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Exchange of longitudinal spin polarization by dipolar cross
relaxation between nonequivalent spins results in a modulation of
the stimulated echo signal on increasing the encoding/decoding
delays and in a multiexponential decay on increasing the diffusion
time. These artifacts are suppressed by 180° pulses inserted in the
middle of the gradient encoding/decoding periods. The efficiency
of the gradient encoding is preserved if bipolar gradient pulses are
used instead of monopolar pulses. The behavior of the different
pulse sequences is demonstrated by 19F PGSE NMR experiments
in a lyotropic liquid crystal in both isotropic micellar and oriented
nematic phases. © 2000 Academic Press

Key Words: cross-relaxation; PGSE NMR; stimulated echo; bi-
olar gradients.

INTRODUCTION

Many of the PGSE-type NMR methods (1–5), widely ap-
plied to study molecular self-diffusion, are based on the s
ulated echo sequence (STE) (6). The advantage with STE (s
Fig. 1a) is that the diffusion timeD can be extended up to t
ongitudinal relaxation timeT1. This is particularly useful i
many colloidal (7) systems whereT1 @ T2 (T2 is the transvers
relaxation time). For noninteracting spins, the magnetiza
during (most of)D is influenced solely by longitudinal rela
ation that can be usually approximated as single expone
However, J coupling, chemical exchange or dipolar cr
relaxation may lead to a more complex behavior as in
closely related NOESY and EXSY spectroscopies (8) that are
based on the same rf pulse sequence as STE-type PG
PGSTE) NMR.

The influence ofintermoleculartransfer of longitudinal spi
polarization by chemical exchange on the result of an
experiment was investigated in detail (9), particularly for trans
fers between larger (slowly diffusing) and smaller (quic
diffusing) molecules (10, 11). The same formalism can be us
for evaluating the effects of cross relaxation. Chemical
change among environments with distinct chemical shifts
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demonstrated to affect the STE experiment (12) by introducing
a modulation of the signal on increasing the encoding/deco
times. Analogous modulation has been demonstrated i
case ofintramolecularpolarization transfer by cross relaxat
(13, 14).

Below we shall further investigate such a modulation
fected by intramolecular cross relaxation. More importa
we shall draw attention to another effect: distinctly nonex
nential decay of the signal on increasing the diffusion timD,
which is in contrast to the expected behavior of STE
unrestricted diffusion (6). As a consequence, STE results
tained on cross-relaxing nuclei can be easily misinterpret
restricted or anomalous diffusion even in the absence of
phenomena. Moreover, cross relaxation, chemical exchan
spin-diffusion via static dipole–dipole coupling may seve
affect those diffusion experiments that, by necessity, must
the diffusion timeD instead of the strength (or the length)
the encoding/decoding gradient pulses. Two examples ar
fusion experiments in a static gradient (15) and PGSE method
incorporating dipolar decoupling (16–18) that are influence
even when the chemical shift differences in a spectrum
masked by a strong dipole–dipole coupling. In particular, c
relaxation (or spin diffusion via static dipole–dipole coupli
is often strong enough in colloidal systems to compromise
STE method. To avoid this, appropriate 180° pulses ar
serted as indicated in Fig. 1b (14, 19, 20) while monopola
gradient pulses are replaced bipolar ones. Below, we pr
detailed calculations and experiments to illustrate the effi
of this remedy.

THEORY

The rf pulse sequence of the STE experiment, i.e., 90f1–t1–
90f2–tm–90f3–t2 introduced in Fig. 1 and under Experimen
is the same as that for NOESY and EXSY spectrosco
(8, 21, 22). We limit our attention to the response of a hom
nuclear two-spin system within the same molecule to the
experiment in which the field gradientg is applied along thez

xis. We assume that an appropriate phase cycle (8) or spoiling

y,
gradient selects coherence transfer pathways that involve only
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284 DVINSKIKH AND FURÓ
longitudinal spin polarizations during thetm period. As a
urther limitation, we treat the case withoutJ coupling.

