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Abstract

In this work, we propose a new and efficient heteronuclear cross polarization scheme, in which adiabatic frequency sweeps from far
off-resonance toward on-resonance are applied simultaneously on both the source and target spins. This technique, which we call as
Simultaneous ADIabatic Spin-locking Cross Polarization (SADIS CP), is capable of efficiently locking both the source and target spins
with moderate power even in the presence of large spectral distribution and fast relaxation. It is shown that by keeping the time-depen-
dent Hartmann–Hahn mismatch minimal throughout the mixing period, polarization transfer can be accelerated. Experiments are dem-
onstrated in a powder sample of L-alanine.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Cross polarization (CP) [1,2] is routinely used in solid-
state nuclear magnetic resonance spectroscopy to enhance
the sensitivity of nuclear spins (S spins) with relatively
low gyromagnetic ratio, by transferring the larger polariza-
tion of nuclear spins (I spins) such as 1H.

The original CP technique [2] employs a p
2

pulse at I fol-
lowed by simultaneous irradiations at I and S so that the
Hartmann–Hahn condition is satisfied. Since 1990s, a lot
of modifications to the pulse sequence have been proposed
to improve the efficiency of polarization transfer. For exam-
ple, under high-speed MAS [3–7], the Hartmann–Hahn
matching profile splits into sidebands. As a result, efficiency
of the polarization transfer becomes sensitive to the mis-
match of the rf amplitudes. In order to make transfer robust
against the mismatch, a number of techniques [8–15] have
been proposed which employ modulation of rf amplitude
or frequency during the contact time. They include Ampli-
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tude-Modulated Cross Polarization (AMCP) [8], Adiabatic
Passage through the Hartmann–Hahn condition (APHH)
[9–11], Amplitude-Modulated Adiabatic Passage Cross
Polarization (AMAP-CP) [12], Ramped-Amplitude Cross
Polarization (RAMP-CP) [13], Hartmann–Hahn matching
via adiabatic frequency sweep [14], sinusoidally frequency-
modulated cross polarization [15], and so forth. Since the
magnitude of the effective field in the rotating frame changes
in time, the Hartmann–Hahn condition can be made to be
fulfilled on the way during the contact time.

Another viewpoint for improving the CP performance
has recently been put forth, in which the efficiency of
spin-locking is enhanced while the favorable properties of
the modulation schemes are still retained. In the proposed
technique, referred to as Nuclear Integrated Cross Polari-
zation (NICP) [16], the initial p

2
pulse on the I spin is

removed, and the frequency of the I channel is adiabati-
cally swept from far-off resonance toward on-resonance.
The far-off to on-resonance frequency sweep serves the fol-
lowing two purposes: (i) even in the presence of consider-
able spectral distribution due to chemical shift or dipolar
line broadening, the I spin packets follow, i.e., locked along
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the effective field, which is initially pointing in the z direc-
tion and gradually tilted toward the xy plane. Since it is
the locked components of the I spin packets that partici-
pate in polarization transfer, this approach leads to
increase in the enhancement factor when available/tolera-
ble rf power is not large enough to flip the entire spin pack-
ets with the p

2
pulse in the previous CP techniques. (ii) The

magnitude of the effective field takes the maximum value at
the beginning of the sweep and decreases gradually. Thus,
transfer is expected to be insensitive to rf-mismatch.

In order to further increase the attainable magnetiza-
tion, we present in this work an improved scheme for
NICP, in which adiabatic frequency sweeps from far-off
resonance toward on-resonance are applied simultaneously
on both the source and target spins. This technique, which
we call as Simultaneous ADIabatic Spin-locking Cross
Polarization (SADIS CP), has the following advantages:
(i) simultaneous sweep reduces the amount of Hartmann–
Hahn offset throughout the whole sequence as compared
to that in NICP, therefore allowing faster polarization
transfer. (ii) Offset irradiation leads to higher effective field.
The higher effective field, in general, results in a longer
spin–lattice relaxation time in the rotating frame. The
property that the effective field is initially the largest is par-
ticularly attractive, because both the I and S magnetization
can be well kept during the sequence. Offset assisted power
reduction is also attractive for application to power lossy
biological samples [17]. (iii) The favorable properties of
NICP mentioned above are retained in this new approach.
We present here, the principle behind SADIS CP and dem-
onstrate its performance in 1H–13C double resonance
experiments using a powder sample of L-alanine. As shown
later, the above merits are more than enough to compen-
sate the cost of the decreased I–S dipolar interaction with
offset irradiation.
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Fig. 1. Pulse sequences for (a) the conventional CP, (b) NICP, and (c)
SADIS CP.
2. Principle

