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Observation of intermolecular double-quantum

coherence signal dips in nuclear magnetic resonance∗
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The correlated spectroscopy revamped by asymmetric Z-gradient echo detection (CRAZED) sequence is modified

to investigate intermolecular double-quantum coherence nuclear magnetic resonance signal dips in highly polarized spin

systems. It is found that the occurrence of intermolecular double-quantum coherence signal dips is related to sample

geometry, field inhomogeneity and dipolar correlation distance. If the field inhomogeneity is refocused, the signal

dip occurs at a fixed position whenever the dipolar correlation distance approaches the sample dimension. However,

the position is shifted when the field inhomogeneity exists. Experiments and simulations are performed to validate

our theoretic analysis. These signal features may offer a unique way to investigate porous structures and may find

applications in biomedicine and material science.

Keywords: nuclear magnetic resonance, distant dipolar field, intermolecular double-quantum coher-
ence, signal dip

PACS: 33.25.+k, 31.30.jp, 34.80.Pa DOI: 10.1088/1674-1056/20/10/103301

1. Introduction

Intermolecular multiple-quantum coherence
(iMQC) is an interesting phenomenon in highly po-
larized systems.[1] It originates from distant dipo-
lar interactions between spins in different molecules
and exhibits unusual properties.[2,3] The iMQC has
been found to have applications in magnetic reso-
nance imaging (MRI),[4−7] functional MRI,[6,8,9] and
high-resolution nuclear magnetic resonance (NMR)
spectroscopy.[10−13] The iMQC-based NMR has been
proved to be structure-sensitive and widely used in
non-invasive microstructure probing.[14−18]

During the exploration of structured samples,
Richter et al.[19] first utilized the distant dipolar field
(DDF) effect to investigate the structures of hetero-
geneous systems. Maraviglia and co-workers observed
particular and unpredicted signal dips in multiple spin
echoes experiments of porous media.[14,20,21] These
signal dips occurred when the dipolar correlation dis-
tance became comparable to the average pore size of
a porous system. They explained this phenomenon
according to the role of internal field gradients asso-
ciated with the sensitivity of magnetic susceptibility

to local variations in solid-liquid porous interfaces. In
their analysis[14,20,21] the influence of background in-
homogeneous fields during the evolution period was
not taken into account and no phase cycling was used.
A similar phenomenon was observed by Bouchard et
al.[22] The depth of the signal dip depended strongly
on the orientation of sample with respect to the di-
rection of static magnetic field. They attributed the
observed single broad dip to the complex effects of gra-
dient strength and direction, spin evolution time and
sample orientation. They also believed that the in-
ternal magnetic field gradients generated from the in-
terface of two phases offered the possibility to further
characterize the sample geometry. However, Robyr
and Bowtell[23] suggested that the absence of signal
dips in the original multiple spin echoes experiments
with structured samples might be due to the insuf-
ficient sampling of different dipolar correlation dis-
tances. The narrow signal dips observed by Capuani
et al.[21] appeared to have been adequately sampled.
All these investigations suggest that with the utiliza-
tion of dipolar field effect, the structures of samples
can be probed by varying the dipolar correlation dis-
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tance. However, the dipolar field experienced by a
spin at a specific position depends on all other spins
surrounding it. This means that the DDF is gener-
ally non-local, (especially in the case of small gradient
field),[24,25] which is difficult to obtain the analytical
expression. In such a case, simulation plays an impor-
tant role in obtaining the numerical solution.[26]

To further understand the physical source of
iMQC signal dips, NMR spectroscopy and MRI are
employed to study the variation of intermolecular
double-quantum coherence (iDQC) signal intensity
with sample geometry and background inhomoge-
neous field. Experimental and simulation results show
that signal dips are correlated with the spatial mod-
ulation of DDF arising from the complex effect of co-
herence selection gradients (CSGs), sample geometry
and inhomogeneous field. When the effect of field in-
homogeneity is eliminated, signal dips occur whenever
the dipolar correlation distance becomes comparable
to the sample size.
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Fig. 1. Modified CRAZED pulse sequences for iDQC

NMR and MRI studies. Panel (a) shows the sequence for

spectroscopic study, with the influence of field inhomo-

geneity retained, defined as scheme 1#; panel (b) exhibits

the sequence for spectroscopic study, with the field inho-

mogeneity refocused by the π pulse in the middle of the

evolution period, defined as scheme 2#; and panel (c) in-

dicates the sequence corresponding to panel (b) for MRI

study.

