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A new PGSE NMR experiment, designed to measure molecular ~ Under this condition, the dipolar coupling is reduced and tf
diffusion coefficients in systems with nonvanishing static dipolar  connected dipolar dephasing of the coherences is prolonged
coupling, is described. The fast static dipolar dephasing of the lyotropic liquid crystals, this method has been mostly applie
single-quantum "*C coherences is removed by multiple-pulse het- to lamellar phases oriented by glass plates. One drawback
eronuclear decoupling. The resulting slow dephasing of the *C this approach is its failure at phase transitions where mact
coherences allows for inserting appropriate gradient pulses into . . . . .
the pulse sequence. The presence of the large magnetic field gra- scoplc.orlentatlon aft the magic a”g'e |s.usually Io;t. Moreove
dient reduces the efficiency of the decoupling sequences which is N€matic phases which reorient quickly in the applied magnes
compensated for by introducing a scheme of sequential slice se-  field cannot be measured this way. The second alternative dt

lection across the sample. The method is demonstrated by *F- Not require orientating the director at the magic angle, tf
decoupled *C PGSE NMR experiments in a lyotropic nematicand  dipolar coupling is suppressed instead by multiple-pulse ave

lamellar liquid crystal. © 2000 Academic Press aging. Such homonuclear dipolar decoupling has been succe
‘Key Words: PGSE NMR; heteronuclear dipolar decoupling;  fully combined with PGSE experiment in thermotropic anc
slice selection; liquid crystals; cesium perfluorooctanoate. lyotropic liquid crystals {4—18. In the early approaches, the

field gradient pulses were applied in the time windows (typ
cally a few microseconds) between the radiofrequency (Rl
pulses. This feature has necessarily limited the gradie
g rength and, thus, the available diffusion coefficients. R
cently, multiple-pulse averaging has been combined with
rge static magnetic field gradiert, 1§ to measure slow

INTRODUCTION

Pulsed-field-gradient spin (or stimulated) echo (PGS
NMR (1-6) is a well-established method for studying diffusiv

molecular motions in isotropic liquids. Conventional PGSE., 7~ ™ . ) )
ffusion in plastic crystals. The third approach relies on nt

NMR is, however, less suitable to anisotropic liquids, such Do feul ith K dipol d twally st
liquid crystals, or to solids where there is only partial or ng'€ M In particuiar, with weak dipotar and eventually strong
motional averaging of the dipolar interaction. In such mater(ﬁuadrupolar interactions. The static quadrupolar interactic

als, the decay of the spin coherences is fast and, of co rse(fa}g b_e reac_iily refo_cused by gquadrupolar echo that is th
4 b ! 8 lacing spin echo in the PGSE pulse sequet®e-2). The

not refocused by the simple spin (or stimulated) echo puIE%p

sequence. Hence, there is usually no sufficient time to apW'n limiting factor (beside an eventual need of deuteration)

long and strong enough gradient pulses and the extra depha r‘FdQW en_ough quadrupolar relaxation not always fulfilled b
€ investigated molecules.

induced by diffusion along the applied spatial gradient g ; . h .
magnetic field is negligible7 8). (Important exceptions are Here we infroduce a new experiment that combingsro-

some small, weakly ordered solutes, including water, Whoggcleardipolar decoupling with PGSE (HEDD-PGSE). Our

weak dipole coupling allows conventional PGSE measurBM IS t0 expand the range of anisotropic systems in whic
ments 7-9).) molecular diffusion coefficients can be measured, particular

In the past, three separate avenues to diffusion coefficientdlf"ématic phases, at and close phase transitions and with
anisotropic systems were explored. The first two approacH8§ need of deuteration. To do so, the NMR signal is detect
require macroscopically oriented liquid crystal samples (or, f9F & Weakly abundant nucleus, typicalfZ, whose sole dipo-
solids, single crystals). In the first method, the director of tHa COUPIing to nearby heteronuclei, such 4s$ or “F, is
oriented sample is then set to the “magic angle” with respectigPPressed by heteronuclear decoupling. Thus, the dephas

13 ; ; ;
the applied magnetic fieldl0—13, see also reviews7(8). of “C coherences is made relatlvel_y slow, alloyvmg one t
apply long and strong enough gradient pulses in the PG

