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Applications of double cross-polarization (CP) magic-angle spinning (MAS) NMR spectroscopy, via 1H/15N
and then 15N/13C coherence transfers, for 13C coherence selection are demonstrated on a 15N/13C-labeled
N-acetyl-glucosamine (GlcNAc) compound. The 15N/13C coherence transfer is very sensitive to the set-
tings of the experimental parameters. To resolve explicitly these parameter dependences, we have sys-
tematically monitored the 13C{15N/1H} signal as a function of the rf field strength and the MAS
frequency. The data reveal that the zero-quantum coherence transfer, with which the 13C effective rf field
is larger than that of the 15N by the spinning frequency, would give better signal sensitivity. We demon-
strate in one- and two-dimensional double CP experiments that spectral editing can be achieved by tai-
loring the experimental parameters, such as the rf field strengths and/or the MAS frequency.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

Double cross-polarization (CP) magic-angle spinning (MAS) so-
lid-state NMR spectroscopy was first introduced by Schaefer et al.
in 1979 [1]. Later, the original one-dimensional (1D) technique was
extended to two-dimensional (2D), from which the correlation
spectra on the basis of heteronuclear chemical shifts [2,3] and di-
pole–dipole coupling [4] could be obtained. The 2D pulse sequence
of a 1H/15N/13C double CP experiment is given in Fig. 1. In the
13C/15N chemical shift correlation, the 1H coherence is transferred
into 15N during the first CP period. Then, the 15N chemical shift is
allowed to evolve, and the 15N coherence is subsequently trans-
ferred to 13C during the second CP period for observation. Using
the double CP coherence transfer, only the 13C signals of those car-
bons coupled to the 15N-labeled nitrogen are observable. Although
the 1H/15N CP follows the conventional Hartmann–Hahn matching
condition, where the spin locking fields are lying on the xy-plane,
the 15N/13C CP requires a critical matching condition for the effec-
tive spin locking fields. In fact, as illustrated in the subsequent sec-
tions, the 15N/13C polarization transfer is explicitly dependent on
the experimental parameters such as the chemical shifts, rf field
strengths, and the MAS frequency. Furthermore, we will demon-
strate that the 1H/15N/13C double CP experiment is capable of spec-
tral editing via 1D or 2D spectroscopy.
ll rights reserved.
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zou).
It has been pointed out that the matching condition of 15N/13C CP
is so stringent that a slight mismatch can result in a considerable
reduction of the double CP intensity [5,6]. Several schemes have
been developed to improve the CP transfer efficiency [7–11]. In an
alternative approach, Baldus and coworkers made a good use of
low rf field strengths in the range of 1–5 kHz, which are comparable
with the frequency offsets of the resonances, for specific coherence
selection. Their frequency-selective double CP experiment is called
SPECIFIC CP [5]. In principle, two coherent transfer pathways are
accessible, depending on the experimental settings. At low MAS fre-
quencies (xR < 10 kHz) and large rf fields, the coherent transfer is
dominated by the zero-quantum (ZQ) coherence transfer. In con-
trast, at high MAS frequencies (xR > 10 kHz) and/or small rf fields,
the transfer could be carried out by double-quantum (DQ) coher-
ence [12]. To achieve an effective coherence transfer, in either case,
the experimental parameters have to match certain requirements.
In the ZQ transfer, the difference in the effective rf fields of the
I- (15N-) and S- (13C-) channels must be equal to a multiple of the
MAS frequency: (x2

1I þX2
I Þ

1=2 � ðx2
1S þX2

S Þ
1=2 ¼ nxR. On the other

hand, in the DQ transfer, the sum of the effective rf fields of the
I- and S-channels shall be equal to a multiple of the MAS frequency:
(x2

