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Abstract

Recoupling of homonuclear double quantum (DQ)-dipolar interactions is a useful technique for the structural analysis of

molecules in solids. We have designed a series of elemental 0� pulses for the recoupling sequences with the rf phase rotation about

the z-axis, known as CN. The proposed 0� pulses whose total flip angle P360� provide spin rotation vectors in the xy-plane. Thus,

the residual spin rotation can be canceled by rf phase rotation about the z-axis. An analysis by the coherent averaging theory showed

that effective bandwidths of the recoupling sequences are limited not by the reduction in the dipolar scaling factor but by the increase

in the residual spin rotation due to offset. A CN sequence with these elemental pulses provides an effective bandwidth of DQ-dipolar

recoupling from ca. 0.5mR to 4mR for numerical simulations. Here, mR is the sample spinning frequency. The 0� pulses were applied to
band-selective recoupling for the magnetization transfer in uniformly 13C-labeled molecules. Narrow-band recoupling enhances the

magnetization transfer between spins within the effective range by decoupling the dipolar interactions between spins one of which is

outside the range. The narrow band operation reduces rf field strength, which improves the CH decoupling. Increases in signal

intensities by the use of the proposed 0� pulses are experimentally shown for 13C-labeled amino acids.

� 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Solid-state NMR can provide information on

structure and dynamics of molecules in non-crystalline

states [1,2] and membrane-associated forms [3,4]. Effi-

cient methods for spectral assignment [5–9], inter-nu-

clear distance measurement [10–14], and dihedral angle

determination [15–21] include the use of dipolar inter-

action restored by rf multi-pulse irradiation under
magic angle spinning [22]. Several rf pulse sequences

have been designed to recouple zero-quantum (ZQ)

[23–28] and double-quantum (DQ) [29–37] components

of the homonuclear dipolar interaction. The DQ-di-

polar interaction can be recoupled by rotor synchro-

nous rf irradiation that rotates the dipolar spin
operators about the B1 field [9,29,37] or the z-axis in

the rotating frame [30–36]. General principles of the rf

irradiation symmetry denoted as CN m
n and RN m

n allow

the latter technique to recouple or decouple the dipolar

interaction in homo- and hetero-nuclear spin systems

[38–41].

The rf pulse sequence with the CN m
n symmetry con-

sists of element pulses with rf phase shifts at 2pm=N steps
during n rotor revolutions; here N, m, and n are integers.

The symmetries C712 (POST-C7) [32], C512 (SPC5) [33],

and C1454 (SC14) [35] have been used for the 13C–13C

DQ-dipolar recoupling. These sequences are different in

required rf amplitude relative to the sample spinning

frequency, cB1=xR, but have broad recoupling band-

widths that cover the 13C chemical shifts for organic

molecules.
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The band-selective recoupling can increase the signal
sensitivity. It suppresses the interactionwith spins outside

the effective recoupling range [42]. The narrow band op-

eration can be performed with an rf field amplitude lower

than those for broadband operation as shown in [43]. The

reduced cB1 facilitates the CH dipolar decoupling during

the recoupling period under a strong rf field for 1H [31].

In this paper, we propose element pulses for efficient

band-selective DQ-dipolar recoupling. We have devel-
oped element pulses to vary the effective bandwidth of

the CN recoupling sequence. A modification of the ele-

ment pulse in POST-C7 has been shown to improve the

tolerance to offset and rf field homogeneity [32]. The

pulse we propose is a generalization of that modified

pulse. We present an effective Hamiltonian to charac-

terize the offset dependence of the recoupling with the

element pulse. Subsequently, the proposed sequences are
compared with broadband recoupling sequences. We

demonstrate the advantages of the proposed sequences

in band-selective magnetization transfer experiments on

uniformly 13C-labeled amino acids.

2. Theory

2.1. Off-resonance effects on recoupling of homonuclear

DQ-dipolar interaction

In the CN m
n sequence for recoupling the DQ-dipolar

interaction, N cyclic-element pulses are timed to span n

rotor revolutions as illustrated in Fig. 1a. Each C-ele-

ment pulse represents a 0� pulse with a width sc. The kth
element pulse has a phase /ðkÞ

rf ¼ 2pmk=N ðk ¼ 0; 1;
2 . . . ;N � 1Þ. This rf phase rotation about the z-axis is

referred to as the z rotation [32]. It has been verified that

the z-rotation symmetries C712, C5
1
2, and C1454 recouple

the homonuclear DQ-dipolar interactions [33,35].

The Hamiltonian in the rotating frame for a dipolar-

coupled homonuclear two-spin system under the rf field

along the x-axis is expressed as

H ¼ HA þHB; ð1Þ

HA ¼ xeff
1 ðtÞ � I1 þ xeff

2 ðtÞ � I2; ð2Þ

HB ¼ Dxaniso
1 ðtÞI1z þ Dxaniso

2 ðtÞI2z
þ xDðtÞð3I1zI2z � I1 � I2Þ; ð3Þ

where xeff
j ¼ ðxrfðtÞ; 0;DxjzÞ. The isotropic chemical

shift and offset are included in Dxjz, and the applied rf

field is denoted by xrfðtÞ. The time and orientation

dependence of the chemical shift anisotropy (CSA) is

expressed as

Dxaniso
j ðtÞ ¼

X2
m¼�2

X2
n¼�2

AðjÞ
2nD

ð2Þ
n;mðXPRÞdð2Þ

m;0ðhMASÞ

� expðimxRtÞ; ð4Þ

where AðjÞ
2n is the spherical tensor element for the chem-

ical shift of spin j, dð2Þ
m;0ðhMASÞ is a reduced Wigner rota-

tion matrix element, hMAS is the magic angle, and

xR ¼ 2p=sR is the sample-spinning frequency. The

Wigner rotation matrices Dð2Þ
m;m0 ðXPRÞ transform the ten-

sor from the principal axis system to the rotor-fixed

frame with Euler angles XPR. The dipolar coupling

strength between the spins is expressed as

xDðtÞ ¼ �
X2
m¼�2

bDð2Þ
0;mðXPRÞdð2Þ

m;0ðhMASÞ expðimxRtÞ; ð5Þ

with b ¼ c2�hl0=4pr
3, where c and r are the gyromagnetic

ratio and the internuclear distance, respectively [44].

