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Recently ultrafast techniques enable 2D NMR spectra to be obtained in a single scan. They have been
successfully applied for 2D COSY, TOCSY, DOSY, HMQC and J-resolved spectra. In this paper, two alterna-
tive ultrafast 2D COSY methods (g-COSY and gDQF-COSY) based on continuous constant-time phase-
modulated spatial encoding were proposed. Theoretical expressions of the resulting signals were
deduced. Experiments were performed to verify our theoretical analysis and the feasibility of the
methods. Comparisons between the experimental results from our methods and the previous real-time
phase-modulated spatial encoding method demonstrate that the signal-to-noise ratio and resolution of
the 2D COSY spectra are improved and a good 2D COSY spectrum is easier to achieve by using our
methods.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Nuclear magnetic resonance (NMR) plays a significant role in
determining structures and dynamics of various physical, chemical
and biological systems at molecular level [1]. The introduction of
two-dimensional (2D) techniques accelerates and extends the
application of NMR spectroscopy [2,3]. 2D NMR spectroscopy ful-
fills a central role in the application of NMR on chemistry, biology
and medicine. 2D NMR spectroscopy separates and correlates spin
interactions along two independent frequency domains, resulting
in an enhancement in resolution and information that is unavailable
in unidimensional counterpart. One of the typical 2D NMR experi-
ments is homonuclear correlation spectroscopy (COSY), which
serves as a powerful tool for analyzing complex proton NMR spectra.
The pulse sequence of COSY is composed of two p/2 radio-frequency
(RF) pulses. Generally, a 2D COSY spectrum consists of diagonal
peaks and cross peaks. The diagonal peaks represent the inequiva-
lent nuclei, and the cross peaks indicate the existence of J-coupling
between the related nuclei. The first COSY experiment was per-
formed over 30 years ago [3]. The pulse sequence, (p/2)–t1–(p/2)–
t2, gives rise to a phase-modulated signal which allows, after 2D
Fourier transform (FT), to obtain chemical shift and J-coupling
information in 2D NMR spectra. Unfortunately, numerous t1 incre-
ments have to be collected for a spectrum with good resolution,
which leads the experiment fairly time-consuming.

Conventional 2D COSY spectra are often displayed in a magni-
tude (or absolute value) mode due to different lineshape of diago-
ll rights reserved.
nal and cross peaks, which means the loss of spectral phase
information and the reduction of spectral resolution. This shortage
is overcome by 2D double-quantum filtered COSY (DQF-COSY)
which allows us to retrieve the phase information from the
phase-sensitive signals [4–6]. A DQF-COSY spectrum can be phase
corrected to pure absorptive diagonal and cross peaks in both di-
rect and indirect dimension. This results in higher resolution than
magnitude displayed counterpart. Moreover, the strong signals
which do not experience homonuclear J-coupling are eliminated
in the DQF-COSY spectra, which benefits for solvent suppression.
Although 2D DQF-COSY takes these advantages, it is bothered by
long experimental time in practical application as conventional
2D COSY.

Accelerating the speed of 2D NMR acquisition is an important
research topic in NMR community. Plenty of software-based meth-
ods have been designed to obtain 2D NMR spectra as quickly as
possible. For example, Schanda and Brutscher optimized the delays
and pulse flip angles in heteronuclear multiple quantum coherence
(HMQC) sequence (SOFAST-HMQC) to obtain 2D spectra of protein
samples in a few seconds [7]. Some unconventional sampling
schemes were also proposed, such as radial sampling and concen-
tric ring sampling [8–11]. Based on the acquisition of a small num-
ber of t1 increments, the methods of linear prediction (LP) [12,13],
maximum entropy (Max-Ent) [13,14] and projection reconstruc-
tion (PR) [15] were applied to construct the whole 2D FID signals.
In addition, alternative strategies to FT NMR were suggested, such
as filter diagonalization method (FDM) [16] and Hadamard spec-
troscopy [17,18]. All these strategies effectively shorten the dura-
tion of indirect dimension; however, repetition of several
transients is still required.
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Recently, a novel method based on ultrafast imaging technique
was proposed by Frydman and coworkers, enabling the acquisition
of a 2D NMR spectrum within a single scan [19,20]. In this so-called
‘‘ultrafast 2D NMR” technique, the usual t1 encoding is replaced by
a spatial encoding, which is decoded during the detection period
by an echo planar imaging (EPI) detection scheme. However, the
discrete encoding mode initially proposed suffers from some prac-
tical drawbacks as it requires fast gradient switching which must
be carefully synchronized with RF irradiation. Moreover, it leads
to the appearance of undesirable ‘‘ghost peaks” in the indirect
dimension [21]. To deal with these limitations, Pelupessy intro-
duced adiabatic pulses into the excitation scheme of this ultrafast
method [22]. Shrot et al. then put forward a continuous encoding
scheme using a pair of p/2 chirped pulses together with a pair of
bipolar gradients [23]. Unfortunately, this method involves an
amplitude modulation which is incompatible with the phase-mod-
ulated COSY.

