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S. V. Dvinskikh,∗,1 I. Furó,∗,2 D. Sandstr¨om,† A. Maliniak,† and H. Zimmermann‡
∗Division of Physical Chemistry, Department of Chemistry, Royal Institute of Technology, SE-10044 Stockholm, Sweden;†Division of Physical Chemistry,

Arrhenius Laboratory, Stockholm University, SE-10691 Stockholm, Sweden; and‡Max-Planck-Institut f̈ur Medizinische Forschung,
Department of Biophysics, Jahnstrasse 29, D-69120 Heidelberg, Germany

E-mail: ifuro@physchem.kth.se

Received April 16, 2001; revised July 23, 2001; published online October 5, 2001

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 1H
homonuclear-decoupling-type PGSE NMR method in the same
material. C© 2001 Academic Press

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

Pulsed-field-gradient spin-echo (PGSE) NMR (1–6) is a well-
established method for studying diffusive molecular motion
isotropic liquids. The technique is based on spatial enco
of the Larmor frequency by applying a strong magnetic fi
gradientg that, in some other forms of diffusion NMR, can ev
be static (7–10). On increasingg, the observed echo signalA
from single-quantum coherences decays as (1, 2)

A(g, δ,1) ∝ exp[−(γgδ)2 (1− δ/3) D], [1]

where the gradient encoding timeδ and diffusion time1 are
limited by the transverse and longitudinal relaxation timesT2

andT1, respectively. As shown by Eq. [1], the sensitivity of t
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method and the range of accessible diffusion coefficientsD for
a particular probe design depend on the efficiency of grad
encoding that scales asγ 2, whereγ is the magnetogyric ratio
Hence, high-gamma nuclei, such as1H or 19F, are typically con-
sidered as best for NMR diffusion experiments. That should
particularly appropriate in solids and liquid crystals where
PGSE-type diffusion methods developed during the past de
(7–18) must often battle with both a small diffusion coefficie
D and a shortT2 that strongly limits the timeδ available for
gradient encoding.

One remedy for nuclei with a nonvanishing static quadrup
or dipole coupling is to excite and encode multiple-quant
coherences (19–22) of order n for which the effective gradi
ent becomesng. In particular, this strategy explored for2H
nuclei could mitigate the effect of the low magnetogyric
tio which, in conventional PGSE experiments, would lead
gradient encoding≈40 times less efficient than that for1H nu-
clei. Thereby, deuterium PGSE NMR could be extended f
the domain of isotropic liquids with more conventional app
cations such as diffusion of D2O in solutions of biopolymers
and surfactants. Since deuterium is widely used in many c
plex systems as site-specific and/or chemically selective l
this is an important development. Note that the fast diffus
of D2O in liquid crystal systems has already been investiga
by pulsed-field-gradient experiments involving quadrupole e
instead of spin echo (23–25).

However, the quadrupolar-echo-type (23–25) 2H PGSE NMR
has only been explored in anisotropic materials where2H–2H
dipole–dipole interactions were negligible (this interaction
exchange-decoupled in D2O). The only double-quantum2H
PGSE experiment (19) that has been performed to date h
demonstrated an advantage in gradient encoding effici
over its single-quantum counterpart but the potentially ne
tive effect of nonzero dipole–dipole coupling was not inve
gated. Here we present two new complementary strategie
measuring diffusion by2H NMR. The first one is the well
known stimulated-echo-type PGSE NMR that has not yet b
1090-7807/01 $35.00
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demonstrated for2H nuclei in anisotropic systems. The secon
one is an extension of this approach that includes “magic ec
during gradient encoding/decoding as originally introduced
Zhang and Cory for homonuclear dipole-coupled spin syste
(13). As demonstrated by results obtained in a partially deu
ated thermotropic liquid crystal of 4-octyl-4′-cyanobiphenyl
(8CB), these methods, in particular the one with magic echo,
superior to the multiple-quantum strategy. Comparison is a
made to a recently developed1H PGSE NMR method where
homonuclear decoupling is applied (16–18).