The propagator for one rf phase modulation cycle

Nsc is given by

UðNscÞ ¼ UAðNscÞUBðNscÞ
¼ expð�iHANscÞ expð�iHBNscÞ; ð6Þ

expð�iHANscÞ ¼ T exp

�
� i

Z Nsc

0

HAðtÞdt
�
; ð7Þ

Fig. 1. Pulse sequence SCzN consisting of the Cz-element pulses for

DQ-dipolar recoupling (a), and sequence for selective magnetization

transfer (b). (a) The element pulses are phase shifted N times in CN m
n .

The sequence SCzN denotes CzNCzN . The upper bars represent 180�
shifts of the rf phase. In the sequence (b), the 13C magnetization cross-

polarized from the 1H magnetization is flipped to the z direction, and

the residual transverse components decays during sd ¼ 10ms by the

CH dipolar interaction. The dark pulses represent 90� pulses. The

Gaussian 90� and the subsequent 90� pulses with a phase cycle prepare
the z magnetization only at Ca. The z magnetization after the mixing

period is read out by the final 90� pulse. The CH dipolar interactions

are decoupled by a proton CW field during the recoupling period and

by the TPPM sequence during the selective excitation and detection

periods. The phase cycles are /1 ¼ y; y and /acq ¼ x; x.
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expð�iHBNscÞ

¼ T exp

�
� i

Z Nsc

0

U y
AðtÞHBðtÞUAðtÞdt

�
; ð8Þ

where T is the Dyson time-ordering operator.

The residual spin rotation due to the offset for the kth

C-element pulse in Eq. (7) is expressed as

T exp

 
� i

Z ksc

ðk�1Þsc
HAðtÞdt

!

¼ exp
�
� iðxeff

1 n
ðkÞ
1 � I1 þ xeff

2 n
ðkÞ
2 � I2Þsc

�
; ð9Þ

with n
ðkÞ
j � Ij ¼ R̂Rzð2pkn=NÞnð0Þj � Ij, where R̂Rzð/Þ � expð�i

/ðÎI1z þ ÎI2zÞÞ is a rotation superoperator about the z-axis
and n

ð0Þ
j is a rotation axis for the k ¼ 0 element. When k

runs from 0 to N � 1, the transverse components of the

spin operators in Eq. (9) are rotated about the z-axis.

Thus the x and y components are averaged out to zero

when xeff
j sc 
 1. The resultant effective Hamiltonian

is

HA � 1

Nsc

XN�1

k¼0
xeff

1 n
ðkÞ
1 � I1

�
þ xeff

2 n
ðkÞ
2 � I2

�
� xeff

1 n1zI1z þ xeff
2 n2zI2z: ð10Þ

The lowest order term in the coherent averaging

theory would provide a good approximate Hamiltonian

for HB in Eq. (8) as

HB � 1

Nsc

Z Nsc

0

U y
AðtÞHBðtÞUAðtÞdt: ð11Þ

Only terms satisfying mn� lm ¼ NZ in Eq. (3) are not

zero in HB after averaging over Nsc, where Z is an in-

teger, m and l are spatial- and spin-rotation indices in
the spherical basis, and m is the number of the phase

revolution about the z-axis during the CN sequence. We

are interested in the effective Hamiltonian in an offset

range where the DQ-dipolar terms are larger than the

other terms that are not commutable with the DQ spin

operators. Thus we leave only the DQ terms for Eq.

(11). The total effective Hamiltonian given by Eq. (6)

is

HeffðNscÞ � HA þHB; ð12Þ

when higher-order terms are neglected, i.e.,

½HA;HB�Nsc 
 HA þHB, and

HA � xd

2
ðI1z � I2zÞ þ

xr

2
ðI1z þ I2zÞ; ð13Þ

HB � xDQ

2
e�iðcPR�vÞIþ1 I

þ
2

	
þ eiðcPR�vÞI�1 I

�
2



; ð14Þ

with xDQ ¼ jbsinð2bPRÞ; xd ¼xeff
1 n1z �xeff

2 n2z, and xr ¼
xeff

1 n1z þ xeff
2 n2z. Here j and v denote the absolute value

and the phase of the dipolar scaling factor, respectively.

Note that this scaling factor depends on offsets, Dx1z

and Dx2z, as shown in Section C. The supercycle con-

sisting of two CN sequences, CNCN shown in Fig. 1a,

further contributes to suppressing the x and y compo-

nents of Ij in HA, and does not affect the DQ-dipolar

terms recoupled. We neglect terms originating from

CSA in Eq. (14), since CSA is suppressed by CN and its

supercycles [33].

The effective Hamiltonian in Eq. (12) transfers the
magnetization from I1z to I2z as a function of the mixing

time sm (Appendix A).

I1z!
Heffð1� sin2 /DQ sin

2 qsmÞI1z � ðsin2 /DQ sin
2 qsmÞI2z

þ 1

4
sin 2/DQð� cos 2qsm þ 1ÞR̂Rz

cPR � v
2

� �
ðIþ1 Iþ2 þ I�1 I

�
2 Þ

� 1

2i
sin/DQ sin 2qsmR̂Rz

cPR � v
2

� �
ðIþ1 Iþ2 � I�1 I

�
2 Þ;

ð15Þ

where /DQ ¼ arctanðxDQ=xrÞ and q ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

r þ x2
DQ

q
=2.