As compared to the well-known solution to the problem
wo cross-relaxing spins we have the following complicati
irst, the frequency by which the single-quantum cohere
elonging to the two spins evolve during thet1 andt2 periods

are position dependent and expressed as

v i~ z! 5 v i 1 ggz, [1]

wherev i denotes the two distinct chemical shifts of the s
nvolved. Note that the gradient pulses in Fig. 1a are ass
o fill the t1 andt2 periods; if they are set shorter Eq. [1] is s

FIG. 1. PGSE NMR with a stimulated echo: (a) the conventional p
sequence with monopolar gradient pulses and LED (23), (b) The pulse sequen

ith 180° pulses and bipolar gradient pulses inserted into the encoding/de
eriods, and (c) the pulse sequence with MREV-8 homonuclear dipolar deco
nd slice selection (18) and bipolar gradient pulses. A routine phase cycle (firs
ulse1x, 2x; second and third 90° pulses 2(1x), 2(1y), 2(2x), 2(2y); fourth and

fifth 90° pulses 8(1x), 8(2x); receiver 1x, 2(2x), 1x) was applied in th
sequence in (a). In (b) and (c), the phases of both 180° pulses were set to1x, and
the receiver phase was changed to1x, 2x. In (c), the slice selection is perform
before the stimulated echo sequence with a Gaussian inversion pulse du
additional gradient pulse. The phase cycle is repeated twice with and witho
inversion pulse (with phase1x) and the receiver phase is inverted in the su
quent cycles.
valid but with the gradient strength scaled byd/t1,2. An impor-
f
.

es

s
ed

tant consequence of Eq. [1] is that the initial condition
dipolar cross relaxation duringtm varies alongz. Second
signal damping by diffusion is described by adding new te
to the conventional dipolar relaxation matrix (8, 21, 22) as

R 5 2Sr1 1 q2D s
s r2 1 q2DD , [2]

whereq 5 ggd with d being the length of the gradient pu
and D the diffusion coefficient, andr and s are the dipola
diagonal and cross-relaxation terms. This approximatio
valid if t1, t2 ! tm. Under the conditions in Eqs. [1] and [
the magnetization for the two involved spins at the end o
pulse sequence 90x–t 1–906x–tm–906x–t 2 (see Fig. 1a) can b
expressed as

SM1~t1, tm, t2!
M2~t1, tm, t2!D 5 E H1

2 S6eiv1~ z!t2 0
0 6eiv2~ z!t2D

3 1 @e2el1tm 1 e1el2tm# 2
s

m
@el1tm 2 el2tm#

2
s

m
@el1tm 2 el2tm# @e1el1tm 1 e2el2tm#2

3 S6cos~v1~ z!t1! 0
0 6cos~v2~ z!t1!

DSm02

m01
DJdz [3a]

and as

SM1~t1, tm, t2!
M2~t1, tm, t2!D 5 E H1

2 S6ie iv1~ z!t2 0
0 6ie iv2~ z!t2D

3 1 @e2el1tm 1 e1el2tm# 2
s

m
@el1tm 2 el2tm#

2
s

m
@el1tm 2 el2tm# @e1el1tm 1 e2el2tm#2

3 S6sin~v1~ z!t1! 0
0 6sin~v2~ z!t1!

DSm02

m01
DJdz [3b]

at the end of the sequence 90x–t 1–906y–tm–906y–t 2 (8, 21).
Note that the “longitudinal eddy delay” (LED) (23) part at the
end of the pulse sequences in Fig. 1 only multiplies the
tected signal by a constant factor. In Eq. [3],m0i is the equi-
librium magnetization per unit length in thez direction,r2 5
r 1 2 r 2, r1 5 r 1 1 r 2 1 2q2D, m 5 (r2

2 1 4s 2) 1/ 2, l6 5
1
2 (2r1 6 m), e6 5 1 6 r2/m, and the integration
performed over the sample volume. If required, that vol
can be limited by slice selection.

Settingt1 5 t2 [ t, the signal intensity (the integral of t

e

ing
ing
°

an
the
-

absorption signal) for 90x–t 1–906x–tm–906x–t 2 becomes
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285CROSS-RELAXATION IN PGSE NMR
S1~t, tm! 5 (Re~M1~t, tm!! 5 2
1

2
@e2el1tm 1 e1el2tm#

3 F1/21 1/2E cos~~2v1 1 2ggz!t!dzGM01

1
1

2

s

m
@el1tm 2 el2tm#F 1/ 2 cos~~v2 2 v1!t!