METHODS

Stimulated-Echo-Type2H PGSE NMR

It is well known that PGSE NMR with stimulated echo (STE
the whole sequence is often abbreviated as PGSTE) perfo
better than the simple spin echo sequence in systems w
T2 ¿ T1 by allowing the diffusion time1 to extend up toT1

(recall the increased efficiency of gradient encoding in Eq. [1
The conditionT2¿ T1 is often met for dipole-coupled2H nuclei
as those in aliphatic CD2 or CD3 groups involved in liquid crys-
tals with slow modes of molecular motion. Hence, the STE-ty
sequence could replace spin- or quadrupole-echo-type PG
experiments in analogy with spinI = 1

2 nuclei. However, the
presence of nonzero quadrupole coupling leads to a more c
plex spin dynamics.

The evolution of an isolated spinI = 1 system in the three-
pulse sequence of Fig. 1a is governed by the Hamiltonian

H = hÃ ωQ
(
I 2
z − I2/3

)− hÃ ωi Iz. [2]

with the quadrupole interaction represented by the quadrup
frequency

ωQ(θ ) = ±KQ(3 cos2θ − 1)/2, [3]

whereKQ is the strength of the residual quadrupole coupli
constant andθ is the orientation of the (axially symmetric) elec
tric field gradient tensor with respect to the applied magne
field. The spatially dependent offset frequency is defined as

ωi (z) = γgz, [4]

whereg is the strength of field gradient applied in thez direc-
tion andi = 1, 2 refers to the gradient encoding and decodi
periods, respectively.

The spin dynamics during the pulse sequence depicte
Fig. 1a with spin interactions defined as in Eq. [2] is calc
lated in the Appendix. The sequence with in-phase first a
second radiofrequency (RF) pulses, referred to as a cosine

◦
quence, and the sequence with 90phase shift between the firs
two pulses, referred to as a sine sequence (26), were considered
with the RF phases explicitly set to{+y,±y, and±y} and to
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FIG. 1. (a) Stimulated-echo-type PGSE NMR experiment. (b) Stimulat
echo-type PGSE NMR experiment with magic-echo decoupling (13).

{+y,±x, and±x}, respectively, for the first, second, and thi
pulses. Note that irrespective of the RF phases, both Zee
and quadrupolar orders (the latter also called spin alignm
are created after the second pulse (except when the pulse
is φ = 90◦) and, consequently, contribute to the signal in bo
sequences (Eq. [A2]). This is a result of nonzero frequency
set. In contrast, under on-resonance conditions the cosine
sine sequences can be set (by selecting appropriate pulse an
to excite either Zeeman or quadrupolar orders after the sec
RF pulse (26, 27).

In a complete analogy to the conventional stimulated e
for spin I = 1

2 nuclei, the frequency offset is encoded as ph
modulation of the detected signal by (ω1τ ) and (ω2τ ) (Eq. [A4]).
An additional complication is the modulation of the signal wi
(twice) the quadrupole frequencyωQ that may reduce the over
all signal amplitude and distort the phase of the spectr
These unfavorable features can be avoided through an ap
priate choice of the delayτ (see Appendix) that, however, de
pends on the quadrupole frequency. Hence, this procedure
be impractical if, e.g., the sample orientation or temperat
is changed or if deuterons with different quadrupole couplin
are present. Moreover, the selected value ofτ may be in con-
flict with the requirements of diffusion encoding/decoding. T

quadrupolar modulation can instead be suppressed for an arbi-
trary quadrupole frequency and frequency offset by adding the
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DIFFUSION BY 2H PGSE

cosine and sine signals recorded atφ = ψ = 54.7◦ (Eqs. [A11]
and [A12]). In practice, this is achieved by an appropriate ph
cycle such as{+y,−y,+x,−x} for the second and third RF
pulses and{−x,−x,+x,+x} for the receiver phase (the phas
of the first pulse is fixed to+y). This phase cycle compensat
simultaneously for the buildup of Zeeman magnetization d
ing tm. Note that for inequivalent time constantsT1Q and T1Z

the quadrupolar modulation is reintroduced to some extent
tm ∼ T1Q, T1Z.