The amplitude of the transferred magnetization is at its

maximum at sm ¼ p=2q. The maximum of the trans-

ferred magnetization Mm is expressed as a function of
r ¼ xr=xDQ ¼ xr=ðjb sin 2bPRÞ by

MmðrÞ=M0 ¼ sin2 arctanðr�1Þ
	 


� 1� r2 þ 11

12
r4 � 5

12
r6 þ � � � ; ð16Þ

where M0 is the magnetization for I1z at sm ¼ 0. Eq. (16)
shows that the maximum Mm is determined by the pulse

sequence through the scaling factor j and the sum of the

z components of the spin rotational frequencies, xr. In

an offset range where r ¼ xr=xDQ < 0:5; Mm is larger

than about 80% of Mm at xr ¼ 0.

2.2. Composite 0� pulses for band-selective recoupling

Eq. (16) shows that the smaller z component of the

residual spin rotation yields larger transferred magneti-

zation. The x and y components of xeff
j n

ðkÞ
j can be can-

celed by the z rotation as shown in Eq. (10). Thus, the

element pulse should have the spin rotation axis n
ðkÞ
j in

the xy-plane to maximize the transferred magnetization.

To vary the effective bandwidth as a function of the flip

angle, we designed a general composite pulses having the
rotation axis in the xy-plane.

We start with a phase alternating sequence consisting

of two pulses with flip angle a, ðaÞ0ðaÞp. The net spin

rotation angle /a and its axis na at offset Dxz for

ðaÞ0ðaÞp can be analytically calculated as

na ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð1þ LÞð1� LÞ
p 0

� sin2ða=2Þ sin 2h
� sin a cos h

0
@

1
A; ð17Þ

/a ¼ 2 cos�1 L; ð18Þ
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where L ¼ cos2ða=2Þ � sin2ða=2Þ cos 2h and tan h ¼ cB1=
Dxz [45]. Eq. (17) indicates that ðaÞ0ðaÞp has the effective
rotation axis tilted from the y-axis by q in the yz-plane,

here

tan q ¼ na;z
na;y

¼ cotða=2Þ
sin h

: ð19Þ

This can approximately be solved for q under

Dxz 
 cB1 and p6 a6 2p as

q � � a
2
� p
2
þ 1

4
h
�

� p
2

�2
sin a: ð20Þ

The cyclic permutation by�qð> 0Þ gave a newC-element

pulse, ðq þ aÞ0ðaÞpð�qÞ0. Since Dxz=cB1 
 1, we can

neglect the offset for the permuted pulse. The rotation of

the new element pulse is, therefore, expressed as [46]

exp iq Ix

��
þ Dxz

cB1

Iz

��
expði/anaIÞ

� exp

�
� iq Ix

�
þ Dxz

cB1

Iz

��
� expðiqIxÞ expði/anaIÞ expð�iqIxÞ
¼ exp i/a expðiqIxÞnaIexpð½ � iqIxÞ�: ð21Þ

Thus the spin rotation axis of this pulse is approximately

in the xy-plane. Since �q � a=2þ p=2, a generalized C-

element pulse that suppresses the z spin rotation com-

ponent is written as

a=2ð � p=2Þ0ðaÞp a=2ð þ p=2Þ0: ð22Þ
We refer to this element pulse as a Cz-element pulse. The

same element pulse at a ¼ 2p; ðp=2Þ0ð2pÞpð2p=3Þ0, has
been used in POST-C7 and SPC5 for the broadband

DQ-dipolar recoupling.

We calculate the rotations of a spin by the Cz5 and

Cz7 sequences which denote C512 and C712 consisting of

the Cz-element pulses. Fig. 2 shows the net rotation

angle / ¼ 2xeff
j sR and its z component /nz as a function

of offset. The offset range where / is suppressed varies

with a. The Cz5 sequences reduce the rotational fre-

quency j/nz=2sRj to less than 0:05xR in the range from

)3.0 to 1.0xR at a ¼ 300� and that from )0.4 to 0.4 xR

at a ¼ 210�. The z component dominates the spin ro-

tation in the offset range where / � /nz. In this offset

range, the approximation to HA in Eq. (10) is valid.

The rf field amplitude cB1 increases with N as
cB1 ¼ 2Na=nsR when a=nsR is constant. The net rotation

angle of the CN sequence,/, increases with the number of

element pulse in the sequence, N, if the spin rotation can

be added linearly as shown in Eq. (10). Therefore, the spin

rotation of C7 at Dxz=xR is 7/5 times that of C5 at offset

(5/7) Dxz=xR as can be seen from Fig. 2. This means that

/=N as a function of Dxz=cB1 is the same for C5 and C7

as revealed with the upper horizontal and right vertical
scales in Fig. 2. Thus, the dependence of /=N onDxz=cB1

for the CzN sequence is determined not by the symmetry

CN but by Cz-element pulse specified by flip angle a.

2.3. Dipolar scaling factor

The absolute value of the scaling factor j can be

factorized as

j ¼ jrfða;CNnÞjzðDx1z;Dx2zÞ: ð23Þ
The factor jrf depends on the CNn symmetry and the

element pulse on resonance [39]. The offset also affects

j through jz that is normalized to unity at Dx1z ¼
Dx2z ¼ 0.