2. Theoretical formalism

The pulse sequences are shown in Fig. 1, which
are modified from the correlated spectroscopy re-
vamped with asymmetric Z-gradient echo detection
(CRAZED) sequence. Figures 1(a) and 1(b) are for
spectroscopic study, and Fig. 1(c) is for MR imaging
study. The influence of magnetic field inhomogeneity
in the evolution period is retained in Fig. 1(a) (de-
fined as scheme 1#), while it is eliminated in Fig. 1(b)
(defined as scheme 2#) and Fig. 1(c) since there is an
additional nonselective π refocusing pulse in the mid-
dle of the evolution period τ to refocus the dephasing
of the magnetization due to magnetic field inhomo-
geneities. MR imaging is realized by adding a slice-
selective π refocusing pulse and standard spin-warp
imaging gradients to the spectroscopic sequences. All
the RF pulses are not selective and applied along the y

axis in the rotating frame and all the CSGs are applied
along the z direction.

Consider an isolated spin-1/2 system (I spin sys-
tem). For simplicity, the effects of radiation damping,
diffusion and relaxation are neglected. Initially the
net sample magnetization is aligned along the z direc-
tion, in line with the direction of external static mag-
netic field B0. During the application of the modified
sequence shown in Fig. 1(a) or 1(b), the DDF Bd gen-
erated by the spatially modulated magnetization refo-
cuses a fraction of the magnetization, thus producing
the signal. In the rotating frame, the Bloch equation
including the DDF term can be expressed as

dM(r, t)
dt

= γM(r, t) ×
{[∆ω

γ
ẑ + G(r)(r · ŝ)

]
+ Bd(r, t) + ∆B(r, t)

}
, (1)

where γ is the gyromagnetic ratio of the investigated
nuclei; ẑ is the unit vector along the z direction; ŝ is
the unit vector along the direction of CSGs; M(r, t) is
the magnetization vector at position r at time t, G(r)
is the first CSG vector along the ŝ direction at position
r; ∆ω is the frequency offset of spin I, (∆ω = 0 when
the spin is in resonance) and ∆B(r, t) represents the
field inhomogeneity at position r at time t. The DDF
is expressed as

Bd(r, t) =
µ0

4π

∫
d3r′ 1 − 3 cos2 θrr′

2 |r − r′|3

× [3Mz (r′, t) ẑ − M (r′, t)] , (2)

where θrr′ is the angle between the interspin vec-
tor r − r′ and the static magnetic field B0, µ0 is
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the vacuum magnetic permeability and Mz (r′, t) is
the longitudinal magnetization component at position
r′. Generally, this dipolar field is non-local and de-
pends strongly on the shape of sample. However, this
equation has the form of a convolution integral and
the DDF becomes local in k-space following a spa-
tial Fourier transform. Therefore, equation (2) can be
simplified in the k-space into

Bd(k, t) =
µ0

6

[
3(k̂ · ẑ)2 − 1

]
× [3Mz(k, t)ẑ − M(k, t)] , (3)

where

M(k, t) =
∫ +∞

−∞
d3r exp(− ik · r)M(r, t) (4)

and k̂ = k/k and k = γGδ. The direction of k is spec-
ified by the CSG direction. For a uniform cylindrical
sample, the evolution of magnetization can be found
by solving Eqs. (1) and (2). The transverse magne-
tizations created from the pulse sequences shown in
Figs. 1(a) and 1(b) are respectively given by[27−29]

M+(r, t2) =
M0

2

 [ ei[(∆ω+γ∆B(r))τ+k·r] − e− i[(∆ω+γ∆B(r))τ+k·r]]

