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The phenomenon of multiple echoes following a two-pulse stim- sulting from the nuclear dipolar demagnetizing field. This
ulated-echo experiment in highly polarized systems is reinvesti- field is proportional to a sample’s magnetization and is negli-
gated and explained using the Bloch equations. A semiquantitative gible when normal magnetic fields (õ12 T) and concentra-
formalism based on the nuclear contributions to the magnetic sus- tions (!55 M H2O) are used. It has long been understood
ceptibility throughout a multiple-pulse sequence is outlined and that the back reaction of the dipolar demagnetizing field on
used to understand the formation of the echoes. This theory is

a sample’s magnetization can lead to unexpected results.used to direct the design of phase-cycled and pulsed-field-gradient
The production of multiple echoes by a stimulated echoexperiments to control the echo formation. The theory also sug-
(p /2— t— p /2) pulse sequence as first observed in solidgests a means of indirectly detecting a heteronucleus contained in
3He is just one example. Deville and co-workers (4) demon-a different molecule. This kind of detection is accomplished by
strated that these multiple echoes could be explained bymodifying the static magnetic field with a stimulated-echo experi-

ment on one set of the spins. Heteronuclear experiments show that adding terms to account for the dipolar demagnetizing contri-
this classical semiquantitative formalism is a useful tool in the butions of the nuclear spins to the static field in the Bloch
understanding of spin dynamics in highly polarized systems. equations. More recent work by Bowtell (5) showed that
q 1996 Academic Press, Inc. this type of multiple echo can be observed in liquids in

highly polarized systems, as suggested by Abragam (6) .
Bowtell further demonstrated that the dipolar demagnetizing

INTRODUCTION field could be used to indirectly detect a heteronucleus con-
tained in another molecule. In certain cases the method could

Over the past decade two-dimensional nuclear magnetic
be shown superior to direct detection.

resonance spectroscopy has become a powerful tool in the
In this paper we reexamine the effects observed by Bowtell

determination of chemical structure. For example, the obser-
in liquids and demonstrate that the Bloch equations can be

vation of cross peaks in 2D NMR spectra provides a way
used to successfully model the behavior of the cross peaks

of determining the functional group connectivity within a
between separate molecules in 2D NMR experiments. In order

molecule (1) . NMR is unique among spectroscopies in its
to more fully understand these effects, a quantitative connec-

ability to provide this type of structural information. Re-
tion between the signal in the indirectly detected frequency

cently, however, Warren et al. reported the existence of
domain (v1) and the directly detected time domain ( t2) in a

strong cross peaks in a double-quantum-filtered COSY ex-
2D NMR experiment must be established. The goal of this

periment between benzene and chloroform proton reso-
work has been to develop a simple semiquantitative formalism

nances (2) . This apparent intermolecular correlation raises
to predict the response of highly polarized samples to a variety

some serious questions about the conventional approach of
of pulse sequences. The theory developed and explored herein

chemical structure determination by 2D NMR spectroscopy.
provides an intuitive framework that directs the design of

Further investigation by Warren et al. demonstrated that the
pulse sequences capable of maximizing or minimizing these

protons in water produced not only an autocorrelated peak
nonlinear effects. While our approach is based upon some

but also many additional peaks centered at and separated by
classical constructs, its simplicity makes it a very useful com-

the frequency offset in the indirectly detected v1 dimension
panion for more rigorous theories being developed from a

of a COSY experiment (3) .
purely quantum-mechanical viewpoint (7).

