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A new robust approach for combining multiple-pulse homo-
nuclear decoupling and PGSE NMR s introduced for accurately
measuring molecular diffusion coefficients in systems with nonva-
nishing static homonuclear dipolar couplings. Homonuclear de-
coupling suppresses dipolar dephasing during the gradient pulses
but its efficiency and scaling factor for the effective gradient vary
across the sample because of the large variation of the frequency
offset caused by the gradient. The resulting artifacts are reduced
by introducing a slice selection scheme. The method is demon-
strated by “F PGSE NMR experiments in a lyotropic liquid
crystal. © 2000 Academic Press

Key Words: PGSE NMR; homonuclear dipolar decoupling; slice
selection; molecular diffusion; liquid crystal.

INTRODUCTION

Nowadays PGSE-type NMR experiments (for simplicit)},1

dipole couplings 15). It has only been recently that multiple-
pulse homonuclear decoupling was applisdnhultaneously
with a large, although static, magnetic field gradient to measu
slow diffusion in plastic crystals9j. Combinations of hetero-
nuclear dipolar decoupling with PGSE have been also pr
sented 16, 17.

While PGSE with heteronuclear decoupling might be easie
to implement 17), that method has the disadvantage of detec
ing the NMR signal from a usually low-abundance, lgw-
nucleus. In contrast, PGSE with homonuclear decoupling
attractive because it can detect abundant nuclei with hic
gyromagnetic ratio. Hence, measuring the molecular diffusic
in systems with small signal-to-noise ratio (e.g., in less cor
centrated systems) may demand this latter experiment. There
a multitude of well-developed techniques for multiple-pulse
omonuclear dipolar decoupling in solids3(-25, and in solid
state magnetic resonance imagiRp{29 they have been

hereafter referred to as PGSE)©) are used routinely for - RO ; . T
studying molecular self diffusion in isotropic liquids. The sam@PPliéd in combination with static or pulsed magnetic fielc
method is far less suitable in liquid crystals or in solids. §radients (although at gradient values insufficiently small fc
those materials, nonvanishing static dipolar coupling caud@gasuring diffusion). In the artché)Xthat. initiated the present
fast dephasing of the transverse magnetization and any e the well-known MREV-8 decoupling sequence has bee
dephasing induced by diffusion in the applied field gradient fPMPined with a strong static gradient and was shown that t
negligible. It is a straightforward idea to use dipolar decouplintﬁcr‘r"q“e,'S indeed viable. As a particularly important point
to lengthen the decay of transverse magnetizatioeg)( In the reduction qf the signal-to-noise ratio by thellarge gradiel
contrast to other methods, such as using ultra-high-static m¥(@S tolerable in that work because the (effective) transver:
netic field gradients10) or samples macroscopically oriented€laxation timeT”; has been prolonged in a number of slices 0
at the magic angle to the static field1-14, combining the excited sample volume by the far-off-resonance averagi
decoupling with PGSE preserves the flexibility of the latte?ffect @9).
technique and demands no cumbersome sample preparation!n this paper, homonuclear dipolar decoupling is applie
In early approaches to diffusion measurements with hom@uring pulses of magnetic field gradient. Our aim is to exten
nuclear decoupling7( 8), field gradient pulses were applied inthe range of anisotropic systems, particularly lyotropic liquic
the time windows between the radiofrequency (RF) pulses @stals, in which molecular diffusion coefficients can be mee
the decoupling sequence. Since those windows were typicaiiyred. The design should operate at relatively fast't2Q0 *°
10 us long, the gradient strength and, consequently, the avall-/s) diffusion coefficients available at the gradient strength
able diffusion coefficient were very limited. Later, this apcommercial gradient probes with encoding times (conventior
proach has been extended to measure spin diffusion via stally denoted as) in the order of milliseconds and diffusion
times Q) in the order of 100 ms—1 s (see Fig. 1). There are tw
" _ , _ _Particularly important design criteria. First, lyotropic liquid
n leave from the InstltuFe of Physics, St. Petersburg State UnlverS|é/r stals are usuallv hiahlv conductive and therefore very su
198904 St. Petersburg, Russia. y . . y highly ” T y
2To whom correspondence should be addressed. Faa 8 7908207. Ceptible to RF-induced heating. To avoid significant changes
E-mail: ifuro@physchem.kth.se. the state of the sample, the temperature shift and temperat

1090-7807/00 $35.00 142

Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.



