
Journal of Magnetic Resonance 211 (2011) 162–169
Contents lists available at ScienceDirect

Journal of Magnetic Resonance

journal homepage: www.elsevier .com/locate / jmr
Fast high-resolution 2D correlation spectroscopy in inhomogeneous fields
via Hadamard intermolecular multiple quantum coherences technique

Congbo Cai, Fenglian Gao, Shuhui Cai, Yuqing Huang, Zhong Chen ⇑
Departments of Electronic Science and Communication Engineering, Fujian Key Laboratory of Plasma and Magnetic Resonance,
State Key Laboratory for Physical Chemistry of Solid Surfaces, Xiamen University, Xiamen 361005, PR China

a r t i c l e i n f o a b s t r a c t
Article history:
Received 27 January 2011
Revised 15 April 2011
Available online 23 May 2011

Keywords:
Intermolecular multiple quantum
coherence
Hadamard
COSY
High-resolution spectra
Inhomogeneous field
1090-7807/$ - see front matter � 2011 Elsevier Inc. A
doi:10.1016/j.jmr.2011.05.008

⇑ Corresponding author. Fax: +86 592 2189426.
E-mail address: chenz@xmu.edu.cn (Z. Chen).
Recently, a method based on intermolecular multiple quantum coherences (iMQCs) has been proposed to
obtain high-resolution 2D COSY spectra in inhomogeneous fields via 3D acquisitions. However, the very
long acquisition time prevents its practical application. To overcome this shortage, the Hadamard tech-
nique was applied for the iMQC method in this paper. For the new pulse sequence, the direct frequency-
domain excitation is used in the first indirect detection dimension, so the 3D acquisition was replaced by
an array of 2D acquisitions. The acquisition time can be reduced to 10 min. The resulting spectra retain
useful structural information including chemical shifts and multiplet patterns of J coupling even when
the inhomogeneous line broadening leads to overlap of neighboring diagonal resonances in the conven-
tional COSY spectrum. The experimental results are consistent with the theoretical predictions and com-
puter simulations. The new sequence may provide a time-efficient way for the studies of chemical
solution in inhomogeneous fields.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

High-resolution 2D homonuclear correlation spectroscopy
(COSY) contains useful information such as chemical shifts, scalar
coupling constants, and multiplet patterns, and capable of analyz-
ing molecular structures and compositions [1,2]. It has found many
applications since its establishment [3]. However, the homogeneity
of magnetic field of the order of 10�8 over the sample volume is
usually required for a high-resolution 1H–1H COSY spectrum. This
cannot be satisfied in some circumstances [4,5], which results in
broadened linewidth and low spectral resolution. Consequently,
much spectral information would be lost, such as scalar coupling
constants and multiplet patterns.

Intermolecular multiple quantum coherences (iMQCs) possess
interesting properties [6–8]. One of the attractive properties is that
they can be used to encode material geometry over intermediate
length scales, no matter it is contained inside an imaging voxel
or buried in the total signal [9]. This unique property has been uti-
lized to provide distance-selected contrast sensitive to differences
in resonance frequency and magnetization density [10,11]. It can
also be applied for in vivo high-resolution NMR spectra [12–14].
Compared to a conventional spectrum in which the linewidth is
determined by the homogeneity of a magnetic field across the
sample, the linewidth in a high-resolution 1D iMQC spectrum
ll rights reserved.
generally results from the relative homogeneity of a magnetic field
within the dipolar correlation distance [15,16].

Recently, one iMQC method was proposed to obtain high-reso-
lution COSY spectra in inhomogeneous fields via 3D acquisition
[17,18]. The acquisition time is generally more than several hours,
which is a great obstacle for its application in time-concerned
studies, such as in the study of dynamic process. For a 2D COSY
spectrum, numerous t1 increments are required for good resolu-
tion. An alternative way for fast acquiring 2D COSY spectrum is
based on the Hadamard encoding and decoding technique [19].
The basic strategy is only exciting the signal-bearing areas in the
indirect detection dimension with soft polychromatic excitation
pulses encoded by a Hadamard matrix with order N. Then the
number of t1 increments needed for a conventional high-resolution
COSY spectrum is replaced by a relative small number N, and the
evolution period t1 in every scan is also replaced by a constant
duration s. This technique greatly benefits to the scanning time
[20].

