated above is gt of FM 180° pulses can be applied (shown as)REs shown to refocus

introducing a conventional 180° pulse and a Compensatiﬁysvgrse magnetlzathn from other spins: in the case shown there is no ph:

dela Q7) as shown in Fig. 1b. Evidently. the signal loss due coding, but by offsetting these pulses differently and breaking each gradient |
Yy ! . g. t Y 9 - ﬁto two PFGs, variable encoding on different nuclei can be achieved.

to relaxation will get worse as this sequence necessarily takes

longer. In addition, this scheme may also lead to artifacts in the

spectrum and cause the retention of desired signals off resmagnetization remains perfect, and chemical shifts are reft

nance to suffer due to imperfections intrinsic to the conveoused if the timing is correct. Note that reversing the time line

tional 180° pulse. On the other hand, suppression of transveirs€ig. 1b and attempting to place the 180° pulse after the PF(
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so as to fold some of the eddy current recovery time into tlotput vector; the corresponding components of the tw
compensating delay, will not suppress any transverse magmeetors are related by8)

tization createdfrom z magnetization by the 180° pulse itself,

and so can lead to poor suppression. Figure 1c shows an 1 (o

improved modification introduced by Widest al. (30) in M, = J’ Tr{l explipl,)Uexp—idl,)

which the conventional PFG is replaced by a pair of matched 2m o

antiphase PFGs centered around a conventional 180° pulse, a ) )

unit we will call a “PFG sandwich.” This arrangement sub- X a(0)explidl,)Uiexp(—idl,)}dd, 2]
stantially improves the recoveny@) as the eddy currents

induced by the two juxtaposed opposite polarity PFGs nea{herea = X, y, z. Equation [2] can be written in the compact
cancel. For the part of magnetization which gets inverted B§'m M = Tm, whereT is a 3 X 3 matrix. Carrying out the
the 180° pulse, evolution under chemical shift and heteriitegration overd, we find

nuclearJ coupling are refocused, as was first demonstrated by

Wider et al. in a phase-sensitive 2D PFG NOESY experiment cosa + P sinasinf 0
(31). Homonuclead coupling will still evolve, but in practical T=| —sinasinf cosa+ P 0 [3]
applications)t, < 1 for proton couplingg ~ 10 Hz and PFG 0 0 1-2P

timesty ~ 1 ms and thus can be neglected. Another interesting
point here is that the use of RF pulses also makes the PfdBthe PFG sandwich, where
sandwich nucleus-selective. This should be obvious because

other nuclear species just experience two antiphase PFGs of 1
equal intensity whose effects cancel each other. As aresult,the P = 2 (
field-frequency lock is only momentarily perturbed since no

RF pulses are applied to the deuterium lock channel. However, = cos0 sirf(a/2) [4]
notice that the magnetization of the “target” spins is inverted

by this sequence, meaning that the latter cannot represent a tsuie probability that a spin is flipped by the sequeScand
ideal gradient. One potential problem with this is radiatiosatisfies 0= P = 1 (35). It is interesting to note the block
damping caused in the case of a large positiy® ld magne- diagonal structure of, similar to that obtained for the PFGSE,
tization which gets inverted®@). Other unexpected results mayshowing that transverse and longitudinal magnetization tran:
also arise when one tries to substitute this sequence fofoam independently of each other. We now define the norma
conventional PFG. For instance, in the simple PFG spired intensity of the residual signal as
echo experiment 90G—180-G—, blindly substituting this

scheme into the pulse sequence ®turns out to dephase the |Mirand \fw
signal, while an echo is certainly expected! Aside from this, = =
careful examination of the PFG sandwich shows that while

the retention off resonance remains questionable due to the ) L
use of a conventional 180° pulse, suppression can also ere the subscript trans denotes transverse magnetizati

substantially degraded. This observation is supported by boiRte that the suppression ratio is simply the inverse.dAfter
experiments and product operator analysd8,@4. In an SOme simplification, we then find

earlier treatment §) of the PFGSE sequenc&-S-G,
whereG is a sufficiently strong PFG an8 is any arbittary 1 = (Cosa + P)? + sirfa sinf = (1 — P)2=1—P.
sequence of pulses that can be represented by the unitary [6]
transformation