Let us consider an isolated heteronuclear spin pair I ¼ 1
2

and S ¼ 1
2

and suppose that simultaneous linear frequency
sweeps are applied at both the I and S spins under rf irra-
diations with intensities x1I and x1S, respectively. For sim-
plicity, homonuclear dipolar interactions among the
abundant protons are neglected. We write the rotating-
frame Hamiltonian as

H ¼ �ðDXIðtÞ þ XIÞI z � x1I Ix � ðDXSðtÞ þ XSÞSz

� x1SSx þ DðtÞIzSz: ð1Þ

Here, XI and XS are the isotropic chemical shifts for I
and S. D(t) is the magnitude of the dipolar interaction
between them, which is modulated by MAS and is given by

DðtÞ ¼ dIS ½G1 cos ðwrtÞ þ G2 cos ð2wrtÞ� ð2Þ

where wr is the spinning frequency and Gk (k = 1, 2)
depends on the orientation of the internuclear vector in a
reference frame fixed to the rotor. dIS is the dipolar
coupling constant. In the pulse sequence of SADIS CP as
depicted in Fig. 1(c), the frequency-offset terms DXI and
DXS change in time according to

DX�ðtÞ ¼ �Dx� 1� t
T

� �
; ð3Þ

where � = I or S, T is the period of frequency sweep, and
Dx� is the frequency sweep width. Note that the special
case of SADIS CP in which DxS = 0 (no frequency sweep
on the S channel) corresponds to the NICP sequence de-
scribed in Fig. 1(b).

We assume that the rate of frequency sweep is slow
enough for both I and S and consider the doubly tilted
rotating frame in which the effective fields for both spins
point in the z axis. When the adiabatic conditions are
met, transformation from the rotating frame into the dou-
bly tilted rotating frame does not have significant effects on
the density matrix, whereas the Hamiltonian HTR in this
new frame is given by

HTR ¼ HZ þ H D; ð4Þ

where

HZ ¼ xeIðtÞI z þ xeSðtÞSz ð5Þ
HD ¼ DðtÞ½Iz cos ðaIðtÞÞ þ Ix sin ðaIðtÞÞ�½Sz cos ðaSðtÞÞ

þ Sx sin ðaSðtÞÞ�; ð6Þ
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with

x2
e�ðtÞ ¼ x2

1� þ ðDX�ðtÞ þ X�Þ2; ð7Þ

and

a�ðtÞ ¼ tan�1 x1�ðtÞ
DX�ðtÞ þ X�

: ð8Þ

The evolution of the system is governed by the propaga-
tor U(t) given by

UðtÞ ¼ T exp

Z t

0

dt0H TR

� �
¼ U 0ðtÞU 1ðtÞ; ð9Þ

where

U 0ðtÞ ¼ T exp

Z t

0

dt0H Z

� �
; ð10Þ

U 1ðtÞ ¼ T exp

Z t

0

dt0 eH D

� �
; ð11Þ

with

eH D ¼ U�1
0 ðtÞH DU 0ðtÞ ð12Þ

¼ DðtÞ½Sz cos ðaSðtÞÞ þ ðSx cos ðxeStÞ
� Sy sin ðxeStÞÞ sin ðaSðtÞÞ�½Iz cosðaIðtÞÞ
þ ðIx cos ðweI tÞ � Iy sin ðweI tÞÞ sin ðaIðtÞÞ�: ð13Þ