Alternatives were worked out in succession to obtain phase-
modulated encoding, including real-time and constant-time
phase-modulated encodings [22,24–27]. These phase-modulated
encoding techniques provide the opportunity to achieve ultrafast
COSY spectra. Tal et al. pointed out that a real-time phase-modu-
lated encoding with a p/2–p chirped pulse scheme could give a
2D COSY spectrum within about 100 ms [24]. However, this tech-
nique requires careful parameter calibration and it is not easy to
implement in routine procedures. In this paper, an alternative
method based on the constant-time phase-modulated encoding
with a p–p chirped pulse scheme is proposed to obtain 2D g-COSY
spectra. The principle of this method is derived and experimental
examples are illustrated. A comparison between this method and
the real-time phase-modulated encoding method [24] is given in
terms of spectral resolution and signal-to-noise ratio (SNR). In view
of the above-mentioned advantages of 2D DQF-COSY, we also
introduce the ultrafast acquisition technique into 2D gDQF-COSY.
The same constant-time phase-modulated encoding module is
used as ultrafast 2D g-COSY pulse sequence. Experiments are per-
formed to valuate its feasibility.
Fig. 1. (a) Discrete encoding single-scan ultrafast 2D NMR sequence [20], (b) continu
constant-time phase-modulated encoding module [22] for ultrafast 2D g-COSY and (d) c
2. Theoretical formalism

Single-scan ultrafast NMR scheme was initially proposed by
Frydman and coworkers, which was realized with the help of a dis-
crete encoding module during the encoding period and an EPI
detection block during the decoding period [19,20]. Although some
limitations, such as some practical drawbacks and annoying ‘‘ghost
peaks”, exist in this scheme, its basic principle is still important for
understanding other ultrafast NMR methods. The discrete encod-
ing single-scan ultrafast 2D NMR sequence is depicted in Fig. 1a.
It consists of a discrete encoding module ((i) of Fig. 1a) and an EPI
detection block ((ii) of Fig. 1a). In the discrete encoding module, a
discrete train of N1 RF pulses are applied at a constant frequency
increment DO = |Oj+1 � Oj| (j = 1, 2, . . . , N1) and spaced by a constant
delay Dt1. Each excitation pulse is applied in combination with a pair
of bipolar z-orientation field gradients (Ge and �Ge). This module
effectively partitions the sample into N1 independent spin packets
positioned at specific zj coordinates, whose evolution phases become
encoded along z-orientation according to u(zj) = CX1(zj� zN1), where
C� 2cGeDt1/DO, X1 is the internal frequency shift of spins during
the encoding period, c is the gyromagnetic ratio. In the EPI detection
block, the evolution phases at different coordinates are decoded
with the help of a pair of bipolar z-orientation field gradients (Ga

and �Ga). The EPI detection block is repeated N2 times.
In the end of the pulse sequence, spins become specifically de-

coded according to their spatial positions as well as their internal
evolution frequencies. Such process can be summarized by an evo-
lution phase Z t2
�ðzÞ ¼ ’ðzÞ þ 2t2 þ z �
0

�GaðtÞdt; ð1Þ

where u(z) = X1t1(z) = CX1(z � zN1); X2 is the internal frequency

shift of spins during the decoding period; t2 is the acquisition time.
Using F(t1, t2) and P(X1, X2) to describe the time-domain and fre-
quency-domain signals, respectively, the relation of F(t1, t2) and
P(X1, X2) can be summarized as
ous real-time phase-modulated encoding module for ultrafast 2D COSY [24], (c)
onstant-time phase-modulated encoding module [22] for ultrafast 2D gDQF-COSY.
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Fðt1; t2Þ ¼
Z

X1

Z
X2

Z
z

PðX1;X2Þei/dX1 dX2 dz: ð2Þ

According to Eq. (1), ei/ can be described as ei½X1t1ðzÞþX2t2þz�
R t2

0
cGaðtÞdt�.

Suppose that k is a gradient-related wave number encoding posi-
tion, and k ¼

R t2
0 cGaðtÞdt. In the hybrid k space with k and t2 vari-

ables, the signal can be described as

Fðk; t2Þ ¼
Z

X1

Z
X2

Z
z

PðX1;X2ÞeiðX1t1ðzÞþX2t2þkzÞdX1 dX2 dz: ð3Þ

Assume that Fðz; t2Þ ¼
R

X1

R
X2

PðX1;X2ÞeiX1t1ðzÞeiX2t2 dX1dX2, Eq. (3)
can be simplified as

Fðk; t2Þ ¼
Z

z
Fðz; t2Þeikz dz: ð4Þ

Eq. (4) indicates that when the signal F(k, t2) in the k space is ob-
tained, an FT of F(k, t2) can rebuild the signal F(z, t2). Since
Fðz; t2Þ ¼

R
X1

R
X2

PðX1;X2ÞeiX1t1ðzÞeiX2t2 dX1dX2, a 2D FT of F(z, t2) can
thus provide a 2D NMR spectrum P(X1, X2). Actually, a 1D FT of
F(k, t2) along the t2 dimension can directly provide the 2D NMR
spectrum P(X1, X2).

The above single-scan ultrafast NMR scheme enables us to ob-
tain a 2D 1H–1H COSY spectrum within much shorter time than
traditional 2D COSY method [20]. However, the discrete encoding
mode requires fast gradient switching carefully synchronized with
RF irradiation. Moreover, annoying ‘‘ghost peaks” will appear in the
indirect dimension. To circumvent these limitations, a continuous
real-time phase-modulated encoding mode with a p/2–p chirped
pulse scheme replacing the discrete encoding scheme was pro-
posed (Fig. 1b) [24]. The p/2 chirped pulse sweeps from initial fre-

quency offset Oðp=2Þ
i to final frequency offset Oðp=2Þ

f , and the p
Fig. 2. Approximation of the phase-modulated encoding module of Fig. 1 acting on the sp
in combination with a pair of pulse field gradients for coherence selection, and (c) enc
bottom of the pulse sequences.
chirped pulse sweeps from OðpÞi to OðpÞf . Different gradients (Gðp=2Þ
e ,

GðpÞe ) over unequal times (tðp=2Þ
1;max, tðpÞ1;max) during the course of encoding

are used. The conditions Gðp=2Þ
e tðp=2Þ

1;max ¼ 2GðpÞe tðpÞ1;max and GðpÞe � 10Gðp=2Þ
e

are chosen for the indirect-dimension encoding. A p/2 hard pulse
and a purge period with a z-orientation field gradient (Gp) over a
carefully calibrated time are applied after the encoding module.
The same EPI detection block as in Fig. 1a is applied at the end of
the sequence. The shortage of continuous real-time phase-modu-
lated encoding sequence is that the parameters in this sequence
must be carefully calibrated to make the spectral resolution and
SNR acceptable.

