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a b s t r a c t

Two phase-modulated binomial-like p pulses have been developed by simultaneously optimizing pulse
durations and phases. In combination with excitation sculpting, both of the new binomial-like sequences
outperform the well-known 3-9-19 sequence in selectivity and inversion width. The new sequences pro-
vide similar selectivity and inversion width to the W5 sequence but with significantly shorter sequence
durations. When used in PGSTE-WATERGATE, they afford highly selective solvent suppression in diffu-
sion experiments.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction tained, and the new binomial-like sequences have been combined
Since being introduced by Hore, binomial sequences [1,2], which
have RF pulse durations in the ratio of binomial coefficients, have
been widely used for selective excitation and inversion due to their
good performance and ease of setup. To gain higher performance,
binomial-like sequences (e.g., the 3-9-19 sequence [3] and W5 se-
quence [4]), which have the same symmetric pulse arrangement as
binomial sequences but pulse durations in arbitrary ratios, have
been developed by optimizing pulse durations using numerical
methods. In combination with the WATERGATE sequence [5], bino-
mial-like sequences provide an easy and efficient method of solvent
suppression [3]. The phases of the RF pulses in binomial or binomial-
like sequences are usually 0� or 180� [1–4]. However, for most mod-
ern NMR spectrometers, the phases of RF pulses can be controlled
very accurately (e.g., to within 0.006�), which allows the employ-
ment of arbitrarily phased RF pulses (i.e., RF pulses with
phases = n � (360�/65536), n = 0, 1, 2, 3, . . . , 65536). Arbitrarily
phased RF pulses have been employed in jump-return pulses for sol-
vent and fat suppression [6,7]. No arbitrary phase combinations have
previously been employed in binomial or binomial-like sequences
due to the risk of introducing significant phase distortions. However,
both excitation sculpting [8] and PGSTE-WATERGATE [9] sequences
can remove phase distortions caused by the use of soft pulses. In this
paper, two 6-pulse PM (Phase Modulated) binomial-like sequences
with arbitrary phase combinations, which outperform the widely
used 3-9-19 (also referred to as W3) sequence [3,4], have been ob-
ll rights reserved.
with the excitation sculpting and PGSTE-WATERGATE sequences.
A brief introduction of the salient features of binomial and bino-

mial-like sequences and planar rotations, which are required to de-
velop and evaluate the sequences presented here, is given in the
following section. The performance of the newly developed se-
quences is illustrated in combination with the excitation sculpting
and PGSTE-WATERGATE methods on a sample containing 2 mM
lysozyme in water (10:90 D2O/H2O).

2. Theory

2.1. Binomial and binomial-like sequences

A general binomial-like sequence can be written as [2]

a1ðu1Þ � s� a2ðu2Þ � s � � �anðunÞ � s� anðunþ1Þ � � � s
� a2ðu2n�1Þ � s� a1ðu2nÞ; ð1Þ

where ai (i = 1, 2, . . . , n) is the nutation angle of the RF pulse, ui (i = 1,
2, . . . , 2n) is the pulse phase, and s is the inter-pulse delay.
Traditionally, the pulse phase is set as 0� or 180�, for example, the
1-3-3-1 [1,2] and 3-9-19 [3] sequences can be written as

45�ð0�Þ � s� 135�ð0�Þ � s� 135�ð180�Þ � s� 45�ð180�Þ; ð2Þ

and

20:77�ð0�Þ � s� 62:31�ð0�Þ � s� 131:54�ð0�Þ � s
� 131:54�ð180�Þ � s� 62:31�ð180�Þ � s� 20:77�ð180�Þ; ð3Þ

respectively.
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Fig. 1. The PGSTE-WATERGATE sequence with new binomial-like p pulses. The
black columns represent p/2 RF pulses, and the groupings of narrow bars represent
binomial-like p pulses, and g1, g2 and g3 are rectangular gradient pulses with
different amplitudes. The phase cycles for the first, second, third p/2 pulse, the first
and second binomial-like sequences, and receiver are h1 = x, �x; h2 = x, y, �x, �y;
h3 = x, y, �x, �y; h4 = (x)6, (x)6, (y)6, (y)6, (�x)6, (�x)6, (�y)6, (�y)6; h5 = (x)6, hr = y, �y,
�y, y. The phases of the pulses of the binomial-like sequences are given by
240.969� � 320.652� � 302.794� � 122.794� � 140.652� � 60.969� + h4 (or h5) (for
PM1), and 214.524� � 304.508� � 304.530� � 124.530� � 124.508� � 34.524� + h4

