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The accessibility of molecular self-diffusion coefficients in
anisotropic materials, such as liquid crystals or solids, by
stimulated-echo-type 2H PGSE NMR is examined. The amplitude
and phase modulation of the signal in the stimulated-echo-type
sequence by the static quadrupole coupling during the encoding/
decoding delays is suppressed by adjusting the pulse flip angles
and the phase cycle. For nuclei that experience both nonnegli-
gible quadrupole and dipole couplings, the application of magic
echoes during the evolution periods of stimulated echo is demon-
strated as a helpful technique in the case of slow diffusion. These
findings are demonstrated by experimental results in the ther-
motropic liquid crystal of partially deuterated 8CB. The obtained
diffusion coefficients are also compared to data obtained by a 'H
homonuclear-decoupling-type PGSE NMR method in the same
material. © 2001 Academic Press

Key Words: 2H PGSE NMR; quadrupolar coupling; magic echo;
liquid crystal; 8CB.

INTRODUCTION

Pulsed-field-gradient spin-echo (PGSE) NMR) is a well-
established method for studying diffusive molecular motions

isotropic liquids. The technique is based on spatial encodiﬁ%
of the Larmor frequency by applying a strong magnetic field
gradientg that, in some other forms of diffusion NMR, can eve

be static {-10. On increasingy, the observed echo signal
from single-quantum coherences decayslag)(

A(g, 8, A) o exp[-(ygs)* (A — 8/3) D], (1]

where the gradient encoding tindeand diffusion timeA are
limited by the transverse and longitudinal relaxation tirfigs

n

method and the range of accessible diffusion coefficiéntsr

a particular probe design depend on the efficiency of gradier
encoding that scales &, wherey is the magnetogyric ratio.
Hence, high-gamma nuclei, sucht&bsor 1°F, are typically con-
sidered as best for NMR diffusion experiments. That should b
particularly appropriate in solids and liquid crystals where the
PGSE-type diffusion methods developed during the past deca
(7-18 must often battle with both a small diffusion coefficient
D and a shorfl, that strongly limits the time available for
gradient encoding.

One remedy for nuclei with a nonvanishing static quadrupole
or dipole coupling is to excite and encode multiple-quanturr
coherences10-22 of ordern for which the effective gradi-
ent becomesg. In particular, this strategy explored féH
nuclei could mitigate the effect of the low magnetogyric ra-
tio which, in conventional PGSE experiments, would lead to «
gradient encoding=40 times less efficient than that féf nu-
clei. Thereby, deuterium PGSE NMR could be extended fron
the domain of isotropic liquids with more conventional appli-
cations such as diffusion of J® in solutions of biopolymers
Iand surfactants. Since deuterium is widely used in many con
r]ex systems as site-specific and/or chemically selective lab
s is an important development. Note that the fast diffusior
of D,O in liquid crystal systems has already been investigate
by pulsed-field-gradient experiments involving quadrupole ech
instead of spin ech@B-25.

However, the quadrupolar-echo-ty @325 2H PGSE NMR
has only been explored in anisotropic materials wiéte’H
dipole—dipole interactions were negligible (this interaction is
exchange-decoupled in,D). The only double-quanturiH
PGSE experimentlQ) that has been performed to date has
demonstrated an advantage in gradient encoding efficienc

andTj, respectively. As shown by Eqg. [1], the sensitivity of they o jts single-quantum counterpart but the potentially nega
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demonstrated fofH nuclei in anisotropic systems. The seconc@
one is an extension of this approach that includes “magic ech 90 ¢ v
during gradient encoding/decoding as originally introduced b
Zhang and Cory for homonuclear dipole-coupled spin systen r t -

(13). As demonstrated by results obtained in a partially deute

ated thermotropic liquid crystal of 4-octyl-dyanobiphenyl RF v
(8CB), these methods, in particular the one with magic echo, a
superior to the multiple-quantum strategy. Comparison is als 5 S
made to a recently developédl PGSE NMR method where G
homonuclear decoupling is appliete-19.
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Stimulated-Echo-TypH PGSE NMR Way 0 S T ey Ny 0c - M T