The on-resonance scaling factor jrf for a Cz-element
pulse can be analytically derived as in Appendix B,

and its a dependence is shown in Fig. 3. The minimum

of jrf at a � 270�, 0.16, is about 30% smaller than the

Fig. 2. The residual spin rotational frequency (solid lines) and its z

component (broken lines) as a function of offset. The rotations are

given for the Cz5 sequence at a ¼ 300� (a) and 210� (b), and the Cz7

sequence at a ¼ 300� (c) and 210� (d). When mR ¼ 10 kHz, cB1=2p is

41.7, 29.2, 58.3, and 40.8 kHz for (a), (b), (c), and (d), respectively.

The lower horizontal and left vertical axes show scales normalized by

xR, and the upper horizontal axis shows a scale normalized by cB1.

The vertical axis on the right gives the net spin rotation angle /
divided by N.

Fig. 3. Scaling factor jrf ða;CNnÞ for a Cz-element pulse under the on-

resonance condition as a function of flip angle a. Scaling factors for

C712, C5
1
2, and C513 are shown with broken, solid and dotted lines, re-

spectively.
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maximum at a � 450�, 0.23 for Cz512. The dependence of
jrf on the symmetry is also shown for Cz513 and Cz712.

The offset-dependent factor jz was numerically calcu-

lated for the SCz5 sequence at different a. The SCz5 se-

quence has the phase modulation used in SPC5 as

illustrated in Fig. 1a. Fig. 4 shows jz as a function of

resonance offsets for the spin pair. The factor jz is large

along the line Dx1z � �Dx2z for the element pulse at

a ¼ 300� and 340�. The terms proportional to I1z � I2z and
I1z þ I2z in HA are larger along the lines Dx1z � �Dx2z

and Dx1z � Dx2z, respectively. Since I1z þ I2z is not

commutable with the DQ term but I1z � I2z is, HA inter-

feres with the DQ-dipolar recoupling process in Eq. (11)

for HB along the line Dx1z � Dx2z more than along the

line Dx1z � �Dx2z.

2.4. Off-resonance effects on the magnetization transfer by

the DQ-dipolar interaction

The magnetization transfer calculated from the ap-

proximate Hamiltonian Eq. (12) qualitatively agrees

with that obtained by the exact numerical computation.

Fig. 5 shows the offset dependence of the maximum of

the magnetization transferred with SCz5 consisting of

the Cz-element pulses at a ¼ 210�, 300� and 340� cal-
culated by the two methods. This agreement confirms

the validity of the analysis with j and xr.

The Cz-element pulse maximizes the magnetization

transferred by the recoupled dipolar interaction. Fig. 6

shows the maximum transferred magnetization numer-

ically calculated for the SC5 sequence having C-element

pulses (a� xÞ0ðaÞpðxÞ0 for 180�6 a6 450� and x6 a at a
constant xR. The broken line indicating the Cz condi-
tion x ¼ a=2þ p=2 lies in a shaded region that yields

large maxima in the transferred magnetization. The plot

for the magnetization has another ridge along

x ¼ ða=2þ p=2Þ � p which also tilts the rotation axis

into the xy-plane.

The offset dependence of jxr=jrfbj for SCz5 is shown

in Fig. 7. Since the magnetization transfer is a function

of xr=xDQ as shown by Eq. (16), the shaded regions in
Figs. 4 ðjz P 0:5Þ and 7 ðjxr=jrfbj6 0:5Þ exhibit the

offset regions favorable for the magnetization transfer.

The effective regions in jz include those in jxr=jrfbj even
for the element pulse at a ¼ 340� which has the largest

area jxr=jrfbj6 0:5. This means that the residual spin

rotation frequency increases with offset faster than the

recoupled DQ-dipolar coupling strength decreases.

Therefore, the ratio xr=xDQ depends more strongly on
xr, and the effective region for the magnetization

transfer is limited by xr rather than by j. This is also
confirmed by Fig. 5 showing that the regions where the

transferred magnetization is larger than 0:5M0 are al-

most the same as those jxr=jrfbj6 0:5 rather than those

jz P 0:5. Fig. 7 shows jxr=jrfbj for a 13C spin pair at an

internuclear distance 0.15 nm. For the pair at a longer

distance, the effective offset region is smaller because of
larger jxr=jrfbj.

As seen in Fig. 7b and c, xr for the element pulses

a ¼ 300� and 340� has small absolute value along the

anti-diagonal line Dx1z � �Dx2z as expected from the

spin rotation /nz given in Fig. 2. The scaling factor jz is

large along the Dx1z � �Dx2z as mentioned for Fig. 4.

Thus, the recoupling sequences allow the effective

magnetization transfer along the anti-diagonal line.
Because the scaling factor j is determined by the

nutation of the DQ terms due to HA within a cycle of a

CN sequence as shown by Eq. (11), j is characterized by

the spin dynamics on a time scale shorter than Nsc. The
scaling factor j depends on the element pulse as well as

the symmetry CN m
n as shown in Fig. 3. Since xr is

obtained from the net spin rotations by an entire

Fig. 4. Contour plots of the scaling factor jz as a function of offsets of

a pair of carbon spins with an internuclear distance of 0.15 nm. Scaling

factors were numerically calculated for the SCz5 sequence with

a ¼ 210� (a), 300� (b), and 340� (c). The regions jz P 0:5 are shaded as

the indicator.
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recoupling sequence, xr is characterized by the dy-

namics on a time scale longer than Nsc [47]. The element
pulse and the supercycle primarily determine xr as

mentioned for Fig. 2. For example, the Cz-element pulse

at a ¼ 360� used in POST-C7 suppresses xr over an

offset range broader than that for ð2pÞ0ð2pÞp in C7

without changing the scaling factor jrf . The supercycles
are also used to cancel xr in SC14 and SPC5.