With the position-dependent offset frequencyωi = γgz the
total signal is calculated as an integral over the sample volu
which results in (see Eq. [A12])

A ∼ 2/3
∫

m0 exp(i (ω2− ω1)τ ) dz= 2/3〈exp(i (ω2− ω1)τ )〉,

[5]

wherem0 is the equilibrium magnetization per unit length
the gradient direction. The offset-dependent factor in Eq. [5
analogous to that obtained for a conventional stimulated e
sequence for spinI = 1

2 and, hence, the effect of diffusio
reduces to the well-known Stejskal–Tanner formula (1, 2)

〈exp(i (ω2− ω1)τ )〉 = exp[−(γgτ )2(1− τ/3)D], [6]

where we tacitly assumeτ = δ. Consequently, a diffusion ex
periment may proceed as for a conventional stimulated e
for spin I = 1

2. The signal intensityA (in the absence of
spin relaxation) is1

3 of that after a single 90◦ pulse (re-
call that the signal in Eq. [5] is the sum of signals fro
two experiments), which should be compared to the value
1
2 for the conventional stimulated echo sequence for spinI = 1

2
nuclei. Note that with pulse anglesφ = ψ = 90◦ and with
τ = kπ/ωQ (k = 0, 1, 2, . . .), one also obtains a signal inten
sity A = 1

2 (see Eqs. [A8], [A9]) at the price of quadrupola
modulation.

2H PGSTE NMR with Magic-Echo Decoupling

The presence of static spin interactions other than freque
offset during the encoding/decoding periods of STE-type PG
diffusion experiments leads to complications as shown in
previous subsection for the case of nonvanishing quadru
coupling. For nonvanishing multispin dipole–dipole interactio
the primary effect is a fast dipolar dephasing that strongly lim
the length of the encoding periodδ and thereby the efficiency
of gradient encoding that is proportional toδ2. The latter prob-
lem has been dealt with by multiple-pulse dipolar decoupl
during encoding/decoding (16, 18). Another option is the magic
echo (ME) sandwiches (28), originally introduced to refocus
dipolar dephasing and later demonstrated to be also effectiv

refocus quadrupolar dephasing (29). Combination of ME and
field gradient encoding has been used in1H solid state imaging
MR IN LIQUID CRYSTAL 85
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(30–35) and in a19F PGSE NMR experiment for measuring sp
diffusion in rigid solids (13).

If nonvanishing quadrupole and multispin dipole–dipole int
actions coexist, the situation is more complex. ME sandwic
were shown to provide a good decoupling for this case (29).
This advantage can only be exploited if there are wide eno
windows for inserting gradient pulses. Below, we demonstr
experimentally the validity of this approach.

The pulse sequence (13) of a PGSTE NMR experiment with
ME decoupling (PGSTE-ME) is shown in Fig. 1b. The ec
formation after the magic sandwich is due to the sign rev
sal of homonuclear dipole and quadrupole interactions du
on-resonance RF irradiation, so that the average dipolar
quadrupolar Hamiltonians vanish for the period of 6τ1 (Fig. 1b).
Hence, the effective Hamiltonian for the free evolution peri
τ/3 (see Fig. 1b) becomes (31, 33–35)

H = −hÃ ω Iz, [7]

whereω is the offset frequency. Gradient pulses, if insert
in windows between RF pulses of the magic sandwich, do
interfere with the refocusing. The sequence actually show
a combination of ME with 180◦ inversion pulses, also calle
mixing echo (30, 33–35), that refocuses both linear (e.g., fie
inhomogeneity and chemical shift) and bilinear spin inter
tions. To preserve encoding the signs of the inserted grad
pulses are set as indicated (Fig. 1b). Hence, the spin de
operator at the end of the encoding period is given by

σ (τ ) = exp(ihÃ γgzδ Iz) σ (0) exp(−i hÃ γgzδ Iz) [8]

with gradient timeδ≤ 4τ1 = τ/3 (σ (0)∝ Ix is the initial density
operator generated by the first RF pulse). This equation is an
gous to the expression obtained for on-resonance spinI = 1

2 nu-
clei in a conventional PGSTE experiment, and therefore the
nal is attenuated upon the increasing gradient as given in Eq
Hence, a PGSTE-ME experiment can proceed by recording
variation of the signal intensity with increasing gradient streng

Although less than one-third of periodτ is available for
diffusion encoding by gradient pulses in this ME-based
quence, an efficient refocusing by MEs allows an overall incre
(by about one order of magnitude) ofτ and thereby a longe
effective encoding time, as will be demonstrated below. A p
tential disadvantage of the PGSTE-ME sequence is heating
consequent temperature shift and gradient by the long RF
diation that must be carefully controlled. In a ME sandwich t
RF “lock” pulses must maintainγ B1 ≥ ωQ. In liquid crystalline
samples the quadrupolar couplingωQ/2π is partially averaged
by fast molecular motions to a value on the order of 10 kHz
below. Withγ B1/2π on the order of 10 kHz for approximatel
millisecond pulse lengths, the RF heating can be easily adju

to ≤1 K by the delay between transients (note that the exact
figures depend on the conductivity of the sample).
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RESULTS AND DISCUSSION