These phenomena in 2D NMR experiments have been
attributed to a nonlinear behavior in the spin dynamics re- THEORY

The starting point for our approach is straightforward. The* Present address: Department of Chemistry, D-64 Hildebrand Hall, Uni-
versity of California, Berkeley, California 94720. magnetic field, B , experienced by the spins at any point in
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146 AUGUSTINE AND ZILM

a sample is modified by the susceptibility of the surrounding this effective instantaneous value of the nuclear susceptibil-
ity, and will use x0 to refer to the value associated with themedium, x, in the usual fashion. This field is proportional

to the vacuum permeability, m0 , and is the vector sum of more standard equilibrium definition in Eq. [2] . Since Mz

can be manipulated by pulse sequences, one can also thinkthe large static magnetic field, m0H0k , and the magnetization,
M , which is scaled by a geometry-dependent shape factor, of a pulse sequence as having changed x. The net field that

a set of spins experiences then is easily seen to dependD (8) :
upon the previous history of the spin system. From this
observation it follows that any evolution of transverse mag-B Å m0(H 0 DM) Å m0(1 0 Dx)H . [1]
netization will also be affected by the prior manipulations
of Mz in any pulse sequence.The effects of x on B can be externally controlled and even

The basic physics of this model can be experimentallyeliminated with the proper choice of sample shape and orien-
tested, and, as will be shown in the following sections, istation with respect to the static field. As is the usual case,
an accurate description of the spin dynamics involved. Un-x can be separated into two parts. One piece is due to the
fortunately this treatment is at best semiquantitative. A fullysample’s inherent diamagnetism, which is of electronic ori-
quantitative approach requires a more specific description ofgin and is typically uniform and time invariant throughout
the volume elements being summed over in a macroscopicthe sample. The other contribution is due to the nuclear spins
sample in order to properly account for the relevant shapethemselves, i.e., the nuclear-spin Curie susceptibility. In a
demagnetizing factors (12) . Such a rigorous treatmentcompletely equivalent alternative approach (9) the magnetic
would involve mathematical complications that only servefield can be divided into two parts. One is due to the applied
to confuse the basic physical principles. The results of thisstatic field while the other is produced by the spins them-
type of approach will in most cases manifest themselves asselves, i.e., the dipolar demagnetizing field. This dipolar
a slight variation in the multiplier (shape demagnetizing typedemagnetizing field is just the result of the nuclear contribu-
of factor) that relates the local nuclear magnetization totion to the static magnetic susceptibility. For our purposes,
the local Curie susceptibility (13) . These complications ofhowever, it turns out to be simpler to consider the nuclear
course do not enter the picture as long as M is uniformsusceptibility directly.
at any point in time. In this special case standard shapeSince the polarization of the nuclei under the conditions
demagnetizing factors, i.e., D , can be applied and the treat-in question is still !1, the high-temperature approximation
ment is quantitative.may still be invoked in calculating x. By definition, x is the

Under these assumptions, the Bloch equations for a suit-ratio of the equilibrium magnetization, M0 , to the applied
ably small portion of the sample can be written out in anfield, H0 . Van Vleck and others (10) have shown that x is
off-resonance, v, rotating frame:inversely proportional to the temperature, T . The proportion-

ality factor depends on the total number of nuclei, N , their
spin and gyromagnetic ratio, I and g, and Planck’s and Boltz- d

dt
M Å gM 1 B Å M 1 (v / gm0DMz)k . [3]

mann’s constants, \ and k (11) :

After a small-flip-angle pulse, the longitudinal magnetization
M0 Å

Ng 2\ 2I(I / 1)
3kT

H0 Å xH0 . [2] will be very close to that at equilibrium, Mz Å M0 Å xH0 ,
and Larmor precession occurs about the usual static field
shown in Eq. [1] . On the other hand, if a large-tip-angle

Notice that x can be thought of as a measure of the z compo-
pulse is used, the system will be far from equilibrium. Equa-

nent of the local nuclear magnetization as long as a suffi-
tion [3] indicates that in this case precession will occur

ciently small sample volume having a uniform susceptibility
about a different effective field as Mz has been changed.

and surrounding field is considered. This amounts to treating
This new field introduces products of the transverse and

the additional field from the other spins in the sample in a
longitudinal magnetization into the Bloch equations, and is

perturbative sense. The field that a set of nuclei see is then
the source of the unusual nonlinear spin dynamics described

an applied field that is uniform and modified by a small
above. Propagation of the magnetization through a multiple-

correction that is proportional to the z magnetization scaled
step pulse sequence using Eq. [3] is straightforward.

