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A simple method for selective double-quantum NMR in solids 1s described The spin system 1s first prepared 1n a state
having only dipolar, or quadrupolar, order. Selective exatation and detection of double-quantum coherence 1s then achieved

by the 90% y—r—45}, pulse sequence.

1. Introduction

In the last few vears there has been a growing in-
terest in multiple-quantum NMR spectroscopy, see
eg. refs [1—7] and references therein, where the
Zeeman quantum-number selection rule becomes AM
= n, with arbitrary #, instead of the usual AM = ] of
ordinary NMR spectroscopy.- With non-selective exci-
tations, however, spectral resolution 1s usually rather
poor especially 1n solids and intensities of the lines de-
creased rapidly with increasing n. Moreover, the inten-
sities, even withum a given order, depend strongly on
preparation; therefore some sort of averaging 1s neces-
sary to get appreclable intensities of all the lines [3,8]

Recently Warren et al. [9] have developed a meth-
od for wideband selective excitation of n-quantum co-
herence. Their method consists of a combination of
mutltiple pulse averaging [10} and phase shifts [8].

In the present paper we propose a simple method
for wideband selective excitation and detection of
double-quantum coherence in dipolar or quadrupolar
solids. We note that the present study applies to multi-
Ievel spin systems and is quite different from the
double-quantum NMR of a spin 1 system [2,11].
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2. Theory

Consider a system of dipole-coupled spins 1n solids,
subject to a high magnetic field. The relevant haml-
tonian, in the frame with (x, y, 2) axes rotating around
the z axis wath angular frequency w, 1s given by

H=aL+HY, Aswy—w, )

where gl is the Zeeman system, g being the Larmor
precession frequency, and Hg)) 15 the truncated dipolar
interaction, which commutes with J,. Terms leading to
relaxation are neglected in eq (1). The density matrix
of the spin system in equuibrium, 1n the high-tempera-
ture approximation, is given by

p=1—pI, . @)

Now we brning the spin system mto a state having
only dipolar order. One way to do this 1s by applying
a phase shifted pulse pair [12] 903 ~7,—45),, either
on-resonarnce (A = 0) or off-resonance, see fig. 1. In
the latter case, to avoid Zeeman order 7; must be
chosen such that sin Ar; =0 [13]. After waiting for a
tume 7y which must be longer than the decay time T
of the off-diagonal elements, i.e. multiple-quantum
coherences [7,14], the density matrix becomes

p=1-BHY, ®)
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Fig. 1. Selective excitation and detection of double-quantum
coherence First dipolar order is prepared using the 90—v3—
45} pulse sequence and waiting for a time 7w longer than the
decay of the off-diagonal elements of the density matnx. Se-
lective excitation and detection 1is then achieved with a

90%  ,—t-453, pulse sequence. The double-quantum coher-
ence 1s measured by observing (/y) as a function of 7, for a
certain value of 75.
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where § will be tame-dependent because of spin—
lattice relaxation, but we shall pay no attention on
this aspect.

Selective excitation of double-quantum coherence
1s achieved by applying a 90, or 903, pulse. This fol-
lows easily from the known transformation property
of HD), see e.g. ref. [7]. We get for 905, ,, pulse:

p=expGmily ;) (1 — BHS) exp(—iml, ),
SO
Ox,y =1+ 3BHE £ (6 DpEP +HED). @

where the + sign refers to the 903 and the — sign to
the 90}, pulses and H? + H5? are double-quantum
dipolar operators (AM = 12), contaning [, . [;, — 1,1,
i and y denote the rth and jth spins. The opposite signs
n eq. (4) for 903, and 90; pulses respectively, can
easily be understood since the latter pulse can be ob-
tained from the first one by a rotation of 90° about
the z axis (90° phase shift), changing x into y i H{;?.
It 1s also a well-known property of double-quantum
coherence which changes in phase by twice the phase
shuft.