Spectra and Relaxation Rates

The performance of the PGSTE-ME method is demonstra
in a thermotropic liquid crystal 4-octyl-4′-cyanobiphenyl (8CB,
see Fig. 2), deuterated in all positions except theβ-CH2 group of
the aliphatic chain. The2H and1H NMR spectra of the sample in
its smectic phase at 300 K and recorded at 31 and 200 MHz
spectively, are shown in Fig. 2. The phase director of the sam
is homogeneously oriented along the magnetic field. The ass
ment of the aliphatic chain was reported previously (36) while
the assignment of the aromatic part is based on the 2D2H–13C
heteronuclear multiple-quantum correlation spectrum for a
mologue sample of 5CB (37). The narrowest2H line with 200 Hz
width (at half-height) belongs to theω-methyl group. In the1H
spectrum the outer doublet is assigned to the two dipole-cou
β-protons, while the central line arises from the residual prot
at nominally deuterated positions.

As discussed above, the maximum lengths of the enc
ing/decoding and diffusion intervals are limited by relaxati
times. The experimental values of deuteron relaxation time

FIG. 2. (a) 31 MHz 2H NMR and (b) 200 MHz1H NMR spectra of a

partially deuterated 8CB sample in its smectic phase at 300 K. The liquid cry
sample is uniformly oriented by the magnetic field with its director parallel
the field direction.
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TABLE 1
Relaxation Times in 8CB in its Nematic Phase at 307 K

Time Deuterium position
constant

(ms) ω 1 2–4 η,ζ δ ε γ α

T1 294 8.5 8.7 56 28 30 20 12.6
T2SQ

a 4.2 0.97 0.86 2.0 1.2 1.2 1.0 0.7

a From the decay of single-quantum coherences.

selected temperatures and for different deuterium position
the nematic and smectic phases are collected in Tables 1
2. The longitudinal relaxation time,T1, was estimated from
inversion-recovery experiments, while the transverse relaxa
time for single-quantum coherences,T2SQ, is defined as the deca
constant obtained in the quadrupole echo (38) sequence by in-
creasing the echo time. The decay time of the quadrupolar o
T1Q, which also influences the echo decay, was not meas
but is known to be on the order of theT1Z time (39). Having
the longest relaxation times, the methyl deuterons are the
suited for measuring the molecular diffusion of 8CB.

In addition, the decay time of double-quantum (DQ) coh
encesT2DQ was measured for the methyl group (Table 2)
the DQ spin echo pulse sequence (40–42). Since the decay wa
not purely monoexponential,T2DQ was estimated from the tim
at which the signal reaches the 1/e level. Unexpectedly,T2DQ

was found to be about 2–4 times shorter than the transv
relaxation time of single-quantum coherencesT2SQ. Since this
behavior is forbidden for isolated deuterons (40, 43), for which
theory predictsT2DQ on the order ofT1 time, the decay of the
DQ coherences in the present sample must be dominate
dipolar effects (41, 44–46). On the other hand, the decay tim
for the methyl deuteron signal in ME experiments was found
be almost one order of magnitude longer than the decay ti
of the single-quantum coherences (Table 2). Hence, altho
in more favorable circumstances (isolated deuterons) the
PGSE method could provide more effective gradient encod
in a diffusion experiment (19–22), the fast decay of the DQ co
herences leads to that the DQ PGSE method does not pro
any advantage in measuring the diffusion in the present sam

TABLE 2
Relaxation Times for the 2H Signal of the Methyl Group (ω)

in 8CB at Different Temperatures

Time 307 K 295 K 285 K
constant, ms nematic smectic A smectic

T1 294 200 143
T2SQ

a 4.2 3.2 2.9
T2DQ

b 1.7 1.0 0.9
T2ME

c 36.2 19.8 16.8

a
stal
to

From the decay of single-quantum coherences.
b From the decay of double-quantum coherences.
c From the decay of the magic-echo signal.
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Measurement of Diffusion

With our current gradient setup (see below) having a ma
mum gradient strength of 300 G/cm, and with the diffusion c
efficient of 8CB being on the order of 10−11 m2/s, a diffusion
experiment can be performed only by the methyl deuterons
have the longest relaxation times. SinceT1 À T2 (Table 1) the
PGSTE method is feasible as will be demonstrated below.