by D .
For our purposes it is useful to expand the above definition Homonuclear Case

of x to include situations where the z magnetization is not
at equilibrium. Taking the effective x as the instantaneous As a first example, consider the stimulated-echo pulse

sequence (Fig. 1A). The first p /2 pulse rotates the magneti-value of Mz /H0 provides a simple way to account for how
B varies when the z magnetization is modified, whether by zation into the transverse plane. In the absence of relaxation

there will be no leftover longitudinal magnetization, Mz Å 0,relaxation or RF pulses. In what follows then, we take x as
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147BULK SUSCEPTIBILITY EFFECT IN HIGH-RESOLUTION NMR

remaining transverse magnetization, M/ , in this attenuated
field is found from Eq. [3] and depends upon the phase of
the second pulse, u, with respect to the x axis in the detector
frame:

M/( t2) Å Mx( t2) / iMy( t2)

Å M0sin(vt / f)exp[ i(vt2 / u)]

1 exp[0igm0DM0t2cos(vt / f)] . [5]

Equation [5] is not written in a very amenable form. Useful
physical insight can be obtained by expanding the latter
exponential in Eq. [5] in terms of Bessel functions of order
n , Jn :

M/( t2)

Å M0sin(vt / f)exp[ i(vt2 / u)]

1 ∑
`

nÅ0`

(0i) nJn(gm0DM0t2)exp[0in(vt / f)] .

[6]
FIG. 1. (A) Spin-echo pulse sequence (p /2— t— p /2) used to gener-

ate multiple 1H echoes in H2O. Odd- or even-numbered echoes are easily
The evolution frequency, v, in the above discussion canselected by choosing the proper two-step phase cycle. (B) Spin-echo experi-
also contain the effects of magnetic-field inhomogeneitiesment (p /2— t— p /2) including pulsed magnetic-field gradients to select

the echo of choice. The two-dimensional analogue of this sequence is called in addition to the contributions from H0 and Mz . It is well
the CRAZED experiment by Warren et al. (3) . known that spin echoes occur as a result of the cancellation

of the dephasing due to static-field inhomogeneity. With this
in mind, Eq. [6] indicates that many echoes will occur in t2

and the nuclear contributions to x are effectively quenched. at integral multiples of t as the detected signal has portions
Evolution of this transverse magnetization for a time, t, which are independent of vt2 at these times.
reflects this susceptibility change as B is now independent of Bessel functions have been used to explain other phenom-
M . A second p /2 pulse flips a component of the transverse ena encountered in NMR as well. The signals resulting from
magnetization back along z . This new longitudinal magneti- the application of frequency-modulated RF fields and static-
zation is a fraction of the initial static magnetization whose field modulation are well described using Bessel functions.
size depends upon the phase accumulated by off-resonance Actually, the multiple echoes described here are similar to
evolution between the pulses, vt, as well as the difference those observed in rotating solids for nuclei having a large
in pulse phases, f: chemical-shift anisotropy (14) . The time dependence pro-

duced by the sample rotation can be written in a form similar
to that shown in Eq. [6] . Fourier transformation (FT) ofMz(t) Å 0M0cos(vt / f) . [4]
this rotating solid-echo train produces spinning sidebands.
These sidebands can be edited by using either the TOSSFor example, if both of the pulses are of the same or opposite

phase, then f Å 0 or p. However, if the pulses are p /2 out (15) or SELTICS (16) pulse sequences. TOSS relies on the
production of a bulk coherent response which is independentof phase, f Å {p /2. The longitudinal magnetization shown

in Eq. [4] creates a slightly different field as a portion of of rotor frequency following the application of four rotor-
synchronized p pulses. The spectrum for a single isochromatthe nuclear contributions to x have been restored. This new

field changes the precessional frequency observed during the still oscillates at the rotor frequency. Other isochromats in
the powder sample also oscillate at the rotor frequency butdetection period, t2 , in the echo sequence.