'To whom correspondence should be addressed. E-mail: ifuro@XP€riment. Such a combination of heteronuclear dipolar d
physchem.kth.se. coupling with the pulsed-field-gradient spin-echo method he
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originally been presented by Zhou and Frydmaga, 23. As a 2 /2 ni2nl2 2
shown below, however, their original pulse sequence is prone 13¢ { A l H FID
to large systematic errors in the obtained diffusion coefficients

and to strong sample heating.
In comparison to the earlier diffusion experiments wikh
homonuclear decoupling, the demands of heteronuclear decou-

9F decoupling

pling on the spectrometer hardware (in particular, transmitter gradient

power) are less stringent. Moreover, heteronuclear decoupling Eﬂw Fﬁﬂ E‘:_*ﬂ

usually leads to smaller linewidths that allow for longer gra- 3 3~ ~8~ ‘ ]

dient pulses. Artifact lines at close to zero frequency offset, A \

caused by pulse imperfections, may be significant for homo-
nuclear dipolar decoupling2d). There are no such artifacts
with heteronuclear decoupling. One apparent disadvantage of
our HEDD-PGSE scheme is the lower (by a factor of 4)
gyromagnetic ratio of°C as compared tdH, which would
make the gradient pulses less effective. One should recall,
however, that homonuclear dipolar decoupling effectively low-
ers the frequency offset term in the average spin Hamiltonian gradient -
by a pulse-sequence-dependent scaling fa@6r 29 (typi- :2:‘2?1:2:5::
cally around 0.3-0.6); the gradient efficiency is reduced ac- ERELSheseses

cordingly in that experiment. A significant disadvantage of theric. 1. (a) Conventional®C stimulated echo PGSE NMR experiment
HEDD-PGSE scheme applied to natural abunddrfcds the with additional LED delay and with’F heteronuclear dipolar decoupling. (b)
low sensitivity. As shown below, however, experiments ajF-decoupled®C PGSE NMR experiment with a sequential slice selectior

natural abundance are still feasible in concentrated sam %Eeme. SelectivEC pulses in the presence of a field gradient excite thos
pregl‘ons for which the®F decoupling is appropriately set. Frequency-shiftec

13 H H
On th_e Othe_r hand, C_ provides the ad\_/antage (_)f Its Iarg?excitation and decoupling blocks, marked by numbers 1, 2, and 3, provi
chemical shift range with the corresponding chemical selectisignals from three adjacent spatial regions. The signal components frc
ity (this and some other particular advantages withde- different regions are summed asnagnetization at the beginning of the LED

coupled“C PGSE NMR in liquids have already been exp|oreaeriod. Depending on the gradient strength and decoupling bandwidth, t
(27 28) number of slices is adjusted to collect signal from most of the sample volum

i gl
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In this paper, we proceed as follows. First, we provide a
detailed account of the new experimental procedure. Particutaise sequence presented in Fig. 1b and introduced belc
emphasis is laid on the relative performance of the variod$iree gradient prepulse8%, 39 are added as well.
decoupling schemes and on the applied slice selection schem®ne faces a particular problem when implementing heter
Then, the method is demonstrated fiy-decoupled®C PGSE nuclear decoupling in a diffusion experiment where efficier
NMR experiments in the nematic and lamellar phases of tdecoupling must be achieved during both the encoding al
lyotropic mixture of cesiumperfluorooctanoate (CsPFO)—watdecoding gradient time$(see Fig. 1). In the presence of a field
(29). As will be shown, the obtained diffusion coefficients argradient, different parts of the sample experience differel
more accurate than the diffusion data from a previous study oragnetic fields, which leads to a position-dependent frequen
the same system, but measured#fyPGSE NMR on samples offset across the sample volume. Thus, the selected decoupl
with the magic angle orientatior8@). Most importantly, we sequence must perform effectively even at large frequen
could measure within the nematic phase and close to thisets. As shown below, not all dipolar decoupling design
nematic—lamellar phase transition without any particular diffnanage this point well; in fact, even the best decoupling pul
culty. sequences fail to decouple tHiC spins in the full sample
volume under the effect of the large gradients of our diffusio
THE HEDD-PGSE METHOD experiment. (This is the main reason why the straightforwal
combination of the conventional PGSE experiment with he
Since the longitudinal relaxation tinig, of *°C is usually eronuclear decouplin@®, 23 is less suitable, as demonstratec
rather long in liquid crystals (and in solids), the preferableelow.) One way to provide effective decoupling is to modify
choice to be combined with heteronuclear decoupling is tlige probe design, e.g., to use a flat sample and a flat RF c
stimulated echo pulse sequence. Because coherence evolu®@h with a small (~-mm) extension in the gradient direction.
periods are to be kept the shortest possible, the effect of edtfg found this arrangement particularly unfeasible for liqui
currents in the actual sequence (see Fig. 1a) is reduced aigstals whose director orientation might be distorted close
including a longitudinal eddy delay (LEDB{) extension. The sample container wall.
primary function of this delay changes, however, in the new Instead, we chose a more general alternative involving slit
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selection, well known from magnetic resonance imagiig (
via selectiveC pulses during the field gradient pulses. The a
details are depicted in Fig. 1b. First, the first four hard 90°
pulses in Fig. 1a are replaced by selective pulses and the
gradient pulse is extended to be on during those RF pulses. The i
frequencies and bandwidths of both the selecti@ pulses J
and the™F decoupling are then adjusted so that only those 3 P 1 ) N 5
regions have theit’C spins excited whose heteronuclear de- v (kHz)
coupling is sufficiently effective. Finally, the frequencies of the b