In this paper, the Hadamard technique was introduced to the
intermolecular dipolar-interaction enhanced all lines II (IDEAL-II)
sequence for the high-resolution COSY spectra in inhomogeneous
fields with time-efficient acquisition [21]. In the new sequence
named Hadamard-IDEAL-II, soft polychromatic excitation pulse
with Hadamard encoding is used to excite the desired chemical
shift sites. Acquisition using this sequence in inhomogeneous fields
provides data, which can give high-resolution 2D COSY spectra
after Hadamard decoding. In the following, detail theoretical anal-
ysis, experimental and simulation results are given.
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Fig. 2. Hadamard-IDEAL-II sequence. The first selective soft pulse is a polychro-
matic excitation pulse capable of exciting all interested signal-loading areas. The
second selective pulse with gauss-shape is only selective for solvent spin. The ‘‘WS’’
module is for water suppression.
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2. Theoretical formalism

2.1. Hadamard encoding and decoding

The Hadamard technique has been used to shorten the acquisi-
tion time for 2D or multidimensional NMR spectra [22]. Assume N
soft polychromatic pulses are necessary to excite all desired fre-
quency sites, there is a corresponding Hadamard matrix with order
N. The N satisfies either the relationship N = 2k or the relationship
N = 4k, where k is an integer. Based on the method for producing
multiple-frequency-shifted laminar pulses [23], the amplitude of
individual frequency component can be controlled separately
without difficulty. Given the amplitude of each frequency compo-
nent is encoded according to a row of Hadamard matrix, where ‘+1’
represents the frequency component with positive amplitude and
‘�1’ represents the frequency component with negative amplitude,
N soft polychromatic pulses can be constructed easily, which can
excite multiple frequency sites simultaneously. Since the number
of frequency sites (M) is smaller than the order of Hadamard ma-
trix (N), some of the channels are not used and set NULL. After N
scans with soft polychromatic pulses, there will be N composited
free induction decay signals from all frequency sites. Followed with
Hadamard decoding, the signals from M frequency-sites are de-
coded separately, and the signals from NULL are discarded [24].

2.2. High-resolution COSY by Hadamard technique

The schematic diagram of the Hadamard-IDEAL-II high-resolu-
tion COSY method is shown in Fig. 1. It is noted that if the
signal-bearing areas are overlapped due to large field inhomogene-
ities, a 1D high-resolution spectrum obtained from the IDEAL-II
sequence should be used to determine the number of frequency
sites (M) and their frequency values. According to the number M
and the frequency-shifts of the frequency-sites, the soft polychro-
matic pulses can be produced as described above with a Hadamard
matrix of order N (N > M). After N scans and Hadamard decoding, a
set of 2D spectra can be obtained. Rotating these decoded spectra
and projecting them onto the F2 dimension, there would be N 1D
high-resolution spectra running in the F2 dimension which include
all correlation information for reconstructing a high-resolution
COSY spectrum. The Hadamard-IDEAL-II sequence is shown in
Fig. 2. In the sequence, the first pulse is a soft polychromatic pulse
and the third one is selective only for the solvent spin. J coupling
takes effect after the soft polychromatic pulse. Three linear coher-
ence selection gradients (CSGs) are used to select the coherence
transfer pathway 0 ? +2 ? �1. The first CSG should be large en-
ough to dephase all the coherence orders except intermolecular
zero-quantum coherences (iZQCs) which are free of the inhomoge-
neities in the evolution period s, while the second and third CSGs
have a ratio of 1:2 in the strength with a same duration in order
Fig. 1. Schematic diagram for the 2D high-resolution Hadamard COSY
spectroscopy.
to select the intermolecular double-quantum coherences (iDQCs).
In addition, the water suppression (WS) module is involved to sup-
press the solvent signal [25].

In the following discussion, the distant dipolar field (DDF) the-
ory combined with product operator formalism is used to deduce
the analytical expression of signals from the new sequence [26–
30]. For simplicity, the sample is assumed to be a homogeneous li-
quid mixture consisting of two isolated spins (I1 and I2) and an AX
spin-1/2 system which includes two spins (Sk and Sl) with a scalar
coupling constant Jkl. I1 is solvent, and I2 and S are solute. xm is the
frequency offset of spin m (m = I1, I2, Sk, Sl) in the rotating frame. P1,
P2, P3, and P4 are the positive or negative signs of individual fre-
quency components (I1, I2, Sk, Sl) in a soft polychromatic pulse.