N1 .
- mZ) =5 (1 - cosa cos0 — sirro)

= = , 5
1 |rntran4 V/mi + m§ [ ]

Equation [6] shows that a fraction (£ P) of the transverse
_ . . . ; : magnetization “breaks through” the PFG sandwich with nc
Us = exp(=iBl)exp(—i6l,Jexp(—ial)expiol,)exp(ipl.), phase encoding. Note that in the ideal cése= 1 Eq. [6]

[1] would give n = 0, corresponding to infinite suppression.
An intuitive way to interpret this result is that the part of

the transformation matrix from some arbitrary initial statenagnetization that doesot get flipped by the inversion
o(0) = m - | immediately preceding the PFGSE to the fingbulse is refocused by the second PFG of opposite polarit
statec(t) = M - | was calculated for a single spin using théssuming that the individual gradients are strong, the ne
product operator formalism neglecting relaxation. The sansappression of transverse magnetization achieved by tl
algorithm can be applied to the PFG sandwich with son®~G sandwich depends solely on how well the sequéhce
modifications. Letm = (m,, m,, m,) be now the input inverts z magnetization. For a conventional 180° pulse the
vector of the PFG sandwich and = (M,, M,, M,) the fraction (1— P) can be up to 10% off resonance depending or
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the RF power available and the spatial homogeneity oBthe The only requirement for the validity of Eq. [7] is that the
field over the detected sample volume, leading to modeagtdients used in the second sandwich be uncorrelated to thc
suppression ratios on the order of 10-50 instead of the essesed in the first one8j to avoid any accidental refocusing,
tially infinite ratio achieved by a conventional gradient. Fowhich can be readily accomplished under computer contro
example, even a perfectly homogeneousp204180° pulse We now proceed to calculate the normalized intensity of th
givesP < 0.98 for offsets|2mAw| > 3.5 kHz, and hence a residual signal after applying a CLUB sandwich:

predicted suppression ratio of less than 50 outside this range of

offsets. [(cosa + P)? — sirfa sint6]?
Based on these observations, and experience with the n= + 4 sirfa sirf0 (cosa + P)?
DPFGSE, we propose the improved method shown in Fig. 1d
which employs two PFG sandwiches with opposite sense. This = J[(cosa + P)? + sirfa sir?6]?
“double-decker sandwich” is identical to the DPFGSE sequence, =(1-P)> 8]

except that the polarity of the two gradients in the center is
inverted. The Iayer; in 'the sandwich have' to be arranged so tEa’EJ ation [8] shows that the suppression has been grea
transverse magnetization keeps dephasing throughout the .se- . . . 7
) . o L2 . improved since now the fraction that “breaks through” be:
guence: the total effective gradient intensity is then simply the P
. .7 ~comes (1— P)< which is much less than (+ P) whenP —
sum of all four gradients. We propose the acrongomposite

. . : ) ~ 1. Once a high level of suppression is achieved, simple pha
gradientleaving anundisturbedB,, field (CLUB) for the double sg_ifting of either EM inversion pulse by 90° combined with a

dgckgr sandwich. The fast-recovenng prgperty of the PF.G Sﬂrr‘e];tceiver phase shift of 180° can make the suppression ess¢
wich is preserved by this scheme, evolution under chemical SQI

. ; . 1ally infinite to the extent the spectrometer is stable. We nex
and heteronuclear spin—spin coupling are refocused, and the ap- . ) .
- . . o . show that the CLUB sandwich can be served up in a variety c
plication of two inversion pulses restoresnagnetization to its

prior state. The phase property of the inversion pulse does rofnmon PFG experiments.