(or h5) (for PM2).
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Fig. 2. Simulated inversion profiles of the PM1, PM2, W5 and 3-9-19 sequences with an
enough to make the resonance offset effects negligible during the application of RF puls
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In obtaining new binomial-like sequences, it is necessary to ex-
press the magnetization after the application of binomial-like se-
quences as functions of each pulse sequence elements. In this
study, product operators [10] have been used to model the effects
of the sequences.

2.2. Simulation of plane rotation

For most of the selective p RF pulses, the magnetization imme-
diately before the pulse is on the transverse (i.e., x � y) plane. Espe-
cially in the WATERGATE [5] and WATERGATE-like sequences (e.g.,
excitation sculpting [8], PGSE-WATERGATE [11], and PGSTE-
WATERGATE [9]), the magnetization right before the selective
pulse has totally fanned out in the transverse plane, signifying that
a selective p pulse has to invert the whole magnetization plane in-
stead of just a magnetization vector. These selective p pulses can
be called plane rotation pulses [12]. The simplest way to simulate
a plane rotation is to use a vector perpendicular to the plane to
track the movement of the magnetization plane. A magnetization
vector initially on the positive z axis can simply do the job. An ideal
p pulse rotates the magnetization vector from the positive z direc-
tion to the negative z direction.

In all simulations, the performance of the binomial-like p pulses
has been assessed by calculating the final z magnetization caused
3-9-19
W5
PM1
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Fig. 3. Excitation sculpting excitation profiles of the PM1, PM2, W5 and 3-9-19 sequences using CuSO4-doped D2O with c B1/2p = 12 kHz for binomial-like sequences and an
inter-pulse delay of 280 ls.
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by applying the selective pulses to an initial positive z magnetiza-
tion. Because z magnetization does not provide any phase informa-
tion, the simulation mentioned above may generate selective
pulses not only providing the desired inversion profile but also
causing significant phase errors. Therefore, the new selective
pulses must be used in conjunction with the excitation sculpting
and PGSTE-WATERGATE sequences to remove the phase errors.

In general, there are two approaches for the development of
binomial-like sequences: analytical methods (e.g., Fourier trans-
form approximation [2] and rotation operator treatment [2]) and
numerical methods [4,13,14]. Since this study is focused on the
development of binomial-like sequences with the optimal inver-
sion profiles, a numerical optimization procedure based on least-
squares analysis has been employed.

2.3. PGSTE-WATERGATE

The diffusion-based attenuation of the non-solvent resonances
in the PGSTE-WATERGATE sequence (Fig. 1) can be written as [9]

E ¼ exp �c2Dd2 D� 4
3

d� 2d2

� �
ðg1 � g2Þ

2
��

þ2
3

dðg1 � g2Þg1 þ 4d2 þ
4
3

d

� �
g2

1

��
; ð4Þ
where D (m2 s�1) is the diffusion coefficient, and c (rad s�1 T�1) is
the gyromagnetic ratio of the nucleus being used, and D, d, d1, d2,
g1 and g2 are defined in Fig. 1. In this study, the g1 gradient in the
PGSTE-WATERGATE sequence has been set larger than the g2 gradi-
ent to make the ‘‘(g1 � g2) � g1” term in Eq. (4) positive and the ‘‘g2

1”
term greater, thereby enhancing the encoding efficiency of the
applied gradients.

3. Experimental

Two samples were used to evaluate the new sequences: 2 mM
lysozyme in water (10:90 D2O/H2O) was provided in a sealed
NMR tube by Bruker (Karlsruhe, Germany) as the standard
water-suppression sample, and CuSO4-doped D2O (99.9 atom %D,
ISOTEC, Matheson) was placed into a magnetic susceptibility-
matched (to D2O) NMR tube (BMS-003, Shigemi).