− cos β[ ei[(∆ω+γ∆B(r))τ+k·r] + e− i[(∆ω+γ∆B(r))τ+k·r]]


× e− i[2k·r+γBd(r,t)(TE+t2)] ei(∆ω+γ∆B(r))t2 , (5a)

and

M+ (r, t2) =
M0

2
[(

ei k·r − e− i k·r)
− cos β( ei k·r + e− i k·r)

]
e− i[2k·r+γBd(r,t)(TE+t2)] ei(∆ω+γ∆B(r))t2 . (5b)

The relevant longitudinal magnetizations are

Mz(r) = − M0
sinβ

2

{
ei[(∆ω+γ∆B(r))τ+k·r]

+ e− i[(∆ω+γ∆B(r))τ+k·r]
}

, (6a)

and

Mz(r) = −M0
sinβ

2
(
ei k·r + e− i k·r)

, (6b)

where M0 is the equilibrium magnetization of spin I

and β is the flip angle of the second RF pulse. In
Eqs. (5b) and (6b) the dephasing of magnetization
due to magnetic field inhomogeneity in the evolution
period τ is eliminated by the π refocusing pulse.

When the strength of CSG is strong enough (i.e.
γGδ À 2π/L, where L is the sample dimension), the
DDF can also be reduced into a localized one with a
magnitude proportional to the longitudinal magneti-
zation. The observed signal can be obtained by in-
tegrating the transverse magnetization over the entire
sample. The iDQC signal obtained from Eqs. (5a) and
(5b) are

M iDQC
+ (t2) = M0 sin2 β

2
{J1(ξ) − J3(ξ)}

× ei(2∆ω+γ∆B)τ ei(∆ω+γ∆B)t2 ,

(7a)

and

M iDQC
+ (t2) = M0 sin2 β

2
{J1(ξ) − J3(ξ)}

× ei(∆ω+γ∆B)t2 , (7b)

where ξ = −γµ0M0 sinβ(t2 + TE), J1(ξ) and J3(ξ)
are the 1st and 3rd order Bessel functions, respec-
tively, and the optimal value for β is 2π/3.[30]

3. Materials and methods

All experiments were performed at 298 K on a
Varian 7.0 T/160 mm research MRI scanner system
with a 63/95 mm quad birdcage coil. The CSGs
were applied with a duration of 1.2 ms and variable
strengths. A pair of spoiled gradients were applied
with strength G′ = 0.1 T/m and duration δ′ = 1 ms.
The RF pulse flip angle β was 2π/3. A four-step
phase-cycling was used to select pure iDQC signal
and suppress conventional single-quantum coherence
(SQC) and other undesired signals from unexpected
coherence transfer pathways. The phases for the first
RF pulse and the receiver were (x, −x, y, −y) and (x,
x, −x, −x), respectively.[28]

A series of cylindrical plastic tubes with outer
diameters of 0.25, 0.50, 1.0, 2.0, 3.0 cm (the corre-
sponding inner diameters were 0.20, 0.43, 0.90, 1.84,
and 2.80 cm) filled with water mildly doped with 0.1%
CuSO4 were prepared for quantitatively studying the
properties of iDQC signal dips. The transverse relax-
ation time T2 of the sample measured with CMPG-T2
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sequence was 0.80 s. The actual residual field inhomo-
geneity ∆B was calculated according to the formula
∆B =

(
π∆υ1/2 − 1/T2

)
/γ, where ∆υ1/2 is the half-

height linewidth of a resonance. For the cylindrical
samples, the field inhomogeneities were set to be 5, 30,
50, and 100 Hz, respectively, by adjusting the electric
currents of shim coils. The π/2 RF pulse width was
36 µs. To demonstrate that the observed signals were
really from iDQCs, magic angle gradient experiments
were carried out by using the pulse sequences shown
in Figs. 1(a) and 1(b), respectively. The strength of
CSG was G = 0.1 × 10−2 T/m and the 4-step phase
cycling scheme was applied.