excitation and the decoupling are stepped on a synchronous

way to excite adjacent regions of the sample. In Fig. 1b, the Wﬁ M
numbers 1, 2, 3 denote the three different slices of the sample, WWMWWMWWWMWVJ
which are excited and decoupled by the consecutive 1, 2, 3 3 2 1 0 4 2
blocks of frequency-adjustedC and *F irradiation. The last v (kHz)

*C selective pulse in each excitation block stores the signal as

tization: th tributi f Il sli FIG. 2. C NMR spectra of CsSPFO/D (at 50 wt%) in the isotropic
Z magnetization, thus, contributions irom all SlICes are CONVEg,<q 4 325 K (a) and in the lamellar phase at 312 K (b), recorded at 4.7

niently summed. Finally, at the end of the LED-delay, a singi8 opsy-8 decoupling35, 3§ at the fluorine frequency was applied with
hard pulse and heteronuclear decoupling (at'tRefrequency yB./2w = 8 kHz andyB,/2m = 16 kHz field strengths, respectively. To

of the main magnetic field) is applied to record the total signdimit sample heating, the acquisition time (200 ms for (b)) was shortene
We note here that the use of slice selection to provide prof&pwn t© 25 ms) in the diffusion experiments.

excitation in a large gradient has been suggested previously

(34). It is an important difference, though, that with the LED,

delay at the end the pulse sequence sumg thagnetizations Then, the _d|fference _between _the decay _constant_s recorc
and not the FIDs from the different slices; thus, no extr ith and without gradieny provides one with the diffusion

spectral noise is introduced. An extra bonus of the slice Sel&)_efﬂmentD.

tion scheme is the absence of gradient switching (and t One should note that the heating effects (see below) duri

connected eddy currents) during the encoding/decoding pé 1 encoding/decodi_n_g and detection pe_riO(_JIs_ must be trea
ods. ifferently. If the waiting times between individual scans ar

Care must be taken to properly adjust i€ pulse band- long enough to allow the temperature gradients to disappe

width and the®C and*F frequency offsets to avoid disturbingm-between individual scans and if one uses sufficiently mar

overlap of the selected slices. If that happened, some sp ] my scarflsthto establlshdadpﬁ?w_therma}lf_eqwltlbrlum, systetr
would evolve as if under the effect of a larger than nomin&l'c Erfors of the measured diffusion coetlicient are connect

field gradient. Thus, in a prudent setup (that also allows f Ier_to the heatin_g effects (tem_perature S.hift anq gradient, S
imperfections of the selective excitation profiles), slices mu perimental) during the encoding/decoding periods. Heatir

be kept somewhat apart which leads to unrecoverable loss Xfthe decoupling during acquisition has only a minor influ

signal from the narrow, unexcited regions separating the slic&gce on the detected spectral shape, but the measured diffu:

As shown below, such loss can be made small. Spins that Crgg?f(ijcien:\is not affected. The newr?]\c/teragde ter(rj]%erakt]urz (t
the boundary of a slice between the encoding or decodi udes the average temperature shift produced by the dec:

periods do not contribute to the signal. Since the typical gip"ing and to which the measured diffusion coefficient can

fusion length is in the order gim and our slice widths were assigned to) can be readily determined in the present t
set to~mm, this loss is negligible here sample (see below) from the temperature sensitivB0(-40