At higher temperatures whereT2SQ is sufficiently long one
can make use of the2H PGSTE experiment without ME de
coupling. In Fig. 3, we show the intensity of the methyl sign
obtained by the PGSTE sequence in Fig. 1a applied to 8CB
its nematic phase at 307 K. With the diffusion time1 set to
50 ms, the applied gradientg = 20 G/cm results in a complete
coherence dephasing during the evolution timeτ (achieved if
τ > 2π/γgl ≈ 0.2 ms, wherel ≈ 5 mm is the sample length in
the gradient direction) but is too weak to produce a significa

FIG. 3. Variation of the methyl signal intensity with increasing the dela
τ in the2H PGSTE experiment in Fig. 1a applied to 8CB in its nematic pha
at 307 K. The quadrupole splitting, which defines the observed modulation,
been measured to be 1.4 kHz. The field gradientg is applied parallel to the
field direction. Left column:g = 0, right column:g = 20 G/cm. (a) Cosine
sequence withφ = ψ = 90◦. (b) Cosine sequence withφ = ψ = 54.7◦.
(c) Sine sequence withφ = ψ = 45◦. (d) Sine sequence withφ = ψ = 54.7◦.
(e) combined cosine+ sine sequence withφ = ψ = 54.7◦. The solid lines are

calculated using Eqs. [A6] and [A8] with the transverse relaxation introduc
in a phenomenological way of multiplying the signal with exp(−2τ/T2) where
T2 = 4.2 ms (see Table 1).
MR IN LIQUID CRYSTAL 87
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FIG. 4. The2H methyl signal intensity in 8CB versusg2δ2(1− δ/3) with
increasing gradient strength obtained by the2H PGSTE experiment in Fig. 1a
at 309 K in the nematic phase (squares) and by the2H PGSTE-ME experiment
in Fig. 1b at 309 K in the nematic phase (circles, shifted down for clarity) a
at 298 K in the smectic phase (triangles).

diffusion damping. Hence, our theoretical predictions can be e
ily tested. As expected, the signal from the cosine sequence
pulse anglesφ = ψ = 90◦ is quadrupole-modulated irrespec
tive of the gradient strength (Fig. 3a). On the other hand, w
φ = ψ = 54.7◦ the modulation is present in the absence of g
dient but is suppressed by the gradient (Fig. 3b) and the rela
signal intensities are, respectively,≈2/3 and≈1/3. The sine-
modulated sequence also behaves as predicted (Figs. 3c
Finally, the phase cycle that combines the signal from the cos
and sine STE sequences withφ=ψ = 54.7◦ (see Experimental
below) suppresses the modulation irrespective of the app
gradient strength (Fig. 3e).

The results of the2H PGSTE NMR diffusion experiments in
the nematic phase of 8CB at 309 K are shown in Fig. 4, w
the signal intensities plotted versusg2δ2(1 − δ/3) on a semi-
logarithmic scale. Delaysδ and1 were set to 3 and 400 ms
respectively, and the field gradient, set to values up to 270 G/
was directed along the main magnetic field. The intensities w
obtained by combining cosine and sine signals recorded w
φ=ψ = 54.7◦ (see Experimental). With 8 scans for each d
ferent gradient value and with a recycling delay of 2 s the total
experimental time was about 3 min. The diffusion constant
timated by least-squares fitting Eqs. [1] and [6] to the decay
Fig. 4 is D = (0.52± 0.01)× 10−10 m2/s. The (random) error
is estimated from the scatter of the experimental points aro
the fit.

At temperatures below 300 K, diffusion measurements by
STE sequence become difficult due to slow diffusion and sh
relaxation times. On the other hand, the PGSTE-ME seque
in Fig. 1b performs well at these temperatures. As shown
Table 2, the decay time of single-quantum coherences is
longed by up to 9 times with ME. However, since only one-th
of the evolution period is available for gradient pulses, the e
ciency of gradient encoding increased only by a factor of∼32
(instead of∼92). To avoid excessive sample heating from the
long RF pulses in the ME sandwich, the signal dependence on
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the strength of theB1 field during the lock pulses was examine
A significant decrease of the signal intensity was observed ifB1