When the time-dependent Hartmann–Hahn condition

DHHðtÞ�xeIðtÞ�xeSðtÞ�nwr¼ 0; ðn¼�2;�1;1;2Þ ð14Þ

is satisfied, interference between the spatial and spin parts
in eH D leads to the non-vanishing average Hamiltonian

eH D ¼
1

8
dISGn sin aIðtÞ sin aSðtÞðIþS� þ I�SþÞ: ð15Þ

In order to discuss the exchange of the spin states
between I and S, we focus on the zero-quantum (ZQ) sub-
space spanned by states |+�æ and |�+æ, in which the secu-
lar Hamiltonian HZQ is represented by

H ZQ ¼ 2DHHðtÞIZQ
z þ

1

4
DeffðtÞIZQ

x ; ð16Þ

where Deff(t), which we call the effective dipolar frequency,
is given by

DeffðtÞ ¼ dISGn sin aIðtÞ sin aSðtÞ; ð17Þ

and IZQ
z and IZQ

x are the ZQ fictitious spin � 1
2

operators gi-
ven by

IZQ
z ¼

1

2
j þ �ihþ � j � j � þih� þ j½ �; ð18Þ

IZQ
x ¼

1

2
j þ �ih� þ j þ j � þihþ � j½ �: ð19Þ

We assume that initially the state |+ �æ is idempotently
populated, so that the ZQ density matrix qZQ(t = 0) is

qZQðt ¼ 0Þ ¼
1 0

0 0

� �
¼ 1

2
1þ IZQ

Z : ð20Þ
When the I and S spins have exchanged their spin states,
the density matrix would be

qZQðt ¼ ctÞ ¼
0 0

0 1

� �
¼ 1

2
1� IZQ

Z : ð21Þ

Hence, the transverse magnetization ÆSxæ of the S spin is
correlated with IZQ

Z

� 	
through

hSxiðtÞ ¼
1

2
� IZQ

Z

� 	
ð22Þ

¼ 1

2
� Tr IZQ

Z qZQðtÞ

 �

: ð23Þ

Since the problem has now been reduced to the two-level
system, geometric state representation is possible, i.e., a
general state qZQ in the ZQ-subspace is given by employing
a vector M as

qZQðtÞ ¼ MxðtÞIZQ
x þMyðtÞIZQ

y þMzðtÞIZQ
z ; ð24Þ

and the dynamics of M is governed by the Bloch equation
[18]

d

dt
M ¼M� xZQ

eff ; ð25Þ

where xZQ
eff is the vector of effective field in the ZQ-subspace

which is represented by

xZQ
eff ¼

xZQ
eff

� 

x

xZQ
eff

� 

y

xZQ
eff

� 

z

0
BB@

1
CCA ¼

1
4
DeffðtÞ

0

2DHHðtÞ

0
B@

1
CA: ð26Þ

Substituting Eq. (26) into Eq. (25), we arrive at

d

dt

Mx

My

Mz

0
B@

1
CA ¼

2DHHðtÞMy

1
4
DeffðtÞMz � 2DHHðtÞMx

� 1
4
DeffðtÞMy

0
B@

1
CA

Mx

My

Mz

0
B@

1
CA: ð27Þ

In order to make a simple comparison on transfer effi-
ciencies between SADIS CP and NICP, we consider one
specific crystallite orientation in a static sample. We also
neglect the effect of relaxation here, which will be discussed
later. Assuming the initial magnetization (0, 0,1), we evalu-
ated numerically (Fig. 2) the dynamics of the S magnetiza-
tion for an arbitrarily given set of parameters

x1S
2p ¼ 35 kHz; x1I

2p ¼ 40 kHz; DxI
2p ¼ 80 kHz;T ¼ 2 ms; and

�
dIS
2p ¼ 45 kHzÞ. The difference between SADIS CP (blue

line) and NICP (green line) is the application of the fre-

quency sweep on the S channel, in which DxS
2p ¼ 90 kHz

for SADIS CP while DxS
2p ¼0 kHz for NICP.