1 1/ 2 E cos~~v2 1 v1 1 2ggz!t!dzGM02

[4a]

with an analogous expression forS2(t, tm). For 90x–t 1–906y–
tm–906y–t 2 we obtain instead

S1~t, tm! 5 (Re~M1~t, tm!! 5 2
1

2
@e2el1tm 1 e1el2tm#

3 F21/21 1/2E cos~~2v1 1 2ggz!t!dzGM01

1
1

2

s

m
@el1tm 2 el2tm#F 21/ 2 cos~~v2 2 v1!t!

1 1/ 2 E cos~~v2 1 v1 1 2ggz!t!dzGM02

[4b]

with M 0i 5 m0i 3 l wherel is the sample length. The integ
erms in Eq. [4] vanish from the final result both since
hase cycle (see Fig. 1a) results in the subtraction (i.e.,
ellation) of the integral terms in Eqs. [4a] and [4b] a
ecause forg @ 2p/(glt), the individual integrals vanis

Hence, adding the contributions from the individual exp
ments of the four-step basic cycle we obtain

S1~t, tm! 5 2@e2el1tm 1 e1el2tm#M01

1
s

m
@el1tm 2 el2tm#cos~~v2 2 v1!t! M02. [5]

he second term in Eq. [5] leads to a modulation of the si
n increasing the timet for the coherence evolution (11, 13).

Nevertheless, in an experiment performed with increasing
dient strength for a particular value oft the decay of the sign
follows the conventional Gaussian expressionS( g) ;
exp(2const 3 g2), albeit with a reduced signal intensi
Optimal conditions for a diffusion experiment exist at
maxima of the expression in Eq. [5] att 5 2p/(v2 2 v1) (for
more than two involved spins it is more difficult to fi

favorable conditions). If the chemical shift range is small (e.g
e
n-

i-

al

a-

for 1H nuclei),t, while sufficiently long for inserting a gradie
pulse, may be set tot ! p/(v2 2 v1) with a negligible loss o
signal intensity.

From Eq. [5] it can also be seen that the signal decays
double-exponential fashion with increasingtm. The exact ap-
pearance of the decay depends on the chemical shift diffe
(v2 2 v1) and the selectedt. The diffusion damping term
dominates only at large gradients whenq2D @ r2 andq2D @
s, in which case the decay is single exponen
;exp(2q2Dtm) (6) and the diffusion coefficient can be m-
ured by varyingtm (15–18).
These complications can be suppressed if a 180° p

applied at the middle of the first evolution period, refocuse
chemical shift evolution. To preserve the encoding by
applied gradient, the gradient polarity is simply reversed
the refocusing pulse as shown in Fig. 1b; for symmetry
sons, the same construction (14, 19, 20) also replaces the gr
dient pulse duringt2. The signal in this experiment can
obtained by replacingv i( z) everywhere in Eq. [3] withggz,
rom which it follows that

S1~t, tm! 5 2@e2el1tm 1 e1el2tm#M01

1
s

m
@el1tm 2 el2tm#M02 [6]

is obtained instead of Eq. [5]. Clearly, the signal is not m
ulated ast increases and anyt can be chosen without loss
signal. The signal still decays in a double-exponential fas
with increasingtm but the deviation from a single-exponen
decay is much reduced. This is a consequence of the ide
initial conditions for the longitudinal magnetizations at the
sites after the second rf pulse. Hence, the transfer of lon
dinal magnetization among them is only driven by the ma
tization difference between the two sites that is cause
relaxation. In particular, withr1 5 r2 5 r andM 01 5 M 02 Eq.
[6] reduces to the conventional single-exponential d
S(tm) ; exp(2(r 1 s 1 q2D)tm).

RESULTS AND DISCUSSION

The cross-relaxation effects discussed above are exper
tally demonstrated by19F PGSE NMR in the lyotropic mixtur
of cesium perfluorooctanoate (CsPFO) with D2O both in the
isotropic micellar and anisotropic nematic phases oriente
the applied magnetic field (24). The spectra in those two pha
are shown in Fig. 2; note that the spectrum of the nem
phase has been recorded under homonuclear decoupling
out decoupling, the spectrum is around 16 kHz wide (18)).

oth the assignment (25) and the explanation of the appar
hemical shift differences between the two phases (17) are as
reviously communicated. The cross relaxation among
arious 19F spins along the perfluoroalkyl chain is rather
.,(25), in particularly at low temperatures where the orientational
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286 DVINSKIKH AND FURÓ
fluctuation of the micelles is slower. This is demonstrate
Fig. 3 with the NOESY spectra recorded at 328 K (23 K ab
the nematic-isotropic phase transition) and at 306 K (1 K a
the phase transition) with the same mixing time (1 s). The c
peaks are positive as expected for the slow motion limit22)
and increase with decreasing temperature.