PGSE NMR WITH HOMONUCLEAR DIPOLAR DECOUPLING 143

s varies with the frequency offset, the effective field gradient

H I—I l—| experienced by spins, becomes inhomogeneous across the s
[ ] ple.

The first effect leads to a loss of NMR signal since trans

gradient verse magnetization from imperfectly decoupled sample re
180°  90° 90° 000 900 00° gions decays completely during and, therefore, does not
h 5 [l m "\HD contribute to the collected signal. The second effect is &
L | 3 A inhomogeneous attenuation of the signal by diffusion. It wa
F shown @9) that far-off-resonance averaging partially compen
/ \ sates for the signal loss. It was also sugges®9) that the
450 n (MREV-8) N 450 contribution from regions with scaling factosdifferent from

the on-resonance val is insignificant in a diffusion exper

iment. The argument is that regions wish# s, are, at the
same time, regions with ineffective decoupling. Hence, on
FIG. 1. “F PGSE NMR with a stimulated echo-LED pulse sequencéould approximate the effective field gradient in a diffusior
combined with MREV-8 homonuclear dipolar decoupling and slice selectiogxperiment agj« = S, * 9. However, as shown below, this

The slice selection is performed before the stimulated echo sequence Wi‘br@cedure may introduce large errors. Indeed, both the scali
selective inversion pulse during an additional gradient pulse. The inversi . - ’ .
pulse is absent in every second scan and two subsequent FIDs are subtr f’#gg)r and the decouplmg eff|C|ency Change Smoothly with th

so that the signal frore-magnetization in the selected slice is summed, whi{l?equency offset and not on a stepwise manner as the previc
it is canceled outside this region. The width of the excited slice is adjusted@gument would suggest. Therefore, we observe a reduction
include the region within which the scaling facteiis constant to a desired the apparent diffusion coefficient with increasing gradien
accuracy. strength (since decreases with resonance offset). This beha
ior is a clear signature that regions with scaling factor lowe
than the on-resonance value and with lower-than-optimal d
distribution within the sample must be typically kept below toupling efficiency contribute significantly to the detected sig
K during the experiment. This factor limits the applicable Rinal. If accuracy is an issue, this variation of the scaling factc
decoupling power. Second, to answer questions about #¥hnot be neglected. One could, in principle, correct for thi
structure of the investigated material, the diffusion coefficiegtfect, but in practice that would be difficult since it requires
must be measured with an accuracy of a few percent. Thifeasuring the detailed offset dependence of the scaling fac
presumably requires that the effective field gradient (which igmd the effective transverse relaxation tifig. Thus, the
scaled down by homonuclear decoupling) is homogeneostgaightforward combination of PGSE with homonuclear de
over the part of the sample volume that contributes to th@upling as implied by9) is not suitable in this case.
collected signal. These aspects have not yet been investigate simple way to reduce the influence of the variation of the
thoroughly enough. In the present contribution we report suglecoupling effect is to involve slice selection, well known from
an investigation that results in a new deSign for PGSE expﬁﬁagnetic resonance |mag|ng)( The approach is similar to
iments with homonuclear decoupling. The basic principle, sliggat one used in1(7) for the PGSE experiment with hetero-
selection, is the same as in our implementatibf) 0f PGSE nyclear decoupling. Slice selection cancels the signal fro
(in particular, a stimulated-echo-type experiment) with hetergagions with large resonance offset so that the measuremen
nuclear decoupling. The method is demonstrated on the sag8gresentative to that part of the sample where the scali
(17) sample, the lyotropic mixture of cesium perfluorooctan@actor s is well defined (close t®,). In the most straightfor
ate (CsPFO)-wate3(). ward modification of PGSE, at least two of the hard 90° pulse
of the pulse sequence are replaced by soft 90° pulses and
METHOD gradient pulses are extended so that soft pulses during th
perform the slice selection. However, we found it more prac
One faces a particular problem when implementing homteal to perform the slice selection before the PGSE sequen
nuclear decoupling in a diffusion experiment. In the presenbg applying a soft inversion pulse as depicted in Fig. 1.
of a field gradient, different parts of the sample experience The actual pulse sequence is derived from the stands
different magnetic field strengths, which leads to a positiostimulated echo experimer)( supplemented by “longitudinal
dependent resonance frequency offset across the sample gdtly delay” (LED) 81). The dipolar dephasing during the
ume. First, this causes a corresponding variation of the decaguadient pulses is suppressed by multiple-pulse homonucle
pling efficiency. Second, the applied field gradient is scaled logcoupling, as suggested in Red).(The selective inversion
the so-called scaling facta of a decoupling sequence thatpulse, applied during an additional gradient pulse, is absent
reduces linear spin operator terms such as chemical shift. Sieeery second scan and the subsequent FIDs are subtractec
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that the signal arising from the magnetization within the a Fg Fas
selected bandwidth is summed, while that is canceled outside
this region. The bandwidth of the selective pulses is adjusted to FFo{FoF,