As shown in Fig. 2, the calculated buildup of the S mag-
netization is faster in SADIS CP than in NICP. Thus, the
same amount of S polarization can be achieved with
SADIS CP in a relatively shorter period of time as com-
pared to NICP. This feature is particularly attractive for
spins with short relaxation times, where polarization trans-
fer should be as fast as possible before overwhelmed by the
effect of relaxation. The oscillation at the I–S dipolar
frequency is also visible in the build up curve. It is worth
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Fig. 2. Numerically calculated buildup curves for SADIS CP (blue line)
and NICP (green line). DxS

2p ¼ 90 kHz and DxS
2p ¼ 0 were used for SADIS CP

and NICP, respectively. Other parameters were x1S
2p ¼ 35 kHz, x1I
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2p ¼ 80 kHz, and T = 2 ms. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this paper.)
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noting here that the effective dipolar frequency Deff(t) given
in Eq. (17) is lower in SADIS CP than in NICP by the scal-
ing factor sinaS(t). For this reason, NICP shows faster
oscillation than SADIS CP, as revealed in Fig. 2. In NICP,
however, the buildup of the amplitude profile of the oscil-
lation is rather slower because of the larger Hartmann–
Hahn offset. In actual situations, this oscillation is expected
to be suppressed due to distribution of the I–S dipolar fre-
quency in powder samples, and due to the effect of homo-
nuclear dipolar interactions among the I spins.

The efficient polarization transfer in SADIS CP is
ascribed to the smaller time-dependent Hartmann–Hahn
offset DHH(t) than that in NICP throughout the sequence.
In the ZQ subspace, DHH(t) appears in the IZQ

Z term which
corresponds to the resonance offset in the conventional
nutation. For relatively smaller DHH(t) as in the case of
SADIS CP, the ZQ effective field is tilted more toward
the xy plane. Since the inversion of the magnetization
requires on-resonance nutation, polarization transfer is
expected to be faster in SADIS CP. Furthermore, the
aforementioned attractive features of NICP can be retained
when the adjustable parameters (x1S, x1I, DxI, DxS) are
appropriately chosen.
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Fig. 3. 13C magnetizations for (a) CH3, (b) CH, and (c) COOH in L-alanine for
SADIS CP (s). The vertical axis was normalized with respect to the value obtai
x1I was adjusted separately so that each of the isotropic chemical shifts sa
DxS
2p ¼110 kHz and x1I

2p ¼48 kHz, DxI
2p ¼80 kHz. For NICP, DxS

2p ¼0 kHz while the
The time-dependent Hartmann–Hahn offset should be
kept small as long as the Hartmann–Hahn condition is sat-
isfied for the individual target spins. Generally speaking,
experiments should be arranged in such a way that the
magnitude of the effective fields are initially different, and
so they are the other way around at the end of the
sequence. For example, for the case of simple isolated
two-spin system under sample spinning,

(1) at t = 0

xeI þ wr 6 xeS 6 xeI þ 2wr; ð28Þ
and

(2) at t = T

xeS þ wr 6 xeI 6 xeS þ 2wr; ð29Þ
or vice versa so that the crossing will be limited to |n| = 1
matching condition, where the magnitude of the dipolar
coefficient is the largest. The reversal of the magnitude rela-
tion between the effective fields guarantees that the Hart-
mann–Hahn condition is satisfied during the
simultaneous sweep.

3. Experimental

Experiments were performed at room temperature in a
magnetic field of 11.7 T using a home-built triple resonance
probe equipped with a Varian 4 mm spinning module. Car-
rier frequencies for the 13C and 1H channels were 125.675
and 499.789 MHz, respectively. The 13C NMR signals in
a polycrystallines sample of 13C-labelled L-alanine were
measured at a spinning frequency of 13.5 kHz under 1H
TPPM decoupling [19]. Recycle delays were 60 s for 13C
direct observation and 2 s for all other CP experiments.

4. Results and discussion

4.1. ‘Contact-time’-dependent behavior

Fig. 3 shows the signal intensities of the methyl,
methine, and carboxyl 13C spins for various contact times
time / ms

CH COOH

0

1

2

106 8 0 102 4 6 8

various contact times measured with conventional CP (—), NICP (}), and
ned with direct detection. For conventional CP, x1S

2p was fixed to 45 kHz and
tisfied sideband (+1) matching condition. For SADIS CP, x1S

