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Cross polarization (CP) transfers via Hartmann-Hahn matching conditions are one of the cornerstones of
solid-state magic-angle spinning NMR experiments. Here we investigate a windowed sequence for cross
polarization (wCP) at 55 kHz magic-angle spinning, placing one window (and one pulse) per rotor period
on one or both rf channels. The wCP sequence is known to have additional matching conditions. We
observe a striking similarity between wCP and CP transfer conditions when considering the flip angle
of the pulse rather than the rf-field strength applied during the pulse. Using fictitious spin-1/2 formalism
and average Hamiltonian theory, we derive an analytical approximation that matches these observed
transfer conditions. We recorded data at spectrometers with different external magnetic fields up to
1200 MHz, for strong and weak heteronuclear dipolar couplings. These transfers, and even the selectivity
of CP were again found to relate to flip angle (average nutation).

� 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Cross polarization (CP) transfer between heteronuclear spins
[1–2] is a fundamental building block of multidimensional
magic-angle spinning (MAS) NMR experiments. The spatial depen-
dence of the dipolar interaction between a pair of spins allows not
only to enhance the low gamma spin signals via CP, but also to
quantitatively determine the dipolar coupling in materials and bio-
logical samples [3–15]. The combination of dipolar cross polariza-
tion transfer experiments with ultra-fast MAS probes [16–19] and
proton detection [20–24] is an efficient tool for chemical shift
assignments and structure determinations of the investigated sam-
ples [25–27] CP is also central to dynamic nuclear polarization
spectroscopy [28–29], which enables characterization of com-
pounds at lower spin concentration or in much less experimental
time [30–32].

Hartmann-Hahn conditions [1] for MAS NMR can be efficient for
both zero-quantum (ZQ) and double-quantum (DQ) conditions
[33–36]. They occur, respectively, when the difference or the
sum of the simultaneously applied nutation frequencies (rf-field
strengths) matches the rotor frequency or twice the rotor
frequency:

ZQ : mI � mS ¼ nZQmR DQ : mI þ mS ¼ nDQmR ð1Þ
where mI and mS are applied rf-field strengths on I and S spins,
respectively; mR is a MAS rate and nZQ ;nDQ=±1,±2. Eq. (1) describes
the Hartmann-Hahn conditions for CP transfers between a pair of
spins. Hartmann-Hahn conditions can also be simultaneously
achieved for two different heteronuclear pairs. [37–38].

While the CP transfer experiment defined by Eq. (1) has a con-
stant power [39], called single-amplitude CP (SA-CP), better trans-
fer efficiency can typically be reached with variable-amplitude CP
[40]. Metz et al. [41] proposed a ramped-amplitude CP experiment
with a linear amplitude ramp, which is commonly used. In 1995,
Hediger et al. [42] demonstrated polarization transfer with an adi-
abatic passage through Hartmann-Hahn conditions. Additional
variations were developed around the Hartmann-Hahn conditions
by modulating not only the amplitude, but also the phase or the
offset of the applied pulses to decrease the rf-field power mis-
matches and the offset dependence [43–58]. Methods based on
optimal control [59–60], symmetry-based recoupling [61],
multiple-contact [62–63], or longitudinal transfer [45,64], have
also been proposed as alternative transfer elements. Some robust
methods are based on different mechanisms [65–67], where the
rf-field strengths and phases are optimized using optimal control
algorithms [59–60,68] or they consist of trains of hard pulses with
specific phase cycling [61,64,69].

In 1993 Hediger et al. [70] investigated amplitude-modulated
cross-polarization [71–73] (AMCP) schemes for improvement of
polarization transfer characteristics for MAS rates of 5 to 7 kHz.
Using a sample of adamantane, it was shown that the AMCP
sequences can help broaden CP conditions. One of the schemes,
S-AMCP, initially proposed by Barbara and Williams [72], con-
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tained a CW-spin lock pulse on one of the channels and rotor syn-
chronized windowed rf-field on the other. At 5–7 kHz, this win-
dowed sequence (wCP) resulted in improved transfer at n = 0,
but ineffective spin lock, leading to relaxation. Here, we explore
this sequence, as well as an extension of if with windows on both
channels, at 55 kHz. The rotor period is then about 10 times shorter
than in previous work, which can be expected to result in more
efficient transfer due to a more effective spin lock. This motivates
revisiting this sequence on modern NMR spectrometers at 600 to
1200 MHz where wCP might become a more competitive
heteronuclear transfer element. In addition, it motivates the theo-
retical reconsideration and reanalysis with simplified definition of
the optimal condition.