For simplification, the effects of radiation damping, diffusion,
relaxation, and intermolecular NOE are ignored and the inhomoge-
neity of background field is only along the Z axis. When the mag-
netization is fully modulated and varies only in one direction, the
dipolar field is localized and an exact theoretical expression for
the iMQC signals can be deduced [31]. For the spin system dis-
cussed, the reduced density operators rI1

eq;rI2
eq for I1, I2 protons

and rS
eq for S protons at initial thermal equilibrium state with the

high-temperature approximation can be given by

rI1
eq ¼ I1z

rI2
eq ¼ I2z

rS
eq ¼ Skz þ Slz

ð1Þ

where the Boltzmann factor has been omitted for clarity; I1z, I2z, Skz,
and Slz represent the longitudinal components of I1, I2, Sk and Sl

spins, respectively. Since Sk is similar to Sl in an AX spin-1/2 system,
we only deduced the density operators evolution starting from Sk.

In the new sequence, the soft polychromatic pulse rotates the
spin magnetizations into the transverse plane. The transverse mag-
netizations of different frequency sites have different phases (X or
�X direction) which are determined by the every row of Hadamard
matrix, where the signs of ‘+’ and ‘�’ (represented by P1, P2, P3, and
P4 for the frequency components of I1, I2, Sk, and Sl correspondingly)
indicate the positive and negative phases respectively. During the
first evolution period s, the spins evolve under chemical shifts, J
couplings, field inhomogeneities, and the first gradient pulse. Just
before the second non-selective (p/2)x RF pulse, the state of the
spin system at position z and time s can be described by the re-
duced density operators rI1 ðs�; zÞ;rSk ðs�; zÞ and rI2 ðs�; zÞ,

rI1 ðs�; zÞ ¼ �P1I1y cosðH1Þ þ P1I1x sinðH1Þ
rI2 ðs�; zÞ ¼ �P2I2y cosðH2Þ þ P2I2x sinðH2Þ
rSkðs�; zÞ ¼ �P3fSky cosðH3Þ � Skx sinðH3Þg cosðpJklsÞ

þ P3f2SkxSlz cosðH3Þ þ 2SkySlz sinðH3Þg sinðpJklsÞ

ð2Þ

where
H1 ¼ xI1sþ cDBðzÞsþ cG1dz
H2 ¼ xI2sþ cDBðzÞsþ cG1dz
H3 ¼ xSk

sþ cDBðzÞsþ cG1dz

8<
: , c is the gyromagenatic ratio,

G1 and d are strength and duration of the first CSG, respectively.
DB(z) is the field inhomogeneity at position z. Immediately after
the first non-selective (p/2)x RF pulse, we have
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rI1 ðs; zÞ ¼ �P1I1z cosðH1Þ þ P1I1x sinðH1Þ
rI2 ðs; zÞ ¼ �P2I2z cosðH2Þ þ P2I2x sinðH2Þ
rSk ðs; zÞ ¼ �P3fSkz cosðH3Þ � Sky sinðH3Þg cosðpJklsÞ

þ P3f�2SkxSly cosðH3Þ � 2SkzSly sinðH3Þg sinðpJklsÞ

ð3Þ

Though the density operators rI1 ðs; zÞ;rI2 ðs; zÞ and rSk ðs; zÞ all con-
tain spatially modulated longitudinal magnetization component,
only I1 spin can produce effective DDF. This is because that I2 and Sk

spins are only excited by the first and second RF pulses in the se-
quence, so they can produce effective DDFs only when the condition
�G2d = nG1d is fulfilled, where n is an integer [17]. The condition
�G2d = nG1d is easily broken by the setting of G1 and G2 parameters
in experiments. According to the DDF theory, when the CSGs are
along the Z direction, BI1

d ðzÞ;B
I2
d ðzÞ and BS

dðzÞ, which represent the DDFs
experienced by I1, I2 and Sk at position z, can be described as follows:

BI1
d ðzÞ ¼ �

1
csd

P1 cosðH1Þ

BI2
d ðzÞ ¼ �

2
3csd

P1 cosðH1Þ

BS
dðzÞ ¼ �

2
3csd

P1 cosðH1Þ

ð4Þ

where sd ¼ cl0MI1
0

� ��1
is the dipolar demagnetizing time of I1 spin,

in which l0 is vacuum magnetic permeability and MI1
0 is the equilib-

rium magnetization intensity of I1 spin. In the following, BI1
d ðzÞ;B

I2
d ðzÞ

and BS
dðzÞ are written as BI1

d ;B
I2
d and BS

d for short. After the first non-
selective (p/2)x RF pulse, the spins evolve during the first t1/2 peri-
od. We have

rI1 ðsþ t�1 =2;zÞ¼ P1I1x cosðH4ÞsinðH1ÞþP1I1y sinðH4ÞsinðH1Þ�P1I1z cosðH1Þ
rI2 ðsþ t�1 =2;zÞ¼ P2I2x cosðH5ÞsinðH2ÞþP2I2y sinðH5ÞsinðH2Þ�P2I2z cosðH2Þ
rSk ðsþ t�1 =2;zÞ¼�P3Skz cosðH3ÞcosðpJklsÞ