In this paper, we propose an alternative ultrafast pulse se-
quence for the acquisition of 2D COSY spectra, which is based on
the constant-time phase-modulated encoding [22,24,25,27]. A
p–p chirped pulse scheme is used to replace the p/2–p chirped
pulse scheme, as shown in Fig. 1c. For the p chirped pulses, the
RF sweeps from initial frequency offset Oi to final frequency offset
Of at a constant rate R ¼ 2cGeL=tmax

1 , where L is the effective length
of RF excitation and tmax

1 is the total duration of the two p pulses. A
pair of bipolar z-orientation field gradients (+Ge, �Ge) over equal
time during the course of encoding are used. Two p/2 hard pulses
are, respectively, imposed before and after the p–p module. A pair
of z-orientation field gradients with the same duration (ts) and
strength (Gs) flank the second p/2 hard pulse to select the desired
coherence order. The coherence-transfer pathway is shown at the
bottom of Fig. 2a. Alternatively, the desired coherence order could
also be selected by the same pair of field gradients applied after the
first and the last p/2 hard pulse, respectively [28]. It is worth men-
tioning that two ways are available to shift the peaks in the indi-
rect dimension for this pulse sequence. As usual, a z-orientation
in packet at position z. (a) Encoding module of Fig. 1c, (b) encoding module of Fig. 1b
oding module of Fig. 1d. The related coherence-transfer pathways are given at the
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field gradient (Gp) is effective to localize the peaks in the indirect
dimension. This can also be achieved by adjusting the frequency
offsets for observe transmitter of two p–p chirped pulses. The
same EPI detection block as in Fig. 1a is used in the decoding
period.

Suppose that the pulse sequence composed of the phase-modu-
lated encoding module of Fig. 1c and the EPI detection block is ap-
plied to a sample of an AX spin-1/2 system, A and X represent I and
S spins with internal frequency shifts XI and XS, and a scalar cou-
pling constant JIS. The effective length of the sample is L (the z coor-
dinate ranges from �L/2 to L/2). All the RF pulses are applied along
the x direction. Ignoring the effects of diffusion, relaxation and
radiation damping, we will see how the spins evolve under the
pulse sequence. Since the final signal is directly related to the evo-
lution of spins, we start our theoretical deduction from reduced
density operator. For the AX spin system discussed herein, the re-
duced density operator req for the two protons in each molecule at
initial thermal equilibrium state with the high-temperature
approximation can be given by

req ¼ Iz þ Sz; ð5Þ

where the Boltzmann factor has been omitted for clarity. Iz and Sz

represent the longitudinal components of I and S spins, respectively.
Since S is similar to I in an AX spin-1/2 system, only I is considered
in the following deduction.

Due to the existence of the field gradients ±Ge, the p chirped
pulses sequentially excite the sample layer by layer along the z-
axis. The action of pulse sequence on the spin packet at position
z can be represented as Fig. 2a. The evolution time of spin packet
at position z after the first p/2 pulse can be approximated to

tþ1 ðzÞ¼
XIþcGez�Oi

R
; sþ1 ðzÞ¼

tmax
1

2
� tþ1 ðzÞ¼

Of �cGez�XI

R
;

t�1 ðzÞ¼
�Oi�cGezþXI

R
; s�1 ðzÞ¼

tmax
1

2
� t�1 ðzÞ¼

Of þcGez�XI

R
; ð6Þ

where R ¼ 2cGeL=tmax
1 , and tmax

1
2 ¼

Of�Oi

R .
Since the durations of RF pulses on the spin packet at a specific

position are relatively short, the spin evolutions during these peri-
ods are disregarded. After the first p/2 RF pulse, the density oper-
ator of I spin becomes

rð0þÞ ¼ �Iy ¼ �
1
2i
ðIþ � I�Þ: ð7Þ

For N-type COSY signals, the coherence-transfer pathway of this
sequence is 0 ? +1 ? �1 ? +1 ? �1, so we only need to follow
the evolution of I+ operator. During the tþ1 ðzÞ period, the spins
evolve under chemical shifts, J-coupling, and gradient pulses. Just
before the first p RF pulse, the density operator becomes

rðtþ1 ðzÞÞ
� ¼ � 1

2i
Iþe�iXI t

þ
1 ðzÞe�icGeztþ1 ðzÞ cosðpJIStþ1 ðzÞÞ

�2iIþSze�iXI t
þ
1 ðzÞe�icGeztþ1 ðzÞ sinðpJIStþ1 ðzÞÞ

" #
: ð8Þ

The first p RF pulse turns the density operator into

rðtþ1 ðzÞÞ
þ ¼ � 1

2i
I�e�iXI t

þ
1 ðzÞe�icGeztþ1 ðzÞe2iurf ½tþ1 ðzÞ� cosðpJIStþ1 ðzÞÞ

þ2iI�Sze�iXI t
þ
1
ðzÞe�icGeztþ

1
ðzÞe2iurf ½tþ1 ðzÞ� sinðpJIStþ1 ðzÞÞ

" #
;