Notice that the size of the field shift following the second with a different phase due to the four p pulses. This phase
difference causes the effects of sample rotation to destruc-pulse is proportional to the offset frequency during t. This

means that the static field can be labeled by the offset fre- tively interfere, leaving a spectrum devoid of sidebands.
Viewing the present problem in this context reveals that itquency by making t a second time dimension. This spin

labeling provides the basis for some interesting hetero- is similar to that of a rotating single crystal. As such, applica-
tion of TOSS will be unsuccessful since there is only onenuclear experiments discussed below. The evolution of the
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148 AUGUSTINE AND ZILM

isochromat present. All is not lost, however, as the echoes
seen in the single crystal are not completely equivalent to
those encountered here. Examination of the phase factors,
f and u in Eq. [6] , indicates that echoes having the same
polarization are produced by two pulses of the same phase.
If pulses of opposite phase (i.e., x and x

V
) are used then

Eq. [6] indicates that echoes of alternating polarization are
formed. This forms the physical basis for the construction
of phase cycles designed to select for either odd- or even-
ordered echoes as demonstrated below. The major difference
between rotor echoes and these echoes is that the echo for-
mation here results from an evolution in an inhomogeneous
field. This suggests that pulsed field gradients can be used
to select for an echo of a given order. Pulsed-field-gradient
echo selection will also be discussed below in more detail.

Heteronuclear Considerations

As another example of the manipulation of the Bloch
equations shown in Eq. [3] , consider the evolution of an-
other set of nuclei, S, following a pair of pulses separated
by t1 applied to a set of spins, I, contained in a different FIG. 2. Computer simulation showing the frequency modulation of a
molecule. The pair of I-spin pulses serve to spin label the 31P line induced by the z component of 1H magnetization at m0ÉHÉ Å 4.7

T in a simple HETCOR experiment. The 31P offset frequency was 5 Hzmagnetic field at the I-spin offset frequency, vI , as men-
while a 1H offset of 115 Hz was used. FT of an v2 slice yields a peaktioned above:
centered at the 1H offset with harmonics separated by 5 Hz as expected
from Eq. [8] .

B Å m0H0 0 m0DM I
0cos(vIt1 / f) . [7]

The S spins will precess in this labeled field following rota- by direct numerical simulation. A convenient example of
tion into the transverse plane by a p /2 S-spin pulse. Typi- the heteronuclear spin system is Na3PO4 dissolved in H2O
cally the S-spin pulse is applied at the same time as the where the I spins are protons and the S spins are 31P nuclei.
second I-spin pulse. This is referred to as a heteronuclear In the simulations discussed below, all of the pulses are
correlation (HETCOR) experiment when applied to systems of x phase and the effects of radiation damping (17) are
having heteronuclear scalar couplings, and will be referred neglected.
to as HETCOR in the remainder of this paper even though Consider first the evolution of 31P magnetization having
there are no scalar couplings in the systems examined in this an offset of vS /2p Å 5 Hz in a static field of m0H0 Å 4.7 T
study. The detected S-spin signal in t2 , due to precession in that is spin labeled at the 1H offset frequency of vI /2p Å
the labeled field, can be derived from Eq. [3] . This signal 115 Hz. Figure 2 shows a contour of the calculated FT with
is a function of both the I- and S-spin magnetizations, M I

0 respect to t2 ( f2) as a function of t1 for D Å 1. Since the
and MS

0 , as well as the S-spin offset and gyromagnetic ratio, effects of magnetic-field gradients were not included in this
vS and gS , in addition to the usual phase relations of the simulation, an unrealistically narrow FM line is observed.
RF pulses, f and j: The decay of the FM signal in t1 as well as the small finite

linewidth in f2 is due to the incorporation of transverse relax-
MS
/( t1 , t2) ation (T I

2 Å 15 ms and TS
2 Å 500 ms) in a phenomenological

fashion. It is useful to point out that FT of the FM signalÅ MS
0 exp[ i(vSt2 / j)]

shown in Fig. 2 with respect to t1 in the usual way, i.e., FT
1 exp[0igsm0DM I

0 t2cos(vIt1 / f)] . [8] of an f2 slice with respect to t1 , produces multiple peaks in
f1 centered at and separated by vI /2p.