þP3SkyA1 cosðpJklt1=2ÞcosðpJklsÞ
�2P3SkxSlzA1 sinðpJklt1=2ÞcosðiJklsÞ
�P3SkxA2 cosðpJklt1=2ÞcosðpJklsÞ
�2P3SkySlzA2 sinðpJklt1=2ÞcosðpJklsÞ
þ2P3SkzSlxA4 cosðpJklt1=2ÞsinðpJklsÞ
þP3SlyA4 sinðpJklt1=2ÞsinðpJklsÞ
�2P3SkzSlyA3 cosðpJklt1=2ÞsinðpJklsÞ
þP3SlxA3 sinðpJklt1=2ÞsinðpJklsÞ

ð5Þ

where
H4 ¼ ðxI1 þ cDBðzÞ þ cBI1

d Þt1=2þ cG2dz
H5 ¼ ðxI2 þ cDBðzÞ þ cBI2

d Þt1=2þ cG2dz
H6 ¼ ðxSl

þ cDBðzÞ þ cBS
dÞt1=2þ cG2dz

8><
>: , and

A1 ¼ cosðH6Þ sinðH3Þ
A2 ¼ sinðH6Þ sinðH3Þ
A3 ¼ cosðH6Þ sinðH3Þ
A4 ¼ sinðH6Þ sinðH3Þ

8>><
>>:

.

After the selective ðp=2ÞI1
x RF pulse which only acts on the spin

I1 and the non-selective (p)x RF pulse, we have

rI1 ðsþ t1=2; zÞ ¼ �P1I1z sinðH4Þ sinðH1Þ þ P1I1x cosðH4Þ sinðH1Þ
� P1I1y cosðH1Þ

rI2 ðsþ t1=2; zÞ ¼ P2I2z cosðH2Þ þ P2I2x cosðH5Þ sinðH2Þ
� P2I2y sinðH5Þ sinðH2Þ

rSk ðsþ t1=2; zÞ ¼ P3Skz cosðH3Þ cosðpJklsÞ
� P3SkyA1 cosðpJklt1=2Þ cosðpJklsÞ
þ 2P3SkxSlzA1 sinðpJklt1=2Þ cosðiJklsÞ
� P3SkxA2 cosðpJklt1=2Þ cosðpJklsÞ
� 2P3SkySlzA2 sinðpJklt1=2Þ cosðpJklsÞ
þ P3SlxA3 sinðpJklt1=2Þ sinðpJklsÞ
� 2P3SkzSlyA3 cosðpJklt1=2Þ sinðpJklsÞ
� P3SlyA4 sinðpJklt1=2Þ sinðpJklsÞ
� 2P3SkzSlxA4 cosðpJklt1=2Þ sinðpJklsÞ
þ Unobservable

ð6Þ
The effective DDF becomes

BI1 0
d ðzÞ ¼ �

1
csd

P1 sin½ðxI1 þ cDBðzÞÞt1=2þ cG2dz� sinðH1Þ

BI2 0
d ðzÞ ¼

2
3

BI1 0
d ðzÞ

BS0
d ðzÞ ¼

2
3

BI1 0
d ðzÞ

ð7Þ

We use BI1 0
d ;B

I2 0
d and BS0

d to stand for BI1 0
d ðzÞ;B

I2 0
d ðzÞ and BS0

d ðzÞ in the fol-
lowing expressions, respectively. The spins evolve under chemical
shifts, J couplings, field inhomogeneities, the third gradient pulse,
and the effective DDFs (ignoring the WS module) during the second
t1/2 period. Thus we have

rI1 ðsþ t1; zÞ ¼ P1I1x cosðH7Þ sinðH1ÞcosðH4Þ þ P1I1y sinðH7ÞsinðH1Þ
cosðH4Þ � P1I1y cosðH7ÞcosðH1Þþ P1I1x sinðH7ÞcosðH1Þ

rI2 ðsþ t1; zÞ ¼ P2I2x cos cG2dzþ cBI2 0
d � cBI2

d

� �
t1=2

h i
sinðH2Þ

þ P2I2y sin cG2dzþ cBI2 0
d � cBI2

d

� �
t1=2

h i
sinðH2Þ

rSkðsþ t1; zÞ ¼ �P3SkyB1 cosðpJklsÞ þ P3SlxB2 sinðpJklsÞ
�2P3SkzSlyB1 sinðpJklsÞ þ2P3SkxSlzB2 cosðpJklsÞ
þ P3SlyB3 sinðpJklsÞ þ P3SkxB4 cosðpJklsÞ
þ2P3SkySlzB3 cosðpJklsÞþ 2P3SkzSlxB4 sinðpJklsÞ
þunobservable

