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a b s t r a c t

Two-dimensional through-bond 1H{13C} solid-state NMR experiments utilizing fast magic angle spinning
(MAS) and homonuclear multipulse 1H decoupling are presented. Remarkable efficiency of polarization
transfer can be achieved at MAS rates exceeding 40 kHz, which is instrumental in these measurements.
Schemes utilizing direct and indirect detection of heteronuclei are compared in terms of resolution and
sensitivity. A simple procedure for optimization of 1H homonuclear decoupling sequences under these
conditions is proposed. The capabilities of these techniques were confirmed on two naturally abundant
solids, tripeptide N-formyl-L-methionyl-L-leucyl-L-phenylalanine (f-MLF-OH) and brown coal.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Astounding advances are currently being made in solid-state
NMR spectroscopy following the development of magic angle spin-
ning (MAS) at rates approaching 70 kHz [1,2]. Recent reports have
highlighted several advantages of fast MAS probes, including excel-
lent sensitivity per spin and efficient cross-polarization (CP) trans-
fer [3,4], the ability of generating very high radiofrequency (RF)
magnetic fields, and the possibility of using low-power RF schemes
during preparation, mixing and decoupling periods [5]. In addition,
fast MAS affords increased frequency range of the indirect dimen-
sion in rotor-synchronized experiments and eliminates the spin-
ning sidebands at high magnetic fields or in the presence of large
chemical shifts anisotropies (CSAs). Most importantly, it helps to
reduce or, in some cases, eliminate the strong homonuclear dipolar
couplings between high-c nuclei (1H and 19F). Indeed, fast MAS by
itself enabled the acquisition of directly detected (also referred to
as X-detected or X{1H}) and indirectly detected (1H-detected or
1H{X}) multi-dimensional heteronuclear correlation (HETCOR)
NMR spectra of organic materials in which 1H spin systems were
isotopically diluted, exhibited some degree of motional narrowing,
or were fully coupled [4,6–10]. In our studies, MAS at 40 kHz was
used to achieve high 1H resolution in mesoporous organic–inor-
ll rights reserved.
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ganic hybrid materials [4]. The CRAMPS-quality resolution was
attainable in such systems by MAS alone because the local molec-
ular dynamics limited the 1H linewidth to less than half of the sta-
tic value. Subsequently, it became possible to enhance the
sensitivity of through-space (i.e., using CP) two-dimensional (2D)
HETCOR experiments by detecting the low-c (X) nuclei indirectly
via high-c 1H nuclei [8]. In the case of 1H-detected HETCOR exper-
iments, the sensitivity of indirect detection is typically several
times better than that of the standard X{1H} method [6–10].

Most recently, it has been demonstrated that fast MAS is fully
compatible with homonuclear 1H decoupling using RF pulse se-
quences, either previously known yet deemed relevant only under
MAS rates below 25 kHz, or newly designed [11,12]. Under optimal
experimental conditions the resolution of 1H spectra obtained un-
der MAS at 40–70 kHz turned out to be comparable to or better
than that obtained in previous state-of-the-art CRAMPS experi-
ments [11]. Thus, fast MAS also offers new opportunities for
through-bond heteronuclear spectroscopy, e.g. using pulse se-
quences similar to heteronuclear single quantum correlation
(HSQC) experiments in solution NMR. The utility of using 1H–1H
homonuclear decoupling during INEPT in 13C-detected HETCOR
experiments at a lower MAS rate (22 kHz) has been already dem-
onstrated [13]. Indeed, decoupling using so-called ‘‘mind-boggling
optimization” (DUMBO) during INEPT tripled the sensitivity in 13C
labelled L-isoleucine. The first 1H-detected, INEPT based HETCOR
spectra in weakly coupled spin systems have been reported, as well
[14]. Fast MAS was instrumental in improving the efficiency of the
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INEPT transfer because it reduced the magnetization losses due to
transverse relaxation.

Herein, we seek to maximize the efficiency of INEPT in HSQC-type
experiments in fully rigid solids by combining 1H–1H RF decoupling
with MAS at mR P 40 kHz and investigate the sensitivity benefit of
indirect detection. The choice of 1H–1H decoupling method during
INEPT is not obvious, because the effectiveness of polarization trans-
fer depends on the decoupling efficiency as well as the scaling factor.
We provide a comprehensive analysis of the performance of several
decoupling schemes (PMLG5�x

m;PMLG5�xx
mm and SAM3) during the IN-

EPT transfer, and propose a simple optimization scheme for such
experiments. The merit of the indirect approach (1H{13C}) is gauged
against the results of a 13C{1H} HETCOR experiment in which RF
1H–1H decoupling is also applied during 1H evolution. The exciting
capabilities of directly and indirectly detected through-bond HET-
COR NMR under fast MAS are illustrated on two naturally abundant
solids, tripeptide N-formyl-L-methionyl-L-leucyl-L-phenylalanine (f-
MLF-OH) and brown coal, one well ordered and the other highly
disordered.

