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For some applications, broadband heteronuclear Hartmann-  short planar mixing periods that are separated by pulses a
Hahn sequences with very short cycle times are required. A quality  delays. This poses the problem of finding broadband heter
factor is presented that makes it possible to assess the relative sizes  nyclear planar mixing sequences with sufficiently short cycl
of cycle time, bandwidth, and maximum RF amplitude for any  {imes " In principle, the cycle time of any multiple-pulse
given multiple-pulse sequence. This quality factor is determined sequence can be reduced by increasing the RF amplityde
for multiple-pulse sequences that are commonly used in HEHAHA becauser. is proportional torst. However. in practice the
experiments and for some favorable sequences that were so far . ¢ P pl' is i VR h ’ i pl i
only discussed in the context of heteronuclear decoupling. © 2000 maXImum RF, amp 't“qe is limited by the a\{al able RF ampli

fiers and limitations imposed by the available probes. Fc
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Key Words: short mixing sequence; Hartmann-Hahn transfer; ~€Xample, a planar mixing period of 0.21" (13) has a duration
HEHAHA. of only 1.2 ms for aH-"*C coupling constant o = 170 Hz
and no well-characterized broadband HEHAHA sequenc
could be found with a sufficiently short cycle time for the

Heteronuclear Hartmann—-Hahn (HEHAHA) transfer has beaaximum available RF amplitude of tH&C channel of the
come an important technique for the transfer of polarizaticvailable spectrometer.
and coherence in high-resolution NMR spectroscopby5). For any HEHAHA sequence, the duration of the cycle time
The first practical broadband HEHAHA experimen&-0) 1. relative to the covered bandwidthr can be expressed in
were derived from heteronuclear decoupling sequences. Haerms of the dimensionless parameter
ever, the effective bandwidths can be markedly different if a
given multiple-pulse sequence is used as a heteronuclear de- )
coupling sequence (irradiation of one-spin species only, e.g., K = Tred _ TeVREmax 2]

S) or as a heteronuclear planar mixing sequence (irradiating Avieg Av 7
spinsl and S simultaneously)4—9). Even larger bandwidths
can be covered by pulse sequences developed specifically\{fere 7., = 7. Ve is the reduced cycle timeAv,, =
broadband heteronuclear Hartmann—Hahn experiments in ligy/,,._  is the reduced bandwidth, amgk ..is the maximum
uids (10, 11 and it was demonstrated that it is even possible {9 amplitude of the pulse sequence. In the followiag, is
design HEHAHA sequences with different bandwidths for thgefined as the bandwidth in which the transfer amplitude -
| 'and S spins (2). A minimum scaling of the heteronuclear; = 1/3 s larger than 80% of the ideal transfer amplitude. Thi
coupling constantd; is achieved by planar mixing sequencegansfer amplitude reflects the degree to which planar mixir
that create an effective heteronuclear coupling term of the foBnditions are created by the sequence and can easily
determined both theoretically and experimentally. In Table
Hp=2m >, > IEMI,S, +1.S.) [1] the durationsr,, the bandwidthg\v,., (determined using nu-
i merical simulations, for details see caption of Fig. 1), and th
quality factorsk are given for selected HEHAHA sequences
with effective coupling constants" = J;/2 (4, 5). Of the known and well-characterized HEHAHA sequences

Recently, a new class of heteronuclear coherence-order @ALTZ-8 (7, 8, 19 has the best quality factor witk = 16,
lective transfer experiments was introducég)(that achieves whereas for most known HEHAHA mixing sequencess
theoretically predicted upper limits for the transfer amplitudeonsiderably larger. The DIPSI-2 sequent8) (vith k = 28.8
in 1,S andl ;S spin systems1(4). These sequences consist ofs based on the composite 180° puls® =

320410.,290.285,30,245 ,375,265_,370, that is ex-

! To whom correspondence should be addressed. panded in an MLEV-4 cycleQQQQ). Surprisingly, the trun-
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TABLE 1 r 76
Comparison of the Reduced Cycle Time 7.4, the Reduced Band- & : [kH'z]
width Av.4, and the Quality Factor k (Eq. [2]) for Selected Mul- 3
tiple-Pulse Sequences
0

Pulse sequence Tred Avey K
DIPSI-3 O, 18 54.3 1.05 51.7 ®
WALTZ-16 (6, 9, 19 24 0.8 30 S
DIPSI-2 ¢, 9, 19 28.8 1.0 28.8 6 3 0 3 6
SHR-1 (10) 26.1 0.95 27.5 Vg [kHZ]
WALTZ-8 (7, 8, 15 12 0.75 16
R, = 180°(MLEV-4) (16, 17 2 0.13 15.4 FIG. 2. Experimental offset profile for the efficiency of the heteronuclear
DIPSI-2/2 14.4 1.0 14.4 Hartmann—Hahn transfer of the 180°(MLEV-16) sequence. HEHAHA transfe
180°(MLEV-16) (16, 17 8 0.72 11.1 was monitored between tH&N and the amide proton of labelé#Boc-alanine
R, (16) 8 0.9 8.9 in DMSO. The mixing time was 10.1 ms (corresponding to seven comple
180°(MLEV-8) (16, 17 4 05 8.0 180°(MLEV-16) cycles for an RF amplitude of 5.55 kHz), which is slightly
R, (16) 4 0.5 8.0 shorter than the optimum mixing time= 1/J,, = 11.1 ms.