In this article we investigate windowed cross polarization
(wCP), in which windowed rf-field is applied on one or both chan-
nels, without phase alternation. We analyze the wCP sequence
with respect to the pulse flip angle values and derive optimal FLip
ANgle conditions (FLAN) under which zero-quantum (ZQ) and
double-quantum (DQ) transitions are observed. We provide theo-
retical, numerical and experimental analysis of the transferred sig-
nals with CP and wCP and show the connection between
Hartmann-Hahn and FLAN conditions. For most cases wCP demon-
strates similar efficiency as CP. We find that a windowed version of
Fig. 1. (A) wCP. Each rotor period contains a single pulse on each channel with flip a
respectively. (B) Flip angle values for which the FOH was calculated (Eqns. (1 and 2).
represent the flip angles for CP (the pulse length is one rotor period on both channels), a
[1]. The diagonal (cyan crosses) represents a special case, where positive transfer is obs
parameters on proton and nitrogen channels. (C) with the condition tH ¼ tN and (D) as a f
transfer was kept constant: CP with linear amplitude modulation 80 % ?100 % of 102 k
applied for 15N?1H transfers. To calculate the power levels of pulses in watts, the refe
channel) and 3.12 ls (80.128 kHz, nitrogen channel) were used. (C) 10 wCP 15N?1H rot
aH ¼ 270

�
and aN ¼ 90

�
. (D) 14 wCP 15N?1H rotor periods (tmix = 252 ls) and tH ¼ 6ls. t

55.555 kHz MAS and the M2 sample. (For interpretation of the references to colour in t

2

spectrally induced filtering in combination with cross polarization
(SPECIFIC-CP) [44] can provide more efficient transfers, which is
demonstrated with lipid bilayer samples of the membrane protein
Influenza A M2 using 55.555 kHz MAS.

2. Result and discussion

Fig. 1A shows the wCP pulse sequence, where a single pulse
with a window every rotor period is applied on at least one chan-
nel. The wCP sequence was proposed along with other AMCP
sequences by Barbara and Williams [72] in 1992 and investigated
by Hediger et al. [70] in 1993. The arrangement of the windowed
pulses can also be different, for example, a pair of pulses with a sin-
gle window between them. However, we find that these two
approaches provide the same efficiency. While in simulations and
experiments we applied both approaches (see the supplemental
information), for simplicity, the following considers only the pulse
sequence shown in Fig. 1A.

In this work we apply a well-known approach using fictitious
spin-1/2 formalism [74] and average Hamiltonian theory (AHT)
[75]. Note that Floquet formalism provides an alternate approach
to simulation of AMCP sequences as intensively investigated by
Hediger et al in 1993 [70], 1995 [76] and 1997 [77], and Nielsen
ngles, lengths and rf-field strengths (aI ; tI ; mI) and (aS; tS; mS) on channels I and S,
Red and blue stars represent positive and negative conditions. Red and blue lines
nd the sum or difference between rf-field values match Hartmann-Hahn conditions
erved if tI–tS . (C) and (D) wCP 1D (HN)H spectra as a function of windowed pulse
unction of windowed pulses on the nitrogen channel, tN . In both panels, the 1H?15N
Hz and 44 kHz on 1H and 15N channels, respectively, and 800 ls mixing. wCP was
rence values of 90� optimized pulses with lengths of 2.25 ls (111.111 kHz, proton
or periods (tmix = 180 ls) and tH ¼ tN . Cyan spectra - aH ¼ aN ¼ 90

�
. Blue spectra –

N is varied from 6 to 18 ls. The data were acquired at a 600 MHz spectrometer with
his figure legend, the reader is referred to the web version of this article.)
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et al. in 2015 [58]. In the Supplementary Information (SI), two
approximate solutions are derived. The first, Eq. S16, can qualita-
tively describe CP and wCP profiles with the same pulse lengths
and an arbitrary set of flip angles applied on the two channels.
(By wCP profile, we mean the transfer efficiency with respect to
two rf-field strengths or flip angles). The second, Eq. S39, can qual-
itatively describe wCP profiles with different pulse lengths and flip
angles. Figure S1 compares the approximate theoretical and
numerically exact curves. Here we show the key points for the first
approximate solution.

