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Abstract

Two new NMR pulse sequences, based on intermolecular multiple-quantum coherences (iMQCs), were developed to obtain apparent
J coupling constants with a scaling factor from one to infinity relative to the conventional J coupling constants. Here the apparent J

coupling constants were defined as apparent peak separations in unit of Hz in a reconstructed spectrum for a coupled spin system. Except
for the adjustable scaling factor for apparent J coupling constants, the sequences hold the advantage of high acquisition efficiency, and
retain the spectral information such as chemical shifts, multiplet patterns, and relative peak areas under inhomogeneous fields. For spin
systems with small scalar coupling constants, well-resolved J-spectra can be achieved by selecting a proper scaling factor. Theoretical
predictions are in good agreement with simulation results and experimental observations.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

High-resolution nuclear magnetic resonance (NMR)
spectra can provide useful information of chemical shifts,
J coupling constants, multiplet patterns, and relative peak
areas for structure identification. For conventional high-
resolution liquid NMR experiments, the homogeneity of
magnetic field exceeding 10�8 is often required. However,
there are many circumstances where homogeneity of the
magnetic field is degraded due to intrinsic variation in mag-
netic susceptibility at the interface of various structural
components over a sample volume, such as heterogeneous
tissues in human or animal in vivo NMR, rock samples for
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oil exploration and porous resin beads in combinational
chemistry. These field inhomogeneities often cannot be
completely eliminated with a conventional field shimming
method. Variation in spatial and temporal homogeneity
of the magnetic field may produce spurious field gradients
which will broaden resonance lines and obscure fine spec-
tral features.

Besides recent improvements in shimming techniques
[1,2], many methods have been developed to address the
above problem and to extract high-resolution NMR infor-
mation from spectra acquired in inhomogeneous magnetic
fields. Blümich and co-workers developed a unilateral and
mobile NMR sensor for high-resolution NMR spectra at
low magnetic field strengths [3,4]. More recently, a method
to obtain high-resolution spectroscopy of rat brain in vivo

was proposed via detecting intra-molecular zero-quantum
coherence [5]. Although these techniques can partially
remove inhomogeneous broadening, they cannot provide
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Fig. 1. J-scaling pulse sequences for high-resolution spectra in inhomo-
geneous fields via intermolecular multiple coherences. (a) J-scaling iMQC-
1, SF P 3 with 0 < m 6 1/2, (b) J-scaling iMQC-2, 1 6 SF 6 3 with
0 6 m 6 1. Full vertical bars stand for non-selective RF pulses. Gauss-
shaped pulses are frequency-selective, with the three selective RF pulses
exciting S, I, and I components, respectively, (indicated by S, I, and I

under each pulse). The phases of the RF pulses are indicated by subscripts.
The dash rectangles stand for correlation gradients.
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correct multiplet patterns and relative peak areas. In the
past 10 years, intermolecular multiple-quantum coherences
(iMQCs) caused by long-range dipolar interactions have
generated tremendous interests [6–9]. Sequences based on
iMQCs among spins in different molecules were designed
to obtain high-resolution information, such as chemical
shifts, J coupling constants, multiplet patterns and relative
peak areas, under inhomogeneous fields. Since intermolec-
ular dipolar interactions are effective in the range of 5–
500 lm which is far smaller than typical sample dimen-
sions, it is intuitively attractive for NMR spectroscopy in
inhomogeneous fields. Warren and co-workers proposed
a few pulse sequences based on intermolecular zero-quan-
tum coherences (iZQCs): HOMOGENIZED (HOMOGe-
neity ENhancement in Intermolecular ZEro-quantum
Detection) [10], composite CPMG-HOMOGENIZED
[11], and ultrafast iZQC 2D spectroscopy technique [12].
We have also designed some pulse sequences based on
iZQCs and intermolecular double quantum coherences
(iDQCs), including SEL-HOMOGENIZED (SELective
HOMOGENIZED) [13] and IDEAL (Intermolecular
Dipolar-interaction Enhanced All Lines) [14]. Recently,
Faber and co-workers proposed some sequences similar
to SEL-HOMOGENIZED [15,16]. Although all these
schemes [10–13,15,16] can retain useful spectral informa-
tion, the obtained apparent J coupling constants, defined
as apparent peak separations in unit of Hz in a recon-
structed spectrum for a coupled spin system, remain the
same value as conventional J coupling constants except
for IDEAL [14], with which the apparent J coupling con-
stants were obtained with a scaling factor (SF) of 3 relative
to the conventional J coupling constants. Therefore, these
schemes may not be suitable for accurate measurements
of scalar coupling constants for the spin systems with small
J coupling constants under inhomogeneous fields.

