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Abstract

A sixteen pulse sequence which excites dnly four-quantum transitions
in multiplquuantum NMR is shown to give good selectivity on two
molecules, benzene and n-butyl bromide. The behavior as pulse sequence

parameters are varied is shown to be consistent with coherent averaging

theory. Advantages of this new sequence include much lower duty cycles

and shorter total duration than can be achieved with previously used

selective sequences. Limitations of this approach and extensions to

4.high—quantum.selectivity are discussed.



Selective excitéﬁionvqf high-quantum transitions in anistropic
systems has recgntly been shown theoretically1 énd experimentally2 to
“give largé signal gains.relative to standard nonsélective tgcﬁniques.
.Howevef, the selective éulse sequeﬁces used iq experiments to datg_have -
required thpusands of pulses, so fhat sample heating and instabilities .
: . . . ) 1
are serious problemé. In addition, it would be difficult for purely
technical reasons to use such long éequences for selective multiphoton
pumping in othgr fegimesiof.spectroscopy.
In this letter we présent experimental evidence*that good selectivity
can be achieved with much shorterléuise sequeﬁces. We have found that
sixteen pulses are sufficient'to selectiyely excite 4k~quantum coherences
(k = 0, 1, *2...). The‘pulse sequence is given in Figure 1. 1In the
top part‘of'the figuré ¥  represents a cyclic séquence‘of'pulses_and-

0

delays of total duration Arp . Fof‘ﬂb is repeated n times, with each
pulse phase shifted by ¢ = 27/n before each repetition. This process,
which is termed phase cyclingl’z, creates a sequence which is nk—quantum
sélectivé to lowest order in coherent avefaging theory3’4; To minimize

0

operators do not develép“unless ﬂﬁ;ﬁrbﬂzl, where m; is the spin Hamiltonian.

high-order nonselective terms ﬂﬂ'Atpﬂ<<1 is required, but multiple-quantum

Thus, the key to gaod selectivity ié to use a pulse sequence_which has an
efgective Hamiltoni;n "ﬂbﬂ<<ﬂm;“, |

Previous experiments have combinéd two dipolar time_reversing ﬁ
sequences (separatedAby_g short delay) to produce:ﬂb.‘ A simpler approach <.
which is shown at the bottom of Figure 1, is to usé a dipolar line
narrowing sequence, such as the four—pulsé WAHUﬁA3 sequenée shown here.

For clarity the average Hamiltonian of this subcycle sequence will be

written with a small h. Pure dipolar interactions are suppressed in



Wid

~ dependence of

(1)

E(O) and h . Chemical shift and resonance offset terms are not

suppressed, but these interactions are generally much weaker than the

(2)

dipolar interacfion. The operator h is.given'by:
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which can be readily shown to contain four—duahtum operators. There

is a range of values for T (the short delay between the pulses) such

that u:fczzn->>nﬁ(2)u>>nzccéu , 131, and if T is in this range a WAHUHA

sequence can be used_for'ﬂh if four—quantum selection is desired. -~
Figure 2 shows the effects of varying T in one cycle of 4k-quantunm

selection on a sample of 13 wtZ benzene dissolved in Eastman liquid

S
R

crystal #15320. As expected, smzll values of T give almost no signal,
(2)

since h . is proportidnal to T2. When T = 100 usec the sequence is

selective in all the irreduciblé représentations; the three pairs of
: v _ i

ﬁeéks and large central transition coincide with the known line )

poéitions of all the aliowed fodr—quantum transitionss. As T groﬁs

larger the seiecﬁivity is expectea to fade awéy first in the.totally

symmefric representation (where ﬂJ%z“ is 1argest)l, and theréfore the

side peaks lose intensity. It is clear that only a narrow range of

values of T gives good selectivity, which is a consequence of the strong
7(2)

on the cycle time.

All the spins in oriented benzene have the same chenical shift,

so they can all be put on resonance to minimize correction terms. This

cannot be done with oriented n~butyl bromide, which has four inequivalent

sets of nuclei. Nonetheless two cycles of 4k-quantum selection with



T = 30 usec‘prodﬁces mainly four-quantum signal, as shown in Figure 3,
although nb‘enhaﬁcement of the signal'relative to nonseiectivé excitation
was noticed. Sﬁperibr selectivity and signal enhanceménf might be
produced ﬁy inserting echqing 180; pﬁlses.in thé middlé of each delay,
as this would reduce the chemiéal shift contribution. | |

Since 5(2) has no o?eratoré with AM>4, higher-quantum sélecfion v
. must rely 6n higher corredtibn terms, and therefore is unlikely tQ‘
be effective. For ex#mple, we were unsuccessful in generating 8k-quantum
selection with this'sequénce. It would then be useful to try.line
narrowing sequenceé which eliminate the diﬁolar_Hamiltonian to higher
order. For example, the 72-pulse sequence of Burum and‘Rhim6 has
6-quantum operators in 1ts leading dipolar term 5(4),_and thus would
be a good candidate for 36 in a 6k-quantum selective sequence. The
level of compe -ation reqﬁiredlin the line nafroﬁing sequence grows
rapidly as the number of quanta increases, anﬁ this will be a practical
1imitatioﬁ to thé‘teéhnique.' Nonetheléss, the advantages of very low
&uty cycles and shorter tqﬁal pulse sequence duraticn make the use of

line narrowing sequences an attractive'optiqn‘for'1ow—quantum selection.

This work was supported by the Directorj Office of Energy Research,
Office of Basic Energy Sciences, Materials Sciences Division of the

U.S. Deépartment of Energy under Contract Number W-7405-ENG-48. -
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-Figure Captions:

Figure 1:

Figure 2:

Figure 3:

The sixteen pulse sequence used to selectively excite four-

0

narrowing sequence, which eliminates the'dipolar Hamiltonian

quantum coherences. Here ¥ represents a WAHUHA line

to first order. The coherences evolve for a time tl, and then
are detected by repeating this same sequence with one pulse

added at the end (see ref. 1 for details).

The effects on oriented benzene of varyiﬁg the deléy between
pulses in Figure 1. As expected from coherent averaging
theory the value of T is critical. The pulse width is 5 usec,

so the duty cycle is'very low.

‘The effects on oriented n-butyl bromide (1-bromobutane) of

two cycles of'4k—Quantum selection with T = 30 usec. The
range of chemical shifts in this molecule makes selection
more difficult, since a WAHUHA sequence does not eliminate

these terms. Nonetheless good selectivity can be achieved.
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Oriented Benzene
4k-quantum selection

Subcycle WAHUHA sequence

T =50 usec

T=100 usec

T =200 usec
=0 n=2 n=4
Figure 2
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Oriented |-Bromobutane 4k-Quantum Selection
Subcycle WAHUHA Sequence
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