Itis well known that PGSE NMR with stimulated echo (STE,
the whole sequence is often abbreviated as PGSTE) perfor +y |-y
better than the simple spin echo sequence in systems whRF {1, L
T, <« Ty by allowing the diffusion timeA to extend up toT, 0 27, 47, 67, 87, 107, 127,
(recall the increased efficiency of gradient encoding in Eq. [1] L = >
The conditionT, <« T; is often met for dipole-coupledH nuclei
as those in aliphatic CPor CDs groups involved in liquid crys-
tals with slow modes of molecular motion. Hence, the STE-typ
sequence could replace spin- or quadrupole-echo-type PG G U U U U
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experiments in analogy with spin = % nuclei. However, the

presence of nonzero quadrupole coupling leads to a more coin-

plex spin dynamics. FIG.1. (a) Stimulated-echo-type PGSE NMR experiment. (b) Stimulated-
The evolution of an isolated spin= 1 system in the three- echo-type PGSE NMR experiment with magic-echo decoupliisy (

pulse sequence of Fig. 1a is governed by the Hamiltonian

{+Yy, £x, and+£x]}, respectively, for the first, second, and third
pulses. Note that irrespective of the RF phases, both Zeem:
) . . and quadrupolar orders (the latter also called spin alignmen
with the quadrupole interaction represented by the quadrupgle, created after the second pulse (except when the pulse an
frequency is ¢ = 90°) and, consequently, contribute to the signal in both
sequences (Eq. [A2]). This is a result of nonzero frequency off
wq(0) = £Kq(3coso — 1)/2, [8]  set. In contrast, under on-resonance conditions the cosine a
sine sequences can be set (by selecting appropriate pulse ang|
whereKq is the strength of the residual quadrupole coupling excite either Zeeman or quadrupolar orders after the secor
constant and is the orientation of the (axially symmetric) elecRF pulse 26, 27.
tric field gradient tensor with respect to the applied magneticin a complete analogy to the conventional stimulated echt
field. The spatially dependent offset frequency is defined as for spin| =  nuclei, the frequency offset is encoded as phas
modulation of the detected signal ) and 1) (EQ. [A4]).
wi(2) = y9z, [4] An additional complication is the modulation of the signal with
(twice) the quadrupole frequenay, that may reduce the over-
whereg is the strength of field gradient applied in thelirec- all signal amplitude and distort the phase of the spectrun
tion andi = 1, 2 refers to the gradient encoding and decodinghese unfavorable features can be avoided through an appr
periods, respectively. priate choice of the delay (see Appendix) that, however, de-
The spin dynamics during the pulse sequence depictedp@nds on the quadrupole frequency. Hence, this procedure m:
Fig. 1a with spin interactions defined as in Eq. [2] is calcibe impractical if, e.g., the sample orientation or temperatur
lated in the Appendix. The sequence with in-phase first amglchanged or if deuterons with different quadrupole coupling:
second radiofrequency (RF) pulses, referred to as a cosinea®- present. Moreover, the selected value ofiay be in con-
quence, and the sequence with @base shift between the firstflict with the requirements of diffusion encoding/decoding. The
two pulses, referred to as a sine seque@6y (vere considered quadrupolar modulation can instead be suppressed for an art
with the RF phases explicitly set {a-y, £y, and+y} and to trary quadrupole frequency and frequency offset by adding th