ð9Þ

where urf ½tþ1 ðzÞ� is the phase incrementation of the first p chirped
pulse during the course of its sweep,

urf ½tþ1 ðzÞ� ¼
Z tþ1 ðzÞ

0
Oðt0Þdt0 ¼ Oi � tþ1 ðzÞ þ

1
2

R � ðtþ1 ðzÞÞ
2
: ð10Þ

Before the second p RF pulse, we have
r tmax
1

2
þ t�1 ðzÞ

� ��

¼ � 1
2i

I�eiXIð�tþ1 ðzÞþs
þ
1 ðzÞþt�1 ðzÞÞeicGezð�tþ1 ðzÞþs

þ
1 ðzÞ�t�1 ðzÞÞ

�e2iurf ½tþ1 ðzÞ� cos½pJISðtþ1 ðzÞ þ sþ1 ðzÞ þ t�1 ðzÞÞ�
þ2iI�SzeiXIð�tþ1 ðzÞþs

þ
1 ðzÞþt�1 ðzÞÞeicGezð�tþ1 ðzÞþs

þ
1 ðzÞ�t�1 ðzÞÞ

�e2iurf ½tþ1 ðzÞ� sin½pJISðtþ1 ðzÞ þ sþ1 ðzÞ þ t�1 ðzÞÞ�

8>>>><
>>>>:

9>>>>=
>>>>;
:

ð11Þ

The second p RF pulse turns the density operator into

r tmax
1

2
þ t�1 ðzÞ

� �þ

¼ � 1
2i

IþeiXIð�tþ1 ðzÞþs
þ
1 ðzÞþt�1 ðzÞÞeicGezð�tþ1 ðzÞþs

þ
1 ðzÞ�t�1 ðzÞÞ

�e2iðurf ½tþ1 ðzÞ��urf ½t�1 ðzÞ�Þ cos½pJISðtþ1 ðzÞ þ sþ1 ðzÞ þ t�1 ðzÞÞ�
�2iIþSzeiXIð�tþ

1
ðzÞþsþ

1
ðzÞþt�1 ðzÞÞeicGezð�tþ

1
ðzÞþsþ

1
ðzÞ�t�1 ðzÞÞ

�e2iðurf ½tþ1 ðzÞ��urf ½t�1 ðzÞ�Þ sin½pJISðtþ1 ðzÞ þ sþ1 ðzÞ þ t�1 ðzÞÞ�

8>>>><
>>>>:

9>>>>=
>>>>;
;

ð12Þ

where urf ½t�1 ðzÞ� is the phase incrementation of the second p chirped
pulse during the course of its sweep,

urf ½t�1 ðzÞ� ¼
Z t�1 ðzÞ

0
Oðt0Þdt0 ¼ Oi � t�1 ðzÞ þ

1
2

R � ðt�1 ðzÞÞ
2
: ð13Þ

Before the second p/2 hard RF pulse, we have

r tmax
1 þtmixþts

� ��

¼� 1
2i

IþeiXIð�tþ
1
ðzÞþsþ

1
ðzÞþt�1 ðzÞ�s�1 ðzÞÞ�iXI tmixþtsð ÞeicGez �tþ

1
ðzÞþsþ

1
ðzÞ�t�1 ðzÞþs�1 ðzÞð Þ

�e2i urf ½tþ1 ðzÞ��urf ½t�1 ðzÞ�ð Þ�e�icGszts cos pJIS tmax
1 þtmixþts

� �� �
�2iIþSzeiXI �tþ

1
ðzÞþsþ

1
ðzÞþt�1 ðzÞ�s�1 ðzÞð Þ�iXI tmixþtsð ÞeicGez �tþ

1
ðzÞþsþ

1
ðzÞ�t�1 ðzÞþs�1 ðzÞð Þ

�e2i urf ½tþ1 ðzÞ��urf ½t�1 ðzÞ�ð Þ�e�icGszts sin pJIS tmax
1 þtmixþts

� �� �

8>>>>><
>>>>>:

9>>>>>=
>>>>>;
:

ð14Þ

Introducing Eqs. (6), (10) and (13) into Eq. (14), we have

r tmax
1 þ tmixþ ts

� ��
¼� 1

2i

Iþe�iCzXI�iXI tmixþtsð Þ �e�icGszts cos pJIS tmax
1 þ tmixþ ts

� �� �
�2iIþSze�iCzXI�iXI tmixþtsð Þ �e�icGszts sin pJIS tmax

1 þ tmixþ ts
� �� �

( )
;

ð15Þ

where C is a spatio-temporal encoding constant (C ¼ 2tmax
1 =L).