%Z/K, depending on the temperatur#) quadrupole splitting

Even with this slice selection scheme, however, diffusio £ D.O ded under th T irradiati giti
experiments cannot proceed on the most usual way, i.e., Yy ~?2 ) recorded under the sa Irradiation conditions.

recording the variation of the signal intensity on increasing
gradient strength. Impractically, the variation of the gradient
would require one to correspondingly modify all the excitatiog
and decoupling frequencies and bandwidths as well. Varyiné)
the length of delay is also impractical in the present setup as The *F-decoupled®C NMR spectra of CsPFO in O,
it would vary the heating effect from the decoupling. Thus, theecorded at 50 MHz, are shown in Fig. 2. The isotropic liqui
only remaining option is to record the decay of the signal witspectrum, recorded at 325 K and shown in Fig. 2a, is obtain
increasingA that is described a) with FLOPSY-8 (5, 3§ decoupling of 8 kHzB, field
strength. The assignment is as previously publist3dl (The
residual line width of 10 Hz is mainly due &, inhomogeneity
S(A) ~ exp(—y?g?82DA) - exp(—A/T),). [1] which is large due to the short and horizontal sample tube. T

RESULTS AND DISCUSSION

ectral Features of the Test Sample
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spectrum of the lamellar phase, recorded at 312 K and shofawtor for liquid crystal applications where material propertie
in Fig. 2b, is obtained with the same decoupling sequenceak strongly temperature dependent. In particular, lyotrop
vB1/ 27 = 16 kHz. This lamellar phase is oriented (by coolingjquid crystals are usually highly conductive and therefore vel
from the nematic phase) with its bilayer normal parallel to theusceptible to RF-induced heating. In principle, the avera
magnetic field. The residual line width here is 30 Hz, so theémperature shift due to this effect can be corrected for |
carbon resonances in,&C,; positions are unresolved. Theusing some temperature-dependent spectral features (see
carbonyl line G, that comes from a carbon not directly boungbw). On the other hand, the temperature gradient within tt
to fluorines, is broadened due to RF-induced temperature g§ample cannot be dealt with on that way and should be kept
dient. The frequency of this line was found to be the one magtinimum.
sensitive -1.5 ppm/K) to temperature; the temperature depen-a, perhaps minor, extra complication appears for ‘ffy-
dence of the frequencies of the other carbons is smaller @é‘coupledBC NMR. As compared to C—H spin pairs in pro-
about one order of magnitude. The relative chemical shifts @fnated compounds, C—F spins in fluorinated compounds hz
the lines G-C; are clearly different in the two spectra. smaller (by about a factor of 2) dipolar and larger (by about
This behavior appears because the lines in the two spegigtor of 2) J couplings. Therefore, J couplings are not entire
reflect different parts of a residual chemical shift anisotropyegjigible (although still about one order of magnitude smalle
(CSA) tensor. This residual CSA tensor originates from thes compared to dipolar couplings in fluorinated anisotrop
molecular®C CSA tensor that becomes partially averaged tnﬁuids. Since decoupling techniques are mostly designed
fast (<ns) local motions of the surfactant chain (such as ax@bppress only one type of those interactions, they are, gen

spinning and wobbling), in the next step by the surface diffyyy ‘jess effective in fluorinated compounds than in protonate
sion of the surfactant molecule over the anisomeric aggreggie.q

(37), and, finally, by the tumbling of the aggregafi (3§. In
the isotropic micellar phase this tumbling is isotropic and t
lines in Fig. 2a display the isotropic averages of the respecti

Cryscal phases the tumbiing is anisotropic and is characteriZ9 POWer. AS expected, the performances of the popu
ry P 9 P composite-pulse schemes WALTZ, MLEV, GARP, DIPSI,

by the order paramete$,,, connected to the orientationalfre Lency-switching seauences of MPE-family. and mode
distribution of the aggregates. In the decoupled anisotropi q y g seq Y,

s (M. 2. one i vk of e esidun (L2221 [0y U seuences v s o
CSA tensor is displayed. Sin&,,, is temperature dependent® " 9 bp pic g |

(21) and the residual CSA tensor is proportionalSg,,, the performed rather poorly in liquid crystalline phases even