The importance of accurate J coupling constants has
long been recognized. Some in vivo spectroscopists pay
their attention to obtain exact values of J coupling con-
stants and chemical shifts, which are required for spectral
fitting in in vivo spectral analysis. However, not all J cou-
pling constants (especially small J coupling constants) are
known under in vivo conditions. Moreover, J coupling con-
stants and chemical shifts may vary from in vitro to in vivo

due to the changes of molecular environment, cation bind-
ing, temperature, ionic strength and pH, etc [5]. In addi-
tion, it is hard, even impossible, to acquire accurate
values in many other cases, especially for systems with
small coupling constants close to the value of the spectral
linewidth. Some pulse sequences, data processing methods
and special devices were developed to evaluate coupling
constants. Based on conventional single-quantum coher-
ences (SQCs) or intramolecular multiple quantum coher-
ences, several pulse sequences, such as MJ-HMQC and
MJ-HSQC, were designed to obtain apparent J coupling
constants with a scaling factor for precisely measuring
the constants of several Hertz in homogeneous fields [17–
19]. Sequences to obtain selective J-resolved spectra, which
can reveal mutual couplings between single spin pairs, were
proposed to obtain accurate homonuclear coupling con-
stants [20,21]. These sequences are, however, not suitable
for obtaining simultaneously the useful spectral informa-
tion, such as chemical shifts, J coupling constants, multi-
plet patterns, and relative peak areas in inhomogeneous
fields. On the other hand, the data processing methods
for measuring small J coupling constants [22–24], such as
J-doubling and ACCA (Automatic Coupling Constants
Analyzer), require high quality experimental spectra with
well-resolved and baseline-corrected multiplets, which is
difficult to obtain in inhomogeneous fields. In nanotesla
magnetic fields, heteronuclear J coupling constants are
obtained using special equipments, such as superconduc-
ting quantum interference device (SQUID) sensors, in the
absence of chemical shifts [25].

The purpose of present work is to design new pulse
sequences with which to obtain apparent homonuclear J

coupling constants with a scaling factor in a large range
while retaining the conventional high-resolution spectral
information of chemical shifts, multiplet patterns, and rel-
ative peak areas for various spin systems and/or in inho-
mogeneous fields. The new sequences, named J-scaling
iMQC-1 and J-scaling iMQC-2, respectively, are devised
based on iMQC acquisitions with three evolution periods
and three gradient pulses. Theoretically they can provide
a scaling factor for apparent J coupling constants ranging
from one to infinity, selected optimally for a specific spin
system to obtain the precise values of conventional J cou-
pling constants. Moreover, the new sequences are highly
time-efficient with narrow spectral width sampled in the
indirect dimension.
2. Theoretical formalism

The designed pulse sequences of J-scaling iMQC-1 and
J-scaling iMQC-2 are shown in Fig. 1. The variable m in
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J-scaling iMQC-1 is limited in the range of 0 < m 6 1/2,
while it is 0 6 m 6 1 in J-scaling iMQC-2. A homogeneous
liquid mixture is taken as an example, which consists of an
AX spin-1/2 system of S component (including Sk and Sl

spins with a scalar coupling constant Jkl) and a single
spin-1/2 system of I component. It is assumed that the I
component (corresponding to solvent) is abundant and S

component (corresponding to solute) is either abundant
or dilute. Assume that Xq is the frequency offset of spin q

(q = I, Sk, Sl) in the rotating frame in the absence of field
inhomogeneity, and DB(r) is the inhomogeneous field at
position r. When the spatial position-dependent magnetic
field is taken into account, the frequency offset, Xq(r), of
the q spin at position r is given by

XqðrÞ ¼ xq þ c � DBðrÞ; ðq ¼ I ; Sk; SlÞ; ð1Þ

where c is the gyromagnetic ratio. Eq. (1) suggests that the
magnetic field inhomogeneity causes a shift of angular fre-
quency from the resonance frequency xq.