2.5. Effects of chemical shifts on dipolar spectra

We have examined the effects of the isotropic and

anisotropic chemical shifts of the aliphatic carbons on

the dipolar scaling and the magnetization transfer. The

simulated powder spectra in Fig. 8 show the nutation

frequency of the z magnetization by the recoupled di-

polar interaction for 13Ca–13Cb of alanine. The spectrum

in Fig. 8a was calculated for the broadband recoupling
sequence SPC5, i.e., SCz5 at a ¼ 360�. The splitting of

Fig. 5. Contour plots of the maximum transferred magnetization Mm as a function of offsets obtained with the exact numerical computation (a, c, e)

and the effective Hamiltonian in Eq. (12) (b, d, f) for the powder distribution. The maximum is shown for the SCz5 sequence with a ¼ 210� (a, b), 300�
(c, d), and 340� (e, f). Eq. (16) was used for (b), (d), and (f). Contour lines indicate Mm=M0.

Fig. 6. Maximum transferred magnetization with the SC5 sequence as a

function of a and x for the C-element pulse, ða� xÞ0ðaÞpðxÞ0. The mag-
netization was numerically calculated for a covalently bonded carbon

spin pair at mR ¼ 10 kHz in the powdered state. The contour plot gives

the maximum transferred magnetization averaged over the offsets

ðDx1z;Dx2zÞ ¼ ð0:3; 0:3ÞmR; ð0:15; 0:15ÞmR, and ð0:15;�0:15ÞmR. The
white broken line corresponds to the Cz condition, x ¼ a=2þ p=2.
Contour levels indicate the average magnetization normalized byM0.
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the doublet due to the DQ-dipolar coupling is 830Hz for

the spin pair in alanine and 852Hz for a pair with the

identical shift on resonance. The spectrum shown in Fig.
8b was calculated for the narrow-band recoupling se-

quence SCz5 at a ¼ 210�. The splitting of the spectrum is

752Hz for alanine and 820Hz for the spin pair with the

identical shift on resonance. The spectrum shown by the

broken line in Fig. 8b was calculated for SCz5 at a ¼ 210�
without the chemical shift anisotropy. The small differ-

ence between the spectra indicates effects of the anisot-

ropy are negligible. Thus the isotropic chemical shifts for

alanine reduce the effective coupling by less than 10%.

The isotropic chemical shifts suppress the spectral

intensity near zero frequency and give the strong peak at

zero frequency as shown in Fig. 8b. The frequency of the
z field, xr, is about 130Hz, which can be obtained from

the sum of the z-rotation frequencies at offset about 1.5

and )1.5 kHz in Fig. 2b. Eq. (15) indicates that such xr

yields a nutation component with frequency 2q and

amplitude proportional to sin2 /DQ. Since 2qP xr, the

spectral intensity less than m � 130Hz is eliminated.

Fig. 7. Contour plots of the spin rotation frequency relative to the

dipolar coupling strength jxr=jrfbj as a function of offsets. The relative
frequency jxr=jrfbj was calculated for the SCz5 sequence at a ¼ 210�
(a), 300� (b), and 340� (c). The offset regions where jxr=jrfbj6 0:5 are

shaded as the indicator.

Fig. 8. Dipolar powder spectra for the recoupled DQ-dipolar inter-

action (a, b), and the transferred magnetization as a function of the

mixing time calculated for 13Ca–13Cb of alanine, (c). The spectra are

shown for the SCz5 sequence with a ¼ 360� (a) and 210� (b) at

mR ¼ 10:0 kHz. The dipolar coupling constant is 2250Hz. The orien-

tations of the shielding tensors and the principal values for the Ca and

Cb spins were taken from [48]. The spectrum shown with the broken

line in (b) was calculated without the shielding anisotropies. The ir-

radiation frequency for the recoupling sequence was set at the center of

the two isotropic chemical shifts at B0 ¼ 9:4T. An exponential line-

broadening factor was 32Hz. Spectra (a) and (b) have the same inte-

gral intensity. In (c), the transferred magnetization calculated with

parameters used for (a) and (b) is shown with solid and broken lines,

respectively. The maxima for the solid and broken lines, are 95% and

85% of the theoretical maximum 0.73, respectively.
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Fig. 8c shows the influence of the chemical shifts on
the magnetization transfer. The effective bandwidth of

the SCz5 sequence at a ¼ 210� is about one-sixth of that

at a ¼ 360�. This reduction in the bandwidth is accom-

panied by a decrease in the maximum transferred mag-

netization only by about 10%. The decreased transfer is

due to the z field mainly caused by the isotropic chemical

shifts.

3. Experimental

3.1. NMR experiments

Experiments were performed on a Varian Infinity-400

spectrometer at a 13C resonance frequency of 100.1MHz

with a broadband double-resonance MAS probe for a 4-
mm spinner. Only the spectra in Fig. 10 were obtained

with an Infinity plus-500 spectrometer at a 13C fre-

quency of 125.7MHz. The carbon magnetization was

prepared by cross-polarization with the 13C ramped rf

amplitude from 55 to 65 kHz at mR ¼ 10 kHz and from

50 to 60 kHz at mR ¼ 15 kHz under the 1H field ampli-

tude of 70 kHz [51]. The amplitudes of 90� pulses were
70 kHz for 1H and 13C. The Gaussian selective pulse
consisted of 17 rectangular pulses of 4ls width sepa-

rated by 40ls intervals. The pulse sequences for Fig.

10b–d had a delay of 1=mR without the CH decoupling

field immediately after the recoupling sequence. The

spinning frequency was kept within a deviation of 0.1%.