The actual pulse sequences are shown in Fig. 1. The
ventional STE experiment, supplemented by LED (23), in Fig.

a is widely used in isotropic liquids. The results of apply
t to the 19F spins in the isotropic micellar phase of CsPFO/D2O
are shown in Figs. 4a–4d; the present data were obtained
the F2 resonance (Fig. 2a). For simplicity, the applied gra
was set tog 5 2 G/cm, which results in a complete cohere

FIG. 2. 19F NMR spectra of the mixture of cesium perfluorooctan
(CsPFO) with D2O (at 40 wt%) (a) in the isotropic micellar phase at 328 K
b) in the nematic phase at 304 K, both recorded at 188 MHz with the sa
ffset. The nematic sample is uniformly oriented by the magnetic field wi
irector parallel to the field direction. Spectrum (b) is recorded in the pre
f MREV-8 homonuclear decoupling with 2.6-ms 90° pulse length and 84-ms

cycle time; the frequency scale is not corrected by the scaling factors ('0.5)
of the decoupling sequence (28). The Fi signal belongs to the19F atoms
attached to thei th carbon in the perfluorooctanoate chain with F8 correspond-
ng to the trifluoromethyl group at the end.

19
FIG. 3. Two-dimensional F NOESY spectra of CsPFO/D2O in the isotropic
n
e
e

ss

n-

ing
nt
e

dephasing during the evolution timet but is too weak t
produce a significant diffusion damping. Hence, the deca
the signal is solely due to spin relaxation. At high tempera
(Fig. 4a), a single-exponential decay of the signal is obse
on increasing the diffusion timeD by increasingtm. The deca
constant of 0.96 s is close to the longitudinal relaxation
T1 5 1.01 s,measured independently in an inversion-reco
experiment. On increasingt instead, weak oscillations that c
be attributed to weak cross relaxation as demonstrated
NOESY spectrum in Fig. 3a are detected (Fig. 4b). At
temperature, however, the decay with increasingD is clearly
nonexponential (Fig. 4c), and a strong oscillation (Fig. 4d
observed with increasingt. The oscillation frequency of 1.0
kHz is close to the chemical shift differenceDn 5 1.06 kHz
between theF 2 andF 3,4,5 (unresolved at 306 K) fluorine pea
The cross relaxation among those sites is strong as can b
in NOESY spectrum in Fig. 3b. Both of these artifacts
suppressed if one uses the pulse sequence in Fig. 1b as
in Figs. 4e and 4f. The decay time of 0.99 s (Fig. 4e), obta
by a single-exponential fit, is close to the longitudinal re
ation time T1 5 1.00 s measured in an inversion-recov
experiment.

Figure 5 demonstrates the usefulness of the inserted
pulses (and bipolar gradients) in an experimental situ
where the diffusion coefficient is obtained from recording
decay of the signal by increasing the diffusion timeD. The data
are obtained by the PGSE sequence (Fig. 1c) with homonu
decoupling (18) in the nematic phase of the CsPFO/D2O mix-
ure. Since the homonuclear decoupling suppresses flip
pin diffusion caused by the static dipole–dipole coup
mong the fluorine spins, the cross-relaxation behavior (ca
y that part of the dipole–dipole coupling that is rende
uctuating by molecular motions) is expected to be simila
hat in the isotropic micellar phase. To avoid heating probl
GSE experiments with homonuclear decoupling may
ense with decoupling during the long acquisition period

hat case, one cannot record, as in Fig. 4, the decay of the
elonging to a particular fluorine atom. Hence, Fig. 5 disp

rf
s
ce
micellar phase at (a) 328 K and (b) 306 K, with the mixing timetm set to 1 s.
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287CROSS-RELAXATION IN PGSE NMR
the decay of the intensity of the dipolar-broadened full s
trum. Nevertheless, nonexponential (Fig. 5a) and oscilla
(Fig. 5b) decays are found as expected, although the
clearly more than one frequency present. The discernab
cillation frequencies are in the range of the frequency di
ences in the homodecoupled spectrum (Fig. 2b). The re
obtained by bipolar gradients are presented in Figs. 5c an
The obtained decay time of 0.96 s (Fig. 5c) agrees well wit
longitudinal relaxation timesT1 5 0.98 smeasured by inve-
ion recovery.