The transferred signal for wCP with a fictitious spin-1/2 formal-
ism [74] and in the tilted rf-field frame [78] can be described as
follows:

hSxi tmixð Þ ¼ 1
4

Z
dX Tr Uð1;4Þ

tot

� �2
� �

� Tr Uð2;3Þ
tot

� �2
� �� �

; ð2Þ

where the integration over orientation (XÞ indicates the usual
averaging over powder Euler angles, a; b; cð Þ [78]. Uð1;4Þ

tot and Uð2;3Þ
tot

are DQ and ZQ unitary propagators. The derivation of the Eq. (2)
is shown in the SI (Eq. (S1-S12)).

The first order ZQ and DQ Average Hamiltonian [79] (FOH) can
be calculated for the following ZQ flip angle (FLAN) conditions,
where a is the flip angle acquired by the spin I or S during one rotor
period:

RIS ¼ aI þ aS ¼ pþ 2pn andDIS ¼ aI � aS ¼ 2pþ 2pn0; n � n0;

ð3Þ
Then ZQ and DQ FOH are:

tmixH
�

1ð Þ
ZQ ¼ N UDx;RI

2;3ð Þ
x þUDy;RI

2;3ð Þ
y

h i
and tmixH

�
1ð Þ
DQ ¼ 0: ð4Þ

On the other hand, with the following DQ FLAN conditions:

RIS ¼ aI þ aS ¼ 2pþ 2pn andDIS ¼ aI � aS ¼ pþ 2pn0; n � n0;

ð5Þ
ZQ and DQ FOH are:

tmixH
� 1ð Þ
ZQ ¼ 0 and tmix H

� 1ð Þ
DQ ¼ 1

2TR
2UDx;DI

1;4ð Þ
x þ 2UDy;DI

1;4ð Þ
y

h i
: ð6Þ

UDx;R or D are the time integrated functions, which depend on the
sums (for DQ) or the differences (for ZQ) between rf-field strength
values and dipolar time dependent functions [78,80]. Their explicit
Fig. 2. wCP curves. For both (A) and (B) the MAS was 55.555 kHz (18 ls rotor period) and
ðaI ¼ 630

�
; aS ¼ 270

� Þ, was applied. (A) First Order Average Hamiltonian Approximation (
different pulse lengths (equal lengths on each channel, tI = tS = tp). The pink solid line re
simulations, where the pulse length on S channel was the same (tS = 0.5TR) and the pulse
references to colour in this figure legend, the reader is referred to the web version of th
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forms are shown in the SI. For both cases the measured ZQ (posi-
tive, D) and DQ (negative, R) signals are described with the next
simple Eqn.:

Sx tmix ¼NTRð Þ��0:5

�
Z

dX 1�cos 0:5N
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
UDx;RorDð Þ2þ UDy;RorD

	 
2q� �� �
:

ð7Þ
The equation governing the signal transferred via wCP (Eq. (7))

has the same structure as for CP reported previously by Zhou and
Ye [81]: the signal is composed of ZQ and DQ contributions with
opposite signs. Such identity in the structure shows the connection
between the CP and wCP sequences.

The schematic presentation of FLAN conditions for positive
(red) and negative (blue) polarization transfers are shown in
Fig. 1B. Red and blue stars show FLAN conditions for wCP, while
red and blue lines show the set of flip angles for CP (the pulse
length is one rotor period) Hartmann-Hahn conditions. Note the
additional transfer conditions that appear for wCP. We note here
a similarity to the related sequence, delays alternating with nuta-
tion for tailored excitation (DANTE). [82–83] The nutation behavior
of the windowed pulses (for spins within the excitation bands of
DANTE) during one rotor period can be approximated with the
average nutation frequency over this period.