The situation substantially changes by introducing a mod-This equation suggests that there will be a frequency-modu-
lated line in t1 in contrast to the amplitude-modulated line est static magnetic-field gradient across the sample (gP

1 dB /dz Å 2 Hz/cm). Not only does the line broaden in f2typically seen in the indirect dimension of 2D NMR experi-
ments. This means that a constant-amplitude line having a as shown in the contour in Fig. 3A, but the FM is more

efficiently damped and appears to be replaced with AM intime-dependent position as a function of t1 will be observed
following FT with respect to t2 . This FM is best examined t1 . This AM can be clearly seen by plotting the peak height
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149BULK SUSCEPTIBILITY EFFECT IN HIGH-RESOLUTION NMR

computer simulations not included here indicate that even
the second harmonic disappears when slightly larger field
gradients and smaller 1H magnetizations are used. This is
due to the apparent quenching of the frequency modulation
and its replacement by amplitude modulation in t1 .

Equation [8] alone suggests that the indirect dimension of
a HETCOR pulse sequence will contain many peaks separated
by the offset frequency of the indirectly detected spin due to
FM during t1 . The simulations shown in Figs. 2–4 indicate
that this simple picture is incorrect in the presence of a small
static-field gradient. Only one cross peak is observed correlat-
ing vI and vS when the usual magnetic-field inhomogeneities
in high-resolution liquid NMR are admitted, causing the ex-
periment to behave as an amplitude-modulated 2D method.

EXPERIMENTAL

Samples for all 1H– 1H homonuclear experiments con-
tained a mixture of 10% D2O/90% H2O while those for
1H– 31P heteronuclear studies were prepared by dissolving

FIG. 3. (A) Computer simulation at m0ÉHÉ Å 4.7 T demonstrating that
the frequency-modulated line position in t1 is damped upon incorporation
of a modest static-field gradient of 2 Hz/cm for 31P across a 1 cm long
sample where a 31P offset frequency of 5 Hz and a 1H offset of 115 Hz
were used. (B) Further investigation of this modulated line indicated that
its intensity and width were modulated coherently as a function of the 1H
offset in t1 . This behavior corresponds to a breathing of the directly detected
31P line in addition to a damped frequency modulation in t1 .

as a function of t1 as shown in Fig. 3B as the solid line. The
full width at half-height (FWHH) is also included in Fig.
3B (dashed line) and is inversely correlated with the peak
height. The lineshape essentially maintains constant area in
t1 , with the width periodically widening and narrowing in a
breathing fashion. Consequences of this breathing on the
indirectly detected 1H signal are shown in Fig. 4, where a
larger 1H offset, vI /2p Å 300 Hz, and a larger static-field
gradient, gPdB /dz Å 4 Hz/cm, are used. Following the first
FT, the linewidth is larger in comparison to Figs. 2 and 3
as the field gradient across the sample is larger. Notice that
the f2 slice contains little evidence of frequencies other than

FIG. 4. Computer simulation at m0ÉHÉ Å 4.7 T showing that higher-the 1H offset. FT of this slice with respect to t1 illustrates
order harmonics separated by the 1H offset in the indirectly detected v1that the indirectly detected signal is dominated by the 1H
dimension of a 31P– 1H heteronuclear correlation experiment can be signifi-

offset frequency even though a small amount of the second cantly reduced by the presence of magnetic-field gradients. The static field
harmonic is present. The phase-twisted lineshape shown in gradient was increased to 4 Hz/cm for 31P while a 31P offset frequency of

5 Hz and a 1H offset of 300 Hz were employed.Fig. 4 is a direct consequence of the FM in t1 . Additional
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150 AUGUSTINE AND ZILM

FIG. 5. (A) Spin-echo experiment (p /2— t— p /2) on H2O at m0ÉHÉ Å 2.35 T. Notice the presence or absence of the second echo, which can be
removed (B) or selected (C) by phase cycling.