After the successive action of the second p/2 hard RF pulse, the
second Gs and Gp, the observable terms of the density operator
become

robs tmax
1 þ tmixþ2tsþ tp

� �þ
¼� 1

4i
I� cos½pJIS tmax

1 þ tmixþ ts
� �

�cos pJISðtsþ tpÞ
� �

� eiXIðtsþtpÞ

þS� sin½pJIS tmax
1 þ tmixþ ts

� �
�sin pJISðtsþ tpÞ

� �
� eiXSðtsþtpÞ

( )

�e�iCzXI�iXI tmixþtsð ÞeicGpztp

:

ð16Þ

In the decoding period, spins evolve under chemical shifts, J-cou-
pling and the gradient pulses. The observable terms of density oper-
ator become

robs tmax
1 þ tmixþ2tsþ tpþ t2

� �
¼� 1

4i
I� cos pJIS tmax

1 þ tmixþ ts
� �� �

cos pJISðtsþ tpþ t2Þ
� �

�eiXIðtsþtpþt2Þ

þS� sin pJIS tmax
1 þ tmixþ ts

� �� �
sin pJISðtsþ tpþ t2Þ
� �

�eiXSðtsþtpþt2Þ

( )

�e�iCzXI�iXI tmixþtsð ÞeicGpztp eiz�
R t2

0
cGaðtÞdt

ð17Þ

Eq. (17) can be rewritten as



robs tmax
1 þ tmix þ 2ts þ tp þ t2

� �
¼ � 1

8i
I� cos pJIS tmax

1 þ tmix þ ts
� �� �

eiXI t2 eiXIðtsþtpÞ eipJISðtsþtpþt2Þ þ e�ipJISðtsþtpþt2Þ
� �

�iS� sin pJIS tmax
1 þ tmix þ ts

� �� �
eiXSt2 eiXSðtsþtpÞ eipJISðtsþtpþt2Þ � e�ipJISðtsþtpþt2Þ

� �
( )

�e�iCzXI�iXI tmixþtsð ÞeicGpztp eiz�
R t2

0
cGaðtÞdt

:

ð18Þ
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So the resulting signals are
Mþðt2; zÞ ¼ 2�N � 4M0 � Tr robs tmax
1 þ tmix þ 2ts þ tp þ t2

� �
ðIþ þ SþÞ

� �� 	
¼ iM0

2
� cos pJISðtmax

1 þ tmix þ tsÞ
� �

eiXI t2 eiXI tsþtpð Þ eipJISðtsþtpþt2Þ þ e�ipJISðtsþtpþt2Þ
� �

�i sin pJISðtmax
1 þ tmix þ tsÞ

� �
eiXSt2 eiXSðtsþtpÞ eipJISðtsþtpþt2Þ � e�ipJISðtsþtpþt2Þ

� �
( )

�e�iCzXI�iXI tmixþtsð ÞeicGpztp eiz�
R t2

0
cGaðtÞdt

;

ð19Þ
where M0 is the equilibrium magnetization per unit volume of I or S
spin (for the AX system, they are equal to each other), and N is the
number of I or S spin in the sample.

From Eq. (19), we can see that echoes will form whenever
CXI ¼ cð

R t2
0 GaðtÞdt þ GptpÞ. The variation of Gptp will change the

echo time during the decoding period, thus adjusting the locations
of peaks in the indirect dimension and making them detectable.
Processing the signals according to Eqs. (3) and (4) will give 2D fre-
quency-domain signals. The first two terms in Eq. (19) represent
the diagonal peaks of I spin, and the last two terms represent the
cross peaks between I and S spins. The diagonal peak appears at
ðXI;XI þ pJISÞ and ðXI;XI � pJISÞ, and the cross peak appears at
ðXI;XS þ pJISÞ and ðXI;XS � pJISÞ. The central frequencies of the
diagonal and cross peaks are ðXI;XIÞ and ðXI;XSÞ, respectively. Sim-
ilar deduction can be performed for S spin, and the resulting cen-
tral frequencies are ðXS;XIÞ and ðXS;XSÞ. Therefore, the sequence
will yield a 2D COSY spectrum. According to Eq. (19), there is no
J-splitting in the indirect dimension, i.e. homonuclear decoupling
is obtained in this dimension, which is consistent with the conclu-
sion mentioned by Giraudeau and Akoka [29]. Moreover, the vari-
ation of tmix value will alter the relative signal intensities between
diagonal and cross peaks. Due to various J-coupling constants in
complex spin systems, the value of cos½pJISðtmax

1 þ tmix þ tsÞ� or
sin½pJISðtmax

1 þ tmix þ tsÞ� for a specific JIS may happen to be zero.
Therefore, different tmix values must be tested to avoid missing
spectral peaks and have compromised signal intensities.

In consideration of the better performances when the encoding
gradient of p chirped pulse is negative [30], the action of the
phase-modulated encoding module of Fig. 1b on the spin packet
at position z can be approximated by Fig. 2b. In combination with
the EPI detection block, when condition Gðp=2Þ

e tðp=2Þ
1;max þ 2GðpÞe tðpÞ1;max ¼ 0

is set for the indirect-dimension encoding, the resulting signals for
the I spin can be similarly deduced to be [24,30]
Mþðt2; zÞ ¼ �
iM0

4
½eipJISs

p=2
1
ðzÞeipJISðt

ðpÞ
1;maxþtmixþtsÞ þ e�ipJISs

p=2
1
ðzÞe�ipJISðt

ðpÞ
1;maxþtmixþtsÞ�eiXI t2 eiXIðtsþtpÞ eipJISðtsþtpþt2Þ þ e�ipJISðtsþtpþt2Þ

� �
�½eipJISs

p=2
1
ðzÞeipJISðt

ðpÞ
1;maxþtmixþtsÞ � e�ipJISs

p=2
1
ðzÞe�ipJISðt

ðpÞ
1;maxþtmixþtsÞ�eiXSt2 eiXSðtsþtpÞ eipJISðtsþtpþt2Þ � e�ipJISðtsþtpþt2Þ

� �
8<
:

9=
;

