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Measurement of the Principal Values of the Anisotropic Diffusion
Tensor in an Unoriented Sample by Exploiting the Chemical Shift
Anisotropy: *F PGSE NMR with Homonuclear Decoupling
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NMR methods (S. V. Dvinskikh et al., J. Magn. Reson. 142,
102-110 (2000) and S. V. Dvinskikh and 1. Furd, J. Magn. Reson.
144, 142-149 (2000)) that combine PGSE with dipolar decoupling
are extended to polycrystalline solids and unoriented liquid crys-
tals. Decoupling suppresses dipolar dephasing not only during the
gradient pulses but also under signal acquisition so that the de-
tected spectral shape is dominated by the chemical shift tensor of
the selected nucleus. The decay of the spectral intensity at differ-
ent positions in the powder spectrum provides the diffusion coef-
ficient in sample regions with their crystal axes oriented differently
with respect to the direction of the field gradient. Hence, one can
obtain the principal values of the diffusion tensor. The method is
demonstrated by **F PGSE NMR with homonuclear decoupling in
a lyotropic lamellar liquid crystal. © 2001 Academic Press
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INTRODUCTION

Recently,

(PGSE) NMR methods for measuring the diffusion coefficie
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rupole coupling fol > 3 nuclei. In that case, one obtains the
so-called powder spectrun®,(6) where domains of different
orientations give rise to signal at different frequencies. E
recording the variation of the diffusion damping along th
spectrum one may obtain accurate anisotropic diffusion da
Until now, this approach has been pursuedihPGSE NMR
of water in some anisotropic systen®.(Note that for quad-
rupole broadened spectra, the quadrupole echo must repl
the spin echo in the PGSE pulse sequented)( A similar
approach could be applied to the dipolar powder spectra
isolated few-spin systems.

The other option has been pursued for spis 3 nuclei
without significant anisotropic couplings such 4. In that
case, signal from domains with different orientations contril
ute to the same spectral peak. The resulting diffusion dec:
which is a composite of Gaussian decays with different difft
sion coefficients, is apparently non-Gaussian in a conventio
PGSE experimentlQ—13. The appearance of this decay alsi

we presented new pulsed-field-gradient spin-ecﬂ%pends on the diffusion timk The diffusion tensor elements
r‘ftou'd’ in principle, be deconvoluted from this composite d

in anisotropic systems (i.e., other than isotropic liquids) with®y- However, as in any other deconvolution probld#) (the

nonvanishing dipolar couplindL( 2). The methods, which ap-

ply heteronuclearl) or homonuclear2) dipolar decoupling,

can be used to measure anisotropic diffusion provided that ltt'{@
investigated sample is oriented homogeneously (single crystg'lg
or oriented liquid crystals) and the gradient direction relative
the sample orientation can be varied. For many material
however, it is difficult to obtain a homogeneously orienteft
sample. Examples are highly viscous thermotropic smectic

lyotropic lamellar liquid crystals.
Measuring the anisotropic diffusioB,(4) in unoriented ma-

result is rather sensitive, for example, to the spectral noise ¢
can therefore seldom be trusted as a source of accurate qt
tive data. Here we present a way by which anisotrop
usion can be accurately measured on suitable sp#n 3

clei in powders. The method exploits the orientational d
ndence of the resonance frequency caused by chemical ¢
nisotropy (CSA). To uncover this, dipolar decoupling is use
lpe method is demonstrated B PGSE NMR that is com-
bined with homonuclear decoupling in the lamellar phase
the lyotropic mixture of cesium perfluorooctanoate (CsPF(

terials (henceforth referred to as powders) may proceed on t%d water {5).
avenues. The first and preferable option is available if the

diffusing species presents the spectroscopist with nuclei that

METHOD

have dominant anisotropic spin interactions, such as the quad-
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The method is based on a modification of the PGSE pul
guences]( 2) that were originally designed to study diffu-
sion in homogeneously oriented samples with nonvanishi
dipolar couplings. They use dipolar decoupling to suppress t
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(1800, 90° 180° 90° 90° 180° 90° 90° In the general case, the diffusion ten8bis characterized by
21z . A E = MREV-8 its thre_e p_ripcipal vqlug@i, i = a, B, y. In powder sgmpk_as,