In the following, theoretical expressions of the spin evo-
lutions under the pulse sequences of J-scaling iMQC-1 will
be derived from the iMQC treatment. For simplification,
the effects of radiation damping, diffusion, relaxation,
and intermolecular nuclear Overhauser effect (NOE) are
ignored, and the correlation gradients are applied along z

direction. For J-scaling iMQC-1, the three selective
radio-frequency (RF) pulses excite S, I, and I components
respectively (indicated by S, I, and I under each pulse). The
first selective ðp=2ÞSy RF pulse rotates the magnetization
density of S component into the transverse plane. After
dropping unimportant factors and terms, we can express
the single-quantum term IzSkx in the reduced density oper-
ator using raising and lowering operators,

rð0þÞ ¼
XNS

i¼1

XNI

j¼1

IzjSkxi ¼
XNS

i¼1

XNI

j¼1

1

2
IzjS

þ
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2
IzjS

�
ki; ð2Þ

where Skxi represents the x component of the i-th spin Sk

operator, Izj represents the z component of the j-th spin I
operator, and NS and NI are the molecular numbers of
the solute (S component) and solvent (I spin) respectively.
The spin density operators evolve under the chemical shift,
scalar coupling, and magnetic field gradient during the first
evolution period (0.5 � m)t1. It is well known that all den-
sity operator components except coherence order p = �1
are unobservable and can be disregarded during the detec-
tion period [26]. In the case of J-scaling iMQC-1, only the
term I zS

þ
ki in Eq. (2) is chosen by the correlation gradients.

We have

r½ð0:5� mÞt�1 � ¼
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i¼1

XNI

j¼1
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2
IzjfSþki cos½pJ klð0:5� mÞt1�

� i2SþkiSlzi sin½pJ klð0:5� mÞt1�ge�i½2uðriÞ�

� e�i½Xski ðriÞ�ð12�mÞt1 : ð3Þ

The phase angle at positions ri for Sþki due to the first cor-
relation gradient is 2u(ri) = 2cGdsi, where si is the locations
of the i-th spin Sk along the gradient direction s. The sec-
ond selective ðp=2ÞIy RF pulse converts Izj into
ð0:5Iþj þ 0:5I�j Þ, and only the double-quantum terms are
chosen by the correlation gradients. We have

r½ð0:5� mÞtþ1 � ¼
XNs

i¼1

XNI

j¼1
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The spin density operators evolve under the chemical
shift, scalar coupling, and magnetic field gradient during
the second evolution period mt1.
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The phase angle at position rj for Iþj due to the correlation
gradient is u(rj) = cGdsj, where sj is the locations of the j-th
spin I along the gradient direction s. The third selective
ðp=2ÞIy RF pulse converts Iþj into ð0:5Iþj � 0:5I�j � I zjÞ.
The fourth non-selective (p)y RF pulse flips the coherence
order from SþkiI zj to S�kiI zj. Since there are no subsequence
pulses, we only need to consider the SQC terms which con-
tribute to the observable signal. We have
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When the magnetic field gradient, chemical shift, dipolar
coupling, and scalar coupling are all taken into account
during the period t1/2 + t2, the observable signal at the
detection period can be written as

rðt1 þ t2Þ ¼ �
i
8

XNS

i¼1

XNI

j¼1

S�ki cos½pJ klðt1 þ t2Þ�

� sin 1:5Dij
1

2
t1 þ t2

� �� �

� e�i½�uðriÞþuðrjÞ�ei½XSki
ðriÞ�t2 e�i½XIj ðrjÞ�mt1 ; ð7Þ

where Dij is the residual intermolecular dipolar coupling
constant. Since Dij is very small in a usual case, we have
sin½1:5Dijð0:5t1 þ t2Þ� � 1:5Dijð0:5t1 þ t2Þ when 1:5Dijð0:5t1

þt2Þ � 1. Therefore, Eq. (7) can be simplified to
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For simplicity, only the case of an isotropic sample will be
considered under a small linear inhomogeneous magnetic
field along the direction of the correlation gradients. We
have
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rðt1 þ t2Þ ¼
ð0:5t1 þ t2ÞiDs
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where kT
�hxI

is the reciprocal of Boltzmann factor; sI
d � 1

cl0MI
0

,
is the dipolar demagnetizing time, in which MI

0 is the mag-
netization of spin I, l0 is the vacuum permeability; and
Ds � ½3ð̂s�̂zÞ
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2