. : ffset. (In particular, WALTZ provided &% about one
displayed frequency shift becomes temperature dependézls?‘tro 0 . .
Moreover, the anisotropy of the molecular CSA tensor is abo l:[der olf:[nagn:[(ude shorter than tlhslt:achleved bybC|OMA$r(1)-
one order of magnitude larger for carbonyl carbons than t 410) or FLOPSY-8 g5, 39 atequa power, see below.) The

for difluromethylene carbon2%) which explains the larger sequence A_LPHA’ r<_eported to be_ e_ffe(_:tive for protonate
temperature sensitivity of the,Grequency. molecules dissolved in thermotropic liquid crystaB9) the
modified phase-alternating CW-irradiation schemes TPP

(44), and SPARC 41) were all very effective in our liquid
crystal phases at zero offset, but are offset sensitive by abot
Adequate heteronuclear dipolar decoupling of spin S rf&ctor of 4 more than COMARO-2 and FLOPSY-8 (nearly a
quires an RF power (field intensity) at the resonance frequerl®/ch as a simple CW decoupling).
of the unobserved spin | that is in the same order as the strengtfp00d results were obtained with the COMARO-2 sequenc
of the dipolar interactions between both I1-S and I-I spin§*0). This sequence is based on rotating the magnetizati
Within this range, however, the actual power demand to a@tound the magic angle and is specifically designed for hetel
complish a good decoupling (as certified by the appearancedfclear broadband decoupling in solids and liquid crystals.
narrowest possible spectral lines of spin S) depends on @iges slightly broader lines than SPARC-16, but allows a muc
design of the actual decoupling pulse sequence. While a nuvider frequency offset range. Somewhat surprisingly, hov
ber of pulse sequences with extremely large bandwidth ha&éer, the best performance was shown by the FLOPSY
been developed, most of them were specifically directed $gquence which originally was developed for broadband hom
isotropic liquids. Effective decoupling sequences for anisotrouclear cross polarizatior3$, 3. We found that FLOPSY-8
pic liquids have also appeared@9—41. Typically, the effec- outperforms COMARO-2 in the frequency offset range by
tive decay time of*C single quantum coherences in thermdactor of ~2 at equal RF power, gives virtually the same
tropic liquid crystals,T%, has been prolonged up to tens ofesolution, and is very stable with respect to miscalibration
milliseconds by applying them at sufficiently high power levthe 90° pulse. Hence, we decided to use FLOPSY-8 for d
els. This last point, the required RF power, is a strong limitingpupling during the gradient encoding and decoding perioc

On the test sample presented above, we examined the
rmance of a wide variety of reported decoupling sequenc
fith respect to their sensitivity to frequency offset and decot

Choice of the Decoupling Sequence
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while either FLOPSY-8 or SPARC-16 for signal acquisitiorsion coefficient perpendicular to the bilayers, was shown to |
(see Fig. 1b). much lower tharD , and is probably connected to exchange o
Even with the best decoupling sequence, however, we wéndividual surfactant molecules between adjacent bilayer:
forced to use rather high decoupling power (see below). THisom the known values d , and of theT% andT, times one
has lead to significant heating in our ionic and therefore hightan estimate the gradient strength, required to med3urby
dissipative sample even though steps (like using flat wire ihe HEDD—PGSE experiment, tb= 100 G/cm. Such gradi-
and limiting the diameter of the RF coil to 6 mm and thents lead to a fluorine offset distribution &f160 kHz in our
number of turns to 845), see Experimental) were taken tosample of 4 mm diameter. Despite good performance of t
reduce this problem. With on-resonance decoupling, reaséi-OPSY decoupling, this offset range is too wide to excite; ¢
ably narrow lines were achieved with a decoupling fiel&8, = 20 kHz, sufficiently good decoupling was observed i
strength ofyB,/ 27 = 16 kHz. Further increase &, up to 25 the fluorine offset range of about 50 kHz (determined as tt
kHz improved the resolution somewhat, but has not been us#tset where line intensity decreases by a factor of two wit
because of excessive (see Experimental) heating; note thatrB$pect to zero offset). Indeed, we had to apply the sequent
heating is proportional toR;)* (45). To decouple during the slice selection as shown in Fig. 1b.
relatively short encoding/decoding periods a slightly higher RF Below we present the actual experimental setup optimize
field of yB,/27 = 20 kHz was used to get a long&t and a for the gradient valug = 114 G/cm, where the fluorine and
wider frequency offset range. At the cited field strengths wearbon frequency offset distributions are 180 and 48 kHz wid
observed no coil arcing or preamplifier and transmitter overespectively. Thus, one can select three slices, each with flt