matter because the use of two such identical pulses leads to no
unwanted phase shifts where the inversion is excel@ntWe
thus propose to use new broadband high-power constant-amgli- .
tude frequency-modulated (FM) pulses that we have designergﬁtte)covery and Suppression Performance
achieveP — 1. Finally, the CLUB sandwich is also nucleus- To verify the previous predictions, we performed a few
selective: as mentioned earlier, spins not receiving the inverseimple experiments. Figures 2a and 2b show the pulse s
pulses simply experience a pair of matched antiphase gradiegtsences we used to study the suppression. Data were collec
which amounts to a net delay for those other spins. In most caseih one single scan on a 1%,8/99% D,O sample (contain-
this delay will have no effect on the outcome of the experimenig a small amount of Gdglto bring the protonT, to ~250
If the spin system of interest is homonuclear then evolution ofs). In both cases a conventional hard inversion pulse we
heteronuclei is irrelevant, and if the magnetization of those othesed. In Fig. 2b the two sets of gradients had different dure
nuclear species is along tlzeaxis it will not evolve coherently tions for reasons described above. The duration of the inve
during a delay, such as in the PFG HSQC experim@®it?). It sion pulses was fixed at 2@s while the RF power of the
is possible to compensate for this delay by inserting a pair ioiversion pulses was systematically arrayed to achieve diffe
optional FM 180° pulses to thegénuclei as shown in Fig. 1d. ent values oP and the corresponding intensity of the residual
Altering the position of the pulses allows for variable phasgignal was recorded. In one case the inversion pulses we
encoding of these other spins, so that they experience a giligerally “turned off” by shifting the transmitter way off reso-
fraction of the net PFG. This may prove useful for the realizatiamnce and setting the RF power to the lowest level availabl
of some potential “joint” experiments in which both—*3C and This should give no suppression of the signal in question at
TH-'>N 2D spectra are obtained simultaneously. sinceP = 0 in this case, so this peak intensity can be used &
As in the analysis of the DPFGSE, we claim that the tranthe reference for normalization. All experiments described il
formation matrix for the CLUB sandwich is simply? (8), T  this article were performed on a Varian UnityPlus 500-MHz

EXPERIMENTAL

being given by Eq. [3]: spectrometer equipped with a 5-mm Varian triple-resonanc
(cosa + P)? — sirfa sirfd  2(cosa + P)sina sin 6 0
T2=| —2(cosa + P)sina sin® (cosa + P)? — sirfa sir 0 [7]

0 0 (1-2P)2|



58

HU AND SHAKA

a
90° 180° .
! i nl i Acquire
G, [ ] -
b
90° 1g0° 180°
! I 1 M i Acquire
G, 1 1
Lt
6, G G G
(o
0.8 1 o Experimental Data of (a)
= ° . o Experimental Data of (b)
%‘ 0.6 - . + Predicted Data
c ®
3] o o
IS v
5 04 ; i
N
© v v °
£ 0.2 4
3 v °o
= ]
0.0 —9® 9 g 3
-10 -8 -6 -4 -2 0

FIG. 2. Suppression study. (a) Using the PFG sandwich. (b) Using the

RF Power Deviation / dB

becomes so critical that other minor factors like spectromete
instability and the distribution d8, fields over the sample volume
now play a crucial role in dictating the degree of suppression. |
particular, if P is a function of space becauseBfinhomogene-
ity, then some values d? may be low in regions that couple
poorly to the receiver coil. This small percentage that is poorl
inverted does not result in much percentage error except when t
rest of the sample is nearly perfectly inverted, and the releva
inequality is

fW(r)P(r)zdr > lj W(r)P(r)dr] , [9]

where the nonnegative spatial weight functMir) describes
the coupling of the spatial region to the receiver coil. Poo
inversion of a small percentage of the sample can thus limit tt
observed improvement to a factor of 5-10 in practice instead ¢
the predicted 10-50, which improves the suppression rati
from 10-50 to several hundred in this particular case.
However, further improvement can be achieved by replacin
the conventional 180° pulses in Fig. 2b with broadband high
power FM pulses shown in Fig. 3. The maximum convenien
RF field we can achieve on tHél channel is 25 kHz, corre-
sponding to a 90° pulsewidth of 10s. The 60us duration of