All experiments were conducted on a Bruker 500 MHz Avance
NMR spectrometer at 25 �C. The excitation sculpting profiles of
the binomial-like sequences were obtained with gradient strengths
of 0.185 T m�1 and 0.120 T m�1 for the first and second bipolar gra-
dient pairs in the excitation sculpting sequence, respectively, and
an inter-pulse delay, s, of 280 ls for the binomial-like sequences.
The excitation sculpting spectra of lysozyme were obtained using
the excitation sculpting sequence with number-of-scans = 64,
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Fig. 4. Excitation sculpting excitation profiles of the PM1, PM2, W5 and 3-9-19 sequences using CuSO4-doped D2O with c B1/2p = 32 kHz for binomial-like sequences and an
inter-pulse delay of 280 ls.
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two gradient strengths of 0.203 T m�1 and 0.072 T m�1 in combi-
nation with different binomial-like sequences with inter-pulse de-
lay of 282 ls. The WATERGATE spectrum of lysozyme was
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Fig. 5. (A) The phase of the final magnetization vector at different offset frequencies. (
(10:90 D2O/H2O) using a gradient strength of 0.195 T m�1 and the PM1 binomial-like se
obtained using the WATERGATE sequence with number-of-
scans = 64, a gradient strength of 0.195 T m�1 in combination with
the PM1 sequence with inter-pulse delay of 282 ls.
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B) The 1H WATERGATE spectrum of a sample containing 2 mM lysozyme in water
quence with an inter-pulse delay of 282 ls.
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PGSTE-WATERGATE experiments were performed on lysozyme
with number-of-scans = 32, g1 varying from 0.159 T m�1 to
0.541 T m�1, g2 = 0.131 T m�1, d = 4 ms, D = 62.2 ms, d1 = 0.05 ms,
and d2 = 0.2 ms. All simulations were performed in Maple 11
11

a b c

3-9-19

W5

PM2

PM1

10 9 8 7 6 5 4 3 2 1 0 ppm

3

(Maplesoft, Waterloo), and the Maple routine least-squares tool
(LSSolve) was used for optimization. In all simulations, it was as-
sumed that the power of the RF pulses was high enough to make
the resonance offset effects during the application of the RF pulses
negligible.

4. Results and discussion

The general form of a 6-pulse phase-modulated binomial-like
sequence in this study can be written as [13]

aðu1Þ � s� bðu2Þ � s� cðu3Þ � s� cðu3 þ 180�Þ � s� bðu2

þ 180�Þ � s� aðu1 þ 180�Þ: ð5Þ

To ensure that the on-resonance magnetization automatically goes
back to the positive z axis (i.e., experiences a zero inversion), a 180�
shift was added to the phase-pattern of the second half of the se-
quence [13]. For the on-resonance magnetization, the rotations
caused by a(u1), b(u2), and c(u3) are cancelled by the rotations
caused by a(u1 + 180�), b(u2 + 180�), and c(u3 + 180�), respectively.

The desired selective inversion pulse has no effect on the on-
resonance magnetization but inverts all off-resonance magnetiza-
tions inside the effective inversion width (i.e., z-magnetization
(Mz) = 1 ? Mz = �1). Therefore, in the simulations based on prod-
uct operators, the sequence shown in sequence (5) has been ap-
plied to a magnetization along the positive z axis. The inter-pulse
delay (s) of the sequence has been set to 200 ls to give a band
width of 5000 Hz between the null points, and thus the z-compo-
nent of the final magnetization has been calculated at five offset
frequencies: 50 Hz, 1500 Hz, 2000 Hz, 3000 Hz, and 3500 Hz. Each
of the three pulse durations (i.e., a, b, c) has been manually set
from 0� to 360� in increments of 30� before each optimization
due to the limitation on the number of variables in the least-
squares optimization tool of Maple 11. For example, for a = 60�,
the final z-magnetization is a function of b, c, u1, u2, u3, and the
offset frequency (X) (i.e., f (b, c, u1, u2, u3, X)). The sum-of-squares
is given by

