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Abstract

Experiments have been completed which demonstrate the greatly

enhanced sensitivity of the multiple quantum version of the NMR spin
echo diffusion experiment. These experiments are particdlarly well-

suited to studies of anisotropic diffusion where the presence of dipolér

couplings may make the standard experiment technically infeasible.
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A variety of methgds have bee@ used to analyze the diffusive
motion of molecules. In this COmmunicatién we report on the
application of multiple quantumvNMR to the problem of hiéh sensitivity
measuréments of diffusion in anisotropic systems. Thé mﬁltiple'quantum

®

diffusion experiment is related to the standard NMR spin echo diffusion

' experiment1 and is a generalization of the 2-quantum ekperiments of-

Morton et‘al.2 to arbitrary dipolar coupled proton systems. It

shares those qualities which have made the NﬁR diffusion experimént a

- favorite method of measuring diffusion constants. It measures diffusion

.in a system at equilibrium without the need to introduce any external

. probes or labels. Ininidual molecules, insteéd, are labeled by their

positibn‘in a magnetic field gradient after an initial radio frequency

{r.f.) pulse, and the motion is followed by monitoring the amplitude of

‘the spin echo following a second r.f. puise some time later, as depicted

in Figure 1(a). Those nuclear spins which have moved'little contribute
more to the bulk.echo signal than-thosé'which have strayed far from the
field in which they were labeled.

While the.NMR spin:echo diffusion experiment is routinely performed
on isotropic systems, the interesting case of anisotropic diffusion, aéi
is found in liquid crystals, bilayers, membranes, or solids, is studied
less frequently. Though .the same conceptually simple method is
applicable, it is complicated by two factors: firstly, the diffusion
tends to be slower (which necessitates larger field gradients) and
secondly, the dipolar interactions, which ére absent in iéotropic
systems, interfere with the formation of a spin echo at times long
compared to the inverse of the dipolar spectral width.

The multiple quantum spin echo diffusion experiment substantially
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.éileviate§‘both these problems. Normal Fourier trdnsfo?m NMR
téchniqueé.involve the excitation and detection of coherences where
the difference in Zeemén quahﬁum numbers, Am, is 1. Multiple
quantum NMR utilizeg_a sequence of r.f;‘pﬁises to prepare énd detegt
coherences where.n % Am iéiérbitrary3. We exploit the fact that an
n quantum coherence dephases in a field gradient n times faster than
“does. a single quantum coherenceu. This effect is obviously of
considerable advantage in diffusion'studigs and has pfeviously been
demonstrated by Morton et al,?lfor the 2 quanﬁum coherence,qf
CH2C12 dissolveq in v#rious liquid qrystéls};;;or N cougled:protohs;

‘ fﬁe N-quantum”transitioﬁ is boﬁh frée 6f dipolér éouplings and moSL
sensitive to dephasing by the field gradient. This approach glimiﬁéteg
"thé'need forvthose line naréﬁwing techniqﬁes typically employed for
giffﬁéiﬁn measurementé in dipolanvppupled systems.5 Our generalf
ﬁiéétionqu_thg NMR spin écﬁo aiffusion ékﬁebiéent to multiple quantﬁm
‘echées is shown in Figufe 1(b).

Gradients-of‘up tp 15 gauss/cm (calibrated against HZO) were
applied through a duadrupole coil and homemade current pulser capable
of switching 2 amp in 10 ﬁsec. The gradient coil was rotated to
‘produce gradients‘either parallel or.perpendicular to the main magneticﬁ

field. Multiple quantum diffusion experiments have been performed on

samples of benzene and 2-butyne dissolved in Eastman liquid crystal

g

#15320, forming a nematic phase, which demoﬁstrate the increasing
sensitivity of n quantuh echoes as n increases. FigurevZ shows ﬁhe
order dependence of the decay of the echo»amplitude for all orders of
benzene. The straight lines represent best fits to the Stejskal-Tanner

equation quified for n quantum echoes:



' 2-Butyne 3.1 x 10°

AL |
In —mmt = -yznZgZD(az(Af_g) , Y
Ao(tl)_ - .

where A(t1) is the observed echo amplitude, Ao(t1) is the'amplitude

in the absence of any gradient, y is the'magnetogyric ratio, d is

" the multiple quantum order, D is the diffusion éonstant and § and

A are as defined in Figure 1.
.- Results are shown in Table 1, and repreéent an average over all

n quantum orders. None of the orders gave results outside:6r the error

‘bars listed. The primarv»unéertainty remains the gradient calibration.
‘Experiments performéd in’a time-indepéndent gradient and correctéd fof‘ .

' T2 relaxation gave essentially identical results.

4

" " TABLE 1
2 2 ]
D, (em /sec) Dy (cm. /sec) Dy /Dy .
Benzene .9 x 107°s.1 1.1 x 10781 1.258.05
61.2 - 3.5 x 10‘6:.2 1.1+£.05

It is clear that the high n-quantum echoes form much more sensitive

measures of diffusion. The technique is likely to find its greatest

'applicability in the measurement of slow self diffusion of oriented

molecules where current methods fail either due to short Tz's.or the
need for unrealisticall}vlarge field gradients. The combination of
heightened sensitivitf gnd narrowed lines achievable in the multiple
quantum spin echo diffusién experiment seems the ideal solutioﬁ to

current experimental limitations.
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-of interest using'parameteb proportidnal phase ihcrementation (PPPI).

Figufe 1. NMR pulsed'gradient diffusion experiment. Crpss hatched .
areas indicate gradient pulses. The experimeht is typic;lly performed
with A fixed and G'regularly incremented. Only the peak height of the
single quantum echo is digitized. The results are fitted to Equation 1
and the diffusion constént, D, extractéd, (a) The single quantum

version. (b) The multiple quantum version. This sequence prepares

- multiple quantum orders nonselectiyely and detects selectively only

~ .

magnetization which evolved during t1 as n~quantum.6. Preparation

and mixing times ( T and T) were optimized for the multiple quantum order
. _ . .

The fixed multiple quantum evolution time,'t1,-was si&ilarly choseh,to

maximize the ampiitude-of the observed coherence transfer echo.

-

‘Figure 2. Results of the NMR diffﬁsion experiment for all n quantum

orders of beniene (25 mol %) dissolved in Eastman liquid crystal #15320.
fhe applied gradient is parallel to the magnetic field éxis. The ploﬁs
show the normalized echo amplitude vs. the gradient pulse timing .
parameter of equation 1. 4Straight lines are linear least-squarés fits
to the accumulated data. The élopes of these lines vary as nz, as

is predicted by theory. This illustrates the vastly iﬁcreased

sensitivity of the multiple quantum diffusion experiment.
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