load. rine decoupling effective in the offset range of approximatel
50 kHz. Correspondingly, the selectiVi€ pulses were defined
Diffusion Measurement with HEDD—PGSE to provide 15 kHz nominal excitation bandwidth. To avoic

interference between neighboring slices (due to “wings” of th

The first test of the HEDD-PGSE experiment of Fig. lexcitation and decoupling profiles), the three central offs
performed on benzene at 25°C, assessed the validity of tfrisquencies of theé’C excitation packages were set+d.7, 0,
experimental approachH-decoupled”C PGSE experiments and+17 kHz (0 kHz belongs to the middle of the sample). Th
yielded a large signal from the six equivalent carbons, allowirfgequency offsets for°F decoupling were set te-64, 0, and
relatively quick and accurate measurements of the fast benzer@d kHz, respectively. This arrangement provides 2 kHz wid
diffusion coefficient. As indicated in Fig. 1, delagsand A gaps (in**C frequencies) to separate the slices. Under the
were defined by the centers of the selective pulses whose 40Dditions we recover approximately 75% of tH€ signal
wus full length provided (for their truncated sinc shape) mtensity which can be compared to the 30% signal intensi
nominal bandwidth of 15 kHz. The results were compared #xhieved with the conventional hard pulse experiment of Fi
D penzene Obtained from a conventional hard puls$€ PGSE 1a (100% defines the signal intensity at zero gradient; s
NMR experiment. If8 exceeded 4 ms, the results coincide&xperimental). In fact, 2 kHz wide gaps maximize the signa
within the experimental accuracy of 2%. For shomd&y, sys- smaller gaps also lead to signal reduction. The 25% signal Ic
tematic errors, probably connected to dephasing during the Rfpartly connected to the unexcited gap, partly to the smoott
pulses of nonnegligible length, appeared. Bet 2 and 1 ms, decaying (instead of having sharp edg€s) decoupling pro-
the obtained diffusion coefficients were larger by 5 and 15%le.
respectively, tham ..., First, this systematic error could be The results of the HEDD—PGSE experiments in the lamell:
largely corrected for, if necessary, in Eq. [1] by exactly calcyghase of CSPFO/®D are shown in Fig. 3, with signal intensi-
lating the joint effect of the selective RF pulses and thies plotted versus the mixing timein semilogarithmic scale.
gradient fields. Second, experiments with shibdan be still Several decays obtained at different field gradients, all appli
valuable in the frequently occurring experimental situatioperpendicularly to th®, field, are presented. was fixed to 2
when one is primarily interested in the relative change ofras, chosen to be much shorter than the effective transve
diffusion coefficient. In another test, no difference within exrelaxation time estimated 6% ~ 7 ms (the average value for
perimental error was found between the diffusion coefficien®—C; lines at 114 G/cm gradient strength). Although the
obtained from experiments with the sample volume dividegkperiments with lower gradient manage with fewer slices, &
into one, two, or three slices. experiments were performed with the same pulse sequence

The diffusion coefficient of CsPFO in the lamellar phase @&nsure equivalent conditions. For each point 256 scans w
our present sample composition has already been measuredanwimulated, so that one decay curve took approximately 1¢
the value obtained in the direction perpendicular to the exterradl the experimental time (see Experimental; shorter recyc
static magnetic field i, ~ 107'° m%*s (30). Note that the times currently alle 8 h experimental time, with still negli-
lamellar phase orients with its bilayer normal parallel to thgible heating effects). The lines in Fig. 3 are the single expt
magnetic field; thusD , is the surfactant diffusion coefficientnential fits to the experimental points; obviously, the decay
along the (defective) bilayersD(,, which measures the diffu- are single-exponential within the experimental accuracy. (|
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FIG. 3. Variation of the signal intensity with increasing the delay tilme  FIG.5. The temperature dependence of the diffusion coeffidentm) in
in the PGSE experiment depicted in Fig. 1b, applied in lamellar phase the CsPFO/RO systemD,, (O) measured in lamellar phase at 312 K is alsc
CsPFO/RO (50 wt%) at 312 K. The liquid crystal sample is uniformly shown.
oriented by the magnetic field with its director parallel to the field direction.
The magnetic field gradient is applied perpendicularly to the field direction.