H =hawo(1Z —12/3) — hwil,. 2]
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cosine and sine signals recordedpat ¥ = 54.7° (Egs. [A11] (30-39 and in a'°F PGSE NMR experiment for measuring spin
and [A12]). In practice, this is achieved by an appropriate phag#fusion in rigid solids (3).
cycle such ag+y, —y, +x, —x} for the second and third RF  |fnonvanishing quadrupole and multispin dipole—dipole inter-
pulses and—x, —x, +Xx, +x} for the receiver phase (the phaseictions coexist, the situation is more complex. ME sandwiche
of the first pulse is fixed te-y). This phase cycle compensatesvere shown to provide a good decoupling for this ca2®).
simultaneously for the buildup of Zeeman magnetization durhis advantage can only be exploited if there are wide enoug
ing tm. Note that for inequivalent time constarsg and Tz windows for inserting gradient pulses. Below, we demonstrat
the quadrupolar modulation is reintroduced to some extent i&perimentally the validity of this approach.
tm ~ T1q, Taz. The pulse sequencé3) of a PGSTE NMR experiment with
With the position-dependent offset frequengy= ygzthe ME decoupling (PGSTE-ME) is shown in Fig. 1b. The echo
total signal is calculated as an integral over the sample volunigsmation after the magic sandwich is due to the sign rever
which results in (see Eq. [A12]) sal of homonuclear dipole and quadrupole interactions durin
on-resonance RF irradiation, so that the average dipolar ar
guadrupolar Hamiltonians vanish for the period ef @-ig. 1b).
A~ 2/3/ Mo exp{ (w2 — w1)7) dz = 2/3(exp{ (w2 — w1)7)). Hence, the effective Hamiltonian for the free evolution period
[5] 7/3 (see Fig. 1b) become8%, 33-3%

wheremg is the equilibrium magnetization per unit length in H = -hol, 7]

the gradient direction. The offset-dependent factor in Eq. [5] is

analogous to that obtained for a conventional stimulated ecfyfere is the offset frequency. Gradient pulses, if insertec
sequence for spih = % and, hence, the effect of diffusionin Windows between RF pulses of the magic sandwich, do nc
reduces to the well-known Stejskal-Tanner formala2) interfere with the refocusing. The sequence actually shown |
a combination of ME with 180inversion pulses, also called

mixing echo 80, 33-39, that refocuses both linear (e.g., field
inhomogeneity and chemical shift) and bilinear spin interac
tions. To preserve encoding the signs of the inserted gradie
where we tacitly assume=2¢. Consequently, a diffusion ex- py|ses are set as indicated (Fig. 1b). Hence, the spin dens

periment may proceed as for a conventional stimulated echgerator at the end of the encoding period is given by
for spinl = The signal intensityA (in the absence of

spin relaxat|on) |s of that after a single 90pulse (re-
call that the S|gnal in Eq. [5] is the sum of signals from
two experiments), which should be compared to the value of

1 for the conventional stimulated echo sequence for spin with gradient time < 4z, = /3 (0(0) o Ixis the initial density

nuclei. Note that with pulse angles = v = 90° and W|th operator generated by the first RF pulse). This equation is anal
t = knjwo (k = 0,1,2, ...), one also obtains a signal inten _gous to the expression obtained for on- resonancels:pirg nu-

sity A = 1 (see Egs. [A8], [A9]) at the price of quadrupolardei in a conventional PGSTE experiment, and therefore the sic
modulatiozn ' ' nal is attenuated upon the increasing gradient as given in Eq. [

Hence, a PGSTE-ME experiment can proceed by recording tt
variation of the signal intensity with increasing gradient strength
Although less than one-third of period is available for

The presence of static spin interactions other than frequerdiffusion encoding by gradient pulses in this ME-based se
offset during the encoding/decoding periods of STE-type PG$jdence, an efficient refocusing by MEs allows an overallincreas
diffusion experiments leads to complications as shown in tifley about one order of magnitude) ofand thereby a longer
previous subsection for the case of nonvanishing quadrupeféective encoding time, as will be demonstrated below. A po
coupling. For nonvanishing multispin dipole—dipole interactioriential disadvantage of the PGSTE-ME sequence is heating wi
the primary effect is a fast dipolar dephasing that strongly limitonsequent temperature shift and gradient by the long RF irre
the length of the encoding periddand thereby the efficiency diation that must be carefully controlled. In a ME sandwich the
of gradient encoding that is proportional& The latter prob- RF “lock” pulses must maintaipB; > wo. In liquid crystalline
lem has been dealt with by multiple-pulse dipolar decouplirgarmples the quadrupolar coupling/2x is partially averaged
during encoding/decoding 6, 18. Another option is the magic by fast molecular motions to a value on the order of 10 kHz o
echo (ME) sandwiches28), originally introduced to refocus below. Withy B; /27 on the order of 10 kHz for approximately
dipolar dephasing and later demonstrated to be also effectivarilisecond pulse lengths, the RF heating can be easily adjuste
refocus quadrupolar dephasingg). Combination of ME and to <1 K by the delay between transients (note that the exac
field gradient encoding has been usedHhsolid state imaging figures depend on the conductivity of the sample).