excite only that central region of the sample where the scaling
factor is close to its on-resonance value. The narrower the
selected bandwidth is the higher the homogeneity of the scaling ———m™m—F——————""/ —
factor achieved. A practical lower limit for the bandwidth isthe ™ 8 6 4 2 0 -2 4 % -8 -0
width of the undecoupled spectrum. (Exciting a narrow band b
with a long soft pulse may create multiple quantum coherences
and multispin polarizations whose effect, if necessary, can be
filtered out but by longer phase cycle32( 33.)

This slice selection scheme is better than the direct incor-
poration of soft 90° pulses in the stimulated echo experiment; 10 &8 6 4 2 0 -2 -4 5 38 -0
in particular, the signal-to-noise ratio is higher because the
effect of transverse relaxation is reduced. The advantages come
because (i) only one selective pulse is required, while the direct
incorporation of slice selection requires at least two selective
90° pulses to get equivalent encoding and decoding perids (
in Fig. 1); (ii) a selective inversion pulse is typically shorter 4 2 0 2 4
than a selective excitation pulse of the same bandwigd ( v (kHz)
(i) tran_sver_se relaxation is less effe_ctive dur_ing an inversion IG. 2. F NMR spectra of CsPEOMD (at 50 wi%) in the isotropic
pUIS.e; (iv) since the strength of Fhe first gradlen_t pulse can bhase at 325 K (a) and in the nematic phase at 315 K (b, c), recorded at 1
set independently from the gradient applied during the enc Hz. The nematic sample is uniformly oriented by the magnetic field with its
ing/decoding periods, the selected bandwidth can be flexikiiyector parallel to the field direction. Spectrum (c) is recorded in the presen
adjusted and/or the soft 180° pulse can be kept short; and ¢/MREV-8 homonuclear decoupling with 26 90° pulse length and &s

there is no need to correct the valuedofor partial encoding/ cycle time. Note that the frequency scale for spectrum (c) is not corrected |
decoding during selective pulses the scaling factors (=0.5). Thespectra were recorded with the same RF
. : . . ) . offsets.
Diffusion experiments with homonuclear decoupling cannot

proceed by recording the variation of the signal intensity on

increasing gradient strength, because the variation of the 8 sample. This scheme cannot be applied here because
dient would correspondingly modify the decoupled Samgfﬁ‘lorine spiﬁs of the whole sample are disturbed duhingo-

volume and, hence, the signal intensity. Varying the length . -
. ; . . . nucleardecoupling. Nevertheless, the overall sensitivity of th

delay é is also impractical as it would vary the heating effect ST .
X - -~ 7. 7 Thethod is still high due to 100% natural abundance and hic

from the decoupling. Thus, the only remaining option is tQ s

record the decay of the signal with increasigust as in the gyromagnetic ratio of the selected nuclei that car’Bédor *H.