.
Eq. (9) shows that the centers of intermolecular cross-

peaks in the resulting 2D NMR spectrum locate at
ðmxI � pJ kl;xSk þ pJ klÞ and ðmxI þ pJ kl;xSk � pJ klÞ,
respectively. If the frequency offset of I spin is set to zero,
i.e. XI = 0, the intermolecular cross peaks between the I

and S spins will center at ð�pJ kl;xSk þ pJ klÞ and
ðpJ kl;xSk � pJ klÞ. Eq. (9) implies that all the streaks in
the 2D spectrum occupy only a narrow range of frequency
in the F1 dimension. This enables a substantial decrease of
the F1 spectral width that needs to be sampled, and greatly
reduces experimental time and data space. From Eq. (9), it
also can be seen that all steaks lie along the direction / =
arctg(m), where / is the angle of spectral peaks relative to
the F2 axis. This indicates that using J-scaling iMQC-1, the
apparent J coupling constants will be obtained with a scal-
ing factor SF ¼ 1þ 1

m with 0 < m 6 1
2

when the streaks are
projected onto the F2 dimension after a counterclockwise
rotation of p/2 � /.

When the J-scaling iMQC-2 pulse sequence is employed,
the resulting signal of the same sample can be deduced sim-
ilarly. The observable signal at the detection period can be
expressed as

rðt1þ t2Þ¼
ð0:5t1þ t2ÞiDs

16sI
d
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�
: ð10Þ

Eq. (10) shows that the centers of the intermolecular cross-
peaks appear at ð1þm

2
xI � ð1� mÞpJ kl;xsk þ pJ klÞ and

ð1þm
2

xI þ ð1� mÞpJ kl;xsk � pJ klÞ, respectively. If the fre-
quency offset of I spin is set to zero, i.e. XI = 0, the inter-
molecular cross-peaks between I and S spins then center
at ð�ð1� mÞpJ kl;xsk þ pJ klÞ and ðð1� mÞpJ kl;xsk � pJ klÞ.
Similar to J-scaling iMQC-1, a narrow F1 spectral width
can satisfy the experimental requirement when J-scaling
iMQC-2 is employed. From Eq. (10), it can be seen that
all streaks lie along the direction / ¼ arctgð1þm

2
Þ, where /

is the angle of spectral peaks with respect to the F2 axis.
Projecting the streaks onto the F2 dimension after a coun-
terclockwise rotation of p/2 � /, the scaling factor for
apparent J coupling constant in resulting spectrum is given
by: SF ¼ 3�m

1þm with 0 6 m 6 1.
The above analysis suggests that although the two

sequences in Fig. 1 employ the same number of selective
p/2 pulses, non-selective p pulse, and gradient pulses, the
difference in their positions (i.e. the time they are applied)
results in different apparent J coupling constants: the scal-
ing factor ranges from three to infinity for J-scaling iMQC-
1, and from one to three for J-scaling iMQC-2. With these
two sequences, a well-resolved J-spectrum for system with
small scalar coupling constants can be achieved by select-
ing an optimal scaling factor while retaining the conven-
tional spectral information of chemical shifts, J coupling
constants, multiplet patterns, and relative peak areas.

3. Experiments and simulations

All experiments were performed at 298 K using a
500 MHz Varian NMR System spectrometer and a 5 mm
indirect detection probe with three-dimension gradient
coils. In order to test the scaling ability of the proposed
pulse sequences for apparent scalar coupling constants, a
sample of mixture of methyl ethyl ketone (MEK,
CH3COCH2CH3) and cyclohexane (C6H12) was used.
About 25% (by volume) acetone-d6 was added to the sam-
ple for field lock and shimming as well as for reducing the
effects of radiation damping. The gradient with strength G

of 0.05 T/m and duration d of 1.2 ms was applied. To fur-
ther suppress the radiation damping during the evolution
and detection periods, the width of the p/2 hard RF pulse
was extended to 67 ls by deliberately detuning the probe.
Although detuning the probe also causes signal loss, it is
necessary for suppressing the radiation damping effects
which influence the detection of iMQC signal. The selective
p/2 Gaussian pulse for solvent had a width of 9.4 ms and
was frequency selective for the solvent peak. The pulse
for the selection of solute consists of a p/2 hard pulse
and a selective p/2 pulse with an opposite phase for solvent.
The spectral width of F1 dimension was 50 Hz in 30 incre-
ments, and was 1200 Hz for F2 dimension. The pulse rep-
etition time was 3.0 s and the acquisition time t2 was 0.6 s.
The total experimental time was about 2 min. The signal
was zero filling to 512 · 4096 before a regular FFT process.