CLUB sandwich scheme. The gradients used in (a) were &M duration 250 Phase Profile
with a strength of 5 G/cm, while those in (b) were 200 and 860n duration, D
respectively, and applied at 10 G/cm. (c) The normalized intengitf the % 200
residual signal as a function of the RF power of the inversion pulses in (a) and @
(b). In each case 11 different values were used for the RF power while the E 150f
duration was fixed at 2@us to achieve different values &f. Note that the ®
horizontal axis is labeled as deviation from the nominal RF power required to -% 100f
give a 20us 180° pulse. Data obtained with the pulse sequence of (a) are g
represented by open circles, while those obtained using (b) are shown as open T 50y
squares. The filled diamonds are the predicted data from Eq. [8], being simply , ) . \ | \
the arithmetic squares of the open circles. All experimental data were collected 0 10 20 30 40 50 60
with a single transient on a doped,®/D,0 sample. t/us
PFQ probe and waveform generator. All PFGs were along the S -0.9970 Inversion Profile
z axis of the sample. D
Figure 2c shows the experimental results obtained using the £ =0.9975
. . . C
pulse sequences of Figs. 2a and 2b along with the predicted data_5 —0.9980
from Eq. [8], the latter being simply squares of those obtained ﬁ -0.9985
using the pulse sequence of Fig. 2a. The normalized intensity of ©
. . . . £ -0.9990
the residual signal is plotted as a function of the RF power &
deviation from the nominal RF power required to give ap20- Z -0.9995
180° pulse. Toward thg r'lght side of the hon;ontal axis it corre- _EQ 55 0 25 +E0
sponds to smaller deviation and thus better inversion, or greater Offset/kHz

values ofP. For relatively smaller values & (<0.9), the exper-
imental results match almost perfectly with the calculated da

FIG. 3. The phase profile versus time and inversion profile versus fre
'ency of a constant-amplitude FM pulse. Better than 99.99% inversion |

showing that the suppression ratio does get squared as predigt@fved over a bandwidth af2.5 kHz using a 6Qss pulse applied at a
by Eg. [8]. AsP gets closer to unity, however, this requiremerds-kHz RF field (10us 90°).
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. 90° also altered. The lower trace shows spectra obtained using t
1H i=— 100 US —»l Acquire CLUB sandwich. Even at 30 G/cm the recovery is substantiall
i less than 10Qus and the lineshape remains Lorentzian.
G, 1 ' As pointed out earlier, even though the phasg-sensitive mo
b Ty — gives better resolution and allows interpretation of the extr
information that might be contained in the phase properties
the spectra, the use of conventional gradients often leads
great difficulties in phasing the final spectra and therefor
allows absolute-value-mode presentation only. In contrast, tf
CLUB sandwich allows one to obtain high-resolutiphase-

( sensitivespectra for many popular 2D PFG experiments, eithe
homonuclear or heteronuclear, imply substitutingthe
CLUB sandwich for a conventional gradient. This is best
illustrated by a couple of applications described below.

; 180° 180° 100 90°
H [ H | scqure Application to 2D Spectroscopy
. M M Figure 5 shows the timing diagrams of the phase-sensitiv
] PFG DQF-COSY pulse sequence®? (27 using the CLUB
-~ Tg— sandwiches. In Fig. 5a we apply two identical decoding CLUE

sandwiches which are otherwise exactly the same as the €
coding one except possibly different in polarity. This ensure
that the ratio of the encoding element to the decoding eleme
./ is 1:2. An alternative to Fig. 5a is shown in Fig. 5b, in which
) ) ) ) each individual gradient of the decoding element has bee
FIG. 4. Comparison of the recovery of a conventional gradient with th

of the CLUB sandwich. The stabilization delay was fixed at 130in both %aqe twice as Iong as the .correspondmg gradient in the &
cases, while the gradient strength was incremented from 0 to 30 G/cm ir?gdmg E|eme_nt- Itis essgntlal to refOCl:'S the double-quantl_J
Glcm steps and the total effective duration of the gradigmtas fixed at 1 ms. €volution during the gradient because it leads to phase shif
Spectra were acquired with a single transient on a dopgd/B4O sample. that cannot easily be corrected with standard software. No

(Top) The response recorded using a conventional gradient. At very highiat the sequences of Figs. 5a and 5b are shown for selection
gradient strength the phase is twisted and the Lorentzian lineshape is altered.