PGSE experiment with heteronuclear decoupliig).( The

RESULTS AND DISCUSSION

result is @)
“F Spectra of the Test Sample
S(A) ~ exp(—R- A) [1a] _
The F NMR spectra of CsPFO in J®, recorded at 188
with MHz, are shown in Fig. 2. The isotropic liquid spectrum,

recorded at 325 K and shown in Fig. 2a, is assigned

previously communicated3p). The spectra of the nematic

R=(ysgd)’D + 1/T,. [1b]  phase at 315 K, recorded without and with homonuclear d

coupling, are shown in Figs. 2b and 2c, respectively. Th

The difference between the decay constants recorded with diffeblate-shape micelles in the nematic phase are oriented w

ent gradientg provides one with the diffusion coefficiebx their short axes parallel to the magnetic field. The relativ

One disadvantage of the method is the loss of signal intesiiemical shifts of the fluorine lines are clearly different in the

sity due to detection of signal from only one slice of théwo spectra of Figs. 2a and 2c. As explained in detailli) (

sample. In 17) a sequential slice selection scheme was usedttee line positions in the isotropic micellar phase reflect th

recover that loss; the frequencies of the soft excitation pulssstropic averages of the respective molecular chemical sh

(**C) and heteronucleardecoupling {’F) were stepped syn anisotropy (CSA) tensor. In the nematic phase, they inste:
chronously to collect®C signal from the adjacent regions ofdepend on the principal valuesr{) of those CSA tensors
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TABLE 1 profiles are different for different fluorines and vary with
Scaling Factors and Frequency Offset Ranges for MREV-8 temperature so that such a correction is impractical.
Cycle time So Measured Offsetrangé  Resuylts of the Diffusion Experiments
(ms) s, Calculated (see Fig. 3) (kHz)
The influence of slice selection on the diffusion decay i
60 0.505 0.507 0.005 +16 demonstrated in Fig. 4, where the experimental results in tt
84 0.495 0.502+ 0.006 +11 ) ; ]
120 0.488 0.496- 0.006 7 |sotroplc and nematic phases pf QsPFQDIZpre shown. The
480 0.476 0.48% 0.010 +9 experiments were performed with field gradients perpendicul
to the B, field andé = 1.8 ms (set shorter than the average
:90° pulse length 2.Gs. T% ~ 3 ms in nematic phase under decoupling). In the isotrc
From Ref. {9). pic phase (Fig. 4a, with = 76 G/cm that corresponds to61

Fors within 5% of S,. kHz offset distribution in our=4-mme-id sample) a fast decay

is observed in the absence of decoupling; the line is a sing
: exponential fit. The experiment with MREV-8 decoupling anc
reduced_ both by molecular motions and by the homonuc'%fthout slice selection produces a slow decay, while introduc
decoupling. ing the slice selection results in a faster decay (see Fig. 4:
This is a clear fingerprint of the variation of the scaling facto
Calibration of the Scaling Factor s with the frequency offset. In the experiment without slice
- _ .__selection the signal is contributed by all parts of the sampl
. In the pulse sequence n Fig. 12 the applied field glrald!'emeven by ones with smaller scaling factors. In the slice-selectt
is reduced to the effective gradiest- g by homonuclear
decoupling (see Eq. [1]). The theoretical on-resonance values
of the scaling factos (19) at different lengths of 90° pulses and
with different decoupling cycle times for MREV-88, 19 are
shown in Table 1. The offset-dependencesafflas measured
with the F RF power set relatively lowyB,/ 27 ~ 96 kHz,
2.6-us length of the 90° pulse) to avoid excessive sample
heating. The experimental scaling factors were first determined
in the isotropic micellar phase by observing the frequency shift
v’ of the ™F lines under decoupling upon shifting the RF offset
by v. Thes = v'/v data are displayed in Fig. 3. The extrap-
olated on-resonance values, given in Table 1, are close to the *
theoretical figures. Clearly, the shorter the cycle length is, the Xy e x X
less offset-dependent is the scaling factor. At longer cycle 0.3
times, we observe an oscillatory behavior that agrees qualita-
tively with the theoretical results o20) while there is some b os
quantitative deviation caused by the nonideality and finite
length of the RF pulses. The offset dependence of the scaling
factor s has also been measured in the nematic and lamellar 0.5
phase of CsPFO/[®; no significant differences to the isotro
pic case were found as demonstrated in Fig. 3b. Scaling factors
measured for different fluorine positions in the surfactant mol-
ecule coincide within experimental error.