(exp (w2 — w1)7)) = expl-(ygr)*(A — z/3)D],  [6]

o(7) = explhygzlz) o (0) expi-i hygzly) (8]

2H PGSTE NMR with Magic-Echo Decoupling
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RESULTS AND DISCUSSION TABLE 1
Relaxation Times in 8CB in its Nematic Phase at 307 K

Spectra and Relaxation Rates
Time Deuterium position

The performance of the PGSTE-ME method is demonstrateshstant
in a thermotropic liquid crystal 4-octyl~¢yanobiphenyl (8CB, (ms) w 1 -4 g8 £ v «
see Fig. 2), deuterated in all positions excepfiHeH, group of 1, 294 85 87 56 28 30 20 12.6
the aliphatic chain. Th#éH and*H NMR spectra of the sample in Tasdf 42 097 08 20 12 12 10 0.75
its smectic phase at 300 K and recorded at 31 and 200 MHz, Tez
spectively, are shown in Fig. 2. The phase director of the sample
is homogeneously oriented along the magnetic field. The assign-
ment of the aliphatic chain was reported previou§i§) (while selected temperatures and for different deuterium positions i
the assignment of the aromatic part is based on thér2B3C the nematic and smectic phases are collected in Tables 1 a
heteronuclear multiple-quantum correlation spectrum for a hd- The longitudinal relaxation timel;, was estimated from
mologue sample of 5CB{). The narrowestH line with 200 Hz  inversion-recovery experiments, while the transverse relaxatio
width (at half-height) belongs to the-methyl group. In théH  time for single-quantum coherenc@ssq, is defined as the decay
spectrum the outer doublet is assigned to the two dipole-couplhstant obtained in the quadrupole ec88) sequence by in-
B-protons, while the central line arises from the residual protoaggasing the echo time. The decay time of the quadrupolar ord
at nominally deuterated positions. Tio, which also influences the echo decay, was not measure

As discussed above, the maximum lengths of the encdalit is known to be on the order of thigz time (39). Having
ing/decoding and diffusion intervals are limited by relaxatiothe longest relaxation times, the methyl deuterons are the be
times. The experimental values of deuteron relaxation timessatited for measuring the molecular diffusion of 8CB.

In addition, the decay time of double-quantum (DQ) coher-
encesT,pg was measured for the methyl group (Table 2) by

From the decay of single-quantum coherences.

1 23 4 the DQ spin echo pulse sequend8+{4). Since the decay was
D D D D not purely monoexponentidlypg was estimated from the time
« B at which the signal reaches thgellevel. UnexpectedlyTzpg
T found to be about 2—4 times shorter than the transver:
NC D,CH, (CD)sCD; was Todng . e transvers
relaxation time of single-quantum coherendego. Since this

behavior is forbidden for isolated deuterod® (43, for which
D D D D theory predictsT,pg on the order ofT; time, the decay of the
DQ coherences in the present sample must be dominated |
dipolar effects 41, 44—48. On the other hand, the decay times
a for the methyl deuteron signal in ME experiments was found tc
be almost one order of magnitude longer than the decay time
of the single-quantum coherences (Table 2). Hence, althoug
0124 NLde vy o in more favorable circumstances (isolated deuterons) the D

PGSE method could provide more effective gradient encodin
| A ”h M h ﬂ in a diffusion experimentl(9—29, the fast decay of the DQ co-
' herences leads to that the DQ PGSE method does not produ

" ' y y any advantage in measuring the diffusion in the present sampl

3 20 -0 0 10 20 30
kHz
b TABLE 2
Relaxation Times for the 2H Signal of the Methyl Group (w)
in 8CB at Different Temperatures
Time 307K 295 K 285 K
constant, ms nematic smectic A smectic A
30 20 10 0 10 20 30 it 294 200 143
Tosd? 4.2 3.2 2.9
kHz Tang? 17 1.0 0.9
Tome® 36.2 19.8 16.8

FIG. 2. (a) 31 MHz2H NMR and (b) 200 MHz'H NMR spectra of a
partially deuterated 8CB sample in its smectic phase at 300 K. The liquid crystaP From the decay of single-quantum coherences.
sample is uniformly oriented by the magnetic field with its director parallel to ® From the decay of double-quantum coherences.
the field direction. ¢ From the decay of the magic-echo signal.