(Bottom) The response obtained using a CLUB sandwich. The constant-

amplitude FM pulse of Fig. 3 was used as the inversion element. The phase

remains constant as the gradient strength is incremented, as does the Lorént-

zian lineshape. The recovery is clearly substantially less thanus00 ; 90°  90°4g0e 180°90°180° 180° 180° 180° . |
H L« 1 M MIKW N N A iAcquie
G, I'IU”I'I I‘ILI ﬂnuuﬂ
this constant-amplitude inversion pulse is relatively brief, and
has been designed to achieve excellent inversion over the T TT
1 1 1

typical 10 ppm bandwidth of 5 kHz at 500 MHz for protons.
The calculated extent of inversion is shown in Fig. 3 and i . . s
better than 99.99% over a bandwidth 2.5 kHz, or 10 ppm 1, 9|° t 9|° 180’ 1I%0°9I0 1800 180 e
on our spectrometer. There is also high tolerance for pulse 1 :

miscalibration or RF inhomogeneity. With this better inversiong, M N 1 1

pulse, suppression can be substantially improved. In practice da LT

suppression ratios on the order of¥ldre observed. Y e
Figure 4 compares the recovery of a conventional gradient Gy 2Gy

W!th the (;LUB sandwich approach. Spectra were aCql‘"redFIG. 5. The timing diagrams of the phase-sensitive PFG DQF-COSY
with one single scan on the same dope®HD,0 sample. The pyise sequences using the CLUB sandwiches. (a) Two identical decodi
recovery delay in both cases was fixed at 1@ and the CLUB sandwiches are applied which are otherwise exactly the same as t
gradient duration at 1 ms. The gradient strength was thetsoding CLUB sandwich except possibly different in polarity. (b) An alter-
incremented from 0 to 30 G/cm in 3 G/cm steps. The upp@‘rf‘t've to (a). Each individual gradient of the decoding CLUB sandwich is

tr hows the r n f nventional aradient. A cl twice as long as the corresponding gradient in the encoding CLUB sandwic
ace shows the response ot a conventional gradient. A ¢ O§ﬁ£ scored icons are 60s FM pulses using a 25-kHz RF field. The total

look at the spectra reveals that at very high gradient stren@tctive gradient durations we used were 1 and 2 ms for the encoding ar
not only is the phase affected, but the Lorentzian lineshapedigoding elements, respectively.
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the coherence transfer pathway. — —1. The other pathway

(=2 — —1) can be selected by simply reversing the polarity of 1 7] PFG DQF-COSY . . oowal
all the PFGs in the decoding element. Unlike most PFG ex- 5 oo "+ .
periments, this particular version of the PFG DQF-COSY 1 N
experiment gives purely amplitude-modulated data sets that 3 E
can be processed according to standard States—Haberkorn— 3 T o e
Ruben procedures38). 4 - >

The phase-sensitive 2D DQF-COSY spectrum of &, /jppm : . L -
crosslinked tripeptide obtained using the pulse sequence of Fig. 54 . .
5a is shown in the upper panel of Fig. 6. The spectrum shown 3
could be correctly phased without any linear phase correction 6
in either dimension. The lower panel of Fig. 6 shows the 7 3
expansion of the aromatic region (the dashed square in the 1 -
upper panel). Most correlations can be identified. 8 E

For HSQC 86) applications, we need to find a suitably brief 1. .
and accurate high-power FM pulse which is capable of invert- e e —
ing the entire carbon-13 bandwidth of ca. 25 kHz, or 200 ppm 8 7 6 5 4 3 2 1

on a 500-MHz spectrometer. Good results were obtained using
a 112us broadband FM pulse with an RF field of 17.8 kHz,
which gives better than 99.5% inversion over the entire pro-
tonated carbon-13 chemical shift ran@)( ]
Figure 7 shows the timing diagram for the particular PFG 6.95 3
version of the HSQC experiment we employed. In order to 3
approximate the first increment to the trye= 0 point in the 7.05 4
interferometric dimension, an extra delayis introduced to
compensate for evolution during those internal delays for re-