Using Fig. 3, one can choose the frequency offset range
within which the scaling factor is constant by the desirable
accuracy and the width of the selected slice can be adjusted to 034 : .
this range. The offset range within which the scaling factor
varies less than 10% is indeed given in Table 1. In principle,
the s(v) profile could also be used to obtain an effective FIG. 3. Offset dependence of the experimental scaling factofor
gradient value even if a wide frequency range is excited wilfiREV-8 in CsPFO/RO. (a) Isotropic phase at 325 K. Cycle times are &0

. . % . .., (m), 84us ©), 120us (V¥), and 480us () and the length of the 90° pulse is
substantially varying. However,T% also strongly varies with 2.6 us. (b) Comparison of the scaling factein different phases of CsPFO/

the decoupling offset and therefore tle) profile should be p,o at 84us cycle time: isotropic at 325 KJ), nematic at 318 KI({l), nematic
weighted by the exponential factor expd/T%(v)). TheT%(v) at 315 K (), lamellar at 309 K ¢).
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results in a linear behavior (solid symbols), as predicted by E
[1]. This point is further supported by Fig. 5b where the deca
constants obtained at differeéttimes and different field gra-

dient values fall on the same slope. The maximum systema

g error in the slice selection approach is estimated toH686
=014 (see profile in Fig. 3a at 6Qs cycle time), since is constant

2 to +3% within the excitation bandwidth. The effect of decreas
£ ing T% with the resonance offset makes the actual error eve
é 0 smaller.

w

The explicit value of the diffusion coefficierd, is ob-

. T . . tained, as shown by Egq. [1], from the difference of the rat
' ) ' constants in measurements with different applied gradients («
b | equivalently, from the slopes in Fig. 5). In the nematic phase
1 315 K we thus geD, = (0.88 = 0.02) X 107 *° m*s by
taking the scaling factor tg = 0.495 (average in the range
from O to 10 kHz). All of the measureD , values are shown

Eﬁ in Fig. 6. The data agree well with the ones obtained in th
>0.1. S same system by’C PGSE diffusion measurements with -het
% eronuclear decouplindl?). Note that the precision is compa-
E rable in those two different experiments but tHeé PGSE
? a s
0.01
0.0 02 0.4 06 0.8
A (s) 64

FIG. 4. Variation of the'F signal intensity in CsSPFO/D (50 wt%) with
increasing delay time\ in the PGSE experiment depicted in Fig. 1. The —_
MREV-8 decoupling was performed with 2/6-long 90° pulses and 6@s-
long cycles; 30 cycles were applied during the: 1.8 ms gradient pulses. The
solid symbols represent data recorded with slice selection by a soft Gaussian
pulse; open symbols are data points with no slice selection (the selective pulse
in Fig. 1 is replaced by a hard 180° pulse). The lines are single-exponential fits
to Eq. [1]. (a) Isotropic phase at 325 K,= 76 G/cm, without [0) and with
(O, @) decoupling. (b) Nematic phase at 315&~= 114 G/cm. 0

R (s’

b s

experiment, only the central slice of the sample with small

frequency offset contributes, and here the average scaling
factor and the corresponding effective gradient are close to 6.
their maximum on-resonance value. This difference should be
less pronounced in the anisotropic phases with nonvanishing

dipolar coupling where a less effective dipolar decoupling <%, *1
under off-resonance condition results in shoftétimes, mak x
ing the regions with small scaling factor contribute less to the 5]
signal. Nevertheless, we find a significant difference between \
the diffusion decays with and without slice selection (Fig. 4b).
Note that the decay in the experiment without slice selection is 0 T . . ;
0.00 0.01 0.02 0.03 0.04 0.05

also clearly nonexponential.

In Fig. 5 the experimental decay constants in nematic phase
(at 315 K) are plotted as function ofjf)”. In Fig. 5a results  FIG. 5. Decay ratesR versus ¢8)° in the nematic phase at 315 K as
from experiments with and without slice selection are congbtained from the diffusion experiment in Fig. 1. The symbols represer
pared. The expected linear dependence is not observed inecﬁ@rimental data recorded at different experimental conditions with gradie

. t without sli lecti Fia. 5 b Isiengtrg up to 114 G/cm and the lines are linear fits. Parameters of MREV-
experiment without slice selection (Fig. 5a, open symbo ﬁ coupling and selective pulse are given in Fig. 4. (a) Results obtained wi

because the average scaling factor decreases with increag#)@nd without 0) slice selection and = 1.8 ms. (b) Results obtained with
gradient strength. Limiting the excitation bandwidth to 20 kHalice selection at differer values 1.8 msY), 1.2 ms @), and 0.96 ms@®).