ð8Þ

where H7 ¼ ðxI1 þ cDBðzÞ þ cBI1 0
d Þt1=2þ 2cG2dz, and

B1 ¼ cos cG2dzþ ðcBS0
d � cBS

dÞt1=2
h i

sinðH3Þ cosðpJklt1Þ

B2 ¼ cos cG2dzþ ðcBS0
d � cBS

dÞt1=2
h i

sinðH3Þ sinðpJklt1Þ

B3 ¼ sin cG2dzþ ðcBS0
d � cBS

dÞt1=2
h i

sinðH3Þ sinðpJklt1Þ

B4 ¼ sin cG2dzþ ðcBS0
d � cBS

dÞt1=2
h i

sinðH3Þ cosðpJklt1Þ

8>>>>>>>><
>>>>>>>>:
During the acquisition period t2, the observable transverse spin
magnetizations evolve under chemical shifts, J coupling, field inho-
mogeneity, and effective DDFs. Since solvent signal would be effi-
ciently suppressed by the WS module before acquisition, only the
solute spin magnetizations are considered:

rI2 ðsþ t1 þ t2; zÞ ¼ P2 sinðH2ÞeiH8 ei cB
I2 0
d
ðt1=2þt2Þ

� �
e�icB

I2
d

t1=2

rSkðsþ t1 þ t2; zÞ ¼ P3f�iC1eiH9 þ C2eiH10gei cBS0
d ðt1=2þt2Þ½ �e�icBS

dt1=2;

ð9Þ

where

H8 ¼ xI2 t2 þ cDBðzÞt2 þ cG2dz

H9 ¼ xSk
t2 þ cDBðzÞt2 þ cG2dz

H10 ¼ xSl
t2 þ cDBðzÞt2 þ cG2dz

8><
>: ;

and C1 ¼ cos½pJklðt1 þ t2Þ� sinðH3Þ cosðpJklsÞ
C2 ¼ sin½pJklðt1 þ t2Þ� sinðH3Þ sinðpJklsÞ

�
.

Eq. (9) can be converted to [32]

rI2 ðsþ t1 þ t2; zÞ ¼ P2
eiH2

2i
eiH8

X1
m1¼�1

im1 Jm1
ðP1n1Þeim1H11

X1
m2¼�1

im2 Jm2
ðP1n2Þeim2H12

X1
m3¼�1

im3 Jm3
ðP1n3Þeim3H1

� P2
e�iH2

2i
eiH8

X1
m1¼�1

im1 Jm1
ðP1n1Þeim1H11

X1
m2¼�1

im2 Jm2
ðP1n2Þeim2H12

X1
m3¼�1

im3 Jm3
ðP1n3Þeim3H1
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rSk ðsþ t1 þ t2; zÞ ¼ �iP3D1 cosðpJklsÞ
eiH3

2i
eiH9

þ iP3D1 cosðpJklsÞ
e�iH3

2i
eiH9

þ P3D2 sinðpJklsÞ
eiH3

2i
eiH10

� P3D2 sinðpJklsÞ
e�iH3

2i
eiH10 ð10Þ

where
H11 ¼xI1 ðt1=2� sÞ þ cDBðzÞðt1=2� sÞ þ cG2dz� cG1dz
H12 ¼xI1 ðt1=2þ sÞ þ cDBðzÞðt1=2þ sÞ þ cG2dzþ cG1dz

�
, and
D1 ¼ cos½pJklðt1 þ t2Þ�
P1

m4¼�1
im4 Jm4

ðP1n4Þeim4H11
P1

m5¼�1
im5 Jm5

ðP1n5Þeim5H12
P1

m6¼�1
im6 Jm6

ðP1n6Þeim6H1

D2 ¼ sin½pJklðt1 þ t2Þ�
P1

m4¼�1
im4 Jm4

ðP1n4Þeim4H11
P1

m5¼�1
im5 Jm5

ðP1n5Þeim5H12
P1

m6¼�1
im6 Jm6

ðP1n6Þeim6H1

8>>><
>>>:

;

in which Jm1
ðn1Þ; Jm2

ðn2Þ; Jm3
ðn3Þ; Jm4

ðn4Þ; Jm5
ðn5Þ and Jm6

ðn6Þ are the
Bessel functions with integer orders m1, m2, m3, m4, m5 and m6

respectively; and n1 ¼ n4 ¼ � 1
3sd
ðt1=2þ t2Þ; n2 ¼ n5 ¼ �n1, and

n3 ¼ n6 ¼ t1
3sd

. In order to evaluate the detectable signals from the
whole sample, an average of the complex magnetization over all z
positions should be taken. For Eq. (10), if the sample size is much
larger than the dipolar correlation distance (typically around
100 lm), only several terms can survive after the spatial averaging
across the sample:

rI2 ðsþ t1 þ t2; zÞ ¼ P1P2WI2

rSk ðsþ t1 þ t2; zÞ ¼ P1P3WSk

ð11Þ

where E1, E2, E3, E4, WI2 and WSk
are

E1 ¼ J0ðn1ÞJ0ðn3ÞJ�1ðn1Þ cosðpJklsÞeiðxSk
�xI1

Þs

E2 ¼ J0ðn1ÞJ0ðn3ÞJ�1ðn1Þ cosðpJklsÞeiðxI1
�xSk

Þs

E3 ¼ J0ðn1ÞJ0ðn3ÞJ�1ðn1Þ sinððpJklsÞeiðxSk
�xI1

Þs

E4 ¼ J0ðn1ÞJ0ðn3ÞJ�1ðn1Þ sinððpJklsÞeiðxI1
�xSk

Þs

WI2 ¼ 1
2 J0ðn3ÞJ0ðn1ÞJ�1ðn1ÞeiðxI2

�xI1
Þse�iðxI1

þcDBðzÞÞt1=2eiðxI2
þcDBðzÞÞt2

þ 1
2 J0ðn3ÞJ0ðn2ÞJ�1ðn1Þe�iðxI2

�xI1
Þse�iðxI1

þcDBðzÞÞt1=2eiðxI2
þcDBðzÞÞt2

WSk
¼ � i

4 ðE1 þ E2Þe�iðxI1
þcDBðzÞ�2pJklÞt1=2eiðxSk

þcDBðzÞþpJklÞt2

� i
4 ðE1 þ E2Þe�iðxI1

þcDBðzÞþ2pJklÞt1=2eiðxSk
þcDBðzÞ�pJklÞt2

þ 1
4 ðE3 þ E4Þe�iðxI1

þcDBðzÞ�2pJklÞt1=2eiðxSl
þcDBðzÞþpJklÞt2

� 1
4 ðE4 þ E3Þe�iðxI1

þcDBðzÞþ2pJklÞt1=2eiðxSl
þcDBðzÞ�pJklÞt2

Eq. (11) shows that there are three peaks locating at ðcDBðzÞ=2;xI2þ
cDBðzÞÞ; ððcDBðzÞ � 2pJklÞ=2;xSk

þ cDBðzÞ � pJklÞ and ððcDBðzÞ�
2pJklÞ=2;xSl

þ cDBðzÞ � pJklÞ when the spectrometer reference
frequency is set to xI1 ðxI1 ¼ 0Þ. Consider the whole spin system,
there would be three peaks centering at xI2 ;xSk

and xSl
in the t2

dimension, and 0 Hz in t1 dimension. The direction of the inhomo-
geneous broadenings with respect to F1 axis is along the angle of
arctan(2) = 63.4� and the ratio of the projection lengths of every
streak in the F1 and F2 dimensions is 1:2. However, the projection
onto the F2 dimension after rotating the streaks by 63.4� counter-
clockwise would give a 1D high-resolution spectrum. The J coupling
constants are magnified by three times [21]. From above analysis,
we can see that the resulted 2D spectra have similar characters as
previous 2D IDEAL-II spectra except for the phase and amplitude
of signals [21].

By encoding the amplitude and phase of individual frequency
component according to every row of the four order Hadamard
matrix, four soft polychromatic pulses can be produced accord-
ingly (see below). Performing four scans respectively, we get four
2D FIDs.