DIFFUSION BY ?H PGSE NMR IN LIQUID CRYSTAL 87

Measurement of Diffusion 1
With our current gradient setup (see below) having a maxi- ng
mum gradient strength of 300 G/cm, and with the diffusion co- E
efficient of 8CB being on the order of 18 m?/s, a diffusion 04
experiment can be performed only by the methyl deuterons that g
have the longest relaxation times. Singe>> T, (Table 1) the Eo2
PGSTE method is feasible as will be demonstrated below.
At higher temperatures whefBsg is sufficiently long one y
can make use of theH PGSTE experiment without ME de- 00 0.1 0.2 03 04
coupling. In Fig. 3, we show the intensity of the methyl signal A (4-a3) (G¥em?)

obtained by the PGSTE sequence in Fig. 1la applied to 8CB in
its nematic phase at 307 K. With the diffusion timeset to  FIG.4. The®H methyl signal intensity in 8CB versggs(A — 6/3) with
50 ms, the applied gradiegt= 20 G/cm results in a COmp|eteincreasing gradient strength obtained by BrePGSTE experiment in Fig. 1a

' . - . . . .. _at 309 K in the nematic phase (squares) and by th®GSTE-ME experiment
coherence dephasing during the eVOllunon timeachieved If. in Fig. 1b at 309 K in the nematic phase (circles, shifted down for clarity) anc
T > 27/ygl &~ 0.2 ms, wheré¢ ~ 5 mm is the sample length in 4t 298 K in the smectic phase (triangles).

the gradient direction) but is too weak to produce a significant

diffusion damping. Hence, our theoretical predictions can be ea
ily tested. As expected, the signal from the cosine sequence wi
pulse angle® = v = 90° is quadrupole-modulated irrespec-
tive of the gradient strength (Fig. 3a). On the other hand, witt
¢ = ¥ = 54.7° the modulation is present in the absence of gra
dient but is suppressed by the gradient (Fig. 3b) and the relati

g=20 G/cm

~ 08l | b signal intensities are, respectively?2/3 and~1/3. The sine-
g modulated sequence also behaves as predicted (Figs. 3c, 3
> 0.4 ] Finally, the phase cycle that combines the signal from the cosir
’§ oo Mm \C’% and sine STE sequences with= ¢ = 54.7° (see Experimental
;g ' ‘ ' ’ below) suppresses the modulation irrespective of the applie

[=}
Gl
(o]

] gradient strength (Fig. 3e).
The results of théH PGSTE NMR diffusion experiments in
/W 15 the nematic phase of 8CB at 309 K are shown in Fig. 4, witt
o oz % the signal intensities plotted versg&2(A — §/3) on a semi-

logarithmic scale. Delay8s and A were set to 3 and 400 ms,
08 d respectively, and the field gradient, set to values up to 270 G/cr

04 was directed along the main magnetic field. The intensities wel
/fm % obtained by combining cosine and sine signals recorded wit

o
'S

o
o

0.0 ¢ =y =54.7° (see Experimental). With 8 scans for each dif-
08 e ferent gradient value and with a recycling deldy2a the total
experimental time was about 3 min. The diffusion constant es
0.4 ] timated by least-squares fitting Egs. [1] and [6] to the decay il
% D Fig. 4isD = (0.52+0.01) x 1071° m?/s. The (random) error
0.0% 1 3 30 b 3 3 is estimated from the scatter of the experimental points arour
7 (ms) 7(ms) the fit.