O 4 = gl \ these individual principal values are only accessible if tt

rf S — = i As exploited coupling tensor, quadrupole or CSA, is significant
~ A =5 FID nonaxially symmetric. Below, we concentrate on the formall

simpler case of uniaxial symmetry that is more relevant f
liquid crystals. In that case, the diffusion tensor has two pril
l_' cipal values denoted b, andD , and the axis of symmetry

coincides with the direction associated wiih). Although not
necessarily the case, a uniaxial symmetnDoinh liquid crys-
tals is usually accompanied by uniaxial quadrupole and C¢
coupling tensors. Hence, the orientation of a particular dome
FIG. 1. **F PGSE NMR combined with MREV-8 homonuclear dipolarith respect to the magnetic fieB}, is sufficiently character

decoupling and slice selection. Bipolar gradient pulsés énd a LED 80) . . :
period are included in the pulse sequence. Acquisition is performed in thzeed by a Smgle angl@ between the phase directér (20)

presence of homonuclear decoupling. The selective inversion pulse is abseM/|HIN _the domain and,. _ _ _ _
every second scan and subsequent FIDs are subtracted. If gis set parallel td,, 6 provides the relative orientation of

both the diffusion and the coupling tensors with resped@ 4o

i i i i i Hence, the bilinear forngDg in Eqg. [1b] can be simplified to
dipolar dephasing during the gradient encoding and decodlggb(o) (3) with

periodss. Since the decoupling is applied in the presence of a
strong magnetic field gradient, the decoupling efficiency varies D(6) = Dico0 + D . sin%6 5
with the gradient strength. The artifact introduced by this (®) | : ’ [2]

feature is suppressed by slice selection. In the original honpr'ovided that the diffusion distande= (6D ,A)* with D

nuclear pulse sequencg) there was no decoupling during thedenoting the faster of the principal values is small compared

signal acquisition, primarily to limit sample heating. While thi?he domain size, the obtained spectra can be straightforwar
is not a problem in suitably oriented samples (all signal arisgs '

from regions of the same orientation with respect to the appli Halyzed to provide the principal values of the diffusion tensc
) gio . . P PPIGE particular, the intensity decays measured at the spect
field gradient), in polycrystalline samples the strong dlpolaerd es provide directlp, andD
broadening obscures the orientation dependence. If, however(%n tEe other hand Hig is sét. to an arbitrary angle with

the signal can b.e acquwed under hompnuclear decoupling, Fggpect tdB,, the domains that are oriented@avith respect to
dipolar broadening disappears, exposing the powder Spectrgmcontribute to the powder spectrum at the same frequer

caused by CSA. The corresponding pulse sequence is ShOWBEI{I the angle between their phase direciand g varies.

Fig. 1. Another difference, compared to Refk, 3), is the use erefore, there is a distribution gbg among those domains

. : . ) h
of bipolar grad'ef‘t pulses wh|ch.suppress grtn‘acts caused -aBP(d such an experimental setup results in a composite de
the cross-relaxation process during the perdd®6).

The diffusion experiment proceeds by recording the varigjat is generally non-Gaussian and is therefore more difficult

tion of the signal intensity on increasing the diffusion detay analyze.
In general, the resulting damping of the signal for a particular
domain depends on the relative orientation of the second-rank

diffusion tensomD (set by the orientation of the domain) to the ¢ homonuclear-dipolar-decoupl&& NMR powder spec
direction of the gradieng (set by the applied gradient coil).4r,;m in the lamellar phase of the CsSPFO@mixture, re
This is usually formulated by replacing the classigéD term corded at 188 MHz and at 298 K, is shown in Fig. 2a. Tk
in the Stejskal-Tanner expressidiY (1§ by the bilinear form gpecirum is a superposition of the axially symmetric CS
9Dg (3, 4, 19 that yields powder patternsé) that correspond to different fluorine posi-
tions within the surfactant molecule. The CSA tensors a
S(A) ~ exp(—R- A), [1a] reduced with respect to their instantaneous molecular valt
both by molecular motionsl( 21) and scaling by the homo-
with nuclear decoupling?). The line positions in the spectrum of ar
oriented sample in Fig. 2b (with the phase director parallel
R = (ysd)%gDg + 1/T,, [1b] B,) coincide with the high field edges of individual powde
patterns in Fig. 2a. The spectrum is assigned as previou
wheres is the scaling factor of the decoupling sequer@efd communicatedZ?).
v is the magnetogyric ratio. (We neglect the orientation-depen-First,D; andD , were obtained in a homogeneouslyented
dence of the scaling factor and relaxation time) lamellar liquid crystal prepared by cooling the sample from tf