Proton CW decoupling during the recoupling period

was 100 kHz in cB1=2p. The TPPM decoupling [52]

during the selective excitation and detection periods
consisted of 170� pulses at a field strength of 85 kHz

with a phase excursion of �7�. The samples were uni-

formly 95% 13C; 15N-labeled LL-alanine and LL-valine

(Shoko, Japan) diluted to 10% and 50%, respectively,

with natural abundance alanine and valine. The

amounts of carbon-13 nuclei in the natural abundance

and enriched samples were taken into account to eval-

uate the transferred magnetization.

3.2. Numerical simulation

The time evolution of the spin system was calculated

by the numerical integration of a time-dependent

Hamiltonian including terms for the 13C-dipolar inter-

actions, the isotropic and anisotropic chemical shifts,

and the rf field. A total propagator for a 2p sample
rotation was expressed as a product of about 100 ele-

ment propagators that were calculated on the assump-

tion of the time independence during the short piece-

wise sections. The time-domain signals for about 1300

orientations were summed up to reproduce the powder

distribution. The transferred magnetization as a func-

tion of the mixing time was computed as

MðsmÞ ¼
M0

8p2

Z 2p

0

Z p

0

Z 2p

0

Tr I2zUðsmÞI1zU yðsmÞ
� �

� daPR sin bPR dbPR dcPR: ð24Þ

The dipolar spectra in Fig. 8 were obtained by the

Fourier transformation of the time-dependent sum

magnetization, I1z þ I2z, under the recoupling sequence

for about 35� 105 orientations. All numerical simula-

tion programs coded in FORTRAN were run on an SGI
Origin200 workstation having four R10000 processors.

4. Experimental results

Advantages in using the band-selective recoupling

sequences with the Cz-element pulses are demonstrated.

The spectra shown in Fig. 9 were obtained with the se-
quence in Fig. 1b for monitoring the z magnetization

transfer by the recoupled DQ-dipolar interactions. Fig.

9b shows that the dipolar couplings transfer the 13Ca

magnetization to 13Cb and 13CO under the broadband

sequence SPC5 in uniformly labeled LL-alanine at

mR ¼ 10 kHz. The irradiation frequency of SPC5 and the

mixing time were selected so that they maximized the

magnetization transferred to Cb for Fig. 9c. We made
band-selective recoupling experiments to optimize the

transfer to Cb by using the SCz5 sequence at a ¼ 210�.
The maximum of the magnetization transferred to Cb

with the band-selective sequence (Fig. 9d) was 25%

larger than that with the broadband sequence (Fig. 9c).

This enhancement under the selective sequence is due to

decoupling of the 13C–1H dipolar interactions as well as

unnecessary 13C–13C interactions. The selective opera-
tion decouples dipolar interaction between 13C spins one

of which is outside the effective range and permits the

magnetization transfer only within the effective range.

The SCz5 sequence at a ¼ 210� needs a 13C rf field am-

plitude of 29.2 kHz which is smaller than the amplitude

for SPC5, 50.0 kHz. This smaller recoupling field am-

plitude aids decoupling the CH dipolar interactions.

The Cz-element pulse can be used at faster sample
spinning rates to increase the transferred magnetization

in the aliphatic spectral region. We compared the SCz5

sequence at a ¼ 210� with SC14 whose mixing field

amplitude is 1.4 times smaller than that of SPC5. As

shown in Fig. 10b, the DQ-dipolar interaction recoupled

under SC14 transferred the magnetization from Ca to all

the other 13C spins in uniformly labeled LL-valine at

mR ¼ 15 kHz. The irradiation frequency and the mixing
time were adjusted in order to maximize the magneti-

zation transferred to Cb. Fig. 10c shows that the narrow

bandwidth for SCz5 at a ¼ 210� increased the magneti-

zation transferred from Ca to Cb and Cc by excluding

the carboxyl 13C from the 13C dipolar coupled

spin network. It is also possible to find a pulse width and

an rf field frequency experimentally that allow the
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magnetization transfer only between Ca and Cb as
shown in Fig. 10d. The magnetization transferred from

Ca to Cb with the SCz5 sequence was maximized. The

magnetization transferred to Cb with SCz5 at a ¼ 210� is
twice as large as that with SC14 (Fig. 10b). This en-

hancement would partly be due to the improved CH

dipolar decoupling, because the rf field amplitude of the

SCz5 sequence, 43.8 kHz, is smaller than that of SC14,

52.5 kHz.
Fig. 11 shows the offset dependence of the magneti-

zation transferred from Ca to Cb in alanine at

mR ¼ 10 kHz obtained with experiments and numerical

simulations for the 13C three-spin system. The SCz5

sequence at a ¼ 210� has the bandwidth of about 0.5xR

at cB1 ¼ 2:9xR as shown in Fig. 11a. In Fig. 11c, the
SCz5 sequence at a ¼ 340� has the broadest bandwidth
of about 3.0 xR at cB1 ¼ 4:7xR. This bandwidth is

slightly larger than that for SPC5 (Fig. 11d) at

mR ¼ 10 kHz. The experimental magnetization was lower

than calculated one at aP 300�, probably because of

experimental imperfections such as residual CH dipolar

interactions and rf inhomogeneity. We have also calcu-

lated the effect of �5% rf field inhomogeneity on the
transfer efficiency. The homogeneity does not have sig-

nificant effects as shown by Fig. 11.

Fig. 10. Spectra of uniformly 13C; 15N-labeled LL-valine obtained with

cross-polarization (a) and the pulse sequence shown in Fig. 1b (b–d) at

mR ¼ 15 kHz and B0 ¼ 11:8T. The SC14 sequence (b) and the SCz5

sequence with a ¼ 210� (c, d) were used in the recoupling period. The

mixing time was 0.80, 1.60, and 1.06ms for (b), (c), and (d), respec-

tively. The recoupling field amplitude was 52.5 kHz (b) and 43.8 kHz

(c, d). The spectra (b–d) are shown with the same gain for signal in-

tensity. Asterisks indicate spinning sidebands.