The ability of the proposed pulse sequences for enhanc-
ing spectral resolution in systems with small J coupling
constants was tested using a sample of histidine aqueous
solution. D2O was added to the sample for field lock and
shimming as well as for reducing the effects of radiation
damping. The gradient with strength G of 0.04 T/m
and duration d of 1.2 ms was applied. The width of the
RF p/2 hard pulse was extended to 19 ls by deliberately
detuning the probe. The selective p/2 Gaussian pulse for
solvent had a width of 5.8 ms and was frequency selective
on the solvent peak. The spectral width of F1 dimension
was 60 Hz in 90 increments, and was 3200 Hz for F2
dimension. The pulse repetition time was 6.0 s and the
acquisition time t2 was 0.3 s. The total experimental time
was about 11 min. The signal was zero filling to
1024 · 8192 before a regular FFT process. All the acquired
1D spectra are displayed in the phase mode while 2D spec-
tra and their 1D projections in the magnitude mode.

In order to verify the theoretical predictions and exper-
imental observations, the modified Bloch equations were
used to simulate 2D spectra of a mixture of methyl ethyl
ketone and cyclohexane based on a simulation algorithm



Fig. 2. 1D 1H NMR spectra of the mixture of methyl ethyl ketone
(CH3COCH2CH3) and cyclohexane (C6H12). (a) Conventional 1D high-
resolution spectrum acquired in a well-shimmed field, (b) 1D spectrum in
an inhomogeneous field of about 30 Hz linewidth (phase mode), (c)
accumulated projection of the sheared experimental spectrum shown in
Fig. 3b, (d) accumulated projection of the sheared experimental spectrum
shown in Fig. 4b, (e) accumulated projection of the sheared simulation
spectrum shown in Fig. 3d, and (f) accumulated projection of the sheared
simulation spectrum shown in Fig. 4d. Insets are magnified in both vertical
and horizontal directions.
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presented previously [27]. The parameters for the simula-
tions were chosen to be as close to the experimental ones
as possible.

4. Results and discussion

Spectra of methyl ethyl ketone and cyclohexane are
shown in Figs. 2–4. Conventional 1D spectrum of the sam-
ple in a homogeneous magnetic field was first acquired, as
shown in Fig. 2a. The magnetic field was then intentionally
deshimmed to produce a linewidth of 	30 Hz (phase
mode). The resulting 1D spectrum is illustrated in
Fig. 2b. The 2D spectra from J-scaling iMQC-1 sequence
with m = 1/4 and J-scaling iMQC-2 sequence with m = 1/
3 were acquired and simulated under the same inhomoge-
neous field. The results are shown in Figs. 3 and 4. The pro-
jection of Fig. 3a onto the F2 dimension after a
counterclockwise rotation of 75.96� is shown in Fig. 2c,
and the projection of Fig. 4a after a counterclockwise rota-
tion of 56.31� is shown in Fig. 2d. The corresponding sim-
ulated results are shown in Fig. 2e and f. It can be seen that
the projected spectra maintain chemical shifts, relative
peak areas, and multiplet patterns while inhomogeneous
broadening is suppressed. Moreover, the J splitting dis-
tances are apparently 5-fold magnified in Fig. 2c and e
and 2-fold magnified in Fig. 2d and f compared to
Fig. 2a, which agree well with the theoretical predictions.
An apparent magnification of J splits allows more accurate
measurement of small J coupling constants. Since J split-
ting distances obtained with these sequences are SF times
of the conventional ones, appropriate relations between
SF and time delay factor m need to be used for calculating
the true J values, as discussed in the Theoretical Formalism

section.
As mentioned earlier, all the streaks in the 2D spectra

from the pulse sequences in Fig. 1 align along the center
of the F1 dimension. This enables a substantial decrease
of the F1 spectral width that needs to be sampled, and
leads to reduced experimental time, data size, and data pro-
cessing time.