was set belowγ B1/2π = 4 kHz. Hence, this value was chose
for the PGSTE-ME experiments, which, in combination with
recycling delay of 4 s, resulted in a moderate heating effec
about 0.5 K. The decay of the signal in a PGSTE-ME expe
ment with increasing gradient, recorded at temperature 298
is included in Fig. 4. The diffusion time1 was fixed to 300 ms,
while the total gradient timeδ corresponded to 5.69 ms (with
full evolution timeτ = 19.8 ms). With 8 accumulated transien
for every gradient value, the observed decay is clearly Gaus
yielding D = (0.232± 0.007)×10−10 m2/s. To compare the2H
PGSTE and PGSTE-ME methods, the diffusion coefficient w
measured using PGSTE-ME also at 309 K with1 andδ set to
300 and 3.085 ms, respectively. With 4 accumulated transie
and a recycling delay of 4 s, this experiment lasted 3 min, wh
is the same duration as that with PGSTE. The estimated di
sion coefficientD = (0.512± 0.007)× 10−10 m2/s agrees well
with the PGSTE result presented above.

The diffusion coefficients measured by the2H PGSTE and
PGSE-ME methods in a wide temperature range including
nematic and the smectic phases and for gradient directions
allel and perpendicular to the magnetic field are collected
Fig. 5. Moreover, results of diffusion measurement in the sa
sample by1H PGSTE NMR combined with homonuclear de
coupling (16) are also shown in the Fig. 5. In general, excelle
agreement between results obtained on different nuclei and
different methods can be observed.

FIG. 5. The temperature dependence of the diffusion coefficientsD‖ (open
symbols) andD⊥ (solid symbols) in 8CB. The diffusion in nematic and smect
phases was measured by2H PGSTE (squares),2H PGSTE-ME (triangles), and

by 1H PGSTE with homonuclear decoupling (16) (diamonds). In the isotropic
phase (circles) the conventional2H PGSTE technique was used.
ET AL.

.

n
a
of
ri-
K,

s
ian

as

nts
ich
ffu-

the
par-
in

me
-
nt
by

c

CONCLUSION

As demonstrated above,2H PGSE NMR can, despite the
low magnetogyric ratio of2H, be used for diffusion measure
ment in anisotropic liquid crystalline samples. In complete an
ogy to spin I = 1

2 nuclei in isotropic liquids with relaxation
timesT1À T2, STE-type2H PGSE sequences can access mu
lower diffusion coefficients than PGSE techniques based
solid/quadrupole echoes. An extra complication is the sign
modulation by the quadrupolar interaction (also observed
spin I > 1 nuclei (47)), which, however, can be suppressed b
setting the second and third RF pulses in the STE sequenc
the magic angle 54.7◦ and by cycling the phase in an appropria
way. Further extension of the range of the accessible diffus
coefficients is achieved by using magic echo decoupling dur
the encoding/decoding periods of the PGSTE sequence. The
sulting PGSTE-ME technique (13) is, however, more demanding
on the NMR hardware and can also be prone to excessive s
ple heating by long RF irradiation. We also demonstrate that
PGSE method based on multiple-quantum coherences is les
fective in the samples with simultaneous dipole and quadrup
couplings.

In the case of slow diffusion in anisotropic systems,1H (or
19F) diffusion experiments combined with homonuclear deco
pling are still the most sensitive and accurate (16, 18, 48) ones.
For faster diffusion processes, however, the2H PGSTE and
PGSTE-ME techniques can be simpler to implement since th
have lower demands on the NMR hardware. Moreover, they
not involve the calibration of gradient scaling by homonucle
decoupling (16), and therefore, the obtained diffusion coeffi
cients are subject to one less potential source of systematic e
Our results demonstrate that diffusion coefficients on the orde
10−11 m2/s can be readily measured in deuterated liquid crysta

Self-diffusion coefficients measured by deuterium PGS
NMR are, to our knowledge, the first of its kind in the
thermotropic liquid crystals, although several different1H NMR
approaches (see Ref. (49) for references) were already explore
for the same purpose. One interesting conclusion we can d
from the data is that the self-diffusion coefficients in 8CB co
tinuously change from the nematic to the smectic phase a
diffusion is slower along the layers in the smectic phase th
perpendicular to them in the whole temperature of range of
mesophase. Previously, this behavior has only been obse
indirectly by guest molecules (50, 51). More detailed data in
the present and in other liquid crystals will be communicat
elsewhere.