1.0329 g of sodium (III) phosphate, Na3PO4r12H2O (Mal- probes were fitted with an unshielded counterwound Helm-
holtz coil having the z axis parallel to H in order to providelinckrodt) , into 6 mL of a 9% D2O/90% H2O solution. All

magnetic resonance experiments at m0ÉHÉ Å 7.04 T were a magnetic field gradient across the sample. High-power DC
pulses were applied to the Helmholtz pair by amplifying aperformed on a General Electric Omega 300 NMR spectrom-

eter. Heteronuclear and gradient-selected experiments were variable-length 5 V DC pulse with a Techron Model 7570
amplifier. The Techron was isolated from the RF pulsesaccomplished at m0ÉHÉ Å 2.35 T using homebuilt probes in

combination with a homebuilt NMR spectrometer con- using a two-stage Chebyshev low-pass filter having a 3 dB
cutoff point of 4 MHz (18) . Typical field-gradient strengthsstructed around a Nicolet 1280 data acquisition system. The
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151BULK SUSCEPTIBILITY EFFECT IN HIGH-RESOLUTION NMR

FIG. 6. (A) Spin-echo experiment (p /2— t— p /2) on H2O at m0ÉHÉ Å 7.04 T. Notice that there are more echoes resolved as the higher magnetic
field affords a larger polarization. Again, the (B) odd- or (C) even-numbered echoes can be selected by phase cycling.

and durations were 4 G/cm and 1 ms, respectively, although sequence are readily observed in samples of water. Figures
5A and 6A show these echoes at field strengths of m0ÉHÉ50 G/cm for 500 ms and a ringdown time of 7 ms are

routinely achieved. Å 2.35 and 7.04 T, respectively. The magnetization at 7.04
T is three times larger than that produced in a field of 2.35

RESULTS AND DISCUSSION T. This means that Mz more efficiently interferes with the
evolution of the spins following the second pulse of the

Homonuclear Experiments stimulated-echo pulse sequence at higher field. This interfer-
ence manifests itself in the formation of many more echoesThe nonlinear dynamics in homonuclear spin systems that

produce multiple echoes following a stimulated-echo pulse in higher field (Ç9) in comparison to lower fields (Ç2) as
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152 AUGUSTINE AND ZILM

FIG. 7. Echo selection in H2O using pulsed field gradients at m0ÉHÉ Å 2.35 T. All echo orders are present in the absence of magnetic-field gradients
(A) while use of 1:1 field-gradient pulses selects for the first echo (B) and 1:2 field-gradient pulses select just the second echo (C).

the echo of order n is proportional to Jn/1(ngm0DM0t) . It even echo orders. Figures 5B and 6B demonstrate the selec-
tion of odd orders while Figs. 5C and 6C show the selectionwas found that the multiple echoes are present in both highly

shimmed as well as deshimmed magnetic fields. However, of even orders in the same water sample and at the same
field strengths used above. It was noticed during the coursetheir resolution in the time domain is increased by deshim-

ming along z by either changing the current applied to the of these experiments that the phase cycling was most effi-
cient when the spectrometer was operated without the deute-shim coils or altering the position of the probe. This field

inhomogeneity quenches the long exponential decay that rium lock. This observation can be rationalized by realizing
that the stimulated echo changes the magnetic field withinconceals the echoes by increasing T *2 .
the sample by controlling the size of Mz following the secondThe presence of odd or even echoes is under experimental
pulse. The deuterium lock attempts to compensate for thiscontrol using phase cycles as discussed above. The two-step

phase cycles shown in Fig. 1A select for either all, odd, or change which washes out the effects of the RF pulses on B .
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153BULK SUSCEPTIBILITY EFFECT IN HIGH-RESOLUTION NMR

FIG. 8. Equation [5] predicts that there should be no signal at t2 Å 0 contrary to that shown in (A). Following the pulsed-field-gradient experiment
(Gz Å 4 G/cm and t Å 10 ms) shown in (B) just an FID, whose phase is under control of the experimenter, is present corresponding to residual z
magnetization left over from the first pulse due to RF inhomogeneity. This unexpected transient can be removed by summing the results shown in (A)
and (B).