Since the SF P 1 for both sequences, they are suitable
for weakly coupled spin systems. The J-scaling iMQC-1
sequence with scaling factor in the range of three to infinity
is especially suitable for extremely weakly coupled spin sys-
tems. The parameter m can be determined depending upon
the spectral features to achieve an optimal result. Since
large scaling factor may lead to overlap of spectral peaks,
SF = 1 may be the best choice for strongly coupled spin
systems.

The linewidth in the indirect dimension of an iMQC
spectrum depends on several factors including transverse
relaxation, diffusion, inhomogeneous fields in the dipolar
correlation distance, and dipolar field. It is difficult, even
impossible, to obtain a quantitative relationship between
all these factors and linewidth. The linewidth of the recon-
structed 1D high-resolution spectrum will increase with the
increase of scaling factor. However, increase of the line-
width is at a slower rate than that of the scaling factor.
Therefore, the spectral resolution enhances as a whole even
in the presence of field imhomogeneity.

Experimental results of histidine aqueous solution are
shown in Figs. 5 and 6, for testing the ability of J-scaling
iMQC-1 in differentiating spin systems with small J cou-
pling constants. The structure of histidine is given on the



Fig. 3. 2D 1H NMR spectra of the mixture of methyl ethyl ketone and cyclohexane using the J-scaling iMQC-1 pulse sequence in the same
inhomogeneous field as Fig. 2b. (a) Experimental spectrum with m = 1/4, (b) sheared spectrum of (a) after a counterclockwise rotation of 75.96�, (c)
simulated spectrum corresponding to (a), and (d) simulated spectrum corresponding to (b).

Fig. 4. 2D 1H NMR spectra of the mixture of methyl ethyl ketone and cyclohexane using the J-scaling iMQC-2 pulse sequence in the same
inhomogeneous field as Fig. 2b. (a) Experimental spectrum with m = 1/3, (b) sheared spectrum of (a) after a counterclockwise rotation of 56.31�, (c)
simulated spectrum corresponding to (a), and (d) simulated spectrum corresponding to (b).
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top left of Fig. 5. There are five multiplets in its 1H NMR
spectrum (denoted as A, B, C, D and E) using conventional
single-pulse sequence as shown in Fig. 5a. Scalar couplings
exist between A and B, B and D, B and E, C and D, C and
E, and D and E. The coupling constants JAB, JBD and JBE

are small, while JCD, JCE and JDE are large. Fig. 5a shows
that the J coupling information is limited even though the
sample is placed in a well-shimmed magnetic field. Fig. 5b
shows that all the J coupling information is vanished under
an inhomogeneous field of about 30 Hz linewidth (phase
mode). Fig. 6a displays the 2D spectrum obtained from
J-scaling iMQC-1 with m = 1/10 under the same inhomo-
geneous field as Fig. 5b. Fig. 6b shows the sheared spec-
trum of Fig. 6a after a counterclockwise rotation of
84.29�. The multiplet of A appears as a well-resolved dou-
blet in Fig. 6, which cannot be resolved well even in a well-
shimmed field (see Fig. 5a), and JAB can be obtained from
projection onto the F2 dimension. Although the multiplet



Fig. 5. 1D 1H NMR spectra of histidine aqueous solution. (a) Conventional 1D high-resolution spectrum acquired in a well-shimmed field, and (b) 1D
spectrum in an inhomogeneous field of about 30 Hz linewidth (phase mode). The peaks marked by * are truncated due to their strong intensities. Insets are
magnified in both vertical and horizontal directions. The structure of histidine is shown in the block on the top left.
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of B is not well resolved in Fig. 6, the J coupling constants
JAB, JBD and JBE can be measured from the multiplets of
A, D and E, respectively. The resolution of multiplet C
in Fig. 6 is much better than that in Fig. 5a. The eight split-
ting peaks are clearly seen for the multiplets D and E.
Although some J coupling constants still cannot be
obtained from the accumulated projection, they can be
acquired directly from the 2D spectrum of Fig. 6b. The dis-
tance between lines 1 and 2 is 11 times of the value of JBD,
and the distance between lines 3 and 4 is 11 times of the
value of JBE (see expanded region of D and E in Fig. 6b).