I1 Sk I2 Sl

scan1 þ1 þ1 þ1 þ1 first soft pulse

scan2 þ1 þ1 �1 �1 second soft pulse

scan3 þ1 �1 þ1 �1 third soft pulse

scan4 þ1 �1 �1 þ1 fourth soft pulse
In every 2D FID, the signal can be described as P1P2�
WI2 þ P1P3 �WSk

þ P1P4 �WSl
. It comes from all frequency-bearing

areas except for the solvent spin which is suppressed by the WS
module. After decoding the detected signals, the signals from every
frequency site will be separated and given by 4WI2 ;4WSk

and 4WSl

when the solvent frequency site in every soft polychromatic pulse
is encoded by the first column of the above Hadamard matrix, i.e.
P1 is ‘+’. After Fourier transformation, the decoded signals produce
three 2D spectra. Rotating the three 2D spectra by 63.4� counter-
clockwise and then projecting onto the F2 dimension, three 1D
high-resolution spectra can be obtained, which hold all useful cor-
relation information for the 2D COSY spectrum based on the sym-
metrical characteristic.
3. Materials and methods

All experiments were performed at 298 K on a Varian NMR Sys-
tem 500 MHz spectrometer equipped with a 5 mm 1H {15N–31P}
XYZ indirect detection probe. Firstly, a dilute solution of ethyl ace-
tate, acetone in dichloromethane was studied in an intentionally
deshimmed inhomogeneous field (75 Hz linewidth). The molar ratio
of acetone:ethyl acetate:dichloromethane was about 1:1.6:300. For
the proposed sequence, an eight order Hadamard matrix was used
since there were five peaks for the sample. The selective p/2 Gauss-
ian pulse only acted on dichloromethane. The duration of polychro-
matic pulse was 100 ms to give a relatively narrow excitation
bandwidth for the single radiofrequency channel of polychromatic
pulse. To suppress the strong signal of dichloromethane, the W3
binomial p pulse was used as the solvent-exclusive p pulse in the
WS module [33]. The pulse repetition time was 3.1 s, and the acqui-
sition time t2 was 0.2 s. 21 � 1042 points were acquired with spec-
tral widths of 70 Hz � 5200 Hz (F1 � F2) in about 1 min. The time
for complete a Hadamard-IDEAL-II acquisition was about 10 min.

For comparison, conventional COSY experiments were also per-
formed in the same inhomogeneous field and a well-shimmed
field. The pulse repetition time was 1.5 s, and the acquisition time
t2 was 1 s. To get a high precision 2D COSY spectrum, 2500 � 5208
points were acquired with spectral widths of 5200 Hz in both F1
and F2 dimensions. A four-step phase cycling scheme with the
phases of the first non-selective pulse (p, p, 3p/2, 3p/2), the phases
of the second non-selective pulse (0, p/2, 3p/2, 0) and the phases of
the receiver (p, 0, 3p/2, p/2) was employed.

To further verify the theoretical predictions and experimental
results of the new sequence, simulation was performed on the



Fig. 3. Experimental (a–c) and simulated (d) 2D COSY spectra of the sample of ethyl acetate and acetone dissolved in dichloromethane. (a) Conventional spectrum obtained in
a well-shimmed field, (b) conventional spectrum obtained in an inhomogeneous field, (c) Hadamard-IDEAL-II spectrum obtained in the same inhomogeneous field as (b), and
(d) simulated Hadamard-IDEAL-II spectrum obtained in an inhomogeneous field similar to (b). The regions labeled as (I), (II), (III), and (IV) were expanded for comparison.
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same sample with the program package developed by our research
group on a personal computer (Intel Core 2 Q6600, 2 Gb memories)
[34]. The parameters for simulation were set as close to the exper-
imental parameters as possible. The background field was set to
75 Hz linewidth.

In addition, a sample of 1-bromobutane and 4-bromoanisole
dissolved in dichloromethane was utilized to testify the feasibility
of our sequence for complicated spin systems. Similar to the first
sample, two COSY spectra were obtained with the Hadamard-
IDEAL-II and conventional COSY sequences respectively in a same
inhomogeneous field (106 Hz linewidth), together with a conven-
tional COSY spectrum acquired in a well-shimmed field. For the
Hadamard-IDEAL-II, the pulse repetition time was 3.0 s. The acqui-
sition time t2 was 0.2 s. 24 � 1000 points were acquired with spec-
tral widths of 100 Hz � 5000 Hz (F1 � F2). For the conventional
COSY, the pulse repetition time was 1.5 s and the acquisition time
was 1 s. The spectral width was 5200 Hz in both F1 and F2 dimen-
sions. All other parameters and phase cycling scheme were set the



Fig. 4. Experimental 2D COSY spectra of the sample of 1-bromobutane and 4-bromoanisole dissolved in dichloromethane. (a) Conventional spectrum obtained in a well-
shimmed field, (b) conventional spectrum obtained in an inhomogeneous field, and (c) Hadamard-IDEAL-II spectrum obtained in the same inhomogeneous field as (b). The
regions labeled as (I), (II), (III), and (IV) were expanded for comparison.
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same as those for the first sample. The total acquisition time for a
Hadamard-encoded COSY spectrum was about 10 min.