To further understand experimental results, com-
puter simulations were performed. The DDF was first
computed directly in the k-space from Eq. (3) with a
fifth-order Cash–Karp Runge–Kutta formalism.[26,31]

The result was then used to calculate the DDF in real
space and magnetization based on Eqs. (1) and (2),
respectively, which were used to calculate the DDF in
the k-space again. This iterative process was repeated
from t = 0 to tfinal. The sample was an homogeneous
spin system in a cylinder with a diameter of 3.75 mm
and a height of 38.75 mm, which was embedded in the
middle of a cuboid with a size of 5 mm×5 mm×40 mm.
The cuboid was represented by evenly distributed grid
points (64× 64× 512 points and the distance between

two adjacent points was 78.125 µm). The physical
parameters for the spin system were as follows: mag-
netization density M0 = 0.023 A/m (M0 = 0 outside
the cylinder), T1 = 1 s, T2 = 0.2 s, diffusion coef-
ficient DT = 3.0 × 10−9 m/s2, and frequency offset
∆ω = 0. The pulse sequence used in simulation was
the modified CRAZED sequence in Fig. 1(b). The pa-
rameters for the sequence were as follows: τ = 10 ms,
TE = 50 ms, the CSGs were applied along the z di-
rection with a duration of δ = 1.2 ms and variable
strength G to obtain different values of dipolar corre-
lation distance dc. The simulation program was writ-
ten in Matlab 7.0 (Mathworks, MA, USA).

4. Results and discussion

The one-dimensional (1D) NMR spectra from the
cylindrical water sample with 1.0 cm outer diameter
using the pulse sequences shown in Figs. 1(a) and 1(b)
are presented in Fig. 2. It shows that the signal inten-
sities acquired with the CSGs along the z direction are
about twice as strong as those acquired with the CSGs
along the x direction, but they are close to zero when
the CSGs are along the magic angle direction. This
indicates that the signals really come from iDQCs,
no matter whether the effect of field inhomogeneity is
eliminated, as expected theoretically.

(a) (b)

Fig. 2. The 1D NMR spectra from a cylindrical water sample with 1.0 cm outer diameter. Panel (a) indicates signals

from the pulse sequence shown in Fig. 1(a) with the CSGs along the z direction (left), the magic angle direction (middle)

and the x direction (right); and panel (b) exhibits signals corresponding to those in panel (a), from the pulse sequence

shown in Fig. 1(b).

To study iDQC signal dips, a series of one-

dimensional (1D) 1H iDQC spectra of water in an

NMR tube of 1.0 cm in outer diameter were acquired

with different strengths of CSGs. All experimental pa-

rameters were set to be the same except for the G val-

ues. The pulse sequence shown in Figs. 1(a) and 1(b)

were used. The plots of relative signal intensity versus

k (k = γGδ) are given in Fig. 3. For comparison, all

the signal intensities are relative to the first data point

which is normalized. The field inhomogeneities are 5,

30, 50, and 100 Hz, respectively. There are signal dips

no matter whether the influence of field inhomogeneity

is included. When the influence of field inhomogene-

ity is included, the positions of the dips shift with the

variation of field inhomogeneity.[32] The greater the

field inhomogeneity, the larger the absolute k value

is. The signal dips appear pairwise at both posi-

tive and negative k values. Furthermore, the degree

of signal dips decreases (i.e. larger signal intensity re-

mains) with the increase of field inhomogeneity. When
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Fig. 3. Variations of iDQC signal intensity of water in

a 1.0-cm cylindrical tube versus k (k = γGδ). The field

inhomogeneities were 5, 30, 50 and 100 Hz, respectively.