For comparison, a conventional homonuclear 2D J-
resolved spectrum of the histidine aqueous solution with
water pre-saturation under a homogeneous field (data not
shown) was measured. The results obtained from J-scaling
iMQC-1, JAB = 1.38 Hz, JBD = 1.09 Hz, JBE = 0.91 Hz,
JCD = 4.74 Hz, JCE = 8.00 Hz, and JDE = 15.47 Hz, are
in excellent agreement with those obtained from the 2D
J-resolved spectrum, JAB = 1.40 Hz, JBD = 1.04 Hz,
JBE = 0.89 Hz, JCD = 4.74 Hz, JCE = 7.99 Hz, and
JDE = 15.48 Hz. It is noted that the J-scaling iMQC-1
method has the advantage that it can be used to
obtain high-resolution 1D spectra under inhomogeneous
fields, which cannot be realized using the conventional
2D J-resolved method. Compared to the J coupling con-
stants (JCD = 4.81 Hz, JCE = 7.96 Hz, JDE = 15.51 Hz,
JA-NH = 1.07 Hz, JB-NH = 1.20 Hz and JBD = JBE =
0.72 Hz) reported previously [28], the three sets of JCD,
JCE, and JDE values agree well with each other. However,
the values and/or assignments of the small J coupling con-
stants of JA-NH, JB-NH, JBD, and JBE reported in reference
[28] are different from those obtained from the conven-
tional 2D J-resolved and J-scaling iMQC-1 results. This
may be because histidine sample of a slightly different com-
position was used and/or the 1D measurements were not
performed under ideal conditions such as with appropriate
shimming and sensitivity in the reference [28]. To further
verify our assignments, we also performed a long-range
H-H COSY experiment under a homogeneous field (data
not shown). The result indicates that proton A couples with
proton B. This is different from the assignment that proton
A couples with the proton of the NH group in reference
[28].

Incomplete revelation of the eight peaks of multiplet B
as seen in Fig. 6 is probably due to the fact that the relation
JBD + JBE > JAB (JAB is the largest J coupling constants



Fig. 6. 2D 1H NMR spectra of histidine aqueous solution using the J-scaling iMQC-1 pulse sequence with m = 1/10 in the same inhomogeneous field as
Fig. 5b. (a) Experimental spectrum, (b) sheared spectrum of (a) after a counterclockwise rotation of 84.29�. Regions A, B, C, D, and E are magnified in
both vertical and horizontal directions in both (a) and (b).
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among these three small J coupling constants) results in
overlapping of the eight splitting peaks.

It is important to determine the scaling factor by choosing
a proper value for parameter m. If the scaling factor is too
small, the splitting of resonances may not be measured accu-
rately. For the histidine aqueous solution, eight splitting
peaks of multiplet E would be difficult to resolve if parameter
m was set to 1/5 (data not shown). On the other hand, an
excess large scaling factor is not desired either because over-
lap of spectral peaks will aggravate under this condition. For
an unknown sample, a small scaling factor for assignment of
the spectral peaks and a big scaling factor for splitting condi-
tion may be needed, and an optimal parameter m (scaling
factor) should be selected accordingly.
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5. Conclusions

Two new pulse sequences, J-scaling iMQC-1 and J-scal-
ing iMQC-2, with three selective RF pulses and three gra-
dient pulses were devised to obtain apparent J coupling
constants with a scaling factor in the range of one to infin-
ity for high-resolution spectra in inhomogeneous fields with
2D acquisitions. The intermolecular MQC treatment was
utilized to derive analytical expressions of signals. Com-
pared to the existing pulse sequences for high-resolution
spectra in inhomogeneous fields, the new sequences are
suitable for various kinds of weakly and moderately
strongly coupled spin systems to achieve a better resolution
while retaining the conventional spectral information
including chemical shifts, J coupling constants, multiplet
patterns, and relative peak areas. All experimental observa-
tions and simulated results are in excellent agreement with
the theoretical predictions. In view of the ability of obtain-
ing apparent J coupling constants with a scaling factor
large than one and extracting high-resolution spectra under
inhomogeneous fields, the techniques proposed herein may
be used in localized spectroscopy for improving prior
knowledge of J coupling constants and chemical shifts
required for spectral fitting and in situ analysis of chemical
systems. The low SNR and sensitivity of iMQC signals
compared to conventional SQCs remains an issue for
potential applications. Improved experimental conditions
such as higher magnetic fields will partially remedy the
issue. Based on the similar concepts, design of new pulse
sequences is under way to obtain apparent J coupling con-
stants with a scaling factor small than one for spectral sim-
plification of strongly coupled spin systems.
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