2. Background and experimental procedures

2.1. 1H decoupling under fast MAS

Traditionally, high-resolution 1H experiments were performed
by combining rotation and multiple-pulse sequences (CRAMPS)
operated under the quasi-static condition sc << sR, where
sc = (mc)�1 describes the cycle time of the pulse sequence which
should be short compared to sR = (mR)�1, and it is assumed that mc

exceeds the strength of the homogeneous broadening to be re-
moved [15,16]. The development of high-field magnets and probes
capable of MAS at rates of up to 25 kHz (now regarded as moder-
ate) was followed by the implementation of modified CRAMPS
strategies, as thoroughly reviewed by Vega et al. [17]. Several
decoupling techniques held promise for successful performance
at even higher MAS speeds. These included PMLG and DUMBO
[18], which can be used both in windowless and windowed
schemes without rotor synchronization. The recently introduced
symmetry-based rotor-synchronized sequences CNm

n, RNm
n and ZNm

n

are also unrestricted by quasi-static approximation [12,19,20].
The PMLG sequence [21], which can be viewed as an on-resonance

variant of the frequency-switched Lee–Goldburg (FSLG) experiment
[22], suppresses the zero- and first-order terms in the average dipolar
Hamiltonian. The basic version consists of two building blocks, each
composed of a series of n pulses with sequentially advanced phases. It
has been denoted as PMLGnU

R [23], where U is the initial phase of the
first block and R specifies the direction of phase rotation in the xy
plane, with R = m for clockwise and R = p for counter clockwise rota-
tion. This sequence proved easy to implement and yielded good res-
olution for n = 3, 5, and 9, although line broadening and RF-rotor
frequency lines appeared at certain combinations of mc, mR and fre-
quency offset values [24,25]. Windowed PMLG sequences (wPMLG)
soon followed, providing opportunities for measuring 2D 1H–1H
and indirectly detected 1H{13C} spectra [26]. The theoretical analysis
of RF pulse imperfections led to the idea of using RF irradiation
parameters (RF power and frequency offset) to obtain a wPMLGnU

R se-
quence with an effective field along the z direction. This so called z-
rotation yielded spectra with improved resolution and fewer artifacts
[27,28]. Subsequently, the supercycled sequence PMLGnU

R was intro-
duced withU ¼ �// and R = mm, i.e., composed of two blocks PMLGn�/

m

and PMLGn/
m, which relaxed the offset dependencies of the line-nar-

rowing efficiency and the z-rotation (and thus the scaling factor
which, however, is considerably reduced in the supercycled experi-
ment) [23]. In all of these studies the condition mc > mR was assumed
and deemed necessary to achieve high resolution, provided that the
periodicities associated with RF irradiation and MAS did not inter-
fere; i.e., the condition amR + bmc = 0 with a and b being small integers,
was to be avoided. Most recently, however, it has been demonstrated
that wPMLG5�xx

mm (as well as wDUMBO) can perform comparably or
better when applied at the highest available mR frequencies (up to
65 kHz), even under the condition mc < mR, as long as ja/bj ratios are
not equal to 1/2, 2/3, 1/3, etc. [11].

The family of rotor-synchronized SAM pulse sequences was re-
cently introduced to achieve efficient homonuclear 1H decoupling
under very fast MAS by using smooth cosine modulation of the
RF magnetic field amplitude [12]. We chose the SAM3 version of
the sequence, with the modulation frequency mc = 3mR, because it
does not reintroduce the heteronuclear dipolar and CSA interac-
tions. It proved easy to optimize and tolerant of RF inhomogeneity,
which made it potentially useful for our application.

Here, we tested the utility of PMLG and SAM3 decoupling dur-
ing the INEPT transfer, although DUMBO and symmetry-based
methods can be applied, as well. We were primarily concerned
with slowing down the decoherence of the transverse magnetiza-
tions (T 02 relaxation) of 1H and 13C nuclei during INEPT and less
so with the minimization of artifacts such as zero peak, image
peaks and RF-rotor frequency lines. Note, however, that the effi-
cacy of these sequences in our experiments depends not only on
their ability to slow down the T 02 relaxation, but also on the scaling
factors, which determine the effective J-coupling and the optimum
duration of the polarization transfer.