8
0
Go0Q
2388
Dovo

ceiver gating and phase setting represented by the dalapsl 7.15
the proton 180° pulse time in the middletqf It is well known  F, jopm 3
that a 90° pulse leads to a small linear phase &%) (hat can 7.05 3

be modeled by an instantaneaisfunction 90° pulse followed
by a delay of length ¥B,. If this is also to be included, the

delay e can then be set so that 7.35 4
st 2y [10] 745 7
€= — + Tis0 3

yBl 10 AL LN AL LA RS LS RARRN RALAN RARRS RALRN RALL

740 730 720 710 7.00 6.90

whereT, g4 is the proton 180° pulse time (excluding any asso- F, /ppm
ciated hardware delays). While a composite PFG could be used
for the decoding gradier@b there is little advantage to do so FIG. 6. The phase-sensitive 2D DQF-COSY spectra of the crosslinke
in this particular case, as there is adequate time to applyripeptide Ac-Trp-Pro-Trp-OMe in DMS@k, obtained with the pulse se
strong conventional PFG during the last d/dlelay right quence of Fig. 5a. The spectral width was 5500 Hz (11 ppm) in both dimer
before acquisition and still leave adequate time for stabiliz&o"s: Each FID was acquired with two transients and 2048 complex point
. . . . ero filled to 4096 points before Fourier transformation. A total of 2048
tion. Like most PFG experiments that use gradlents to SeIeCI &ements were taken in the dimension, each repeated with only the phase
particular coherence transfer pathway, the PFG HSQC gengfine first 90° pulse shifted by 90°. These were then also zero filled to 409
ates purely phase-modulated data sets which lead to the wgdlnts. The data were apodized to avoid truncation effects before the stand:
known “phase-twist” lineshapet). For this reason, each hypercomplex datz_i processing progedurg was carried out. The Ipwer par
increment has to be repeated with the polarity of either tijEoWS the expansion of the aromatic region (the dashed square in the up

. . anel) on a different vertical scale for clarity.
encoding or the decoding element reversed so that both f5e
“N-" and “P-type” data sets can be obtained. These are then
Fourier transformed with respect to the running titpdefore Figure 8 shows the natural abundance 2D HSQC spectru
they are combined to give the usual purely amplitude-modat the steroid progesterone obtained using the pulse sequer
lated data sets from which the desired double-absorption lired- Fig. 7. A total of 64t, increments were acquired, each

shape can be obtained7, 41, 42. repeated with the polarity of the decoding element reverse
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FIG. 7. Pulse sequence timing diagram for the hybrid PFG HSQC experiment. The scored icons are constant-amplitude FM pulses. On the proton
a 60us FM inversion pulse using a 25-kHz RF field was employed, while on the carbon-13 channel these weserldigration using a 17.8-kHz RF field
(29). All other 180° pulses represented by open rectangles on the carbon-13 channel are of thézy@ggp With typical internal delaya = 10 us on the
proton and carbon-13 pulses and audg90° pulsewidth on carbon-13, the compensatory del@yset to 117.8us.

Again near zero linear phase correction was needed in bathd refocuses evolution under chemical shift and heteronucle
dimensions. This hybrid PFG version also keeps the supprdseoupling. While any inversion pulse with arbitrary phase
sion ratio extremely high, giving a very clean spectrum free gfoperty can be used in this scheme, best results in terms
artifacts. both suppression and retention were obtained with a family
broadband high-power constant-amplitude FM pulses. Usin

SUMMARY this new approach we were able to obtain phase-sensitive Z

spectra for both homonuclear and heteronuclear PFG expe

In summary, we have proposed a composite pulsed figents such as DQF-COSY and HSQC with very little effort in
gradient technique that gives almost instantaneous recovgpasing the spectra. The success of these applications dem
strates that the CLUB sandwich can simply be substituted fc
conventional gradients in any pulse sequence when desire

0 A The nucleus-selective nature of this scheme will be the subje
] PFG HSQC : o )
. of a further investigation.
10 4
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