ðf ðb; c;u1;u2;u3;50HzÞ � 0Þ2 þ ðf ðb; c;u1;u2;u3;1500HzÞ

� ð�1ÞÞ2 þ ðf ðb; c;u1;u2;u3;2000HzÞ � ð�1ÞÞ2

þ ðf ðb; c;u1;u2;u3;3000HzÞ � ð�1ÞÞ2

þ ðf ðb; c;u1;u2;u3;3500HzÞ � ð�1ÞÞ2: ð6Þ

The optimal combination of b, c, u1, u2, and u3 has been found by
minimizing the sum-of-squares shown above. The optimal combi-
nation of pulse durations and phases has been obtained for each
of these manually set values. The sequences presented here have
been selected from these combinations based on their inversion
width and selectivity.

The newly obtained binomial-like sequences, PM1 and PM2, can
be written as
Fig. 6. A series of 500 MHz 1H excitation sculpting spectra of a sample containing
2 mM lysozyme in water (10:90 D2O/H2O) at 25 �C using the PM1, PM2, W5 and
3-9-19 sequences. The inter-pulse delay, s, in the binomial-like sequences was set
to 282 ls. The signal intensity in region a (signals due to NH protons), which is at
the edge of each spectrum, reflects the inversion width of each binomial-like
sequence. The significant signal attenuation in this region of the 3-9-19 spectrum
indicates that the 3-9-19 sequence provides a smaller inversion width than the
PM1, PM2 and W5 sequences, which provide similar inversion widths. The signal
intensity in regions b and c (signals due to backbone Ha protons), which are right
next to the water resonance, reflects the selectivity of each binomial-like sequence.
In the PM1, PM2 and W5 spectra, the signal intensity in these regions are much
higher than those in the 3-9-19 spectrum, indicating that the PM1, PM2, and W5
sequences are similar but more selective than the 3-9-19 sequence.



Fig. 7. A series of 500 MHz 1H PGSTE-WATERGATE spectra of a sample containing 2 mM lysozyme in water (10:90 D2O/H2O) at 25 �C. The diffusion decays calculated from
the spectra presented are also shown. The measured diffusion coefficients of lysozyme were, within experimental error, identical (i.e., 1.13 ± 0.01 � 10�10 m2 s�1 (PM1) and
1.15 ± 0.01 � 10�10 m2 s�1 (PM2)) by averaging the data obtained in three independent experiments for each sequence.
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260:47�ð240:969�Þ � s� 120:00�ð320:652�Þ � s
� 313:04�ð302:794�Þ � s� 313:04�ð122:794�Þ � s
� 120:00�ð140:652�Þ � s� 260:47�ð60:969�Þ; ð7Þ