1I þX2
I Þ

1=2 þ ðx2
1S þX2

S Þ
1=2 ¼ nxR, where x1I and x1S denote the

rf field strengths of the I- and S-channels, respectively, XI and XS

are the frequency offsets of the associated 15N and 13C chemical
shifts, respectively, xR is the MAS frequency of the sample. In
this study, we applied rf fields in the range of 10–40 kHz for
the 13C/15N ZQ coherence transfer. The N-[1,2-13C2]acetyl-
D-[1-13C,15N] glucosamine (GlcNAc) compound was used to deter-
mine the dependence of signal sensitivity of the 13C/15N coherence
transfer on the experimental parameters. The ZQ matching
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Fig. 1. Pulse sequence of double CP MAS NMR spectroscopy. The triple-resonance
solid-state NMR experiment consists of two CP periods: 1H/15N and 15N/13C (I/S).
The first CP is optimized to fulfil the Hartman–Hahn matching condition [17]. After
the Hartman–Hahn matching, 1H TPPM decoupling [18] is applied with a rf field
strength of 79.3 kHz. The 15N chemical shift, which is eliminated in the 1D version,
evolves after the first CP in the t1 dimension in the 2D experiment. All the double CP
MAS NMR spectra were acquired with a Bruker (Spectrospin, Rheinstetten,
Germany) Avance 300 MHz NMR spectrometer, equipped with a 4-mm triple
resonance probe operating at 1H, 13C, and 15N Larmor frequencies of 300.13, 75.47,
and 30.3 MHz, respectively. Contact times of 1 and 5 ms were set for the double CPs.
Powdered samples were packed in double-bearing 4 mm zirconium oxide MAS
rotors. All experiments were carried out at ambient temperature and the sample
spinning frequency was regulated within ±1 Hz by a spinning controller.

Communication / Journal of Magnetic Resonance 195 (2008) 116–120 117
conditions corresponding to various Hartmann–Hahn matching
conditions (n = 0, n = ±1, n = ±2) are resolved in a 2D spectrum array,
in which the rf field strength and the MAS frequency are systemat-
ically varied. Typically, the coherence transfer carried out at n = ±1
leads to a stronger signal intensity than that of n = ±2. In our double
CP experiment, spectral editing is achieved by tailoring either the rf
field strength or the MAS frequency, as demonstrated in the 2D
spectra measured for the powder samples of isotopically labeled
GlcNAc and glycine. It is anticipated that it should be possible to
combine such a coherence selection or spectral editing technique
with other NMR schemes, such as REDOR spectroscopy [13], and,
to extend it to specific 3D heteronuclear chemical shift correlation
spectroscopy.

2. Theory

The Hamiltonian of an isolated I–S spin-pair in the doubly rotat-
ing frame is given by [14]

H ¼ x1IðtÞIy þx1SðtÞSy þXI Iz þXSSz þ 2dISðtÞIzSz; ð1Þ

where x1I(t) = �cIB1I(t) and x1S(t) = �cSB1S(t) for the I and S spins,
respectively, XI and XS denote the time-independent resonance off-
sets. The dipolar term can be expanded into Fourier components:

dISðtÞ ¼
X

n¼�1;�2

dn expð�nxRtÞ

and

d�1 ¼ �
dIS

2
ffiffiffi
2
p sinð2hÞ expð�iuÞ;

d�2 ¼
dIS

4
sin2 h expð�2iuÞ;

dIS ¼ �
l0cIcS�h

4pr3
IS

: ð2Þ

Here, rIS denotes the internuclear distance between the I and S
spins, h and u the polar angles between the respective internuclear
vector and the static magnetic field, cI and cS the gyromagnetic ra-
tios of the I and S spins, respectively, and xR the MAS frequency. For
simplicity, the contributions from the anisotropic chemical shield-
ing are neglected in the Hamiltonian.

Following the treatment of Baldus et al. [5], the Hamiltonian H
can be transformed to the tilted frame by the following
transformation:

~HT ¼ UHTU�1; U ¼ exp½�iðx1I;eff Iz þx1S;eff SzÞt�; ð3Þ

where

x1I;effðtÞ ¼ ðx1IðtÞ2 þX2
I Þ

1=2

and

x1S;effðtÞ ¼ ðx1SðtÞ2 þX2
S Þ

1=2
:

In the new spin coordinate system where the new axes are tilted
around the Ix and Sx axis lying along the effective field directions
Ieff(t) = x1I(t)Iy + XIIz and Seff(t) = x1S(t)Sy + XSSz, respectively. For
brevity, we retain only the flip-flop term in the subsequent treat-
ment [5,7]:

Hsec ¼ xI;effðtÞIz þxS;effðtÞSz þ dIS;effðtÞ �
IþS� þ S�Iþ

2

� �

þ 2eðtÞIzSz; ð4Þ

where

dIS;effðtÞ ¼ dISðtÞ sin /I sin /S

and

/IðtÞ ¼ sin�1½x1IðtÞ=x1I;effðtÞ�;

/SðtÞ ¼ sin�1½x1SðtÞ=x1S;effðtÞ�;

eðtÞ ¼ dISðtÞ cos /I cos /S:

In the interaction frame transformed by the rf fields, the following
time-independent ZQ Hamiltonian is obtained:

H0 ¼ dn;effðIþS� þ I�SþÞ=2; ð5Þ

where dn,eff = dnsinhIsinhS, n = ± 1, ± 2;

/I ¼ sin�1 x1I=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

1I þX2
I

q� �
; /S ¼ sin�1 x1S=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2

1S þX2
S

q� �

when the xI;effðtÞ �xS;effðtÞ ¼ nxr matching condition is satisfied.
Since the Hamiltonian coefficients d±1 is greater than d±2, it is ex-
pected that the n = ± 1 sideband intensity is higher than the
n = ± 2 sideband intensity. The corresponding DQ coherence trans-
fer is also well documented in the literature [5,12].
3. Results

A specific 13C/15N-isotope-labeled GlcNAc sample that exhibits
four distinct resonances in the normal 13C CP MAS spectrum was
selected for the current study. As shown in Fig. 2, the 13C CP MAS
spectrum reveals a carbonyl carbon (13CO) resonance at
175.5 ppm, two monosaccharide carbon residues (13C1) with re-
spect to the anomeric a- and b-forms at 93.0 and 96.8 ppm, respec-
tively, and methyl carbon (13CH3) at 24.1 ppm. Unlike the 1H/13C or
1H/15N coherence transfer that fulfils the conventional Hartmann–
Hahn condition, the double CP intensity arising from the
1H/15N/13C coherence transfer pathway is rather sensitive to the
experimental parameters, including the MAS, rf field and the car-
rier frequency. To resolve the parameter dependences more
clearly, we have monitored the double CP intensity by varying
the rf field strength and the MAS frequency systematically. Fig. 3



Fig. 2. Normal 1D 1H/13C CP MAS spectrum of amino monosaccharide
N-[1,2-13C2]acetyl-D-[1-13C;15N] glucosamine (GlcNAc) specifically labeled with
13C (99%) and 15N (98%), which was purchased from Omicron, Biochemicals, Inc.
(South Bend, IN). The sample was used without further processing. The rf field
strength in the 1H and 13C channels was set to 50 kHz for CP, with a contact time of
1 ms. The experiment was carried out at an MAS frequency of 5000 Hz, with total
transient number of 4096 and recycle delay of 5 s. The asterisks denote the sample
spinning sidebands.
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shows the 13CO{15N} intensity as a function of the rf field strength
and MAS frequency. Consistent with previous reports [5,6], the
13C{15N} intensity is explicitly dependent on the rf field strength
in the horizontal axis and the MAS frequency in the vertical axis,
such that the 15N/13C CP transfers effectively only at certain com-
binations of the two. In fact, the matching condition is so critical
Fig. 3. Double CP sensitivity measurements of amino monosaccharide GlcNAc with mult
is monitored as a function of two variables: the rf field strength (13C channel) and the MA
400 Hz and the MAS frequency from 3000 to 9000 Hz with increments of 1000 Hz. The se
(13C channel) and the MAS frequency in units of Hz are specified in the x- and y-axis, resp
the linear scale of the rf field strength, we checked systematically the different power
sample with natural abundance of isotopes. For clarity, those nonlinear portions are rem
that any modification of the variables may result in a substantial
reduction in the resulting intensity. The sensitivities of these
parameter settings are determined from the present and previous
studies [6] to be around 200 Hz for the rf field strength and
500 Hz for the MAS and carrier frequencies. Apart from the sensi-
tivities, the profile presents two different coherence transfers cor-
responding to MAS-dependent and MAS-independent pathways,
which are labeled by vertical and tilted lines, respectively, in
Fig. 3. The MAS-independent coherence transfer is assigned to
the n = 0 matching condition, which is due to the higher order ef-
fects [12]. The MAS-dependent coherence transfer, which corre-
sponds to the ZQ Hamiltonian discussed above, are assigned to
n = ±1 and ±2 sidebands. As expected, the two matching sidebands
differ from each other by the MAS frequency approximately. Such a
symmetrical double-maximum distribution pattern that denotes
the n = ±1 and ±2 ZQ coherence transfers resembles the double
CP sensitivity measurement with respect to the carrier frequency
reported previously [6]. In general, the MAS-dependent coherence
gives arise to a much greater intensity, with typically at least a
fivefold difference in magnitude, than the MAS-independent one.
It is interesting to find that the ZQ coherence transfer correspond-
ing to the n = +1 condition, in which the 13C spin locking field is lar-
ger than that of the 15N by the spinning frequency, would give
better signal sensitivity than the n = �1 condition. Thus, it is better
to fulfil the MAS-dependent matching condition, in particular for
n = +1, for optimizing the double CP intensity, and for the applica-
tion of coherence selection described below. Note that the overall
intensity of the slice corresponding to MAS at 7000 Hz is some-
iple 13C and 15N isotope labeling. The 15N-correlated13C intensity of carbonyl carbon
S frequency. The rf field strength varies in the range 12–40 kHz with increments of
nsitivity measurements are displayed in a 2D manner in which the rf field strength