Fig. 9. Spectra of uniformly 13C; 15N-labeled LL-alanine obtained with

cross-polarization (a) and the pulse sequence shown in Fig. 1b (b–d) at

mR ¼ 10 kHz and B0 ¼ 9:4T. The SCz5 recoupling sequences having

a ¼ 360� (b, c) and 210� (d) were employed with cB1=2p ¼ 50:0 and

29.2 kHz, respectively, and a mixing time of 1.2ms. The spectra in (b–

d) are shown with the same gain for signal intensity. Arrows indicate

the irradiation frequency.
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5. Discussion

Faster sample spinning rates are necessary for re-

ducing spinning sidebands at higher static magnetic

fields and suppress 13C–13C dipolar couplings during the

detection period. The faster spinning rates increase cB1

that is applied synchronously with the sample spinning.
However, a lower rf field amplitude is preferable for the

CH decoupling and the reduction of the load on probe

circuits. The recoupling field amplitude required for the

CN sequence is determined as cB1 ¼ xRðhtot=2pÞN=n.
This equation shows that cB1 can be reduced by de-

creasing the ratio N=n of the CN symmetry and/or the

total flip angle htot of the element pulse. The symmetries

C512 employed in SPC5 and C513 reduce cB1 for C7 by
factors of 1.4 and 2.1, respectively. The C-element pulse

ð2pÞ0 used in SC14 is twice shorter in htot than that used

in POST-C7, ðp=2Þ0ð2pÞpð3p=2Þ0, thereby reduces cB1.

The Cz-element pulses also reduce cB1 with smaller htot,
when the required recoupling bandwidth is smaller than

the effective recoupling bandwidth of SCz5 and Cz7 at

a ¼ 360�. The proposed Cz-element pulses can be com-

bined with any CN symmetries.
We compare recoupling sequences in Fig. 12 which

exhibits effective bandwidths for DQ-dipolar recoupling

as a function of cB1=xR. The radii of the circles give the

scaling factors for reference. The efficiency of the re-

coupling sequence can be measured by the effective

bandwidth relative to cB1 under complete CH dipolar

decoupling. Recoupling sequences with the effective

bandwidths Dxz;rec=cB1 > 0:6 are relatively efficient. The
sequences SCz14 at a ¼ 360�, POST-C7, SCz5 at

a ¼ 340–400�, SCz53, SC14, and HORROR are located

in the efficient region. The pulse sequences SCz14 at

a ¼ 360� and POST-C7 need a high cB1=xR and have the

broadest effective bandwidth, 5:0xR. The sequences SC
z5

at a ¼ 340� and SC14 have effective bandwidths of 4.0

and 2:5xR, respectively, at lower cB1=xR. The Cz ele-

ment specified by a makes the SCz14 and SCz5 sequence

band-selective in a range from 5.0 to 0:5xR as shown by

the lines in Fig. 12. The efficiency of the CzN sequence

becomes small as the effective bandwidth decreases. Fi-

nally, HORROR is an efficient selective method with a

bandwidth 0:5xR [29]. Numerical simulation at 0, �5
and �10% rf field inhomogeneity indicated HORROR

was more sensitive to the homogeneity than CzN at

a ¼ 210� in magnetization transfer (data not shown).

HORROR has practically been used with the adiabatic

sweep of the field strength to compensate for the reso-

nance offset and rf field inhomogeneity [37]. Thus this

adiabatic recoupling method needs a longer mixing time

though HORROR has the highest scaling factor.

6. Conclusions

We have shown that the sum of the z-rotation

frequencies xr and the scaling factor j characterize

Fig. 12. Effective bandwidth, Dxz;rec=xR, as a function of the recou-

pling field amplitude, cB1=xR, calculated for DQ-dipolar recoupling

sequences. The solid and broken lines connect the points obtained for

SCz5 and SCz14, respectively. The C-element pulse in SC14 and C1454 is

ð2pÞ0 and that in SCz53 ¼ C513C5
1
3 is ðp=2Þ0ð2pÞpð3p=2Þ0. The effective

bandwidths were computed for a covalently bonded 13C pair with the

same resonance frequency. The effective recoupling bandwidth Dxz;rec

is defined by the offset range where the maximum transferred magne-

tization Mm is larger than a half of Mm on resonance. Effective band-

widths were calculated at mR ¼ 10 kHz, but they were almost the same

at 20 kHz in the scale normalized by xR. The radii of the circles are

proportional to the scaling factors.

Fig. 11. The experimental (circles) and calculated (lines) magnetization

transferred with SCz5 at a ¼ 210� (a), 300� (b), 340� (c), and 360� (d) as
a function of offset for fully 13C-labeled alanine at mR ¼ 10 kHz. The rf

amplitude was 29.2 (a), 41.7 (b), 47.2 (c), and 50.0 kHz (d). The nu-

merical simulations were performed for the three-spin system
13Ca–13Cb–13CO in alanine. The calculated intensities of the magneti-

zation at +5% and )5% rf inhomogeneity are also shown in each figure

by broken and dotted lines, respectively. The transferred magnetiza-

tion was measured from the integral intensity of the Cb signal. The

mixing time was 1.2ms.
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the DQ-dipolar recoupling with the CN sequence. The
theory and simulations revealed that the offset depen-

dence of the DQ-dipolar recoupling is primarily deter-

mined by xr. For example, the recoupling pulse

sequence SCz5 consisting of the proposed Cz-element

pulses can vary the bandwidth of the offset range where

xr is suppressed, yielding the effective recoupling

bandwidth between 0:5xR and 4xR as a function of flip

angle a.
These band-selective sequences can be applied to the

correlation experiments on 13C-labeled aliphatic car-

bons in peptides and proteins for the signal assignment.