Along the diagonal of the wCP profile (Fig. 1B), the cyan crosses
represent a special case where signal transfer occurs away from
Hartmann Hahn conditions, but unlike other conditions, transfer
is only observed if the pulse lengths applied on the two channels
differ. In other words, for wCP if aI ¼ aS and tI ¼ tS the transferred
signal is zero. This can be explained by the fact that under these
conditions the rf-field Hamiltonian with a fictitious spin-1/2 for-
malism [74] only depends on DQ operators. Then the total ZQ
Hamiltonian only depends on dipolar interaction, which results
in Uð2;3Þ

tot ¼ 1. The modified Eq. (2) can be written as:

hSxi tmixð Þ ¼
Z

dX
1
4
Tr Uð1;4Þ

tot

� �2
� �

� 1
2

� �
: ð8Þ

Uð1;4Þ
tot is calculated in the same way as before (Eqns. S8-S15 in

SI). If we apply the diagonal flip angle conditions:

aI ¼ aS ¼ p
2
þ pn; ð9Þ
the spin system was two spins with 6 kHz dipolar coupling. The same flip angle set,
gray stars) and numerical simulation (solid lines) as a function of mixing time under
presents CP experiments that satisfy the Hartmann-Hahn condition. (B) Numerical
length on the I channel was varied as labeled in the legend. (For interpretation of the
is article.)



Fig. 3. wCP profiles: the transferred signal intensity (tmix = 0.18 ms) as a function of applied rf-field, obtained with windowed pulses. (A) Broad numerical profile. The dashed
rectangle indicates the experimentally investigated area, which was investigated theoretically, numerically and experimentally (B-E). Theoretical approximate (B), numerical
(C-D) and experimental (E) profiles. On 1H (I spin) and 15N (S spin) the lengths of the applied pulses were 9.8 and 6 ls, respectively (windows of 8.2 ls and 12 ls). (B) The
theoretical approximate wCP profile was obtained with Eq. S39 (see the SI). (A, C) The numerical simulation considered an IS spin systemwith heteronuclear dipolar couplings
of 11 kHz. (D) The numerical simulation considered an I2S spin system with heteronuclear dipolar couplings of 11 kHz and 3.2 kHz and a homonuclear dipolar coupling of
5 kHz. (E) Experimental data were recorded in 1D following (HN)H transfer, with polarization transfer conditions from 1H to 15N kept constant (ramp CP with 0.72 ms mixing)
and the polarization transfer conditions for 15N to 1H CP varied. Data were acquired at a 600 MHz spectrometer with 55.555 kHz MAS using a sample of M2. Full experimental
details are given in the SI.
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Fig. 4. CP profiles: the transferred signal intensity (tmix = 0.18 ms) as a function of applied rf-field. Broad numerical profile (A), first order Hamiltonian (B), numerical (C-D) and
experimental (E) transferred signal intensity (tmix = 0.18 ms) as a function of applied rf-field, obtained with continuous pulses. The dashed rectangle indicates the
experimentally investigated area, which was investigated theoretically, numerically and experimentally (B-E). (B) Analytical CP profile was obtained with first order
approximation of the Hamiltonian (Eq. S16). (A, C) The CP simulations considered an IS spin system with heteronuclear dipolar couplings of 11 kHz. (D) The CP simulations
considered an I2S spin system with heteronuclear dipolar couplings of 11 kHz and 3.2 kHz and a homonuclear dipolar coupling of 5 kHz. (E) Experimental data were recorded
in 1D following (HN)H transfer, with polarization transfer conditions from 1H to 15N kept constant (ramp CP with 0.72 ms mixing) and the polarization transfer condition for
15N to 1H CP varied. Data were acquired at a 600 MHz spectrometer with 55.555 kHz MAS using a sample of M2. Full experimental details are given in the SI.
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then at points N 2 even, the DQ FOH is:

tmixH
� 1ð Þ
DQ ¼ 0; ð10Þ

and:

Uð1;4Þ
tot � 1: ð11Þ
Substituting Eq. (12) into Eq. (9), we obtain that the measured

signal is zero:

hSx tmix ¼ NTRð Þi � 0 ð12Þ
Fig. 5. Simulation of CP (A) and wCP (B). For both cases, the numerical simulations cons
and a homonuclear dipolar coupling of 8 kHz. The mixing time is 90 ls and the MAS rate
and windowed pulse every rotor period with 9 ls length on the S spin. The dashed whi

Fig. 6. (A) CP (blue) and wCP (red) 1D (HC)H CP spectra as a function of 1H rf-field streng
and red 9 ls / 84 kHz. (B) Schematic presentation of the pulse sequence for 13C?1H tran
ramped amplitude modulation, 100%?80%, was applied on the 1H channel. In both cases
carrier frequency was set to 100 ppm. The mixing time for both transfers was 360 ls. Figu
for each case. The data were acquired at a 600 MHz spectrometer with 55.555 kHz M
interpretation of the references to colour in this figure legend, the reader is referred to
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In summary, wCP results in transfer along the diagonal of the
profile (aI ¼ aS) when tI–tS.

Fig. 1C and D confirm this conclusion, where we show the
experimental wCP 1D (HN)H spectra as a function of pulse lengths
and flip angle values.

When we keep aH ¼ aN ¼ 90
�
and tH ¼ tN (cyan spectra in

Fig. 1C), we observe a noise level signal. By contrast, for the condi-
tion aH ¼ 270

�
, aN ¼ 90

�
and tH ¼ tN , negative DQ transfer is

observed (blue spectra in Fig. 1C).
Fig. 1D shows the dependence of the pulse length difference:

aH ¼ aN ¼ 90
�
and tN � tH . With increasing difference between tN
idered an I2S spin system with heteronuclear dipolar couplings, 21 kHz and 7.2 kHz
55.555 kHz. (A) Continuous pulses on I and S spins. (B) Continuous pulses on I spins
te lines show the slices that were experimentally recorded and shown in Fig. 6.

th with different 13C pulse lengths / rf-field strengths: blue - continuous / 43.16 kHz
sfer, with continuous (blue) and windowed (red) pulses on the 13C channel. Linear
, the 1H?13C transfer was kept constant, while 13C?1H conditions were varied. The
re C compares 1D CP (red) and wCP (blue) (HC)H spectra with the best performance
AS and the M2 sample. Additional experimental details are given in the SI. (For
the web version of this article.)
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and tH , the positive signal (ZQ dominating) increases. Note that the
signal in panels C and D are not to scale, and that the signal along
the diagonal of the profile is typically not the most efficient (vide
infra).

We next focus on conditions where aI–aS.
In Fig. 2 we compare the numerical and FOH (Eq. (7)) curves.

Fig. 2A shows the comparison of the numerical (solid lines) and
analytical (gray stars) curves as a function of mixing time for dif-
ferent pulse lengths on both channels (keeping tI ¼ tS ¼ tp). We
observe a good agreement between numerical and FOH curves.
While the size of the window has an influence on the effective
dipolar scaling factor, for some pulse lengths the theoretical effi-
ciency of wCP reaches 75%.

Fig. 2B shows numerical curves with the pulse length on one
channel kept constant (tS = 0.5TR) and the pulse length of the sec-
ond channel varied from 0.5TR to TR (no window). In this case, we
also observe similar transfer efficiencies, but with equal pulse
Fig. 7. CP (A) and wCP (C, E) 1D (HC)H spectra as a function of 1H rf-field strength (fo
14.2 kHz; (C) wCP: 28.3 kHz and 9 ls and (E) wCP: 56.6 kHz and 4.5 ls. Figure F compare
(F) depict the 1H?13C cross polarization pulse sequence, which was used in each case. Th
Hartmann-Hahn condition. The spectra were acquired at a 600 MHz spectrometer with
Further experimental details are given in the SI.
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lengths on both channels wCP achieves a slightly better
performance.