CONCLUSION

Bipolar gradient pulses surrounding a 180° rf pulse
preferred to monopolar gradient pulses for several reasons
original motivation for introducing this construction into

FIG. 4. Variation of the19F signal intensity of the F2 resonance (see s
at 306 K (c–f). The data are recorded with the pulse sequences in Fig.

s, while in the second column (b, d, f)t is varied at constantD 5 100 ms. T
of Eq. (5) onto the data.
stimulated-echo-type experiments stems from the advantag
c-
ry
is

os-
r-
lts
d.
e

e
he

brought in by the bipolar gradients: reduced eddy currents
disturbance of the lock signal during the gradient pulses20),
and elimination of the effects of background gradients (19). In
hose designs, the 180° pulses were inserted to enable e
ng/decoding by bipolar gradients. It has been indicated
ecently that those 180° pulses may also suppress disad
eous cross-relaxation effects in stimulated-echo-type P
xperiments (14). Of those effects, oscillations on increas

he encoding/decoding timet may lead to a severe loss
signal that decreases the precision of the obtained diffu
coefficients. A more serious problem is the nonexpone
variation of the signal on increasing the diffusion timeD. This
effect may cause systematic errors in the diffusion coeffic
obtained by variable-diffusion-time methods. Moreover,
observed nonexponentiality may be readily misinterpreted

ctrum in Fig. 2a) of CsPFO/D2O in the isotropic micellar phase at 328 K (a, b)
(a–d) and Fig. 1b (e, f). In the first column (a, c, e)D is varied at constantt 5 1.8
lines are single-exponential fits, while the line in (d) is the result of regr
pe
1a
he
essign of restricted or anomalous diffusion. Both of these sets of
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288 DVINSKIKH AND FURÓ
problems are amplified in experiments with nuclei that ha
wide chemical shift range. Note that1H experiments on high
field spectrometers are not immune from this problem eit

As usual, the improvements come at a price: bip
gradient pulses are more demanding on the hardware
because the gradient rise and fall times are doubled, the
the encoding/decoding periods less effectively. The s
troscopist must choose judiciously. With older spectro
ters one may not be able to generate bipolar gradient p
(although sufficiently fast and robust switches for cur
reversal are relatively easy to build using MOS FETs)
that case cross-relaxation effects can still be suppress
retaining the essential 180° pulses and by deleting
“negative” gradient pulses that follow them in Figs. 1b
1c. The price is less effective gradient encoding.

EXPERIMENTAL

Cesium perfluorooctanoate (CsPFO) has been synthesi
described previously (26) and the sample has been produce
mixing CsPFO (40 wt%) with D2O. The isotropic-nemat
phase transition temperature was established to be 305

The measurements were performed on a Bruker DMX
spectrometer, operating at 188 MHz for19F. We used a hom-
built gradient probe (18, 27). The length of the19F 90° pulse
was 2.6ms. The NOESY spectra were recorded with 50ms

FIG. 5. Variation of the full19F signal intensity of CsPFO/D2O in the nem
ecoupling. The MREV-8 decoupling was performed with 2.6-ms-long 90° p

1c (c, d), and with the same sequence but without the 180° rf pulses and
pulse of 20 kHz nominal bandwidth. In the first column (a, c)D is varied at
column (b, d)t is varied at constantD 5 50 ms. The line is a single-expo
increments in indirect dimension, and the TPPI algorithm wa
a

r.
r
nd
fill
c-
-
es
t

n
by
e

d

as
y

0

applied for recording phase-sensitive spectra. The MRE
sequence was sandwiched as (458)2y–(MREV-8)–(458)1y.
The phases in the MREV-8 sequence were set to1x, 1y, 2y,
2x, 2x, 1y, 2y, 1x and were not cycled.
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