�e�i½ðBþCXIÞ�zþD��iXIðtmixþtsÞeicGpztp eiz�
R t2

0
cGaðtÞdt

ð20Þ
where C ¼ tðp=2Þ
1;max

L ð1�
Gðp=2Þ

e

GðpÞe
Þ is a spatio-temporal encoding constant,

B ¼ � cGðp=2Þ
e tðp=2Þ

1;max
2 , D ¼ � tðp=2Þ

1;max
2 fXI � ðXIÞ2

cGðp=2Þ
e L
½1� ðG

ðp=2Þ
e

GðpÞe
Þ2�g and sðp=2Þ

1 ðzÞ ¼

ðL�2z
2L �

XI

cGðp=2Þ
e L
Þtðp=2Þ

1;max .
From Eq. (20) we can see that the conditions for echo forma-

tion are Bþ CXI ¼ cð
R t2

0 GaðtÞdt þ GptpÞ �
tðp=2Þ
1;max

L pJIS and Bþ CXI ¼

cð
R t2

0 GaðtÞdt þ GptpÞ þ
tðp=2Þ
1;max

L pJIS. Processing the signals according to
Eqs. (3) and (4) will give 2D frequency-domain signals. For the
AX spin-1/2 system, a 2D COSY spectrum will be obtained. Com-
pared to Eq. (19), Eq. (20) is much more complicated and the echo
conditions need to be carefully fulfilled. Moreover, there is J-cou-
pling splitting in t1 dimension. When the J-splitting is unresolv-
able, this may lead to broader linewidth than that from the
constant-time phase-modulated encoding counterpart, thus lower-
ing the spectral resolution in t1 dimension.

The ultrafast gDQF-COSY pulse sequence is shown in Fig. 1d. It
shares the same encoding module as the constant-time phase-
modulated spatial encoding scheme. A p hard pulse and a p/2 hard
pulse follow this encoding block before the EPI detection period.
The p hard pulse is mainly used to reduce the signal attenuation.
To achieve double-quantum filter, the last p/2 hard pulse is flanked
by a pair of pulsed field gradients with a strength ratio of 1: �2
through the same duration. A purging gradient is also needed to
localize the peak positions in the indirect dimension. The action
of this pulse sequence on the spin packet at position z can be de-
scribed as Fig. 2c, and the desired coherence-transfer pathway
(0 ? +1 ? �1 ? +1 ? +2 ? �2 ? �1) is illustrated on the bottom.
The spin evolution before the second p/2 hard RF pulse is the same
as Eq. (15) excluding the action of Gs. After the second p/2 hard RF
pulse, only +2 coherence order will survive for detection. The
resulting signals is deduced to be

Mþðt2;zÞ¼�
M0

8
eiXI t2 eiXIðtsþtpÞ þeiXSt2 eiXSðtsþtpÞ
� �

� eipJISðtsþtpþt2Þ �e�ipJISðtsþtpþt2Þ
� �

sin pJISðtmax
1 þ tmixÞ

� �
�e�iCzXI�iXI tmix �eiczGptp �eiz�

R t2
0

cGaðtÞdt

ð21Þ
From Eq. (21), we can see that echoes will form whenever
CXI ¼ cð

R t2
0 GaðtÞdt þ GptpÞ, as in the case of constant-time phase-

modulated encoding g-COSY. Processing the signals according to
Eqs. (3) and (4) will give 2D frequency-domain signals. Similarly,
there is no J-splitting in the indirect dimension [29]. The main dif-
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ference of Eq. (21) from Eq. (19) is that the diagonal and cross
peaks have same phase, which means that they can be adjusted
to pure adsorption mode. Moreover, they have same J dependence
in signal intensity. When there is no J-coupling, the signals will dis-
appear. All these features are consistent with conventional DQF-
COSY.
3. Materials and methods

All experiments were performed at 298 K on a Varian NMR Sys-
tem 500 MHz spectrometer using a 5 mm 1H {15N–31P} indirect
detection probe equipped with 3D gradient coils. A sample of pro-
pyl alcohol (CH3CH2CH2OH) in CDCl3 was used to test the capabil-
ity of the pulse sequence shown in Fig. 1c for 2D COSY spectrum.
The sample was prepared by adding 8 ll propyl alcohol to 992 ll
CDCl3 to form a 100 mmol l�1 solution. For comparison, a conven-
tional 1H–1H 2D COSY spectrum was also acquired using the built-
in g-COSY pulse sequence provided by Varian Inc. In the conven-
tional g-COSY experiment, the duration of p/2 RF pulse was
11.75 ls, with the RF power of 58 dB. The pulse repetition time
was 4 s. One hundred and twenty-eight points were acquired in
the indirect dimension and the acquisition time t2 was 300 ms.
The spectral widths of the F1 and F2 dimensions were both
2000 Hz. The total acquisition time was about 10 min. In the con-
stant-time phase-modulated encoding g-COSY experiment, the
p/2 RF pulses were set the same as those used in conventional g-
COSY experiment. The effective sample length was L = 1.6 cm.
The p chirped pulses were created from the Pbox subroutine li-
braries at a digitization rate of 1.0 ls with an adiabatic coefficient
of 1.2 to fulfill the adiabatic passage requirements. The gradient
switching time was d = 5 ls. A delay (tmix) of 15 ms was added after
the second p chirped pulse to improve the coupling signals
between different protons. The other relevant parameters were
set as follows: Ge = 15 G/cm, tmax

1 = 40 ms, Gs = 1 G/cm, ts = 2.5 ms,
Gp = �10 G/cm, tp = 0.28 ms, Ga = 30 G/cm, Ta = 200 ls, and
N2 = 80. The total acquisition time was about 100 ms.