EXPERIMENTAL

A partially deuterated 8CB sample has been synthesiz
according to procedure described earlier (52). This com-
pound exhibits the following phase sequence: solid—smec

A—nematic—isotropic. The isotropic–nematic and nematic–
smectic phase transition temperatures were determined from the
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2H spectrum to 312 and 305 K, respectively, in agreement w
the results from literature (53). The nematic phase director or
ents parallel to the external magnetic field and keeps orien
while cooling to the smectic phase.

The measurements were performed on a Bruker DM
200 spectrometer, operating at 31 MHz for deuterium. We u
a homebuilt probe whose exchangeable gradient setup incl
quadrupole gradient coils with gradient directions parallel or p
pendicular to the static magnetic field as described previou
(25). The RF coil is a solenoid of 6 mm i.d. and 2 cm leng
made of 40 turns of copper wire. With about 300 W RF power,
length of the2H 90◦ pulses was 5µs. The sample resided in
5-mm o.d. and 15-mm-long sealed glass ampule. The cur
into the gradient coils was supplied by a Bruker BAFPA-40 c
rent generator. The gradient strength was calibrated by mea
ing the diffusion coefficient of heavy water at 25◦C and compar-
ing that to the literature valueD = 1.872×10−9 m2/s (54). The
phase cycle for the STE sequence of Fig. 1a was{first pulse+
y,−y; second and third pulses 2(+y), 2(−x), 2(−y), 2(+x); re-
ceiver−x, 2(+x), 2(−x), 2(+x),−x}. For the PGSTE-ME se
quence the RF phases in magic echo sandwich were as sho
Fig. 1b, while the phases of stimulated echo pulses were cy
as {first pulse+y,−y; second and third pulses 2(+y), 2(−y)}
with the receiver phase set to{+x,−x}. The1H diffusion ex-
periment was performed as described in (16).

The average temperature was observed and regulated
an accuracy of 0.1 K by the Bruker BVT-3000 unit suppli
with the spectrometer. The temperature shift and tempera
gradient within the sample caused by the RF irradiation
the PGSTE-ME experiment was calibrated by observing
changes in the splitting and broadening of the2H NMR spectra.

APPENDIX

The spin dynamics in the sequence of Fig. 1a with spin
teractions governed by the Hamiltonian of Eq. [2] for cosin
and sine-modulated signal is calculated under the assumptio
perfectly hard RF pulses with 90◦ pulse angle for the first pulse
and with arbitraryφ andψ pulse angles for the second and thi
pulses, respectively. Transverse relaxation during evolution
riods of lengthτ is neglected while thetm period is assumed to
be long enoughtm À T2 to suppress all coherences just befo
the third pulse. Hence, only Zeeman and quadrupolar orde
that point contribute to the final signal. It is also assumed t
any possible contribution from longitudinal magnetization, c
ated by spin relaxation duringtm, is eliminated by an appropriat
phase cycle (27). We limit our attention here to a homogeneous
oriented sample with a single quadrupole frequency ofωQ.

The density matrix in the rotating frame immediately aft
second pulse in the sequence of Fig. 1a is proportional to
σ (τ ) ∝ exp(−iφ Iβ) exp(−i H τ ) exp(−iπ/2 Iα)Iz

× exp(iπ/2 Iα) exp(i H τ ) exp(iφ Iβ) [A1]
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with α, β = x, y andH given in Eq. [2]. It can be readily calcu-
lated by using the standard formalism summarized, e.g., in (27).
The evaluation of Eq. [A1] for the cosine sequence with the R
phases set to{+y,±y, and±y} yields at the end of thetm period

σ (τ + tm) ∝ ±[−sinφ × cos(ωQτ ) cos(ω1τ )× exp(−tm/T1Z)

× Iz+ 3

2
sin 2φ × sin(ωQτ ) sin(ω1τ )

× exp(−tm/T1Q)
(
Iz

2− 2/3
)]
. [A2a]

Similarly, for the sine sequence with RF phases set
{+y,±x, and± x} we obtain

σ (τ + tm)∝±[ sinφ × cos(ωQτ ) sin(ω1τ )×exp(−tm/T1Z)× Iz

+ 3

2
sin 2φ×sin(ωQτ ) cos(ω1τ )

× exp(−tm/T1Q)× (Iz
2− 2/3

)]
. [A2b]

The first and second terms in Eqs. [A2] correspond to Zeem
and quadrupolar orders, respectively, which decay with th
respective time constantsT1Z andT1Q.