ectively. The rf field strength in 15N (I-spin) was set to 26.3 kHz. In order to calibrate
levels of the Bruker linear power amplifier (BLAX-1000) using a glycine powdered

oved.



Communication / Journal of Magnetic Resonance 195 (2008) 116–120 119
what less than for the adjacent slices. It is believed that this reduc-
tion is due to rotational resonance [15,16] when the MAS fre-
quency reaches the difference in chemical shifts of the 13C
resonances of interest. This interpretation is further confirmed by
the measurement on the [1-13C,15N]-glycine.

Apart from the 13CO signal, we also monitored the methyl car-
bon 13CH3 signal by double CP spectroscopy. The overall pattern
as a function of the two variables the rf field strength and MAS fre-
quency remained basically identical, but the overall intensity
dropped significantly (see Fig. 1S and 2S in supplementary infor-
mation). Compared to the 13CO intensity, the double CP 13CH3

intensity dropped at least tenfold in magnitude, indicating that
the intensity can be attenuated by the 13C chemical shifts or reso-
nance offsets. Here, we propose that double CP MAS spectroscopy
can specifically select the 13C coherence by simply tailoring the
experimental parameters and present only the n = 1 coherence
transfer in the following analysis. A coherence selection of the
13C{15N} resonances with respect to the 13CO, 13C1, and 13CH3 of
GlcNAc by setting the rf field strength of the 13C channel to 38.3,
35.9, and 29.0 kHz, respectively, is shown in Fig. 4. Note that this
spectral editing is achieved at the expense of the double CP signal
intensity. In addition, as demonstrated in Fig. 4d–f, a similar coher-
ence selection of the 13CO, 13C1, and 13CH3 resonances is achievable
by setting the MAS frequencies to 6.0, 4.0, and 5.0 kHz, respec-
tively. In comparison, the selectivity of the 13C1 and 13CH3 coher-
ences is better than that of the 13CO, in which the 13CO spectra
(see Fig. 4a and d) are ‘contaminated’ by the residual 13CH3 signal.
By varying all the experimental parameters including carrier fre-
quency, MAS frequency, and rf field strength, the quality can be
further improved; the unwanted signal is limited within 5% of
overall intensity (see Fig. 3S in supplementary information).
Fig. 4. Spectral editing of the 15N-correlated 13C spectrum of isotope-labeled
GlcNAc compound by 1D double CP MAS spectroscopy. A coherence selection of (a)
carbonyl carbon; 13CO (175.5 ppm), (b) anomeric carbons; 13C1 (93.0 and
96.8 ppm), (c) methyl carbon; 13CH3 (24.1 ppm) is achieved by setting the rf field
strength (13C channel) to 38.3, 35.9, and 29.0 kHz, respectively. The rf field strength
in the 15N channel was set to 6.5 kHz and the MAS frequency to 5 kHz.
Independently, a coherence selection of (d) 13CO (175.5 ppm), (e) 13C1 (93.0 and
96.8 ppm), (f) 13CH3 (24.1 ppm), the same as (c), is also obtained by experimentally
setting the MAS frequency to 6.0, 4.0, and 5.0 kHz, respectively. The rf field
strengths in the 13C and 15N channels were set to 11.7 and 6.5 kHz. The double CP
13C intensity was normalized to equal height for comparison. The doublet pattern
observed from the C1 residue is due to the anomeric a- and b-forms. The asterisks
denote the sample spinning sidebands. For each 1D spectrum, 1024 scans were