To compare our method (Fig. 1c) with the previous one (Fig. 1b),
experiments on a sample of n-butylbromide/CDCl3 solution were
carried out. The sample was prepared by adding 12 ll n-butylbro-
mide to 988 ll CDCl3 to form a 100 mmol l�1 solution. The dura-
tion of p/2 RF pulse was 10.9 ls. The main experimental
parameters are indicated in Fig. 3a and b. Other parameters and
experimental conditions were set the same as those for propyl
alcohol sample. The effective encoding time for Fig. 3a and b were
both calculated to be 41.4 ms according to the expressions given by
Giraudeau and Akoka [30]. The p/2 chirped pulse was created at a
digitization rate of 1.0 ls with a adiabatic coefficient of 0.068 [31].
The same pair of field gradients were applied to flank the last p/2
hard pulse of both sequences in order to select the desired
coherence order. Besides single scan, four-step phase cycling was
also used to see its effect on the improvement of spectral quality.
The pulse repetition time was 5 s. For the constant-time phase-
modulated encoding sequence, the phases for the two p/2 hard
Fig. 3. Pulse sequences used for single-scan 2D 1H–1H COSY experiments of n-butylbrom
encoding g-COSY sequence, (b) real-time phase-modulated encoding g-COSY sequence,
pulses and the receiver were (x, y, �x, �y), (y, x, �y, �x) and
(�x, �y, x, y), respectively. For the real-time phase-modulated
encoding sequence, the phases for the p/2 hard pulse and the recei-
ver were (x, y, �x, �y) and (x, �x, x, �x), respectively.

The n-butylbromide/CDCl3 sample was also used for 2D gDQF-
COSY experiments. The main experimental parameters are indi-
cated in Fig. 3c. Other parameters and experimental conditions
were set the same as those for propyl alcohol sample. For compar-
ison, experiments without and with a four-step phase cycling were
performed. For the four-step phase cycling scheme, the three p/2
hard pulses in the sequence were all imposed for phase change.
The phases for the three p/2 pulses were (x, y, �x, �y), (�x, �y, x, y)
and (y, �x, �y, x), respectively, and the receiver phase was
(y, �x, �y, x). The pulse repetition time was 5 s.

To obtain a frequency-domain spectrum, the acquired time-do-
main data points were first separated into two independent bidi-
mensional data sets related to +Ga and �Ga periods, respectively,
then both of them were zero-filled to a 100 � 100 (k, t2) matrix be-
fore regular FT against t2 for a 2D COSY spectrum. Combination of
these two data sets results in an

ffiffiffi
2
p

improvement of the spectral
sensitivity [19,20]. All the data were processed with the aid of
our custom-written program with Matlab 7.7.0 (The Math Works
Inc.).
4. Results and discussion

The experimental spectrum of the sample of propyl alcohol in
CDCl3 acquired using the constant-time phase-modulated encod-
ing g-COSY pulse sequence is shown in Fig. 4a, together with the
conventional 2D g-COSY spectrum shown in Fig. 4b. It reveals that
the constant-time phase-modulated encoding g-COSY sequence
does give a correct 2D 1H–1H COSY spectrum (Fig. 4a). Compared
to Fig. 4b, the intensities of most cross peaks in Fig. 4a are weaker
partly due to single scan. The lower spectral resolution is an intrin-
sic limitation of current ultrafast methods. If the encoding time
(tmax

1 ) is elongated for a better spectral resolution in the indirect
dimension, the spectrum will be severely deteriorated due to
prominent effects of molecular diffusion [29,30,32]. Therefore, a
compromised encoding time should be set to get a 2D COSY spec-
trum with acceptable resolution in a practical experiment. Never-
theless, all the chemical shift and J-coupling network information
can still be obtained from Fig. 4a. Since the constant-time phase-
modulated encoding experiment can be completed within much
shorter time, it can be used in the cases where the experimental
time is mainly concerned. For this sample, the total experimental
time needed for a 2D COSY spectrum using our method is only
about 100 ms, much shorter than the conventional 2D g-COSY
counterpart (about 10 min).

The single-scan 2D 1H–1H COSY spectra of the sample of n-buty-
lbromide/CDCl3 acquired by using the constant-time phase-modu-
lated encoding g-COSY method and real-time phase-modulated
encoding g-COSY method are illustrated in Fig. 5, together with
the initial parts of the time-domain signals. Both spectra, presented
ide/CDCl3 sample with parameters indicated. (a) Constant-time phase-modulated
and (c) constant-time phase-modulated encoding gDQF-COSY sequence.



Fig. 4. Absolute-value 1H–1H g-COSY spectra of propyl alcohol in CDCl3. (a) Single-scan spectrum acquired using the constant-time phase-modulated encoding pulse
sequence shown in Fig. 1c within about 100 ms and (b) conventional spectrum acquired within about 10 min.
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in magnitude mode, were processed with the same procedure and
same post-processing parameters.