Attemperatures below 300 K, diffusion measurements by th
FIG. 3. Variation of the methyl signal intensity with increasing the deIa;STE sequence become difficult due to slow diffusion and shot

7 in the2H PGSTE experiment in Fig. 1a applied to 8CB in its nematic phase . .
at 307 K. The quadrupole splitting, which defines the observed modulation, t{%axatlon times. On the other hand, the PGSTE-ME sequen

been measured to be 1.4 kHz. The field gradigi applied parallel to the 1N Fig. 1b performs well at these temperatures. As shown i
field direction. Left columng = 0, right column:g = 20 G/cm. (a) Cosine Table 2, the decay time of single-quantum coherences is prt
sequence with) = ¢ = 90". (b) Cosine sequence wih = y = 547°.  |onged by up to 9 times with ME. However, since only one-third
(c) Sine sequence with = ¢ = 45". (d) Sine sequence with = y = 547". 4 the eyolution period is available for gradient pulses, the effi
(e) combined cosine- sine sequence with = ¢ = 54.7°. The solid lines are . f dient di . d v b factort
calculated using Eqgs. [A6] and [A8] with the transverse relaxation introducé:dency of gradien enco_ Ing mcre_ase only by a ,aC or-

in a phenomenological way of multiplying the signal with ex@¢/ T,) where ~ (instead of~9%). To avoid excessive sample heating from the

T, = 4.2 ms (see Table 1). long RF pulses in the ME sandwich, the signal dependence c
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the strength of th&, field during the lock pulses was examined. CONCLUSION

A significant decrease of the signal intensity was observed if

was set belovwy B, /27 = 4 kHz. Hence, this value was chosen As demonstrated abovéH PGSE NMR can, despite the
for the PGSTE-ME experiments, which, in combination with W magnetogyric ratio ofH, be used for diffusion measure-
recycling delay of 4 s, resulted in a moderate heating effect @entin anisotropic liquid crystalline samples. In complete anal
about 0.5 K. The decay of the signal in a PGSTE-ME expe0Y to spinl =3 nuclei in isotropic liquids with relaxation
ment with increasing gradient, recorded at temperature 298tknes T > To, STE-type’H PGSE sequences can access mucl
is included in Fig. 4. The diffusion tima was fixed to 300 ms, lower diffusion coefficients than PGSE techniques based o
while the total gradient timé corresponded to 5.69 ms (withsolid/quadrupole echoes. An extra complication is the signe
full evolution timer = 19.8 ms). With 8 accumulated transientgnodulation by the quadrupolar interaction (also observed fo
for every gradient value, the observed decay is clearly Gaussfn | > 1 nuclei @7)), which, however, can be suppressed by
yielding D = (0.232+ 0.007)x 10-1° m%/s. To compare th&H setting the second and third RF pulses in the STE sequence
PGSTE and PGSTE-ME methods, the diffusion coefficient wie magic angle 5427and by cycling the phase in an appropriate
measured using PGSTE-ME also at 309 K withands setto Way. Further extension of the range of the accessible diffusio
300 and 3.085 ms, respectively. With 4 accumulated transief@efficients is achieved by using magic echo decoupling durin:
and a recycling delay of 4 s, this experiment lasted 3 min, whi¢he encoding/decoding periods of the PGSTE sequence. The 1

is the same duration as that with PGSTE. The estimated dif@HIting PGSTE-ME techniquég)is, however, more demanding
sion coefficientD = (0.512+ 0.007) x 1019 m?/s agrees well ON the NMR hardware and can also be prone to excessive sat

with the PGSTE result presented above. ple heating by long RF irradiation. We also demonstrate that th

The diffusion coefficients measured by th¢ PGSTE and PGSE method based on multiple-quantum coherences is less
PGSE-ME methods in a wide temperature range including tfRetive in the samples with simultaneous dipole and quadrupol
nematic and the smectic phases and for gradient directions &@uplings.
allel and perpendicular to the magnetic field are collected jn !N the case of slow diffusion in anisotropic systertts, (or
Fig. 5. Moreover, results of diffusion measurement in the samé-) diffusion experiments combined with homonuclear decou
sample by'H PGSTE NMR combined with homonuclear depling are still the most sensitive and accuréité, (18, 43 ones.
coupling (L6) are also shown in the Fig. 5. In general, excelleftor faster diffusion processes, however, fitt PGSTE and

