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In anisotropic materials, such as liquid crystasd stretched E,-E),
polymer electrolytes,diffusion can be highly anisotropic, and the o, 0 0 o
anisotropy may differ among structural phases and vary with the H 31:+1'| PPV R R T DR O g o
electrochemical force. At the microscale, diffusion in porous media X/ G AN LHURAE LU AL U RS L
may inevitably exhibit anisotropy due to the restriction and pore G Gy = Gy GG Gy Gy
connectivity? Biological tissues, such as skeletal musdlesstrict = [ [1 Y 'Dxl 1 1

diffusion in some structural orientations. Diffusion anisotropy is G, I

measured by comparing the diffusion coefficient along several rigre 1. The 4-pulse MMME2D sequence. Extra periadand 3" are
noncollinear direction® However, the existing methods generally  added to the original MMME® to facilitate the application of the gradient
require many acquisitiorfs,” and the resulting long experimental ~ pulses. The 13 echoes (dashed lines) form five groups; the first group
time may limit their application in metastable systems and in vivo/ consists of the first echo and the next four groups three echoes each. After
S . h Kd trat fast NMR techni the first, fourth, seventh, and 10th echoesxagradient pulse is applied.

in situ studles: T gpresent work demonstrates a fast NMR techniquety, qyration of alix-gradient pulses is.

to measure diffusion along multiple noncollinear directions simul-

taneously and thus obtain the full diffusion tensor in one scan. (jffusion alongx can induce decay only for the latter nine echoes.
The diffusion effects on spin echoes in a magnetic field gradient on the other hand, all echoes experience different amounts of decay
was first described by HatihThe Larmor precession of the  gue to diffusion along. As a result, one scan produces 13 echoes
transverse magnetization in the field gradient causes a spatialyith a different range of decay alongandz and thus allows the
modulation of the magnetization. Diffusion randomly disrupts the measurement of the two-dimensional diffusion tensor. We label this
modulation and produces an exponential decay of the echo signal.type of sequence MMME2D (2D refers to the dimensions of the
As more RF pulses are used in a sequence, a more complexgradiem directions).
magnetization evolution pattern can be created, giving rise to many A generalized sequence (Figure 1) uses a constgradient and
echoes with different diffusion sensitivities. The behavior of these two x-gradient pulsesGy and G, of ¢ duration, applied afte,
echoes is described by the coherence pathway (CPW) form&lism. and os, respectively. Since thé; elements, when viewed as a
A coherence pathway is defined as a specific pattern of the vector, are, in general, not collinear for all echoes, one scan provides
magnetization state€Q. The role of an RF pulse is to transfer 13 independent data to determine the diffusion tensor. In this regard,
magnetization from one state to another. In general, the echo decayone MMME2D scan is similar to 13 stimulated echo scans at
is of the form§(Q) = A(Q) exp(-2jb;Dy), whereD;; is the diffusion  ifferent gradient directions. The RF pulse fact&(Q), can be
tensor element, and the weighting tensor elentgnts determined  determined theoreticall§ or by a reference scan with an identical
by Q and the gradient pattefAA(Q) depends only on the RF pulses  RF pulse set, but with different 7', andx-gradients. The amplitude

and CPW. ratio between the corresponding echoes of the two scans, 1 and 2,
It has been showfirecently that 13 echoes, each with a different  gjrectly probes diffusion:

diffusion weighting, can be produced using the 4-pulse multiple-

modulation-multiple-echo (MMME) sequencey;—7—0,—31t— — _ _ _
as—97—au—acquisition in the presence of a constant field gradient, S(QIS(Q = expl — Ab,D,, ~ AbyDy, — 2Ab D} (1)
whereay, ay, oz, anday are the RF pulses. The 13 echoes originate
from different CPWs and appear separately in the time domain.
Since theb values of the echoes are different, one MMME scan is
adequate to determine the diffusion constant along the one direction
of the field gradient. The total echo amplitude is about 4 times
that of the Hahn echo.