(g 8)2 (Glcm s)?
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1.4 o T Nem | Lam instead of MREV-8 Fo provide, alth_ough with a §ma_||er scaling
12] : : factor, a flatter scaling factor profile than that in Fig. 3 and
! ! better decoupling efficiencyl®, 24-26. This would permit
= 107 | ! one to select larger slices. It also helps to reduce the RF heati
& 0.8 Itr ﬁi x * effect that is severe in conductive samples. Third, coil desigt
% 5 ! ! = with lower RF heating would allow one to shorten the recycl
$_|°<6' = : time in the experiment (see Experimental) or to increase tt
2 54l E i decoupling power. Further work is in progress to investigat
! ! this question.
0.21 : ‘ Surfactant diffusion is an ideal tool for providing some
0.0 - : :3,2 e T answers on the extent and the form of the topological chang

of surfactant aggregates upon phase transition. Previous
1000/T (K™) however, surfactant diffusion coefficients were difficult to

FIG. 6. Temperature dependence of the diffusion coefficientacross Measure and there were only a handful of such examples ir
the isotropic, nematic, and lamellar phases of CsPRO/8s measured bjF ~ few selected liquid crystal phases. Measurements in the vici
PGSE NMR with homonuclear decoupling in the present wakdr by *C ity of a phase transition have not yet been presented. Tt
PGSE NMR with heteronuclear decoupling in Ref7) (m). situation is remedied here and, together with the previous

published method that uses heteronuclear decoupling wi
PGSE (7), we demonstrated viable experiments for sucl
experiment with homonuclear decoupling experiment took ofgestigations. More detailed data obtained on phase tran:
order of magnitude less time (that is still about 1-2 h, thoughjens in lyotropic liquid crystals will be communicated else-
where.
CONCLUSION
EXPERIMENTAL

In this paper, we propose and demonstrate a method for
accurately measuring the molecular self diffusion coefficients Cesium perfluorooctanoate was synthesized as descrik
in systems with strong static dipolar interactions. The methg@ieviously 86). The liquid crystal sample was produced by
is a PGSE-type experiment with homonuclear decouplingnixing CsPFO (50 wt%) with BO. The isotropic—nematic and
While it is straightforward to apply homonuclear decoupling toematic—lamellar phase transition temperatures were est:
prolong the dephasing of the transverse magnetization, tished from the’H spectrum to 320 and 314 K, respectively,
inherent offset dependence of the scaling factor and of thdich agree well with those of the previously established pha:
decoupling efficiency presents a problem. We suggest slideagram 80). The nematic phase director orients parallel to th
selection as a remedy. external magnetic field3().

The implementation of the method is not difficult on modern The measurements were performed on a Bruker DMX 20
commercial spectrometers and there is, in principle, no neggectrometer, operating at 188 MHz foF. We used a home
for any additional nonstandard equipment. Clearly, the acdmuilt probe whose exchangeable gradient set-up includes quz
racy achieved by slice selection is at the expense of decreagingole gradient coils with gradient directions parallel or per
signal-to-noise ratio. The smaller the diffusion coefficient to b@endicular to the static magnetic field as described previous
measured is, the higher the signal loss; the reason is {88). Note that the present gradient directiors radial for the
requirement of the larger applied gradient strength which giveglindrical sample space. The probe, double tunedHe"F
the excited band a smaller volume. This puts a limit on tHeequencies at 4.7 T field strength, contains a single 6-mm-
diffusion coefficient available by this method. With our preserand 17-mm-long RF solenoid, made of five turns of flat wire
experimental setup and in a conductive sample, diffusion cBhe lengths of the®F 90° pulse were 2.Gis (with 300 W
efficients in the range of 16'-10 ° m*/s can be measuredirradiation power). The sample resided in a 5-mm-od an
with the accuracy of a few percent in lessriiah of experi- 12-mm-long sealed glass ampule. The gradient coils we
mental time. This is much faster than that B¢ PGSE NMR driven by a Bruker BAFPA-40 current generator. The currer
with heteronuclear dipolar decoupling7). in the present experiments did not exceed 6 A. The gradie