2p ¼35 kHz,
rest of the parameters are the same as SADIS CP.
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in the conventional CP, NICP, and SADIS CP techniques.
By ‘contact time’ we refer to the time interval T of the fre-
quency-sweep for NICP and SADIS CP. The signal inten-
sities are normalized with respect to the signal obtained in
thermal equilibrium with direct excitation with sufficiently
long recovery delay time of 60 s. In the conventional CP
experiment, separate measurements were carried out for
the individual carbon groups by setting the carrier fre-
quency at on-resonance and adjusting the n = +1 Hart-
mann–Hahn condition, and the maximum enhancement
factors recorded were 2.26, 2.32, 1.52 for the methyl,
methine, and carboxyl 13C spins with contact times of
0.16, 0.10, and 0.68 ms, respectively. This result indicates
that it is impossible to choose a common set of optimal
contact time and rf power. This problem would be more
serious for samples with large chemical shift distribution
or experiments under high static field where the Hart-
mann–Hahn matching profile is shifted according to the
individual chemical shifts. The relatively smaller signal
enhancement for the conventional CP is also due to less
efficient spin-locking of the 1H magnetization with the rf
intensity of 59 kHz, which is smaller than the 1H dipolar
linewidth. Thus, the performance of polarization transfer
in those previous CP techniques using the initial p

2
pulse

at the I spin degrades when the available or tolerable rf
power is limited. Moreover, the low rf intensity can cause
fast spin–lattice relaxation in the rotating frame, as dis-
cussed below.

In NICP, it was found that comparable amount of
enhancement factors (2.32, 2.27, 1.53) can be obtained
in a single experiment using a common set of experimen-
tal parameters x1S

2p ¼ 35 kHz; x1I
2p ¼ 48 kHz and DxI

2p ¼
�

80 kHzÞ, as demonstrated in Fig. 3. The improved perfor-
mance is ascribed to the following three reasons. First, the
magnitude of the initial effective field set along the z axis
Chemical Shif
150 100 50 0200 150 100200

Fig. 4. 13C MAS spectra of L-alanine obtained with (a) conventional CP (x1S
2p ¼

DxS
2p ¼0 kHz, x1I

2p ¼48 kHz, DxI
2p ¼80 kHz, and contact time = 2 ms), and (c) SAD

time = 0.8 ms), The peaks indicated by asterisks originate from impurity whic
between the impurity and L-alanine because it was just mechanically mixed.
is much larger than the spectral distribution of the I spin.
Thus, the I spin packets can be well locked along the
effectively field, and therefore participate in the polariza-
tion transfer process even with moderate rf amplitudes.
Second, the fact that the magnitude of the effective field
changes with time permits the Hartmann–Hahn condition
to be satisfied even in the presence of large spectral distri-
bution or rf-intensity offset. Finally, the larger effective
field with the off-resonance irradiation at the I channel
leads to slower spin–lattice relaxation, so that larger
amount of the I magnetization can be retained along
the effective field before polarization transfer is completed.
Since the common set of experimental parameters gave
nearly the optimal enhancement factors, the sensitivity
of the 13C spectrum obtained with NICP (Fig. 4(b)) was
considerably higher than that obtained with the conven-
tional CP (Fig. 4(a)).

In SADIS CP, the maximum enhancement factors
(2.88, 2.84, 2.00) were (24%, 25%, 31%) higher than
those obtained in NICP, as demonstrated in Fig. 3. This
was achieved by employing an additional frequency
sweep DxS

2p ¼ 110 kHz
� 


on the S channel while other
parameters were kept the same as the optimal ones for
the NICP experiment. As can also be seen in Fig. 3,
the contact times that gave the maxima in SADIS CP
are slightly shorter than those in NICP. This indicates
that the buildup of the 13C magnetizations was faster
in SADIS CP, confirming the rather simplified theoretical
descriptions in the previous section which neglected the
homonuclear dipolar interactions among the protons.
The optimized 13C spectrum of SADIS CP is shown in
Fig. 4(c).