Operating without the deuterium lock allows these effects gradient echo detection) experiment introduced by Warren
et al. (19) . The first echo in a water sample at m0ÉHÉ Åto be maximum assuming that they are larger than the static-

field drift on the timescale of the experiment. 2.35 T can be selected by using 1:1 gradient pulses as shown
in Fig. 7B. Figure 7C demonstrates that 1:2 gradient pulsesEcho formation can be interrupted by using pulsed field

gradients as the signal is dependent on offset frequency in select just the second echo. Perturbations on the intensity of
the second echo by the 1H signal from another dissolvedboth t and t2 . Figure 1B shows the experiment designed to

select an echo of any order, n . Typically gradient strengths molecule are what generate the double-quantum correlations
observed by Warren et al. (3) .of Gz Å 4 G/cm are used with lengths of 1 ms for the first

pulse and n milliseconds for the second pulse. It should be It is unusual that there is any signal at t2 Å 0 following
the second pulse in the phase-cycled experiment designedmentioned that the two-dimensional version of this pulse

sequence where t is made into a second time domain is to select even-ordered echoes shown in Fig. 5C and repro-
duced in Fig. 8A. Equation [6] indicates that there shouldcalled the CRAZED (COSY revamped with asymmetric z-
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154 AUGUSTINE AND ZILM

performed here, where shape effects are the dominant source
of the dipolar demagnetizing field, one can consider altering
sample geometry to eliminate them. It is well known that D
Å 0 for an infinitely long magnetized rod tilted to the magic
angle with respect to the applied magnetic-field direction
(12, 13). This means that the effects of x on B should be
removed in the case of an infinitely long cylinder. Unfortu-
nately infinite cylinders are not encountered in the laboratory;
therefore, the actual shape factor will be a bit different than
those typically encountered in the literature (20).

It should be noted that this simple formalism will break
down when substantial field gradients not aligned with the
cylinder’s symmetry axes are used. The magnetic-field gradi-
ent produces a nonuniform magnetization across the sample.
In the special cases where linearly or periodically varying
magnetization along the cylinder’s symmetry axes are en-
countered, standard shape demagnetization factors can be
applied.

FIG. 9. Demonstration of the heteronuclear cross peak between 1H and Heteronuclear Experiments
31P in a mixture of Na3PO4/H2O. The simple 1H/31P three-pulse HETCOR
experiment on a mixture of water and sodium phosphate spin labels the 1H The same nonlinear effects that produced the multiple
offset when 31P is detected. Normally there would only be a zero-frequency echoes in water can be used to indirectly detect the spectrum
ridge in v1 due to t1 noise as there would not be any intermolecular cou- of a heteronucleus contained in another molecule (21) . Ap-
plings.

plication of a 31P-detected HETCOR experiment using all y

be no signal until some rephasing occurs. The residual signal
at t2 Å t is just a result of imperfections in the two-step
phase cycle, and can be minimized by ensuring that the RF
pulses are p /2 rotations and are phased properly with respect
to each other. The t2 Å 0 signal is from substantial RF
inhomogeneity across the sample. An experiment combining
pulsed field gradients with phase cycling can be used to
demonstrate this as shown in Fig. 8B. The pulsed field gradi-
ent is used to dephase all transverse magnetization accumu-
lated during t; therefore, following the second pulse, any
remaining signal must be due to that along z . Switching the
pulse phases from y to y

V
in the second step of the cycle

causes the magnetization to be p out of phase with respect
to that in Fig. 8A, allowing the direct summing of the FIDs
in order to eliminate the effect of residual z magnetization
as shown in Fig. 8(A / B).

The above discussion illustrates that phase cycling and
pulsed field gradients provide a means of echo selection in a
highly polarized homonuclear system. Unfortunately there is
no apparent way of completely removing these susceptibility
effects by using just phase cycling, pulsed field gradients, or
any combination of the two. In order to remove the multiple
echoes it is clear that either the dipolar demagnetizing field
of the nuclei must be quenched or equivalently that the nuclear
contributions of x to B must be eliminated. Warren et al.