and

89:99�ð214:524�Þ � s� 42:12�ð304:508�Þ � s
� 120:00�ð304:530�Þ � s� 120:00�ð124:530�Þ � s
� 42:12�ð124:508�Þ � s� 89:99�ð34:524�Þ; ð8Þ
respectively. The simulated inversion profiles are shown in Fig. 2,
and experimental excitation profiles for binomial-like sequences
at different RF power levels are shown in Figs. 3 and 4. An inter-
pulse delay of 280 ls was used for the simulations and experiments
and this corresponds to a bandwidth of 3571 Hz between the null
points. For the simulated profiles (Fig. 2), the resulting frequency
widths which provide better than 90% inversion are 2500, 2525,
2640, and 2040 Hz for the PM1, PM2, W5, and 3-9-19 sequences,
respectively, corresponding to an increase in the inversion band-
width of 460 Hz for PM1 and 485 Hz for PM2, compared with the
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3-9-19 sequence. The frequency width of the suppression region
which produces less than 10% of the intensity are 240, 236, 214,
and 336 Hz for the PM1, PM2, W5, and 3-9-19 sequences, respec-
tively, which are equivalent to narrowing the suppression region
by 28% for PM1 and 30% for PM2, compared with the 3-9-19 se-
quence. For the experimental profiles with cB1/2p = 12 kHz for
binomial-like sequences (Fig. 3), the resulting frequency widths
which provide better than 90% inversion are 2167, 2080, 1940,
and 1767 Hz for the PM1, PM2, W5, and 3-9-19 sequences, respec-
tively, corresponding to an increase in the inversion bandwidth of
400 Hz for PM1 and 313 Hz for PM2, compared with the 3-9-19 se-
quence. The frequency width of the suppression region which pro-
duces less than 10% of the intensity are 440, 410, 376 and 566 Hz for
the PM1, PM2, W5, and 3-9-19 sequences, respectively, which are
equivalent to narrowing the suppression region by 22% for PM1
and 28% for PM2, compared with the 3-9-19 sequence. For the
experimental profiles with cB1/2p = 32 kHz for binomial-like se-
quences (Fig. 4), the resulting frequency widths which provide bet-
ter than 90% inversion are 2233, 2410, 2500 and 1890 Hz for the
PM1, PM2, W5, and 3-9-19 sequences, respectively, corresponding
to an increase in the inversion bandwidth of 343 Hz for PM1 and
520 Hz for PM2, compared with the 3-9-19 sequence; while the fre-
quency width of the suppression region which produces less than
10% of the intensity is essentially unaffected by increasing the RF
power. Compared with the simulated profiles, the experimental
profiles have slight intensity distortions at low RF power (Fig. 3)
and these are due to resonance offset effects during the application
of RF pulses which were assumed to be negligible in the design of
the binomial-like sequences. These distortions were minimized by
using high RF power for the binomial-like sequences (Fig. 4), except
for the PM1 sequence, which was found to be more susceptible to
resonance offset effects due to the use of longer RF pulses. The
experimental profiles give wider suppression regions due to the
use of excitation-sculpting [4]. The two new sequences provide
selectivity similar to that of the W5 sequence but with far shorter
durations. For example, when cB1/2p = 12 kHz and s = 300 ls, the
durations of the PM1, PM2, and 3-9-19 inverse pulses are 1.824,
1.617, and 1.6 ms, respectively, while the duration of the W5 in-
verse pulse is 2.825 ms. Therefore, the PM1 and PM2 sequences re-
sult in less signal attenuation by spin–spin relaxation than the W5
sequence.

As mentioned in Section 2, only the ‘‘z” magnetization has been
taken into account during all the simulations, and therefore the
newly obtained sequences may introduce phase distortions. To
show the phase gradient (i.e., frequency dependent phase shift), a
simulation was conducted, in which the PM1 binomial-like se-
quence was applied to a transverse magnetization vector shifted
45� away from the positive x axis. As shown in Fig. 5A, the PM1 bino-
mial-like sequence causes a significant frequency dependent phase
shift. To demonstrate the phase distortions, the PM1-based WATER-
GATE sequence has been applied to the lysozyme sample (Fig. 5B).
The PM2 sequence also causes phase distortions (results not shown).

However, as mentioned in Section 1, the excitation sculpting
and PGSTE-WATERGATE sequences can remove phase distortions
caused by the use of soft pulses [8,9]. Therefore, in combination
with excitation sculpting and PGSTE-WATERGATE, the utility of
the new binomial-like sequences is demonstrated on the lysozyme
sample. As shown in Fig. 6, pure-phase spectra have been obtained
for both of the new sequences. The greater inversion width and
selectivity of the two new binomial-like sequences compared with
the 3-9-19 sequence is evident by comparing the intensity of the
peaks in the regions a, b, and c. In combination with PGSTE-
WATERGATE, the new binomial-like sequences have been used in
diffusion experiments on the lysozyme sample. As shown in
Fig. 7, both of the new binomial-like sequences show great selec-
tivity in PGSTE-WATERGATE experiments.

5. Conclusions

In combination with excitation sculpting, both of the new se-
quences outperform the 3-9-19 sequence in selectivity and inver-
sion width. With significantly shorter durations, the new
sequences provide similar selectivity and inversion width to the
W5 sequence. When used in PGSTE-WATERGATE, they afford highly
selective solvent suppression in diffusion experiments.
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