Journal of Magnetic Resonan&8,187-190 (1999) ®
Article ID jmre.1999.1728, available online at http://www.idealibrary.conl BWE »'sl.

Single-Shot Experiments for the Acquisition of Coherence-
Transfer Functions in Real Time

Burkhard Luy and Steffen J. Glaser
Institut fur Organische Chemie der J. W. Goethe-UnivétsiMarie-Curie-Str. 11, D-60439 Frankfurt, Germany

Received November 3, 1998; revised January 26, 1999

Simple pulse sequences are introduced that make it possible to  ing period is incremented in concert with the evolution perioc
acquire experimental Hartmann-Hahn transfer functions for ar- t, (22) or from a series of one-dimensional experiments with
bitrary multiple-pulse sequences in a single shot. With this ap-  range of different mixing times using selective excitation (witt
proach it is posmble_to study the d_etalled dependence of_ coher- a typical total measuring time of several hourk)17, 23, 23
e_nce-transfer functions on experimental parameters in real However, in solid-state NMR it has been demonstrated that tt
time. ~© 1099 Academic Press . dynamic variation of a given spin system can be observe
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HEHAHA: TOCSY: coherence-transfer functions. almo_st instantly in Hartmaljn—Hahn-type experiments based
a string of short pulses with delay25). Here, we present a
simple extension of this approach that makes it possible

INTRODUCTION acquire experimental coherence transfer functions in a sing
shot for arbitrary multiple-pulse sequences (with a typical tote

Homonuclear and heteronuclear Hartmann—Hahn transfeeasuring time of seconds). Single-shot experiments ha
has become one of the most important techniques for tpeeviously been successfully used for a number of application
transfer of polarization and coherence in high-resolution NM&ich as the sampling of zero-quantum cohere26€g (moni-
spectroscopyl6). The mixing time dependence of the intetoring the motion of a spin during a shaped pul2&) and
grated intensities of cross peaks and diagonal peaks is giverdifjusion measurement28-31). The method is also closely
the corresponding coherence-transfer functions. The transfelated to homonuclear decoupling experiments in liqued®. (
functions depend on a number of parameters, such as the
coupling topology, coupling constants, relaxation rates, and the EXPERIMENTAL
mixing sequence used. The acquisition of experimental coher-
ence-transfer functions can provide information about the op-Figure 1 shows the simplest pulse sequences for the dire
timal duration of Hartmann—Hahn periods in multidimensionalcquisition of heteronuclear Hartmann—Hahn coherence-trar
experiments in the presence of experimental imperfections ded functions. These sequences can be applied if both spins
relaxation. Furthermore, experimental coherence-transfer fuatxdS) are on resonance in the doubly rotating frame and if n
tions contain information about the size and relative sign @iirther signals are present in the spectrum of the detected sy
coupling constants. Coherence-transfer functions can be ahathe detection period follows immediately after the excita
lyzed directly by comparing them to theoretical transfer fundion of spinl (Fig. 1A) or spinS (Fig. 1B) and consists dfl
tions that can be calculated analytically-6, 7—1) or numer- alternating periodsr and A. Heteronuclear Hartmann—Hahn
ically (1, 12—-1§. For the determination of coupling constants itransfer takes place during the periedvhich is an integer
can be more convenient to analyze so-called coherence-transieitiple of the cycle timer. of the mixing sequence\ is the
spectra 15, 17-19, which are obtained from the coherenceminimum delay that is needed to acquire a single data @Qint
transfer functions by a Fourier transformation. However, theithout perturbation by the preceding RF irradiation. The
acquisition of experimental coherence-transfer functions camplitude of the points, with 1 = k = N represents the
be rather time-consuming. In high-resolution NMR, transfentegrated amplitude of the spinspectrum after the accumu-
functions have been extracted from a series of two-dimensiotated mixing time r,, = kr. Hence, the acquired signal
experiments with a range of different mixing times (with alirectly represents the desired coherence-transfer functidn. If
typical total measuring time of days},(14, 20, 2], from a < 7 < J;', the effect of the heteronuclear coupling can be
two-dimensional experiment where the Hartmann—Hahn miignored duringA.

Experimental single-shot coherence transfer functions we

L To whom correspondence should be addressed. Fa2:69 7982 9128; acquired for thel;S spin system I( = “F, S = 'H) of
E-mail: sg@org.chemie.uni-frankfurt.de. halothane (2-bromo-2-chloro-1,1,1-triflouroethane) with a he
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with @ = 7,57 IN Order to fit the experimental data and to
mimic the effect of relaxation, these transfer functions wer
multiplied with an exponential damping function of the form
exp{— Tmx/ Tuamg- The dashed curves correspond to a hetero
nuclear coupling constants = 5 Hz and an exponential
damping constant 4, = 700 ms.