FIG. 10. The ansatz that the heteronuclear correlation is dependent on
have discussed using magic-angle gradients in efforts to mini- MH

z can be examined from straightforward experiments designed to probe
mize these effects when caused by dipolar fields arising from the phase of the magnetic field (A), the transverse magnetization (B), and

the longitudinal magnetization (C).magnetization gratings (19). In experiments such as those
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the evolution period of the 31P spins which ultimately gives
rise to the out-of-phase cross peaks in Figs. 11B and 11C.

The explanation of all of the experiments to this point has
relied on accounting for the nuclear contributions to x by
keeping track of the relevant z components of magnetization
in simple multiple-pulse sequences. This can be further justi-
fied by a direct demonstration that the effect producing either
the multiple echoes or the 31P– 1H intermolecular cross peak
is due to the 1H z component affecting evolution following
a second RF pulse. Such an experiment would involve the
selective removal of transverse, longitudinal, or both compo-
nents of magnetization during the detection period. The
method for examining these effects in a heteronuclear system
now becomes clear. The presence or absence of either trans-
verse or longitudinal 1H components can be controlled by the
application of continuous RF fields or pulsed field gradients
without significantly affecting the evolution of the 31P spins.
In this way, the 1H components that perturb 31P can be con-
trolled. For example, the 1H transverse magnetization can
be averaged away by inserting a pulsed field gradient be-
tween the second 1H p /2 and the 31P p /2 pulses in the
HETCOR experiment as shown in Fig. 10B. Figure 11D
demonstrates that the cross peak survives this experiment,
suggesting that the effect is independent of the 1H transverse
magnetization. The cross peak disappears by averaging the
1H z component away by rotary saturation during the 31P
detection period as shown in Fig. 11E. This means that the
classical picture can be used to qualitatively determine the
outcome of various pulse sequences on highly polarized sys-

FIG. 11. The indirectly detected 1H signal behaves with 1H frequency tems by simply tracking the relevant z components of magne-
offset [(A) and (B)] and phase of the magnetic field produced by MH

z tization through the experiment.[(B) and (C)] . The signal is present when the effects of transverse magneti-
zation are removed (D) and are absent when MH

z is averaged to zero (E).
CONCLUSIONS

The unexpected presence of multiple echoes in homonu-
pulses on a mixture of Na3PO4 and H2O gives just one cross clear systems following a spin-echo pulse sequence can be
peak between 1H and 31P, correlating their respective offset understood in terms of a simple picture based upon the idea
frequencies as shown in Fig. 9. There is only one cross of a bulk nuclear susceptibility and the Bloch equations.
peak in this spectrum due to the presence of a small static These nonlinear medium effects provide an alternative
magnetic-field gradient across the sample as discussed method of indirectly detecting a heteronucleus. Bowtell sug-
above. Further experimental investigation of the cross peak gests, using an equation similar to Eq. [8] , that the gain in
indicated that its frequency changed consistent with the sensitivity achieved by indirect detection should be propor-
choice of 1H offset as illustrated in Figs. 11A and 11B. tional to the magnetization of the directly detected nucleus,
Equation [8] indicates that the cross peak should be sensitive implying a large gain in the signal-to-noise in the indirect
also to the phase of the 1H z component of magnetization detection of a heteronucleus via protons (5) . As NMR field
which is controlled by the respective phases of the two 1H strengths continue to increase to 20 T and beyond, it is
RF pulses. The experiments used to determine these peak critical that such effects be well understood so that methods
phase differences are shown in Fig. 10A. Figures 11B and which avoid artifacts produced by the dipolar demagnetizing
11C demonstrate that the cross peak is p /2 out of phase for fields can be developed.
an x–y pair of 1H RF pulses in comparison to a y–y pair.
The y–y pulse pair encodes a cosine modulation while the ACKNOWLEDGMENTS
x–y combination results in a sine-modulated 1H z magnetiza-
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