The density matrix at the timeτ after the last pulse is given by

σ (τ + tm+ τ ) ∝ exp(−i H τ ) exp(−iψ Iα)σ (τ + tm)

× exp(iψ Iα) exp(i H τ ). [A3]

The evaluation of this expression withσ (τ + tm) from Eq. [A2]
and taking the traces Tr{[ Ix + i I y] × σ (τ + tm + τ )} produces
the complex transverse magnetization for the cosine seque
in the form

Ac = −A(0)
c × cos2(ωQτ )× cos(ω1τ )× exp(iω2τ − tm/T1Z)

+ i ×A(0)
s ×sin2(ωQτ )× sin(ω1τ )× exp(iω2τ − tm/T1Q)

[A4a]

and for the sine sequence

As = −i ×A(0)
c ×cos2(ωQτ )×sin(ω1τ )× exp(iω2τ − tm/T1Z)

+ A(0)
s ×sin2(ωQτ )×cos(ω1τ )×exp(iω2τ − tm/T1Q).

[A4b]

Here, the time-independent coefficients are

A(0)
c = sinφ sinψ, [A5a]

A(0)
s =

3

4
sin(2φ) sin(2ψ). [A5b]

Both signals of Eqs. [A4] are modulated by (twice) the quadr

pole frequency and the spatially dependent frequency offset is
encoded in the phase shifts (ω1τ ) and (ω2τ ).
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For on-resonance (g = 0), Eqs. [A4] converge to the familia
expressions (26)

Ac = A(0)
c cos2(ωQτ )× exp(−tm/T1Z), [A6a]

As = A(0)
s sin2(ωQτ )× exp(−tm/T1Q), [A6b]

and maximum signalsAc = 1 andAs = 3/4 are obtained fo
the cosine and sine parts with the flip angles set toφ = ψ = 90◦

andφ = ψ = 45◦, respectively, and withτ = kπ/ωQ andτ =
(kπ + π/2)/ωQ, respectively (k = 0, 1, 2, . . .).

To calculate the signal of Eqs. [A4] in the presence of fi
gradients the integral over the sample volume must be calcul
It is instructive to consider first the case of the gradientg resulting
in complete coherence dephasing duringτ but being too weak to
produce a significant diffusion effect. Consequently, withω =
ω1 = ω2 the averaging yields

〈cos(ωτ ) sin(ωτ )〉 ≈ 0, [A7a]

〈cos(ωτ ) cos(ωτ )〉 ≈ 〈sin(ωτ ) sin(ωτ )〉 ≈ 1/2, [A7b]

which results in the signal

Ac = −As = −1/2
[
A(0)

c cos2(ωQτ )× exp(−tm/T1Z)

+ A(0)
s sin2(ωQτ )× exp(−tm/T1Q)

]
. [A8]

For the particular case ofφ = ψ = 45◦ the same results ha
been obtained in (55). For long relaxation timesT1Z, T1QÀ tm
the maximum signal

Ac = −As = −1

2
[A9]

is obtained with the flip anglesφ = ψ = 90◦ and with delay
τ = kπ/ωQ (k = 0, 1, 2, . . .). Thus, only one half of initia
transverse magnetization after the first pulse is recovere
expected for the stimulated echo.

Quadrupolar modulation duringτ in Eq. [A8] can be avoided
(again, under the assumption of slow relaxation) by setting
pulse angles to the magic angleφ = ψ = 54.7◦, which results
in A(0)

c = A(0)
s = 2

3 and, hence,

Ac = −As = −1

3
[A10]

at any τ . This feature, however, has been achieved at
expense of a somewhat reduced (by a factor of2

3) signal
intensity. More importantly, the modulation is still present
low or vanishing field gradient values, which could disturb
diffusion experiment.

Suppressing of quadrupolar modulation at an arbitrary

gradient is achieved by combining the two signals of Eq. [A
Indeed, withφ = ψ = 54.7◦ the difference signalA = As− Ac
H ET AL.

ld
ted.

s
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the

the
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eld

becomes

A = As− Ac = 2

3
[cos2(ωQτ ) exp(−tm/T1Z)+ sin2(ωQτ )

× exp(−tm/T1Q)] exp(i (ω2− ω1)τ ), [A11]

which, in the limit of long relaxation timesT1Z, T1QÀ tm, yields

A = 2

3
exp[i (ω2− ω1)τ ]. [A12]

Hence, the quadrupolar modulation vanishes and the sign
solely determined by the evolution under the frequency offs
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