Lower diffusion coefficients and/or shorter experimentatrength was calibrated earlier'q). The Gaussian-shape selec-
times can be achieved in several ways. First, shortening tinge inversion (70us) RF pulses of 20-kHz bandwidth were
cycle time in the decoupling sequence (at higher averagancated at 2% of their peak amplitude. The effect of edd
decoupling power) allows a flatter scaling factor profile an@urrents is reduced via including a LE31) extension. A
correspondingly, broader excitation width. Second, other wetbutine phase cycle (first pulse x, —x; second and third
known sequences such as BR-24 and BLEW-48 could be ugrdses 2(-x), 2(+Yy), 2(—x), 2(—Y); fourth and fifth pulses
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8(+X), 8(—)(); receiver+x, 2(—)(), 2(+X), 2(—)(), +X) was liquid crystals by a multiple-pulse NMR method, Phys. Rev. Lett.
applied. Each cycle is repeated twice with and without selec- 30. 546-549 (1973).
tive inversion pulse (with phase-x) and receiver phase is 8 M. S. Crawford, B. C. Gerstein, A. L. Kuo, and C. G. Wade,

inverted for subsequent cycles. The pulse phases in the Piffusion in rigid bilayer membranes. Use of combined muiltiple
pulse and multiple pulse gradient techniques in nuclear magnetic

MREV-8 sequence were set t0x, +y, —y, =X, =X, +Y, resonance, J. Am. Chem. Soc. 102, 3728-3732 (1980).
-y +x and were not CyCIed' The MREV-8 sequence has bee& I. Chang, G. Hinze, G. Diezemann, F. Fujara, and H. Sillescu,

sandwiched as (43%-,—(MREV-8)—(45).,. The 45° pulses Self-diffusion coefficient in plastic crystals by multiple-pulse NMR
align the precessing magnetization perpendicular to the effec- in large static field gradients, Phys. Rev. Lett. 76, 2523-2526
tive field at the beginning of the MREV-8 pulse train and (1996).

realign it back to theXY plane at the end2@, 24, 25. This 10. I. Chang, F. Fujara, B. Geil, G. Hinze, H. Sillescu, and A. Tolle, New
arrangement prevents Sp|n_|ock|ng a part Of the magnet|zat|on perspectives O]T NMR in ultrahigh static magnetic field gradients, J.
parallel to the tilted effective field of the MREV-8 cycle and  Non-Cryst. Solids 172-174, 674-681 (1994).

losing a part of the signal caused by the 45° tilt of the precek G- J- Kruger, H. Spiesecke, and R. Weiss, A simple spin echo
sion plane to thexy plane measurement of the anisotropy of the self-diffusion coefficient in a

) smectic A and B type liquid crystal, Phys. Lett. A 51, 295-296
Up to 64 transients (preceded by 16 dummy scans) were (197s).

accumulated for each individual spectrum of the diffusiop, s g \. Roeder, E. E. Burnell, A. L. Kuo, and C. G. Wade, Deter-

experiment. The average temperature was observed and regumination of the lateral diffusion coefficient of potassium oleate in

lated with an accuracy of 0.1 K by the Bruker BVT-3000 unit the lamellar phase, J. Chem. Phys. 64, 1848-1849 (1976).

supplied with the spectrometer. Temperature shift and tempes- G. Lindblom and H. Wennerstrom, Amphiphile diffusion in model

ature gradient within the sample caused by the RF irradiation membrane systems studied by pulse NMR, Biophys. Chem. 6,

for decoupling were calibrated by observing the splitting and 167-171 (1977).

broadening of the temperature-sensiﬁirbNMR spectra 80) 14. G. J. Kruger, Diffusion in thermotropic liquid crystals, Phys. Rep.

of D,O in the sample. In the diffusion experiments, a recycle 82, 229-260 (1982).

delay of 16 s (much longer than required for full spin relaxt® W: Zhang and D. G. Cory, First direct measurement of the spin
. . . . . diffusion rate in a homogeneous solid, Phys. Rev. Lett. 80, 1324—

ation) was used to allow for sufficient heat dissipation. Heating ;5,, (1998).

effects during the encoding/decoding periods amount to ab(llé.t M. Zhou and L. Frydman, Pulsed-gradient spin-echo measure-
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