acquired and recycle times of 5 s were used for all experiments.
2D coherence selection for 1H/15N/13C triple resonance systems
has been demonstrated with the 15N/13C-labeled GlcNAc and gly-
cine. As shown in Fig. 2, GlcNAc revealed distinct amide-15N corre-
lated 13C resonances widely distributed in 13C chemical shift, and
glycine exhibited two amine-15N coupled 13C residues, namely
13Ca and 13CO. In the 15N (x1) dimension, the amide and amine res-
onances differ by approximately 80 ppm. By a judicious choice of
the MAS frequency and the rf field strength, coherence selections
of the 13CO signal on GlcNAc and the 13Ca on glycine were demon-
strated by 2D double CP MAS spectroscopy. Instead of mixing the
two isotope-labeled compounds, we conducted the 2D double CP
experiment under the same experimental conditions on the two
samples separately. The two sets of double CP spectra were super-
imposed as shown in Fig. 5a and b, in which the coherence selec-
tions of the 13CO resonances of GlcNAc (Fig. 5b) and the 13Ca
residue from glycine (Fig. 5a) are indicated. We demonstrate that
Fig. 5. 2D coherence selection double CP NMR spectroscopy on two isotope-
labeled compounds: 13C (99%) and 15N (98%) double-labeled [1,2-13C;15N]glycine
purchased from Isotech Inc. (Miamisburg, OH) and the isotope-labeled GlcNAc
described in Fig. 2. 2D double CP NMR spectra were acquired on each of these two
samples with the following experimental settings: (a) rf field strengths for 13C and
15N of 20.4 and 32.3 kHz and MAS of 6000 Hz; (b) rf field strengths for 13C and 15N
of 28.5 and 24.0 kHz and MAS of 7000 Hz. Individual 2D spectra were then
superimposed without modification to represent the coherence selections of 13CO
and 13CH2 resonances originating from the samples, respectively. Less than 5% of
the maximal intensity was set as a threshold for noise in the 2D contour plot.
Projections along the 15N resonance frequency (x2) and the 13C resonance
frequency (x1) axes are displayed. Total of 2048 complex points were collected in
t2 and either 256 complex points were in t1 dimension. A recycle delay of 5 s was
used in the 2D experiment and 32 scans were acquired for each t1 increment. The
15N chemical shift was externally referenced to 15N isotope-labeled ammonia
chloride at 16.07 ppm.
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both 1D and 2D double CP MAS spectroscopy are capable of specif-
ically selecting coherences of the 15N-correlated 13C resonances by
simply tailoring the experimental parameters.

4. Conclusions

By making use of the stringent matching condition of the ZQ
coherence transfer, we have shown that double CP MAS spectros-
copy can be used to select specific coherences by tailoring one of
the experimental settings, such as the rf field strength or the
MAS frequency. In either case, a coherence selection of 15N-corre-
lated 13C residues in isotope-labeled GlcNAc is feasible. We have
demonstrated that double CP MAS solid-state NMR spectroscopy
serves as a reliable and sensitive tool for the spectral editing of
13C signals. In this work, we have examined the signal sensitivity
of double CP MAS spectroscopy systematically. This 2D spectrum
array displays a general matching criterion on which the settings
of double CP experiments are critically relying.
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