After excitation of the double-quantum coherence
we let the system evolve for a time £:

P,y =1+38HQ x py()
po(8) = (6Y2/4) B expli(AL, + HID)4]
X HE? + H?) expl-1(AL +HP],  (5)

where the double-quantum coherence 1s entirely con-
tamned in p4(#). The above evolution takes place with-
out an observable signal in the transverse plane, since
Py, y(t) does not contain single-quantum coherences.
(N.B The absence of an observable signal during the
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evolution period ¢ can be taken as a criterion for cor-
rect adjustment of pulse widths and phase settings.)
From egs. (4) and (5) it follows that the combination
Py — Py further selects the double-quantum coherence
from the rest.

Detection of the double-quantum coherence in eq.
(5) 1s achieved by a 45;, pulse. This transforms past of
p2(2t), and also of Hg’, into single-quantum coherence
[1-8]. The evolution of the double-quantum coher-
ence can thus be detected by observing {/,,} as a func-
tion of ¢, for a certain value of 7 after the last pulse,
i.e. for the double-quantum coherence:

U,>="Tr I, exp (Al +Hg”)‘r2] exp(én’i[y)
X pa(r) exp(—5il,,) exp[—i(AL, + HP)73] . (6)

The whole sequence is depicted in fig. 1. We note that
the detection pulse need not be a 45° puise, other
angles will do, except a 90° pulse when A =0. Asis
well-known [1—7] </,,) will be modulated with a fre-
quency 24, since pZ(J;) contains exp(£2iA¥), and it
will change sign upon applying a 90; instead of a 907
excitation pulse as explained above. In addition to the
signal as given by eq. (6) there will be 2 common base-
line for the two excitation pulses. This baseline cosre-
sponds to the dipolar signal, cf. eq. (5) and ref. [14];
it 1s independent of phase shift and A.

We end this section with three remarks: (i) The
above results apply also when H‘S’ is a quadrupole in-
teraction, because the latter interaction transforms in
the same way under rotations as the dipolar interaction.
(1i) Actually only the last two pulses in fig. 1 belong to
the selective excitation and detection of the double-
quantum coherence, because dipolar order can be cre-
ated 1n other ways, viz. by ADRF [15], by off-ieso-
nance saturation [13,16] and in some cases by sample
heating [17,18]. (ii1) In the usual excitation scheme,
e.g. with 903 —7—907 _, intensities of multiple-quantum
lines are sensitive functions of combinations of 7 with
off-set A and with the strengihs of spin—spin interac-
tions. In our method excitation of the double-quantum
is achieved by a single pulse; there is no 7 involved.
Consequently, the intensities of the double-quantum
lines are independent of preparation, cf. egs. (4) and
(5). Thus distinct feature is of great practical importance,
since the double-quantum spectra to be obtained by
this method will be characteristic of the sample con-
sidered.
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3. Experimental results

To llustrate the method we have done measure-
ments at room temperature on the protons of adaman-
tane (CmHl 6)» partly deuterated 1-alanine
(ND3CHCH3C0O0™) and gypsum (CaSO, - 2H,0).
The samples were powders and have been chosen for
no particular reason except that their relaxation timnes
were rather short (<1 s) which is convenient to do the
experiments. The measurements have been done on a
Bruker CXP pulse spectrometer at 60 MHz. The 90°
pulse width, 79> = 2.85 ps, corresponded to an rf am-
plitude yHy/2n ~ 88 kHz.

Fig. 2 shows {,,) as a function of # for A =0, The
dots are for the 90 excitation pulse and the open cir-
cles are for the 90y excitation puise. The common
baselines have been subtracted Fig. 2a- adamantane,
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Fig. 2. (Iy) as a function of ¢ for A = 0. & 90} excitation
pulse; o 90}, excitation pulse (a) Adamantane, ) = 46 us,
w = 500 ps, 72 = 46 us, (b) NDYCHCH5C00™, 71 = 16 us,
W = 200 us, r2 = 18 us, (¢) gypsum, 7y = 12 us, rw = 200 us,
72 = 18 us. The two excitation pulses give opposite signals
with 2 common baseline as evidence of the doubleqquantum
coherence i (Jp).
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71 =46 us, Ty = 500 us, 75 = 46 us, linewidth ~14
kHz. Fig. 2b" 1-alanine, 7 = 16 ps, 7 = 200 us, 75

= 18 us, hnewidth ~30 kHz. Fig. 2Zc gypsum, 7y = 12
us, Ty = 200 ys, 74 = 18 ps, linewidth =30 kHz. For
adamantane the signal at £ = 100 us has been chosen
as the baseline of </,,). For l-alanine and gypsum the
baseline is the signal at £ = 70 us. In all the three cases
the change of sign of {/,,), i.e. 2 180° phase shift, for
90 compared to 90§ excxtanon pulse is evident. It
was also observed that with cofrect adjustments of
pulse widths and phases there was indeed no signal
after the excitation (third) puise.