<

RESULTS AND DISCUSSION



ANISOTROPIC DIFFUSION IN UNORIENTED SAMPLES BY PGSE NMR

a

5 4 3 2 1 0 A 2 3 4 5
v (kHz) b

FIG. 2. F homonuclear-decoupled NMR spectra of CsPFQ/[fat 40
wt%) in the lamellar phase at 298 K. (a) Sample with random domain
orientation. (b) Homogeneously oriented sample with its director parallel to the
static magnetic field. MREV-8 homonuclear decoupling with 25590° pulse
length and 84us cycle time was applied to obtain both spectra. Note that the
frequency scale is not corrected by the scaling fastf#0.5) of thedecou-
pling sequence. The fluorines that contribute to the spectrum are numbered by,
the corresponding carbon position in the surfactant molecule: ffiledtines
reside on the difluoromethylene group closest to the carboxylate carbon and the
Fg fluorines reside in the terminal trifluoromethyl group. ’

adjacent nematic phase into the lamellar phase within the
magnetic field 23). The experiment performed as previously
described 1, 2) provided us with the data presented in Fig. 3,
from which least-square fits yield, = (2.5 = 0.3)- 10" *
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m?/s andD, = (5_4 + 0_2). 1074 mZ/S, Corresponding to the _FIG. 4. ‘ (a)_ F _spectra obtai_ned Wit!’] the pulse sequence in Fig. 1
different diffusion timesA and with gradient strengty = 190 G/cm and

gradient pulse lengttd = 1.68 ms. The gradient is parallel to the static
magnetic fieldB,. The simulated spectra (left side) are calculated with a
axially symmetric CSA tensor with diffusion coefficierly = 2.5 X 107"
m%s andD, = 5.4 X 107" m%s measured in an oriented sample (see tex
8. and with the longitudinal relaxation time setTe = 1 s. (b) The decay of the

spectral intensities at the edges with increasing diffusion tn{eee Fig. 1).
The points ©, left edge at 3 kHz corresponding o= 0°; [J, right edge at-3

6 kHz corresponding t@ = 90°) are integral intensities from the shadowec
regions. The dependence of the fitted (solid line) decay constants on

gradient strengtly and durations is shown in Fig. 3.

10+

0 . tration and temperaturel),

0.00 0.01 0.02 0.03
(g s 8)2, (G?/cm?s?)

surfactant diffusion perpendicular and parallel to the lamell
24 bilayers, respectively. The obtained raflo /D ~ 20 is close
1 to that found for the same surfactant but at a different conce

SecondD; andD , were obtained in amnorientedsample
prepared by cooling the sample but outside the magnetic fie

o _ ~ With the pulse sequence in Fig. 1 agdparallel toB,, the
FIG. 3. The variation of the decay consteéRi{(see Eq. [1b]) on increasing spectral shape varies on changih@s demonstrated in Fig. 4

gradient strengthg and/or durationd. The effective gradient strength is
provided by the scaling facta of the homonuclear decoupling)( Full and

for g = 190 G/cm. In contrast, no detectable variation of th

open symbols are data from oriented and unoriented samples, respective€ctral shape with increasing diffusion tilewas observed

providing, via Eq. [1b],D(6) at6 = 0° (O, ®) and6 = 90° d, m).

with zero gradient and the experiment yielded an exponent
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decay with the time constanf, ~ 1 s. Using this decay CONCLUSION

constant and the diffusion coefficients obtained in the oriented

sample (see above), we have simulated via Egs. [1] and [2] theAS demonstrated above, the principal values of the anisot

decay of a CSA powder spectrum with increasifg As pic self diffusion tensor can be measured in polycrystallir

demonstrated by Fig. 4 there is a qualitative agreement [§&mples by a PGSE-type experiment with decoupling duri

tween the experimental and simulated spectra. A quantitatR@th the gradient pulses and the acquisition period. The metf

simulation of the spectral shape requires taking into accol#€s not require quadrupolar probe nuclei as in previous ¢

the anisotropy of the transverse relaxation and the overlapR§fiments 7). Instead of exploiting the quadrupole coupling

the individual “F spectra. thg orlentatlona}l erendence _of the_ resonance frequency
The two principal values of the diffusion tensor can paPinl = 1 nuclei via their chemical shift anisotropy is used t

obtained, however, without spectral simulation. For each indlistinguish between domains with different orientation. Ther
vidual spectrum of Fig. 4, the intensity at the left edge i re, nuclei with substantial chemical shift anisotrogy, (ike