agreement between results obtained on different nuclei andRfgSTE-ME techniques can be simpler to implement since the
different methods can be observed. have lower demands on the NMR hardware. Moreover, they d

not involve the calibration of gradient scaling by homonuclear
decoupling 16), and therefore, the obtained diffusion coeffi-
20 310 300 T (K)zgo 280 cients are subject to one less potential source of systematic err
' L . . ' Ourresults demonstrate that diffusion coefficients on the order
0 10~ m?/s can be readily measured in deuterated liquid crystals
& Self-diffusion coefficients measured by deuterium PGSE
4 @ ¢ NMR are, to our knowledge, the first of its kind in the
Iso 0 thermotropic liquid crystals, although several differddtNMR
A o approaches (see Redq) for references) were already explored
= for the same purpose. One interesting conclusion we can dra
D s from the data is that the self-diffusion coefficients in 8CB con-
Lo o tinuously change from the nematic to the smectic phase an
= diffusion is slower along the layers in the smectic phase thal
perpendicular to them in the whole temperature of range of th
¢ Z mesophase. Previously, this behavior has only been observ
indirectly by guest molecule0, 5. More detailed data in
064 the present and in other liquid crystals will be communicatec
3 elsewhere.

T T T T L|_
31 32 33 34 35 36 EXPERIMENTAL

1000/T (1/K)

80 D
® ¥

D (10" m7s)
N
[ ]
[

0 4_lsotropic Nem Smectic

- N A partially deuterated 8CB sample has been synthesize
FIG.5. The temperature dependence of the diffusion coefficiBpt®pen according to procedure described earli&?2)( This com-

symbols) and (solid symbols) in 8CB. The diffusion in nematic and smectic d hibits the followi h . lid ti
phases was measured #y PGSTE (squaresjH PGSTE-ME (triangles), and pound exnibiis e oliowing pnase Sequence. Solla=—smectl

by 'H PGSTE with homonuclear decouplinggj (diamonds). In the isotropic A—ne.matiC—iSOtrOPi.C- The isotropic—-nematic anq nematic-
phase (circles) the conventiorfdl PGSTE technique was used. smectic phase transition temperatures were determined from tl
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2H spectrum to 312 and 305 K, respectively, in agreement wit¥ith o, # = X, y andH given in Eq. [2]. It can be readily calcu-

the results from literaturés@). The nematic phase director ori-lated by using the standard formalism summarized, e.g2,in (

ents parallel to the external magnetic field and keeps orientéde evaluation of Eq. [A1] for the cosine sequence with the RI

while cooling to the smectic phase. phases settpty, +y, and+ys} yields atthe end of thig, period
The measurements were performed on a Bruker DMX

200 spectrometer, operating at 31 MHz for deuterium. We us@§ + tm) & £[—sin¢ x cosfqt) cosEit) x exp(~tm/T1z)

a homebuilt probe whose exchangeable gradient setup includes 3 . ) ]

guadrupole gradient coils with gradient directions parallel or per- x Iz + 5 Sin 2 x sin(wqt) sin(w17)

pendicular to the static magnetic field as described previously

(25). The RF coil is a solenoid of 6 mm i.d. and 2 cm length, x expltm/ TaQ) (12° = 2/3)]. [A2a]

made of 40 turns of copper wire. With about 300 W RF power, tlée _ : .

length of the?H 90° pulses was :s. The sample resided in a imilarly, for the sine sequence with RF phases set t

5-mm o.d. and 15-mm-long sealed glass ampule. The curréﬁty’ +Xx, and: x} we obtain

into the gradient coils was supplied by a Bruker BAFPA-40 cur- . :

rent generator. The gradient strength was calibrated by measou(rf- +tm) i[ Sing x COS{QT) SiN(w17) X EXPl-tm/ Tiz) x I,

ing the diffusion coefficient of heavy water at’Z5and compatr-

ing that to the literature valud = 1.872x 10-° m?/s (54). The

phase cycle for the $TE sequence of Fig. la {fiast pulse+ X exp(—tm/ Ti0) X (|Zz _ 2/3)]' [A2b]

y, —Y; second and third pulses2y), 2(—x), 2(-Y), 2(+Xx); re-

ceiver—x, 2(+Xx), 2(=x), 2(+x), —x}. For the PGSTE-ME Se- The first and second terms in Egs. [A2] correspond to Zeema

quence the RF phases in magic echo sandwich were as showsi{g quadrupolar orders, respectively, which decay with thei