Fig. 3 shows {/,,} as a function of  for the three
samples for A/21r 40 kHz. Since the pulse widths are
fimite the condition for zero Zeeman order becomes
sin A(ry + 6} = 0. We found experumentally that this
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Fig. 3. Uy) as 2 function of t for &/2x = 40 kHz. ® 905% excita-
tion pulse, @ 90} excitation pulse. (a) Adamantane, 7y =46 S
us, rw =500 us, rp = 18 us, (b) ND3CHCH3C00 7y=21.5
18, vw = 200 us, r2 = 18 us, (c) gypsum, r; = 9 us, rw = 200
us, 79 = 18 ys. The modulation with 80 kHz and the 180°
phase shuft for 903 compared to 90% excttation pulse are both
characteristics of double-quantum coherence.
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was the case for 7, =9, 21.5,34 and 46.5 us,so &

= 3.5 ps. Fig. 3a: adamantane, 7y =46.5 us, 7y = 500
ps and 75 = 18 ps. Fig. 3b: l-alanine, 7y = 21.5 us,
Tw = 200 ps and 7, = 18 ps. Fig. 3c: gypsum, 73 =9
us, Ty = 200 us and 79 = 18 us. In fig. 3 the expected
modulations with a frequency of 80 kHz as well as
the 180° phase shifts are clearly seen. The baselines
have been chosen as in fig. 2 and subtracted from the
signals. In contrast to the case of A =0, in the present
case the signal after the third pulse was not exactly
zero. This 1s due to the fact that yH,; was not much
larger than A and consequently the pulses were not
correct 90° and 45° pulses anymore.

The functional dependence of ) on phase shft
and A shows that (Iy) contains only double-quantum
coherence, so the prediction of the theory is experi-
mentally confirmed. We note that the responses to
90; and 905, excitation pulses have been observed
separately only to venfy expenmentally the proper
dependence of (Iy) on phase shift, whereas the signal
from Hg)) 15 independent of phase shuft. It should be
obvious that the double-quantum coherence could be
observed directly, with zero baseline, simply by sub-
tracting the responses to the two excitation pulses
from each other.

4. Conclusion

We have proposed a rather simple method for selec-
tive excitation and detection of double-quantum coher-
ence in spin systems with dipolar, or quadrupolar, in-
teraction. The method consists of first creating dipolar
order. Selective excitation and detection has then been
achseved by the 903 ,—1—45], pulse sequence. The
method is particularly suitable for solids, where free
mduction decay time T’ 1s much shorter than spin—
lattice relaxation time, Ty, in this case, so that one
can choose Ty <€ T, fig. 1. However, with the fol-
lowing modification it can be applied to spin systems
dissolved in hquid crystals where T = T . After cre-
ation of dipolar order one can apply a strong pulsed
field gradient [19,20] to dephase possible off-diagonal
elements in a ime T < T, so that again one can
choose Ty <€ T';pp- This technique is also a proper alter-
native to the method proposed earlier [14] for dipolar
relaxation measurements in liquid crystals.

In addition to the simplicity of the method the cre-
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ated double-quantum coherence is independent of de-
tails of preparation, in contrast to usual excitation
schemes of multiple-quantum coherences [1—7]. This
distinct feature of the method is of immense practical
importance. It allows obtaining double-quantum spec-
tra which are characteristic of the spin systems con-
sidered, like in ordinary single-quantum spectroscopy,
independent of parameters used during preparation,
whereas usual multiple-quantum spectroscopy was
deficient in this respect.
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