While in numerical simulation, the rf-field strength is not
restricted, for experiments high power cannot be reached for low
gamma spins. We therefore limited our experimental profiles to
the areas indicated with dashed rectangles in Fig. 3A for wCP and
Fig. 4A for CP. Fig. 3B-E and 4B-E compare the theoretical (B),
numerical (C-D) and experimental (E) wCP (Fig. 3) and CP (Fig. 4)
profiles. For Figs. 3 and 4 we observe a good agreement between
theoretical (B) and two spin system simulated (C) profiles, as well
as three spin system simulation (D) and experimental (E) profiles.

Fig. 3 shows that over a broad range of flip angle values, wCP
provides polarization transfers and the main effect depends on
the sums or differences between flip angles. Note that since the
sequence is rotor synchronized, the dependence on flip angle could
equally be described as a dependence on the average rf-field
strength (average nutation frequency).
r 1H?13C transfer) with different 13C rf-field strengths and pulse lengths: (A) CP:
s 1D CP and wCP (HC)H spectra with the best performance for each case. (B), (D) and
e ramped 13C?1H cross polarization step was kept the same with an optimized ZQ
55.555 kHz MAS and the M2 sample. The carrier frequency was set to 135 ppm.
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For Fig. 4 there is a difference between three spin system (D)
and two spin system (C) simulations. In these two figures we
observe additional gaps, which are not seen in two-spin system
simulations (Fig. 4C). These gaps are related to homonuclear rotary
resonance recoupling at about 55 and 110 kHz for the I spin.

While Fig. 3E and Fig. 4E demonstrate wCP and CP profiles at a
specific mixing time, Fig. S2A shows the comparison of the exper-
imental CP and wCP curves as a function of the mixing times. Sim-
ilar build up curves are observed for both cases.

The ratio between rf-field strength values (in kHz) of CP and
wCP sequences has an inverse dependence on the normalized

pulse length: tp=TR
	 
�1. However, the requirement of the rf-field

power values in Watts for windowed pulses is squared in compar-
ison to the ratio in kHz, leading to a ratio for rf-field power values

of tp=TR
	 
�2. Therefore, the application of this sequence might be

limited at ultra-fast MAS rates, especially for ZQ transfers. On the
other hand, faster MAS rates are typically achieved through the
use of a smaller rotor and coil, leading to an improvement in the
maximum possible rf-field strength. A low power condition also
exists in the wCP sequence (vide infra) with matching flip angles
on the two channels. It is not particularly efficient under the con-
ditions reported here, but might be interesting for future develop-
ments, e.g. > 200 kHz MAS where the required rf-field strength for
CP becomes extreme.

In Figs. 3 and 4 we kept similar rf-field strength ranges. In this
case, CP and wCP profiles appear to be different. However, accord-
ing to the derivations in the SI, if we rescale according to the flip
angle, CP and wCP profiles should share common features. This is
demonstrated in Fig. 5. For wCP (Fig. 5B) the windowed pulses
were applied on the S spin only and continuous rf-field power
was applied on the I spin.

With CP (Fig. 5A) we observe the expected one DQ and two ZQ
conditions within this region, according to the Hartmann Hahn
conditions [1]. Comparing CP (A) and wCP (B) profiles we obtain
a full match for these one DQ and two ZQ conditions in the flip
angle domain. However, an additional positive transfer and an
additional negative transfer are observed for wCP.

For wCP the additional positive transfer (red) is observed when
equal flip angle values are applied on both channels, e. g. at
aI ¼ aS ¼ 270

�
. As was explained above (and demonstrated exper-
Fig. 8. (A)-(B) Experimental 1D wCP (H)C spectra as a function of offset with respect
resonance). The 1H channel conditions were 15 ls / 78.38 kHz pulses and linear ramp (1
ramp (95%?100%). In all cases 540 ls contact time was used. (C) Experimental 1D CP (re
and 19 kHz (80%?100%, linear ramp) were applied on 13C and 1H channels, respectively, w
with 80%?100% linear ramp) were applied on 13C and 1H channels, respectively. 360 ls
55.555 kHz MAS and using S31N M2. Additional experimental details are given in the S
referred to the web version of this article.)
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imentally with Fig. 1D) such transfers are only observed when the
pulse lengths on the two channels differ. The additional negative
transfer (blue) is observed with the next flip angle set, aI ¼ 810

�
;

aS ¼ 270
�
, according to FLAN conditions (Fig. 1B).