Fig. 1b, while the phases of stimulated echo pulses were Cycl‘é@pective time constarilsz andTzo.

as {firstpulse +y, —y; second and third pulses-2y), 2(-y)} The density matrix at the timeafter the last pulse is given by
with the receiver phase set ta-x, —x}. The *H diffusion ex-

3 . .
+ > sin 2p x sin(wqt) COSE1T)

periment was performed as describedlifi)( o (T 4+ tm + 7) o eXpiH ) explivly)o(t + tm)
The average temperature was observed and regulated with
an accuracy of 0.1 K by the Bruker BVT-3000 unit supplied x expyla) exp{H 7). [A3]

with the spectrometer. The temperature shift and temperature ) ) _ _
gradient within the sample caused by the RF irradiation i€ €valuation of this expression wiitfr + tm) from Eq. [AZ]
the PGSTE-ME experiment was calibrated by observing tR&d taking the traces filx +ily] x o(r + tm + )} produces

changes in the splitting and broadening of tReNMR spectra. the complex transverse magnetization for the cosine sequen
in the form

APPENDIX Ac = =AY x coF(wqt) x cosit) x explwat — tm/ Tiz)
The spin dynamics in the sequence of Fig. 1a with spinin-  +i x A xsirf(wor)x sin(it) x explwzt — tm/Tio)
teractions governed by the Hamiltonian of Eq. [2] for cosine- [Ada]
and sine-modulated signal is calculated under the assumption of
perfectly hard RF pulses with 9pulse angle for the first pulse,
and with arbitraryp andyr pulse angles for the second and thir
pulses, respectively. Transverse relaxation during evolution pE—_
riods of lengthr is neglected while thg, period is assumed to “* —
be long enouglt, > T, to suppress all coherences just before + AL xsirf(wot) xcosiT) x explwat — tm/ Tig).
the third pulse. Hence, only Zeeman and quadrupolar orders at

&md for the sine sequence

—i x AD x cog(wqt) xSin(w1t) x explwzt — tm/ Tiz)

that poin'; contribu_te t(_) the final sig_nal._ It is also a_ssumed that [A4D]
A3 Fiore, th ime-dependent osfciets v

oremedsampie wiha S quadtupdle requencngr 4P — sinpsin, s
oo ety n et e ey st 0= Sonansna e

L s = Both signals of Eqs. [A4] are modulated by (twice) the quadru
o(r) ocexpt-igls) exp-iH ) expt-iz/2la)l, pole frequency and the spatially dependent frequency offset
x expir/21,)expiH ) expli¢ly) [Al] encoded in the phase shifts;f) and ,1).
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For on-resonancey(= 0), Egs. [A4] converge to the familiar becomes

expressionsAb)
2 .
Ac = A9 coZ(wor) X XDt/ Tra). (AGa] A=A — A, = é[cosz(er) exp(—tm/ Tiz) + sirf(wgr)
A = Ago) sinz(er) x expl—tm/T1q). [A6b] x exp(—tm/ Tig)] expli (w2 — w1)7), [All]

and maximum signal#. = 1 andAs = 3/4 are obtained for which, inthe limit of long relaxation timeg, 7, Tig > tm, yields
the cosine and sine parts with the flip angles setto v = 90°
and¢ = = 45, respectively, and with = kr/wg andt =
(kw 4+ 7/2)/wq, respectivelyk = 0,1, 2, ...).

To calculate the signal of Egs. [A4] in the presence of field
gradients the integral over the sample volume must be calculatelénce, the quadrupolar modulation vanishes and the signal
Itis instructive to consider first the case of the gradgmatsulting  solely determined by the evolution under the frequency offset.
in complete coherence dephasing durirtut being too weak to
produce a significant diffusion effect. Consequently, witk=
w1 = wy the averaging yields

A= g expli (w2 — w1)t]. [A12]
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