13 31 H H
contributed by domains with their director parallelBg (f =  C»and”P, are the most feasible as a probe. Dependi

0°), while domains with director orientation perpendicular t n the source of the dominant dipolar b.roademng., one can
B, (6 = 90°) contribute to the right edge of each individua eteronuclear or homonuclear decoupling, of which the lat

spectrum. HenceD, andD. can be simply obtained by e option is dempnstrated here experimentally. In the prese
cording the decay of the respective spectral edges. In o pl(_e, the diffusion a_nlsotropy would also be accessib
. ) . . . albeit in a longer experiment, via the largic CSA of the
particular spectra with their partial overlap (see Fig. 2), thcearbon | carbon1)
decay of the left edge of the;powder spectrum providds, ony! ; . e .
and the right edge of the composite.Fpowder spectrum If its time scale is comparable with the diffusion tinde

rovidesD . By performing several experiments with aradie molecular exchange between domains with different orient
P 01 By P 9 P gra I']ﬁon puts a limit on the accuracy of the measured diffusic
strength in the range from zero to 230 G/cm (see data in

Fid.. e . )
3), the linear dependence of the decay consRinh g? (see %lsotropy. A short diffusion time might therefore be prefer:

Eq. [1b]) provides us witD; = (6 = 1) - 10 ** m’/s and ble to use.
D, = (4.8 0.4)- 10" m%s.

The obtained values of the diffusion coefficient for the fast
in-bilayer diffusionD , agree well for oriented and unoriented
samples. On the other harid, is overestimated (by a factor of
2) in the measurement performed in the unoriented sam

This can mainly be atiributed to the large linewidth150 Hz, ase transition temperature was established to 299 K from

. . : h
caused mainly by inhomogeneous broadening) and the exgﬁ'spectrum. The lamellar sample with random director erie

nential multiplication prior to Fourier transform (50 HZ)'tation was prepared by cooling the sample through its isotroj

Hence, the intensity at the high-frequency edge ?f the End nematic phases outside the magnetic field. Due to the
spectrum is contributed not only by domains with= 0° but  \iscqsity of the phase, the sample remains unoriented in

also by other ones with an orientation distribution around Oﬁ1agneticfield for long times (a few days or longer if it is mor

With 200 Hz line broadening and about 2 kHz full widthyan 0.5 K away from the nematic—lamellar phase transitior
(scaled down by homonuclear decoupli) Of the F; powder  1he homogeneously oriented lamellar sample was prepared
spectrum, the width of this orientation distribution is more thaggjing the sample from the nematic phase with the sam
10°. D, is less sensitive to this effect since the relative varjpsjge the magnet (4.7 T field strength). The nematic direct
ation of the diffusion coefficient in the vicinity of its maximumgyrients parallel to the external magnetic field and this orient
value is much smaller and, moreover, the powder spectrum {gf, is kept in the lamellar phas€3). The sample orientation
F.; is wider. There might also be some influence from eXyas checked by observing thiel spectrum of DO which is a
Change of molecules among domains with different Orientati%bwder pattern and a doublet in po|ycry3ta||ine and orient
Again, D is more sensitive to that process than. ForA = phases, respectively.