Panel (a) shows the case where the pulse sequence shown

in Fig. 1(a) is used; and panel (b) indicates the case where

the pulse sequence shown in Fig. 1(b) is used.

the influence of field inhomogeneity is eliminated, the
signal dips still exist (Fig. 3(b)), which is different
from previous observation.[22] In such a case, the dips
appear at almost the same positions under different in-
homogeneous field conditions. As shown in Fig. 3(a),
when the influence of inhomogeneous field is included,
a strongest iDQC signal is obtained at k = 0 (i.e. in
the absence of CSGs). On the contrary, the signal
intensity decreases when the inhomogeneous field is
eliminated at k = 0 (Fig. 3(b)). These results demon-
strate that the background inhomogeneous field plays
an important role in generating DDF in the absence
of CSGs. When the influence of field inhomogeneity
is eliminated by the π refocusing pulse, the DDF can
be restored only by the effect of sample geometry at
k = 0. Therefore, the DDF becomes very weak and
the signals decay quickly (Fig. 3(b)). On the other
hand, larger field inhomogeneity causes faster signal
attenuation. Thus the signal enhancement effect is
reduced when the field inhomogeneity reaches a cer-
tain extent (compare the results for ∆B = 100 Hz and

50 Hz around k = 0 in Fig. 3(a)). The order of sig-
nal intensities around k = 0 in Fig. 3(b) may follow
the same reason. Since the π refocusing pulse may
be imperfect in practical experiments, the influence of
inhomogeneous field cannot be completely eliminated.
Therefore, the signal is affected by the residual field
inhomogeneity at weak CSGs.

As the signal dips are located at both positive
and negative k positions symmetrically, to simplify
the analysis, we consider only the positive case. The
positive positions of signal dips for the samples in dif-
ferent cylindrical tubes are summarized in Table 1.
In previous studies, the occurrence of signal dips was
considered as an effect related to dipolar correlation
distance.[20,21] It was suggested that when the dipo-
lar correlation distance was comparable to the aver-
age length-scale of sample heterogeneity, a signal can-
cellation would occur. Our observation is consistent
with these studies. As shown in Table 1 when the
field inhomogeneity is eliminated, the values of dipo-
lar correlation distance dc (dc = π/γGδ) are about
(0.21±0.01), (0.46±0.02), (0.99±0.02), (2.06±0.02),
and (3.17 ± 0.01) cm close to the inner diameters of
sample tubes 0.20, 0.43, 0.90, 1.84, and 2.80 cm, re-
spectively.

The question is how the dipolar correlation dis-
tance and sample geometry take effect on the iDQC
signal amplitude and cause the signal dips. Consider
an infinitely long cylindrical sample with a diameter of
D. When the influence of field inhomogeneity is elim-
inated, the magnetization is spatially modulated only
by the external pulse field gradient G with duration
δ in the z direction. Simulations were performed in
this case. The simulation results are shown in Fig. 4.
The variations of DDF intensity along the z direction
under different dipolar correlation distances (i.e. dif-
ferent CSGs) are shown in Fig. 4(a). When the dipolar
correlation distance is set to be the sample diameter
(i.e. dc = D), the DDF amplitude reaches a minimum.
The DDF amplitude increases when dc deviates from
D. This indicates that the refocusing effect of DDF on
the magnetization would be is minimized in the case
of dc = D. As a consequence, the iDQC signal inten-
sity becomes weakest and a signal dip appears when
dc = D. This is verified by the variations of iDQC
signal intensity profiles shown in Fig. 4(b).
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Fig. 4. Simulation results of the variations of DDF and

iDQC signal intensities in a cylindrical tube along the z

direction and in the xy plane under different dipolar cor-

relation distances. Panel (a) shows the variations of DDF

intensity along the z direction; and panel (b) exhibits the

variations of iDQC signal intensity profile along the x di-

rection.