The symbols represent data recorded at different field gradient values and th(—i‘ | diff
lines are single exponential fits as described by Eq. [1]. The fitted decay ra&% IY’ D, was measured at several different temperatures a
R = (y?g°8°D + 1/T,) are as follows.®¥) g = 0 G/cm,R = 0.61+ 0.01 Within both the nematic and the lamellar phases; the results :

s (0)g=57GlemR=1.12+0.02s%(¥)g=76 GlemR =155+ collected in Fig. 5. The results in lamellar phase are in

0.04s% (A) g = 95G/emR = 2.05+ 0.06 5% (X) g = 114 GIcmR = reasonable agreement with tff& PGSE diffusion measure-

2.73 % 0.07 s ments at the magic angle orientation by Uklggal. (30),
although in that study the diffusion coefficient was not estal

the micellar phase, the longitudinal relaxation rates of differeh?hed close to the phase transition temperature.

carbons_ &-C, are fa_ther_s'm_"a“’m’ wh|c_h explains why_ the Comparison of the HEDD—PGSE and the Zhou—Frydman
composite decay witly = O is close to single-exponential.) Type (22, 23) Experiment
The validity of Eq. [1] is demonstrated in Fig. 4, where the yp ' P
expected linear dependence of the decay constang®ois In this section we analyze the performance of the methc
clearly manifested. The error bars in Fig. 4 (typicatl?%) are that straightforwardly combines heteronuclear decoupling wi
probable standard deviations provided by the fit statistid8GSE-type diffusion experiments. In their original paper, Zho
Obviously, the linearity of Fig. 4 means that the diffusiomnd FrydmanZ2, 23 used the spin-echo pulse sequence that
coefficients derived from the measurements at different gragixcluded in our sample since tH€ transverse relaxation time
ent strengths agree well. The explicit value of the diffusiom? is prohibitively short. Instead, we compare the performanc
coefficient is obtained as the difference of the rate constantsofithe simple stimulated echo pulse sequence (Fig. 1a) to tl
measurements with and without gradient. Barat 312 K, we of HEDD-PGSE (Fig. 1b). As in22, 23, we record the decay
thus get (0.90= 0.02) X 10 *° m*s. Note that the absolute of the signal with increasing gradient strength. 22,(23 the
value of this diffusion coefficient may contain an error of abowtecoupling has been achieved by WALTZ which, howeve
5% as estimated from the tests in liquid benzene (see aboyepvides us withT% ~ 1 ms (at 20 kHz decoupling strength).
For comparison, we also measur®g that is expected to be Hence, the'*F nuclei are decoupled instead by FLOPSY-¢
much smaller; we obtain (0.07& 0.025) X 10 *° m%s. Fi- during the encoding and decoding periods. The conditions &
the same as for the HEDD—PGSE study above and the del:
in the pulse sequence were sette- 2 ms andA = 100 ms.
The data in Fig. 6a were obtained with decoupling at 20 kH:
With on-resonance decoupling, this providés~ 10 ms and
the heating effect from the decoupling during encoding/deco
ing and acquisition periods is below 1 K. The data wer
obtained at parallel and perpendicular orientations of the fie
gradient to the liquid crystal director (which is oriented alon
the static magnetic field). The expected decays at these t
0 5 10 15 gradient directions, as calculated from the diffusion coeff
g2 (10° GZom?) cientsD, = 0.90 X 10 *° andD; = 0.07 X 10 ** m%/s
obtained by HEDD-PGSE above, are also presented. (V
FIG. 4. Decay rateR as obtained from the data in Fig. 3 vergis(m). stress that oub . andD, data agree well with those obtained

The data display a linear dependence as expected from Eq. [1]. Some decayiq . . .
rates from the same sample but measured with gradients para)leb (the eby F PGSE experiments in samples oriented at the mag

static magnetic field are presented as well; the diffusion is slower in the Iatf'épg_|e 60).) _ _ _
direction. First, the experimental decay is clearly non-Gaussian. Se

decay rate (s
NS o

-
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lyotropic liquid crystal systems. In its original presentation, thi
method has been applied to a thermotropic liquid crystal wit
long T%. We note that some of the obtained results, such as t
decreasing anisotropy of the diffusion with decreasing tempe
ature @2), are counterintuitive.