To experimentally demonstrate the matching conditions visible
in Fig. 5, two slices from the CP and wCP profiles were recorded
(the dashed white lines of Fig. 5). The experimental data is shown
in Fig. 6, where the upper spectra were recorded with CP (blue) and
the lower with wCP (red). As in simulation, we observe three trans-
fer conditions for CP, and 5 for wCP.

One of the additional transfer conditions for wCP is observed in
Fig. 6 when the applied pulses on different channels have the same
flip angles. This transfer condition is an additional example of the
those seen along the cyan diagonal in Fig. 1A. Note that second
order CP [84–85] also lies along the diagonal, but is typically less
efficient than ZQ or DQ CP.

Fig. 6C compares CP (red) and wCP (blue) (HC)H spectra with
the highest performance from each profile. In that case we observe
better performance for CP, especially in the methyl region. How-
ever, note that the relatively short transfer time might not be opti-
mal for wCP, given the reduced scaling factor as compared with CP
(Fig. 1 and Fig. S2A).

To improve performance despite rf-field inhomogeneity, a small
ramped amplitude modulation (from 95% to 100%) can be addition-
ally applied on the second channel for windowed pulses. Similar to
ramped CP [41] a linear ramped amplitude improves the perfor-
mance. The benefit of amplitude modulation was also demon-
strated in RESPIRATIONCP experiments [86]. Although we mostly
found that the amplitude modulation on one of the channels was
enough to reduce the influences of rf-field inhomogeneity and off-
set, in some cases we applied an additional small ramped ampli-
tude modulation on the second channel to further improve the
performance. Fig. S3 demonstrates such a case, comparing 1D
(HC)H spectra with amplitude modulation on both channels.

The previous comparison of CP and wCP was made using strong
rf-field strengths, applied on both channels. Under these condi-
tions we did not find any clear advantage of using wCP with
respect to CP. In contrast, we found that wCP can outperform CP
when low rf-field strength (small flip angle) is applied on at least
one of the channels. Baldus et al. [44] in 1998 and Laage et al.
[87] in 2008 demonstrated that low rf-field strength applied on
to carbonyl (A, 175 ppm is on resonance) and aliphatic regions (B, 35 ppm is on
00%?90%) and the 13C channel conditions were 6 ls / 44.6 kHz pulses with linear
d) and wCP (blue) (H)C spectra with the same flip angle sets (aH 90

�
): for CP 67 kHz

hile for wCP 64 kHz (no windows, 95%?100% linear ramp) and 57 kHz (6 ls pulses
contact time was used. The data were acquired at an 800 MHz spectrometer with
I. (For interpretation of the references to colour in this figure legend, the reader is



Fig. 9. SPECIFIC-CP (red) and SPECIFIC-wCP (blue) 2D (H)CH spectra. (A) The carrier frequency position was set to 135 ppm. (B) The carrier frequency position was set to
25 ppm. The data were acquired at an 800 MHz spectrometer with 55.555 kHz MAS and using S31N M2. The full experimental details are given in the SI. The slices from 2D
experiments are indicated with numbers 1–8. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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the 13C channel allowed transfer to select regions of the spectrum.
The method was named SPECIFIC-CP. Such conditions result in a
13C flip angle of around 90� for the SPECIFIC-CP conditions. The
application of wCP with about 90� pulses on 13C channel also pre-
serves the band-selectivity despite the higher rf-field strength. This
is demonstrated in Figs. 7-9.

Fig. 7 shows 1D (HC)H spectra as a function of 1H flip angle (and
rf-field strength) for CP and wCP while maintaining a 90� flip angle
on the 13C channel. The shape of the profile is maintained. The
pulse lengths on the 13C channel are 18 ls (A, CP), 9 ls (C, wCP)
and 4.5 ls (E, wCP). For wCP higher rf-field strengths are applied
to achieve the same flip angle value as for CP. The rf-field strength
of these pulses on the 13C channel required to maintain a 90� flip
angle were then: 14.2 kHz (A), 28.3 kHz (C) and 56.6 kHz (E). With
respect to rf-field power levels in Watts (W) these values were:
0.85 W, 3.42 W and 13.6 W, respectively. Fig. 7F compares CP
(green) and wCP (blue, red) (HC)H spectra with the highest perfor-
mance from each profile. Note that there appears to be an improve-
ment in ZQ polarization transfer for wCP (positive signals) and a
decrease in performance for DQ polarization transfer. Fig. S4
demonstrates similar experiments, acquired at an 800 MHz
spectrometer.