In order to impartially make these two methods comparable, we
have carefully set the experimental parameters, especially the
effective encoding time, so that the experiments were performed
in the conditions as close as possible. The comparison between
the two COSY spectra (Fig. 5a and b) indicates that both spectra
have approximately identical resolution in the direct dimension
due to the same decoding schemes. The half-height widths of the
peak located at 1.3 ppm (the strongest peak) in the accumulated
projection spectra (absolute-value mode) in the direct dimension
are 24 and 27 Hz for constant-time phase-modulated encoding
spectrum (Fig. 5a) and real-time phase-modulated encoding spec-
trum (Fig. 5b), respectively. Whereas the spectrum obtained with
the constant-time phase-modulated encoding has much higher res-
olution in the indirect dimension. The half-height widths of the
peak at 1.3 ppm in the accumulated projection spectra in the indi-
rect dimension are 48 and 82 Hz, respectively, for these two encod-
ing schemes. The higher resolution would benefit the application of
ultrafast 2D COSY method on complex proton systems. The
comparison between the time-domain signals shown in Fig. 5d
and e indicates that the signal obtained with the constant-time
phase-modulated encoding method has higher SNR than the coun-
terpart obtained with the real-time phase-modulated encoding
method. Four echoes can be clearly observed during each +Ga or
�Ga sampling period as shown in Fig. 5d, whereas the echoes shown
in Fig. 5e are not so clear due to serious noises. This conclusion is
further confirmed by the SNR of the frequency-domain signals.
The SNR of the peak at 1.3 ppm in the indirect dimension is approx-
imately 95 for the constant-time phase-modulated encoding meth-
od and 61 for the real-time phase-modulated encoding method. The
better results from the constant-time phase-modulated encoding
method (higher resolution and SNR) may be mainly attributed to
the more accurate excitation by the p–p chirped pulses than by
p/2–p chirped pulses and the elimination of J-splitting for con-
stant-time phase-modulated encoding method. All the spectral res-
olution and SNR data mentioned above are average values from five
consecutive experiments performed with the same parameters. The
spectral quality is improved after four-step phase cycling (Fig. 5g
and h). For the peak at 1.3 ppm, the half-height width becomes
39 and 75 Hz, and the SNR becomes 127 and 85, respectively, in
the indirect direction. Of course this improvement is at a cost of
experimental time. The total experimental time increased to about
20 s for an acquisition with four-step phase cycling.

In practice, it is significant for an experiment to be performed
rapidly and conveniently. In constant-time phase-modulated
encoding 2D g-COSY experiment, instead of two different chirped
pulses, two same p chirped pulses, together with a pair of reverse
gradients (+Ge, �Ge) over equal time during the course of spin
encoding are used. So the experiment is relatively easy to imple-
ment, without too much cumbersome parameter calibration work.
By contrast, in the real-time phase-modulated encoding 2D g-COSY
experiment, the conditions of Gðp=2Þ

e tðp=2Þ
1;max ¼ �2GðpÞe tðpÞ1;max and GðpÞe �

10Gðp=2Þ
e are chosen for the indirect-dimension encoding, and the

p/2 and p chirped pulses should be set according to the relevant
parameters (Gðp=2Þ

e , GðpÞe , tðp=2Þ
1;max and tðpÞ1;max). Therefore, a longer time

is needed to calibrate these parameters and generate the
p/2 and p chirped pulses for a 2D COSY spectrum. Moreover, the
result of real-time phase-modulated encoding experiment is more
sensitive to experimental parameter variations, such as pulse
power or frequency offset [32].

The single-scan 2D gDQF-COSY spectrum of the sample of n-
butylbromide/CDCl3 is shown in Fig. 5c. The experimental time
for this spectrum is about 100 ms. This result demonstrates the
feasibility of the ultrafast gDQF-COSY sequence. Compared to
Fig. 5a, the signal intensity is weakened since DQF causes 50% sig-
nal loss. On the other hand, the intensities of cross peaks become
more comparable to the intensities of diagonal peaks as a result
of a relative suppression of diagonal peaks. For the peak at
1.3 ppm in the accumulated projection spectra, the half-height
widths are 21 and 42 Hz in the direct and indirect direction,
respectively. The SNR of the same peak is 87 in the indirect dimen-
sion. These values are close to the ones obtained from Fig. 5a. The
four-step phase cycling improves the corresponding resolution and
SNR in the indirect dimension to 19 Hz and 138, respectively
(Fig. 5i), much better than the effect of phase cycling on the ultra-
fast g-COSY. Nevertheless, the present resolution is still not enough
for a phase-sensitive COSY spectrum.
5. Conclusion

Ultrafast 2D NMR spectroscopy will largely save experimental
time, thus it is an important research topic in NMR community.



Fig. 5. Ultrafast 2D 1H–1H COSY spectra and corresponding time-domain signals in the first two decoding periods of the n-butylbromide/CDCl3 sample. (a) Single-scan
spectrum obtained using the constant-time phase-modulated encoding g-COSY pulse sequence shown in Fig. 3a, (b) single-scan spectrum obtained using the real-time phase-
modulated encoding g-COSY pulse sequence shown in Fig. 3b, and (c) single-scan spectrum obtained using the constant-time phase-modulated encoding gDQF-COSY pulse
sequence shown in Fig. 3c. All spectra were recorded within about 100 ms. Their accumulated projections in both direct and indirect dimensions are shown for comparison.
(d–f) Time-domain signals corresponding to (a–c), respectively. (g–i) Spectra corresponding to (a–c), respectively, obtained with four-step phase cycling within about 20 s. All
the spectra are displayed in absolute-value mode.
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In this paper, ultrafast 2D g-COSY and gDQF-COSY methods were
proposed based on constant-time phase-modulated encoding with
a p–p chirped pulse scheme. With these methods, 2D COSY spectra
can be obtained efficiently within sub-second. Compared to the
previous real-time phase-modulated encoding method, our meth-
ods improve the spectral SNR and resolution in the indirect dimen-
sion. Furthermore, 2D COSY spectra can be obtained more easily
due to simpler parameter setting and calibration. These advantages
would make them more applicable in practical application.
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