100 ms and = 5- 10 ** m?s, the average diffusion distance The measurements were performed on a Bruker DMX 2t
is (r*)"'* = (6DA)"? = 5 um, which is a plausible size rangespectrometer, operating at 188 MHz f8F. We used a home
for domains in lyotropic liquid crystals:®F 2D exchange built gradient probeZ, 25). The length of thé’F 90° pulse was
experimentsZ4) performed with several mixing times (result2.5 s (with 300-W irradiation power). The gradient coils wer:
not shown) indicate the onset of significant interdomain extriven by a Bruker BAFPA-40 current generator. The gradie
change at around 300 ms. The influence of this process osteength was calibrated earliet)( The Gaussian-shaped selec
diffusion experiment can be reduced by choosing a shortére inversion pulse (47s) of 30 kHz nominal bandwidth was
diffusion time and correspondingly stronger and/or longer grauncated at 2% of its peak amplitude. The following pha:
dient pulses. cycle was applied: first 90° pulse 2(), 2(+Yy); second and

EXPERIMENTAL

Cesium perfluorooctanoate was synthesized as descri
reviously @). The liquid crystal sample was produced b
ixing CsPFO (40 wt%) with BO. The nematic—lamellar
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third 90° pulsest+x, 2(+y), —x; fourth and fifth 90° pulses 10. P. T. Callaghan, K. W. Jolley, and J. Lelievre, Diffusion of water in

2(+x), 2(+y); receiver 2¢x), 2(—y). The phases of the the endosperm tissue of wheat grains as studied by pulsed field

180° pulses coincided with the phase of first 90° pulse Each gradient nuclear magnetic resonance, Biophys. J. 28, 133-141
. . . . L 1979).

cycle is repeated twice with and without selective inversiopy (1979)

. . . . P. T. Callaghan and O. Soderman, Examination of the lamellar
pulse (with phasetx) and the receiver phase is inverted for = phase of Aerosol OT/water using pulsed field gradient nuclear

subsequent cycles. The pulse phases in the MREXB8Z7) magnetic resonance, J. Phys. Chem. 87, 1737 (1983).
sequence were alternated betweerx( +y, —y, —X, —X, 12. F.D. Blum, A. S. Padmanabhan, and R. Mohebbi, Self-diffusion of
+y, =Y, +X) and (+X, =Y, +Y, =X, =X, =Y, +V, +X) water in polycrystalline smectic liquid crystals, Langmuir 1, 127—

after each eight scans. The MREV-8 sequence was sandwiched!31 (1985).
(28, 29 as (45) ,y—(MREV—S)—(45’) iy The scaling factor of 13. L. Coppola, C. L. Mesa, G. A. Ranieri, and M. Terenzi, Analysis of
the MREV-8 sequence was calibrated depending on frequency water self-diffusion in polycrystalline lamellar systems by pulsed

. . . field gradient nuclear magnetic resonance experiments, J. Chem.
offset as described earlie?)( The values = 0.46averaged in Phys. 98, 5087-5090 (1993).

the fr_equ’_ancy Offse_t ra-n_gE 15 kHz was used for calculating 14, A, A. istratov and O. F. Viyvenko, Exponential analysis in physical

the diffusion coefficient via Eq. [1]. The del@ywas setto 1.68 phenomena, Rev. Sci. Instr. 70, 1233-1257 (1999).

ms, which corresponds to 28 MREV-8 cycles of &8. 15. N. Boden, S. A. Corne, and K. W. Jolley, Lyotropic mesomorphism
A total of 256 transients (preceded by 16 dummy scans) of the cesium pentadecafluorooctanoate/water system: High-res-

were accumulated for each individual spectrum of the diffusion ©lution phase diagram, J. Phys. Chem. 91, 4092-4105 (1987).

experiment. The average temperature was regulated with 1§n5-a’- '?V'”S';”G‘g é‘f"\ld’v'lh Furo, (?rosst‘riaxst'o? Eﬁegts in St'mlu'ated‘

accuracy of 0.1 K by the Bruker BVT-3000 unit. A recycle So'0"YP® experiments by bipolar anc monopofar gra-

. . dient pulses, J. Magn. Reson.146, 283-289 (2000).

delay of 16 s (much longer than required for full spin relaxl— . AR e
: L L . 7. E. O. Stejskal and J. E. Tanner, Spin diffusion measurements: Spin

ation) was used '.[0 allow for sufficient heat dissipation from gchoes in the presence of a time-dependent field gradient,

decoupling. Heating effects amount to about 0.4 K average J. Chem. Phys. 42, 288-292 (1965).

temperature spread and about 0.4 K average temperature sfftJ. £. Tanner, Use of the stimulated echo in NMR diffusion studies,

J. Chem. Phys. 52, 2523-2526 (1970).
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