For the purpose of clarifying the role of additional fre-
quency sweep in the S channel, we have carried out related
experiments, as described below.
t / ppm
150 100 50 020050 0

45 kHz, x1I
2p ¼58.5 kHz, contact time = 0.28 ms), (b) NICP (x1S

2p ¼35 kHz,
IS CP (x1S

2p ¼35 kHz, DxS
2p ¼110 kHz, x1I

2p ¼48 kHz, DxI
2p ¼80 kHz, and contact

h was intentionally mixed for other purposes. There were no interaction
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4.2. 13C magnetization buildup

In order to trace the buildup behavior in NICP and
SADIS CP, time interruption measurements were carried
out, in which frequency sweep was aborted at various
moments during the contact time. Fig. 5 shows the buildup
of the methine 13C magnetization with T = 1.8 ms,
x1S
2p ¼35 kHz, x1I

2p ¼52 kHz, DxI
2p ¼100 kHz, and with DxS

2p ¼0
and 120 kHz for NICP and SADIS CP, respectively.
Unlike the simplified calculation in Fig. 2, the oscillations
were suppressed due to distribution of the IS dipolar fre-
quency in the powder sample used in our study, and due
to the dipolar interactions among the 1H spins which were
neglected in the theoretical part. For NICP, the Hart-
mann–Hahn crossing occurred at t � 1.2 ms while for
SADIS CP, the S magnetization surged up as the Hart-
mann–Hahn crossings occured at T = 0.5 and 1.3 ms, as
demonstrated in Fig. 5. In SADIS CP, the overall attained
13C magnetization was much larger than that in NICP. One
reason for this result is that DHH(t) is smaller throughout
the sequence in SADIS CP, which leads to the following
two consequences. First, the chance of Hartmann–Hahn
crossing increase when DHH(t) is small; in this example
the crossing occured twice in SADIS CP while it only occu-
red once in NICP. Second, the smaller DHH(t), the higher
the rate of polarization transfer in each crossing. In other
words, NICP requires a longer contact time to attain the
same amount of polarization in SADIS CP.

In reality, however, the available time interval is limited
by the effect of relaxation, which restores the spin system
toward thermal equilibrium. Since the final 13C magnetiza-
tion is determined by the balance between the buildup and
relaxation processes, both the transfer rate and the chance
of the Hartmann–Hahn crossing are desirable to be maxi-
mized for a given relaxation rate. In both of these respects,
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Fig. 5. Buildup behavior of the methine 13C magnetization in L-alanine in
SADIS CP (d) and NICP (r) obtained with time-interruption measure-
ments. For SADIS CP, experimental parameters were DxS

2p ¼ 120 kHz,
x1S
2p ¼ 35 kHz, DxI

2p ¼ 100 kHz, and x1I
2p ¼ 52 kHz. For NICP, the frequency

sweep for S channel were turned off DxS
2p ¼ 0 kHz
� 


, while the other
parameters were the same as in SADIS CP. A contact time of 1.8 ms was
used. A correction factor 1/sin (aS) was taken into account for SADIS CP
since only the projection of the magnetization onto the xy plane is
measurable.
SADIS CP is superior to NICP, despite that the IS dipolar
interaction is weaker in SADIS CP by an additional scaling
factor sinaS(t). Thus, SADIS CP opens its application to
systems in which the effect of relaxation (particularly on
the S spins) is so serious that the previously proposed CP
techniques do not provide efficient polarization transfer.
Such systems include, e.g., paramagnetic materials, sam-
ples with molecular motion whose time scale is comparable
to the Larmor frequency, and samples in which the target
rare spins, such as 13C and 15N, are isotopically enriched,
because the presence of the additional homonuclear dipolar
interactions among the S spins can reduce the relaxation
time [20,21]. Application of SADIS CP to such materials
is under progress.

Moreover, SADIS CP, which make use of the offset irra-
diation on the S spins, can further suppress the effect of
relaxation, because the effective field for the S spin is
always larger throughout the sequence in SADIS CP as
compared to NICP. Spin–lattice relaxation times in the
rotating frame can be enhanced with offset irradiation,
which suppresses the unwanted decay of the 13C magneti-
zation in the rotating frame. In particular, this is the case
for the 13C spins in L-alanine, as pointed by Akasaka
et al. [22]. Thus, SADIS CP can spare longer ‘contact’
between both spins than NICP does.