Now, we demonstrate a method for measuring diffusion along
multiple directions and thus obtaining all diffusion tensor elements
simultaneously in one scan. To illustrate the essence of the method
let us first consider a constargradient during the entire sequence
and only onex-gradient pulse Gy,) during the 9 period. Since
only the latter nine echoes exhibit the transverse magnetization
during the 9 period, they alone are modulated By,. To form
the latter nine echoes, another identiGg gradient pulse must be
applied after the fourth echo to unwind the modulation. Thus

whereAb,,, Ab,; Aby, are the differences of thevalues between
the two scans.

Anisotropic diffusion was studied on an asparagus sample of 4
mm diameter cut from the center of a 12 mm diameter stalk. This
system is composed of bundles of elongated cells along the stalk
axis. The cell membrane is known to reduce water permeation such
that diffusion is limited particularly transverse to the stalk axis. As
a result, the molecular diffusion has been shown to be anisotropic
and smaller than the bulk value on a time scale of 56 Bsffusion
along six noncollinear directions was measured by the conventional
pulsed-field gradient (PFG) method to determine the anisotropic
diffusion tensor with diagonal elemenis/D,./Dy, = 1.5/1.1/1.1
x 1075 cm?/s and vanishing off-diagonal elements. It shows that
the principal axes of the diffusion tensor are parallel to the lab

' frame axes.
t University of Nevada. The MMME2D experiment on the asparagus sample is displayed
* Schlumberger-Doll Research. in Figure 2. The amplitude rati®l'S) of the corresponding echoes
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Figure 2. Figure 2. MMME2D results on the asparagus sample. (A) Plot
of the calculated threAb elements versus the echo numbrer(B) Plot of

the measured amplitude ratios versusThe gradual signal decay is due
mostly to longitudinal diffusion,;), whereas the abrupt drop of echoes
5—7 reflects transverse diffusioml{,). Inset: plot of the amplitude ratios
versus the full diffusion weighting argument demonstrating the quality of
the fit. Both scans useth/a/az/oy = 55/71/71/110to reduce the amplitude
variation among the 13 echoes (ref 10). The two scans us8 G/Gx.

= 2.5/15(15 G/cm,z/7'/d = 1.5/1.5/1.0 ms; and (Zp/Gx/Gx. = 2.5/0/0
Glecm, 7/7'l6 = 1.0/1.5/1.0 ms.

was used to scale out t#€Q) factors. It thus measures solely the
diffusion effect. We used the contrasting patterns of diffusion
weighting (Ab) versus the echo numban)(for different elements,
which is desirable for reducing correlated errors between the
diffusion tensor elements. The echo amplitude ratios in Figure 2B
show a gradual reduction due to diffusion alangnd two steps

diffusion tensors. The 4-pulse sequence illustrated here is an
example of the broad MMME class of sequente$he 5-pulse
MMME, producing 40 echoes, may bring further improvement and
allow a one-scan measurement of a 3D diffusion tensor. It is
possible to extend the MMME technique to acquire chemical shift
resolution (perhaps with limited resolution), thus enabling a one-
scan DOSYL2 MMME2D can provide a new tool for in situ study

of anisotropy in chemical systems. For example, many solid
electrolyte$® and polyelectrolytéd display anisotropy that reflects
either structural (e.g., stacked aluminosilicate layers) or chemical
(e.g., water content, pH) properties. The progress of chemical
reactions and material degradation might be monitored through the
anisotropy. Many nanoscale structures can be viewed as qu#si-1D
or 2D' pores. Owing to the geometric confinement and the
interactions with pore walls, the chemical bonding of gases and
liquids, such as watép;1within the nanopores can vary from the
bulk phases. For example, diffusion anisotropy might be used to
distinguish molecules inside or outside the nanotubes, providing a
viable means for monitoring the uptake of gases and liquids into
the nanotubes. MMME can be used in stray field NMR, and the
limitation due to shorfT, is similar to that of the conventional
method?®
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