B planar mixing Hamiltonian (Eq. [1]). For a given RF amplitude
cated sequence DIPSI-2/2 with the simple cyd®Q) has a .., the reduced bandwidthy,., correspond to 50 and 72% of
similar bandwidth as DIPSI-2 with only half the cycle time (seghe bandwidth of DIPSI-24, 9, 1§. However, the durations
Table 1). Tea = 4 and T, = 8 of these sequences are only 13.9 an

Even smaller values ot were found for relatively simple 27.8% of DIPSI-2 cycle time, resulting in improved quality
multiple-pulse sequences that were so far only discussed aagtors k = 8.0 and x = 11.1 for 180°(MLEV-8) and
analyzed for applications in heteronuclear decoupling. Figure180°(MLEV-16), respectively. The sequenceR, =
shows the simulated transfer efficiency as a function of thss0,270_,90,360_,270,450 ,270,90_,360,270_,90, (16)
offset of spins | and S for the sequences denotechas the same duration., as 180°(MLEV-16) with bandwidth
180°(MLEV-8) and 180°(MLEV-16) 16, 17 which consist of Ay, = 0.9 and a quality factok = 8.9 (note that there was a
a single rectangula® = 180° pulse expanded in an MLEV-8 printing error in the definition oR, in (16)). The sequence
(QQRQQ QQQQ) or MLEV-16 supercycle QQQQ QQQQ R, = 90.,360,270.,90,360_,270, (16) has identical dura
QQQQ QQQQ) (17). Both sequences create an effectivgon r,., as 180°(MLEV-8) and a reduced bandwidil,., of
0.5, matching itsc value of 8.0, which is the best quality factor
that was found so far. The simpler sequente =
180°(MLEV-4) (16, 17 was investigated but has a relatively
unfavorable quality factok = 15.4 (see Table 1).

As an example of an experimentally determined offset prc
file, Fig. 2 shows the results for the 180°(MLEV-16) sequence
The HEHAHA transfer between tHéN and the amidéH spins
of **N-labeledN-Boc-alanine in DMSO was monitored for a
mixing time of 10.1 ms (corresponding to seven complet
180°(MLEV-16) cycles with an RF amplitude of 5.55 kHz)
which is slightly shorter than the optimum mixing time=
1/J4 = 11.1 ms. The transfer amplitudes were extracted fror
a series of 1-D experiment$2) in which the offset of thé and
FIG. 1. Simulated offset profiles for the efficiency of the heteronucleaB spins was independently varied in the rangetdf kHz. A

Hartmann-Hahn transfer of the 180°(MLEV-8) (A) and 180°(MLEV-16) (Byeasonable match between simulations (Fig. 1B) and expe
sequences. The polarization transfer amplitude is shown at a mixingrtigne ment is found

= 1/J as a function of the offsets, and vs in the range of+6 kHz. Th lity fact f the basis f ical i
Simulations were performed using the program SIMONB),(assuming an € quality Tactork can torm the basis for numerical opt-

RF amplitude of 5.55 kHz and an uncorrelated Gaussian RF field distributig_ﬂizations of new multiple pl_JIse sequences V\{ith short cycl
with a full width at half-height of 10% for both RF channels. The mixing timdimes and favorable bandwidths. It is conceivable that se
Tmx = 1/J was chosen to yield optimum transfer if both spirsndS are on guences with even smaller values«atan be found, e.g., based

re_sonange. In order tq realizg, with an integer multiple of the cycle timt_g, on optimized Composite pulses with simpler expansiow
slightly different coupling constantkof 92.6 and 96.5 Hz were assumed in the

simulations for 180°(MLEV-8) and 180°(MLEV-16), respectively. PositiveSChemeS' The definition Of_ the qua“ty faCW(_EQ- [2]) for
and negative contour levels are shown by solid and dotted lines, respectiv@lb.‘_)rt HEHAHA sequences Is ree}sonable, but it IS by no meal
The level increment is 0.1 and the highest contour level is 0.9. unigue. Depending on the application, alternative definition

vg[kHz] - Vg [kHz]



SHORT HEHAHA MIXING SEQUENCES 371

can be useful. For example, the weight of the bandwidtlé. E. R. P. Zuiderweg, Analysis of multiple-pulse-based hetero-
covered by a HEHAHA sequence can be increased relative to ggg'esai;lgg%ss polarization in liquids, J. Magn. Reson. 89,
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(Avred)z- In cases where the RF irradiation is limited by theg' L. R. Brown and B. ('Z..Sanctuary, Hetero-TOCSY experiments with
. . WALTZ and DIPSI mixing sequences, J. Magn. Reson. 91, 413-421
average RF power, rather than by the maximum RF amplitude, (1991)
this can be takefn Into account !n the def!nmonrgj andA_V’Ed 10. N. Sunitha Bai, N. Hari, and R. Ramachandran, Numerical design of
where the maximum RF amplitude ... is replaced byv, ¢
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