The band-selective recoupling sequences are capable of

limiting the propagation of the magnetization in the

dipolar-coupled spin network and necessitate smaller

cB1. Consequently, the magnetization transferred with

the selective sequence SCz5 was larger than that with
the broadband sequences SPC5 and SC14 as shown by

the experimental spectra in Figs. 9 and 10. The selec-

tive mixing would also be advantageous in obtaining

higher resolution along the indirect detection axes in

multi-dimensional spectra, because it can suppress ali-

asing of signals outside the effective region. The selec-

tive recoupling of the DQ-dipolar interaction is useful

for spins with chemical shift differences much smaller
than xR. This selective recoupling is, therefore, com-

plementary to RFDR [25,26,28] and narrowband

RFDR [27] which favor the magnetization transfer for

spin pairs with resonance frequency differences com-

parable to xR. The proposed sequences can also be

applied to the INADEQUATE [33,49] and DQ filter

experiments [50].
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Appendix A. Magnetization transfer under the effective

Hamiltonian

The magnetization transfer under the effective Ham-

iltonian of Eq. (12) is analytically derived. The effective

Hamiltonian is expressed as

Heff ¼ xdI ð23Þz þ xrI ð14Þz þ xDQR̂Rð14Þ
z ðcPR � vÞI ð14Þx ; ðA:1Þ

with the superoperator R̂Rð14Þ
z ðeÞ � expð�ieÎI ð14Þz Þ and sin-

gle transition operators,

I ð23Þz ¼ 1

2
ðI1z � I2zÞ; I ð14Þz ¼ 1

2
ðI1z þ I2zÞ;

I ð14Þx ¼ 1

2
ðIþ1 Iþ2 þ I�1 I

�
2 Þ; I ð14Þy ¼ 1

2i
ðIþ1 Iþ2 � I�1 I

�
2 Þ:

ðA:2Þ
This Hamiltonian can be diagonalized by the unitary

transformation

U ¼ expð�i/DQI
ð14Þ
y Þ; ðA:3Þ

with /DQ ¼ arctanðxDQ=xrÞ, and has four eigen-

values,

E1 ¼
1

2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

r þ x2
DQ

q
¼ q; E2 ¼

1

2
xd;

E3 ¼ � 1

2
xd; E4 ¼ �q:

ðA:4Þ

Here, the energy difference E1 � E4 ¼ 2q determines the

evolution frequency under the recoupled DQ-dipolar

interaction.

The time-dependence of the magnetization during the

mixing period can be expressed as a rotation of the

density operator in DQ subspace at the frequency 2q

about an axis inclined from I ð14Þz by /DQ in the plane
formed by I ð14Þx and I ð14Þz at cPR � v ¼ 0. When the initial

state is I1z, the propagator for Heff , Ueff , provides the

density operator at the mixing time sm as

rðsmÞ ¼ UeffðsmÞI1zUeffðsmÞ�1: ðA:5Þ

The time dependence of the magnetization transferred

from I1z to I2z is written as

Tr I2zrðsmÞf g ¼ � sin2 /DQ sin
2 qsm: ðA:6Þ

Thus the transferred magnetization reaches the maxi-
mum in amplitude, sin2 /DQ, at sm ¼ p=2q. Similar re-
lations are found for the magnetization transfer in the

ZQ subspace [53].

Appendix B. Scaling factors

We derive the scaling factor on resonance for the CN

sequence consisting of C-element pulses expressed by

ða� xÞ0ðaÞpðxÞ0. The scaling factor for the DQ-dipolar
term with l ¼ 2 and m is defined as

jrf e
iv ¼ 1

sc

Z sc

0

dð2Þ
20 ðbrfðtÞÞeimxRt dt; ðB:1Þ

where jrf and v represent the absolute value and the

phase of the scaling factor [39]. When the time-depen-

dent spin rotation angle brfðtÞ is written as

brfðtÞ ¼
2a t

sc
if 06 t < f sc;

2að2f � t
sc
Þ if f sc 6 t < ðf þ 0:5Þsc;

2að t
sc
� 1Þ if ðf þ 0:5Þsc 6 t < sc;

8<
: ðB:2Þ
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with f ¼ ða� xÞ=2a, the scaling factor jrf is given by

jrf ¼
3

4
ffiffiffi
2

p � aN 2

ð2aNÞ2 � ðmnpÞ2
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2 þ B2

p
; ðB:3Þ

where

A ¼ aN
np

sin
2pmn
N

� �
� sinð4af Þ cos f

2pmn
N

� �

þ sinð4af � 2aÞ cos ðf
�

þ 0:5Þ 2pmn
N

�
; ðB:4Þ

B ¼ aN
np

1

�
� cos

2pmn
N

� ��
� sinð4af Þ sin f

2pmn
N

� �

þ sinð4af � 2aÞ sin ðf
�

þ 0:5Þ 2pmn
N

�
: ðB:5Þ

These equations for A and B are reduced to

jrf ¼
3

8
ffiffiffi
2

p � N 3

pð4N 2 � 1Þ

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sin2

4p
N

� �
þ 1� cos

4p
N

� �� �2
s

ðB:6Þ

at ða; xÞ ¼ ð360�; 270�Þ;m ¼ 1, and n ¼ 2. This result,

Eq. (B.6), agrees with the scaling factor obtained
previously [32].
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