Figure 3 shows a slightly modified single-shot sequence wit
two additional 180° pulses during the peridd This simple
modification eliminates offset effects of sp® during the
delaysA. In addition,J s is effectively decoupled during and
hence the conditiol < 7 < J¢' can be relaxed. With this
improved sequence it is possible to measure the offset depe
dence of transfer functions for windowless Hartmann—Hah
sequences. This is demonstrated in Fig. 4A, which show
experimental transfer spectra for the transfer— F, with v,
= 0 and—1.5 kHz= vg = 1.5 kHz. The complete set of 61
transfer functions was acquired in a total measurement time
13 minutes. In order to reduce offset effects induced by th
180° pulses that are applied duridg they were implemented
using composite pulses (9940,90,) with an RF amplitude of
7 kHz and an additional 60° phase shift, yielding an effectivi

FIG. 1. Basic pulse sequences for the single-shot acquisition of hetero-
nuclear Hartmann—Hahn transfer functions & I, (A) and S, — I, (B)).
Hartmann—Hahn transfer duringand the acquisition of a data poiat is
repeated\ times. The phase of the 90° excitation pulse.is

eronuclear coupling constarts of 5 Hz. The sequence
DIPSI-2" (33, 39 was irradiated simultaneously at the reso-
nance frequencies of spihsndS (with an RF amplitude of 5
kHz and an uncompensated ;3€pin-lock pulse) during the
period T = 7, = 5.76 ms. In the spectrometer used (Bruker
DRX-600 with a QXI probe), the minimum delay between a
period of RF irradiation and the point of data acquisition was
on the order of 5Qus. Including a sampling time of gs, a
delay A = 54 us was used in our experiments. The experi-
mental transfer function§,, for the transfeir, — F, (Fig. 2A)
andTyg, for the transfelS, — F, (Fig. 2B) withF, = 27, I,

were acquired with the sequences shown in Fig. 1A and 1B, TSI
respectively. For comparison, theoretical coherence-transfer

functions (dashed curves) are also shown in Fig. 2 fot;&n
system under planar mixind). In the absence of relaxation,
the transfer function3, andTg, are given by 4, 17)

Ty (Tmi) = % {19 + 2 coga) + 2 cog Vfga) + coq2a)}

(1]

and

TII

FIG. 2.

ik

Tm [s]

Experimental (solid) and simulated (dashed) coherence-transf

1 [~
Tsl(Tmi) = 24 {5 — 2 cogar) — 2 cog \3a) — cog2a)},

(2]

functions of thel ;S spin systemI( = *F, S = 'H) of halothane withl,s =

5 Hz. The experimental transfer functiofg(F, — F,) (A) and T (S, — F,)

(B) with F, = =2_, 1, were acquired with the sequences shown in Fig. 1A anc
1B, respectively. The Hartmann—Hahn sequence was DIPS#th an RF
amplitude of 5 kHz with a cycle time. = 5.8 ms.N = 256 data pointsy
were acquired in a single shot.
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transfer frequencies. The corresponding coherence trans
spectra are shown in Fig. 4B. For = v5 = 0, the expected
transfer frequencies @fs/2 = =2.5 Hz,\/3J2 = +4.33
Hz, andJ,s = =5 Hz are found with an intensity ratio of 2:2:1,
as predicted by Eq. [1]. The remaining discrepancies betwet
experimental and simulated coherence transfer spectra can
S HEHAHA attributed to the different linewidths and the effects of RF
inhomogeneity, which were not included in the simulation.

1 HEHAHA

« T > A"

FIG. 3. Modified single-shot sequence for the detection of the offset CONCLUSIONS
dependence of heteronuclear coherence-transfer functions. The hard (or com-
posite) 180° pulses eliminate the effects of an offggtand of the hetero- .
nuclear couplingd,s during A. In summary, we demonstrated the acquisition of Hartmanr
Hahn coherence-transfer functions in a single shot by intrc
ducing delays in windowless multiple-pulse sequences. In f:
bandwidth of=2.1 kHz @5). The duration ofA was 300us vorable spin systems this leads to a drastic reduction of tt
and 256 data pointa, were acquired. The resolution of thetotal measurement time and makes it possible to investigate t
coherence-transfer spectra was increased using linear preélRfailed dependence of coherence-transfer functions on exp
tion to 2048 points and by multiplying the resulting transimental parameters. The method relies on the selective excil
fer functions by an exponential damping function with,,, =  tion of the source spin and the selective acquisition of the targ
850 ms. spins. This can be readily accomplished for heteronucle:
For comparison, coherence transfer functions were simidartmann—Hahn transfer as demonstrated for It spin
lated using the program SIMONELY) for the same range of system of halothane. However, the method may also be apr
offsets and the DIPSI-2sequence with an RF amplitude of 5cable to homonuclear spin systems if selective pulses are us
kHz. An exponential damping function with a longgg,.,, of for excitation and to align all spins except for the target spil
1.2 s was applied in order to resolve the individual coherencadeong thez axis during the acquisition window.
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FIG. 4. Experimental (A) and simulated (B) offset dependence of the coherence-transfer dpectsalF, for the 1;S system of halothane. The
Hartmann—Hahn sequence was DIPSI(@ame experimental parameters as in Fig. 2); 61 single-shot experiments were acquired with the sequence shown
3. The spind were on resonance, whereas the offset of §mas incremented in steps of 50 Hz in the range betwe&rb kHz. The total experiment time
was about 13 minutes.
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