4. Experimental results and discussion

The experimental and the simulated results of the mixture of
ethyl acetate, acetone and dichloromethane are shown in Fig. 3.
The conventional high-resolution 2D COSY spectrum in a
well-shimmed field is presented in Fig. 3a. The 2D COSY spectra
acquired in the inhomogeneous field with the conventional and
Hadamard-IDEAL-II pulse sequences are given in Fig. 3b and c,
respectively. The simulated spectrum is shown in Fig. 3d. The diag-
onal and cross peaks were amplified for clear comparison. The sim-
ulation result is in good agreement with the experimental one. In
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the conventional 2D COSY sequence, the coherence orders are +1
and �1 in the t1 and t2 periods, respectively, which are sensitive
to the field inhomogeneity. The inhomogeneous field results in
inhomogeneous broadenings (see Fig. 3b). Since the inhomoge-
neous broadening is along the diagonal direction, two neighboring
diagonal peaks around 2.1 ppm are partly overlapped (region II of
Fig. 3b). In addition, the J coupling splitting is not easy to identify.
The IDEAL-II sequence can yield the 1D high-resolution spectra in
inhomogeneous fields, which supply high-resolution information
for reconstructing 2D COSY spectrum by Hadamard encoding and
decoding techniques. The reconstructed spectra shown in Fig. 3c
and d hold well resolution in contrast with the one obtained under
homogeneous field from the conventional COSY method (see
Fig. 3a). The signal of dichloromethane (at 5.3 ppm) is well sup-
pressed. The J coupling constants in the Hadamard-IDEAL-II spec-
trum are scaled to three times of those in the conventional COSY
spectrum (20 Hz vs. 7 Hz, as indicated in Fig. 3), which is helpful
for weakly-coupled spin systems, but may bring trouble for
strongly-coupled spin systems. Note that the two singlets in region
II that are overlapped in the conventional COSY spectrum under
the inhomogeneous field are now correctly separated in Fig. 3c
and d. This indicates that the new method is valid even when the
field inhomogeneity is large enough to make the neighboring peaks
overlapped. Under this case, the interested frequency sites may not
be determined directly, thus an extra 2D IDEAL-II spectrum should
be acquired to provide a high-resolution 1D spectrum to decide the
correct frequency sites. The extra experiment can be obtained
within less than 1 min. It should be noted that if the overlap be-
tween neighboring peaks is serious due to the inhomogeneous
field, and the excitation bandwidth of the single radiofrequency
channel of polychromatic pulse is not narrow enough, there will
be not only one resonance inside the single radiofrequency chan-
nel. In such case, artificial peaks will appear. However, the artificial
peaks are not exactly at the positions of cross-peaks of two over-
lapped peaks since the excited frequency in the overlapped region
for a specific spin is deviated from its Lamor frequency due to inho-
mogeneous field. Therefore, correct spectral information can still
be obtained provided that the artificial peaks can be distinguished.
The results also show that the present method is applicable to rel-
atively dilute solutions in inhomogeneous fields.

The experimental results of the sample of 1-bromobutane and 4-
bromoanisole in dichloromethane are illustrated in Fig. 4. The 2D
COSY spectra acquired with the conventional method in the well-
shimmed and deshimmed fields are shown in Fig. 4a and b, respec-
tively. The reconstructed COSY spectrum from the new sequence is
shown in Fig. 4c. Four regions expanded for details are labeled as I,
II, III, and IV. It can be seen that the high-resolution COSY spectrum
obtained with the proposed method in Fig. 4c is similar to the con-
ventional high-resolution COSY spectrum in Fig. 4a, except that the
apparent J coupling constants are threefold magnified.
5. Conclusions

A fast acquisition sequence, Hadamard-IDEAL-II, was designed
to obtain high-resolution 2D COSY spectra in inhomogeneous
fields. Theoretical analysis, experimental measurements, and com-
puter simulations show that the new sequence can be applied to
achieve high-resolution 2D COSY spectra. The new sequence can
not only recover spectral information concealed by inhomoge-
neous broadenings, but also greatly shorten the acquisition time.
The 2D reconstructed COSY spectrum is free of inhomogeneous
effects and preserves all useful information. The acquisition time
is in the order of minutes. The method proposed herein may be
applicable to time-concerned high-resolution experiments in inho-
mogeneous fields. The feature that the homo-nuclear J-couplings is
scaled by a factor of three points to potential increase in signal
overlap and reduction in resolution. However, in certain situations
increased J-coupling resolution can also be a useful feature, such as
in the detection of weekly-coupled spin systems.
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