We next take a closer look at the band-selectivity with applica-
tion of 90� pulses on the 13C channel in wCP experiments. Fig. 8A-B
demonstrates the dependence of carbonyl (A) and aliphatic (B)
regions on offset values with 44.6 kHz rf-field strength on the
13C channel. As can be seen, beyond a 23 kHz offset the carboxyl
(A) and aliphatic (B) region are not observed. Despite high rf-
field strength, the band-selectivity is preserved. Similar to
SPECIFIC-CP, the application of windowed 90� pulses on the 13C
channel can be called a SPECIFIC-wCP.
9

When in reverse 90� pulses are applied on the 1H channel
(Fig. 8C), more complete band excitation is observed: all regions
of the 13C spectrum have similar intensities. Under these condi-
tions, 67 kHz is applied on the 13C channel for the CP case, and
the flip angle is 450� for both CP and wCP. The carrier frequency
was set to 100 ppm. The comparison of CP (red) and wCP (blue)
spectra shows better performance for wCP under these conditions.

The higher performance for SPECIFIC-wCP with respect to
SPECIFIC-CP can be more clearly observed from 2D (H)CH experi-
ments (Fig. 9), where the carrier frequency is set to the aromatic
region (135 ppm, A) or aliphatic region (B, 25 ppm). Selected slices
from these data are shown at the right. For all regions, SPECIFIC-
wCP has an improved performance as compared with SPECIFIC-
CP. In particular, in slice 4, a twofold improvement is observed
for carbonyl to amide proton transfer. In general, a larger improve-
ment is seen towards the edges of the specific band.

In the SI we show 2D wCP (H)CH spectra acquired at a
1200 MHz spectrometer, where � 90� pulses were applied on the
1H channel (Figure S5). Also in that case we observe more complete
excitation of the 13C region. CP and wCP profiles for weak dipolar
coupling pairs (e.g. 13C-15N) are compared in Figure S6.

3. Conclusions

Cross polarization transfers between heteronuclear spins is a
fundamental building block used in MAS NMR, where the transfers
via dipolar interactions are usually explained with Hartmann-
Hahn conditions [1]. These conditions declare that maximal trans-
fer occurs when the difference or the sum between applied spin-
lock rf-field strengths is an integer, n, times the MAS rate
(n=±1,±2).
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In this article we theoretically investigated windowed CP
sequences (wCP) that had a single window per rotor period, and
derived the flip angle conditions (FLAN), under which zero-
quantum and double-quantum transfers were observed. A theoret-
ical approximation of the transfer, as well as numerically exact
simulations of two to three spins, were in good agreement with
experimental CP and wCP profiles. We showed that the CP and
wCP transfer conditions can be best compared with respect to
the rf pulse flip angles, or equivalently, the average spin-lock rf-
field strengths. This revealed a close connection between wCP
and CP, namely that the wCP sequence shares conditions of effi-
cient transfer with CP, and also has additional transfer conditions
of lower efficiency. Given the similarity between the two
sequences, it is perhaps unsurprising that they performed equally
well most of the time (note we only considered fast MAS condi-
tions where windows do not cause problems with spin locking).
Nevertheless, a benefit in transfer efficiency was observed for
wCP for a SPECIFIC-CP transfer condition with small 13C flip angle.
Surprisingly, the higher rf-field strength on 13C for wCP experi-
ments did not eliminate the band-selectivity. The wCP sequence
also showed an improvement in transfer efficiency with 90� pulses
on the 1H channel and 450� pulses on the 13C channel, conditions
under which the transfer has a broad bandwidth.

4. Experimental methods

The full experimental details are given in the SI.
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