CONCLUSION

In this paper, we propose and demonstrate a method f
measuring the molecular diffusion coefficients in systems wit
strong static dipolar interactions. The method, as presented
specifically optimized to investigate self-diffusion in liquid
crystals. While it is relatively straightforward to apply hetero
nuclear decoupling to prolong the decay tinsof the *°C
single-quantum coherences, the inherent offset dependence
the decoupling efficiency must be countered by combining tt
PGSE experiment with slice selection. The results clear
demonstrate that diffusion coefficients down to 010"
m?/s can be readily measured in systems with strong sta

dipolar couplings. The implementation of the method is nc

FIG. 6. Decays of the observed signal with increasing gradient strengthdlifficult and at most requires double-tuning of the RF part of
the simple stimulated echo experimeReYwithout the slice selection scheme standard diffusion probe. Extra care should be taken, howev
and with FLOPSY-8 decoupling in the lamellar phase at 312 K. The streng[tg avoid RF heating effect in conductive samples Coil desigr

of the decoupling fieldyB,/27 is (a) 20 and (b) 40 kHz. Open and full L . .
symbols belong to gradients parallel and perpendiculaBdorespectively. optimized for the minimum electric fieldi6, 47 can turn out

Theoretical decay curves calculated from the experimental diffusion coefl® be advantageous.
cients (sed, andD, in Fig. 5) under the assumption of diffusion-dominated ~ Clearly, the measurement takes considerable time becaus

decays are presented as solidl.{ and dashedL,) lines. the low **C abundance. Again, this problem is much related t
sample heating and the corresponding long waiting times b
ond, fitting the data to the conventional Stejskal-Tanner etxveen scans. Further work is in progress to alleviate th
pression 2) gives the apparent diffusion coefficient of 30 problem. In some systems, however, there are simply no ot
10 m?/s for both gradient directions. Increasing the strengthptions to measure diffusion. Such is our choice for demol
of the decoupling field during encoding/decoding time to 4§trating the method, the sequence of the CsPRO/Dquid
kHz leads to significant prolongation of the measured decayystal phases. The nature of the phase transitions shown
(Fig. 6b) and to an apparent diffusion coefficient of 4307 *° this material is unclear, the extent and onset of the topologic
m?/s. Obviously, even at this intensity of the decoupling REhanges of the surfactant aggregates is an unanswered ques
field the observed decay cannot be attributed to molecul@l, 48-52. Surfactant diffusion coefficients are ideally suitec
diffusion. Instead, the decay reflects the decreasing efficiertoyprovide some answers, but previously they were only ava
of the decoupling as the increasing gradient renders varicalde in the lamellar and the isotropic phases and even there
parts of the sample further and further off-resonance. In ourthe vicinity of the phase transition temperatures. This shot
sample, one would need a further order of magnitude increasening is remedied here and the surfactant diffusion coef
of the decoupling power to avoid this artifact. Of course, thgent in the nematic phase, presented in Fig. 5, is, to o
sample would be heated by about 50—-100 K. knowledge, the first of its kind in lyotropic liquid crystals. One
To overcome this problem in the design @), one could preliminary conclusion we can draw from the data is that th
try to accelerate the diffusion decay within the same range aéfect density in the lamellar phase is clearly decreasing
field gradient by further increasing the gradient tijand/or tween 2 and 10 K below the nematic—lamellar phase transitic
the diffusion timeA. The first problem with that approach isMore detailed data on the present and on other liquid crystz
the great loss of the signal-to-noise ratio (that is already theéll be communicated elsewhere.
most critical point of the experiment). Nevertheless, data (not
shown) obtained wittd = 6 ms andA = 500 ms (which are
now comparable with thd% and T, times, respectively) and
with 20 kHz decoupling strength provide diffusion coefficients Cesium perfluorooctanoate CsPFO has been synthesizec
that are still overestimated by a factor of twb () and by a described previously2(). The liquid crystal sample has been
factor of 13 O). In summary, the method presented22)(is produced by mixing CsPFO (50 wt%) with,D. The isotro-
not suitable to measure molecular diffusion in our or in similgric—nematic and nematic—lamellar phase transition tempel

EXPERIMENTAL
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tures were established from the spectrum to 320 and 314 K, due to decoupling during the acquisition time was about 0.3 |
respectively, which agree well with those of the previouslyhese temperature shifts were not corrected for in this stud
established phase diagrar9). The nematic phase director
orients parallel to the external magnetic field and keeps ori- ACKNOWLEDGMENTS
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