4.3. Hartmann–Hahn matching profile

In order to study the efficiency of polarization transfer
in terms of the Hartmann–Hahn mismatch DHH(t)
described in Eq. (14), we have examined the signal intensi-
ties of the methine 13C as a function of the rf amplitude x1I

for three frequency sweep widths DxS
2p ¼0, 20, and 110 kHz

on the S channel (Fig. 6(a)), which represents NICP, less
optimal SADIS CP and the optimal SADIS CP, respec-
tively. All other parameters were kept fixed. For
DxS
2p ¼110 kHz (black line), DHH(t) is minimal throughout

the sequence, providing the highest signal intensity and
well-broadened matching profile over a wide range of rf
amplitudes. For the case of DxS

2p ¼20 kHz (gray line), the sig-
nal intensity dropped significantly as x1I was increased. In
the case of NICP DxS

2p ¼ 0 kHz
� 


denoted by the broken
line, the signal intensity further dropped and the transfer
efficiency became less robust against deviation in x1I. This
is because the I effective field did not overlap with any of
the Hartmann–Hahn matching conditions for x1I

2p beyond
approximately 60 kHz (which corresponds to x1S + 2wr

condition).
Fig. 6(b) and (c) show the magnitudes of the effective

fields during the SADIS CP and NICP sequences. As seen
in Fig. 6(c), the Hartmann–Hahn condition is not met for
the relatively stronger irradiation at the I spin in NICP.
In SADIS CP, on the other hand, the Hartmann–Hahn
crossings take place for a wide range of irradiation ampli-
tudes at the I spin, as depicted in Fig. 6(b). Hence, the
matching profile in SADIS CP is considerably wider than
that in NICP, making the present scheme robust against
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Fig. 6. (a) x1I dependence of the methine 13C signal intensities in SADIS CP with (i) DxS
2p ¼110 kHz (black line), (ii) DxS

2p ¼20 kHz (gray line), and (iii)
DxS
2p ¼0 kHz (broken line). Note that (iii) corresponds to NICP, which is a special case of SADIS CP. Other parameters were fixed to DxI

2p ¼ 80 kHz,
x1S
2p ¼ 35 kHz and T = 0.8 ms. For comparison, the Hartmann–Hahn matching profile for the conventional CP with x1S

2p ¼ 45 kHz and T = 0.80 ms is also
shown in brown line. (b) Time dependence of the magnitude of the effective field in SADIS CP for the S spin (black lines) and I spin (blue lines) with
T = 0.8 ms, with XS = 0, x1S

2p ¼ 35 kHz, and DxS
2p ¼ 110 kHz, XI = 0, DxI

2p ¼ 80 kHz, and x1I
2p ¼ 90 kHz, 70 kHz, 50 kHz, and 30 kHz. In order to depict the

Hartmann–Hahn crossings, the black lines are plotted with the offsets due to sample spinning frequency of wr
2p ¼ 13:5 kHz. (c) Time dependence of the

magnitude of the effective field in NICP for the S spin (blue lines) and I spin (black lines). Parameters are the same in (b) except for DxS
2p ¼ 0. (For

interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper.)
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deviation in rf intensity and spectral distribution. In this
respect, SADIS CP is expected to show further advantages
in experiments involving spins with large spectral distribu-
tion such as 19F, 31P, and paramagnetic samples.
5. Conclusions

In summary, an improved scheme for heteronuclear
cross polarization, which we call as SADIS CP, has been
proposed, demonstrated and analyzed. In this technique,
adiabatic frequency sweep from far-off to on-resonance is
employed on both the source and target spins simulta-
neously. As compared to the previously proposed NICP
technique, which has been shown to be a special case of
SADIS CP with zero frequency-sweep width on the target
channel, SADIS CP keeps the Hartmann–Hahn mismatch
DHH(t) smaller throughout the sequence, allowing the fas-
ter magnetization buildup of the target spin and more
robust transfer against deviation in the rf amplitudes.
And yet, SADIS CP retains the favorable properties of
NICP, and is thus compatible with fast sample spinning
and large spectral distribution of the source spins, as dis-
cussed in our previous work [16]. Since the off-resonance
irradiation on the S channel increases the magnitude of
the effective field on the target spins, which can suppress
the loss of magnetization due to the effect of relaxation,
SADIS CP is also expected to be well applicable to exper-
iments where either or both of the source and target spins
are subjected to fast relaxation.
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