When the influence of inhomogeneous field cannot
be neglected, i.e, an internal magnetic field gradient
Ginternal exists in the sample, the coherence between
spins due to the external CSG G is destroyed. More-
over, the field inhomogeneity may cause additional
spatial modulation of the transverse magnetization.
In such a case, the magnetization is spatially mod-
ulated by the effective magnetic field gradient which
can be expressed as Geff = G + Ginternal. The mag-
netization would then form a complex spatial helix.
When Ginternal value is much smaller than G, it can
be neglected and Geff ≈ G. In other words, the signal
dips are hardly affected by the inhomogeneous field.
However, with the increase of inhomogeneous field,
Ginternal value increases too. To overcome the addi-
tional spatial modulation of transverse magnetization
caused by Ginternal and make the modulation effect
the same as the case of dc = D, the strength of ex-
ternal gradient G must be varied consequently. The
greater the Ginternal, the greater the G must be. Con-
sequently, the positions of signal dips deviate from
k = γGδ and shift toward larger k values with the
increase of Ginternal. Furthermore, the signal intensity
increases slightly at the positions of signal dips with
the increase of Ginternal. This may be because the
larger Ginternal value corresponds to the larger G value
(i.e. the larger DDF) at the positions of signal dips.
Accordingly, the degree of signal dip becomes weaker
under larger inhomogeneous field. This is what we see
in Fig. 3 and Table 1.

Table 1. Positive positions of the signal dips observed with different cylindrical tubes under different inhomogeneous

fields.

Inner diameter of Residual field k value at signal dip/cm−1 Average dc in scheme 2#

sample tube/cm inhomogeneity/Hz Scheme 1# Scheme 2# at a signal dip/cm

0.20 5 2.38 2.37

30 2.44 2.37 0.21 ± 0.01
50 2.55 2.38

100 2.72 2.38

0.43 5 1.11 1.09

30 1.16 1.09 0.46 ± 0.02
50 1.23 1.09

100 1.33 1.10

0.90 5 0.46 0.47

30 0.50 0.51 0.99 ± 0.02
50 0.55 0.52

100 0.61 0.52

1.84 5 0.24 0.24

30 0.27 0.24 2.06 ± 0.02
50 0.31 0.24

100 0.39 0.25

2.80 5 0.15 0.15

30 0.18 0.16 3.17 ± 0.01
50 0.22 0.16

100 0.29 0.16
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The appearance of iDQC signal dips can be fur-
ther verified in iDQC MRI as shown in Fig. 5. The
sample was water in two cylindrical tubes with 0.25 cm
and 3.0 cm in outer diameter (inner diameters are
0.20 cm and 2.80 cm, respectively). In Fig. 5(a),
k = 2.38 cm−1 corresponds to a position of signal
dip for the small tube (Table 1), therefore the signal
intensity from the small tube approaches to a mini-
mum, while the signal intensity from the large tube is
not affected. In Fig. 5(b), k = 0.16 cm−1 corresponds
to a position of signal dip for the large tube, so the
result is contrary to the former. An iDQC image with
G = 0.04 T/m is given in Fig. 5(c) for comparison.
This CSG setting is not related to any signal dip. All
the signal profiles are shown in Fig. 5(d). The signal
intensity of water in the small tube at the signal dip
is about 0.54 times that at G = 0.04 T/m, while for
the large tube this ratio becomes about 0.42.
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Fig. 5. Images and corresponding signal profiles of a

2-mm slice of water in two cylindrical tubes with 0.25

and 3.0 cm in outer diameter (0.20 cm and 2.80 cm in-

ner diameter, respectively) obtained with different k val-

ues using the pulse sequence shown in Fig. 1(d), with

G = 0.47 × 10−2 T/m and k = 2.38 cm−1 (a); G =

0.3 × 10−3 T/m and k = 0.16 cm−1 (b); G = 0.04 T/m

and k = 18.4 cm−1 (c). Panel (d) shows profiles of panels

(a)–(c). The field of view (FOV) = 60 mm × 60 mm and

matrix size = 256 × 256.

5. Conclusion

The CRAZED sequence is modified to investi-
gate the signal dip in iDQC NMR spectroscopy and
MR imaging. The occurrence of signal dips is related

to sample geometry, inhomogeneous field and CSGs.
When the influence of field inhomogeneity is elimi-
nated, the signal dips will stably appear at the po-
sition of k = γGδ if the dipolar correlation distance
is equal to the geometric size of the sample. This
feature of iDQC signal may offer a unique way to in-
vestigate porous structure and may find applications
in biomedicine and materials science.
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