2.2. Pulse sequences and optimization of homonuclear decoupling

The polarization transfer through chemical bond used here dur-
ing mixing is based on a refocused INEPT (INEPTR) pulse sequence,
which employs two pairs of rotor-synchronized delays. First, the
antiphase proton magnetization is created during time delay
2s1 ffi (2JCH)�1. A second pair of delays of similar duration s2 is used
to refocus this magnetization into an in-phase signal. Note that the
relaxation losses during INEPT are attributable to the polarizing
nuclei during s1 and to those being polarized during s2. The trans-
verse relaxation during s1 and s2 is mainly due to 1H–1H dipolar
interaction, which we strive to overcome by using the combination
of fast MAS and multiple-pulse sequences. The decoupling effi-
ciency during INEPT can be conveniently assessed by measuring
the 1H (or 13C) signal intensity versus s in a simple spin-echo
experiment shown in Fig. 1a, using the SAM3, PMLG5�x

m and
PMLG5�xx

mm decoupling sequences depicted in Fig. 1d. The 1H mea-
surements utilized direct polarization whereas 13C data were mea-
sured following the 13C{1H} CP. The resulting spectra were used to
evaluate the T 0H2 and T 0C2 relaxation times for all resolved proton and
carbon sites in the f-MLF-OH tripeptide studied in this work.

The pulse sequence for the 2D HETCOR experiment with indirect
detection of 13C is shown in Fig. 1b. This sequence uses tangent
13C{1H} CP transfer, followed by t1 evolution of 13C magnetization,
which is then stored along the B0 field and transferred back to 1H nu-
clei via INEPT [14]. The t1-noise was minimized using the duty com-
pensation of the RF power and by purging the 1H magnetization
during the 2sRR period, as described earlier [8,29,30]. Fig. 1c depicts
the corresponding 13C-detected HETCOR scheme, which follows that
proposed by Emsley et al. [13], but is operated here at high MAS rate
[11]. Based on the analysis of relaxation data, only the PMLG5�x

m

scheme was used during INEPTR in 2D experiments (i.e., during s1

and s2 in Fig. 1b and c). Both PMLG5�x
m and PMLG5�xx

mm sequences were
tested during the t1 evolution of the 13C-detected 2D experiment
(Fig. 1c). SPINAL-64 heteronuclear decoupling is used during t1 and
t2 periods, as appropriate [31]. In experiments performed under fast
MAS (mR P 41.666 kHz), a low RF magnetic field of�mR/4 (�11 kHz in
our experiments) was used during heteronuclear decoupling be-
cause it was as effective as a high RF magnetic field of �100 kHz at
mR = 20.833 kHz [4,5,32].



Fig. 1. Pulse sequences for 1H and 13C spin-echo (a), 1H-detected through-bond HETCOR (b), and 13C-detected through-bond HETCOR (c) experiments under fast MAS. Also
shown are three RF 1H homonuclear decoupling schemes (SAM3, PMLG5�x

m and PMLG5�xx
mm) tested in these experiments (d). Note that in experiments involving PMLG5�x

m

additional pulses were used before and after each decoupling pulse block to rotate 1H magnetization from and into the xy plane. The effective field produced by the PMLG5�xx
mm

sequence is almost parallel to the z axis, which leads to a broad-banded z-rotation of the magnetization and eliminates the need for preparatory pulses [23]. Solid rectangles
represent p/2 and p pulses. The following phases were used in experiments (b) and (c): /1 = {8x, 8(�x)}, /2 = 8{x, �x}, /3 = 4{y, y, �y, �y}, /4 = {4x, 4y, 4(�x), 4(�y)}, /5 = 2{x,
�x, x, �x, y, �y, y, �y}, /rec = 2{x, x, �x, �x, y, y, �y, �y}. States-TPPI detection was implemented in 2D experiments through appropriate phase switching of the first p/2 pulse
in the 13C channel. The SAM3 and PMLG sequences followed the recipes given in [12] and [23], respectively.
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All experiments were carried out at 14.1 T on a Varian NMR
System 600 spectrometer, using a FastMASTM probe operated at
mR = 41.666 kHz and 20.833 kHz. Additional experimental param-
eters are given in figure captions and table footnotes, using the
following symbols: mX

RF denotes the magnitude of the RF mag-
netic field applied to X spins, sCP the CP time, sRD the recycle de-
lay, sRR the rotary resonance recoupling time, Dt1 the increment
of t1 during 2D acquisition, NS the number of scans, and AT the
total acquisition time of a 2D spectrum. The 1H and 13C chemical
shifts are reported using the d scale and are referenced to TMS at
0 ppm.

The introduction of homonuclear decoupling schemes into the
2D sequences in Fig. 1 makes them appear complex to set up and
optimize. However, we were able to maximize the performance
of these sequences very simply by minimizing the signal loss due
to T 0H2 transverse relaxation in the spin-echo experiment shown
in Fig. 1a. The experimental procedure involves the use of a single
delay s, and within a few minutes reliably provides the best
choices for the pulse length, the RF power level, and the frequency
offset. Because of the general relevance of this optimization to
high-resolution 1H spectroscopy, we will detail it separately in a
forthcoming publication.
2.3. Samples

A common peptide and brown coal were chosen to demonstrate
the applications of through-bond correlation methods. The sol-
vent-free, naturally abundant tripeptide f-MLF-OH was purchased
from Sigma–Aldrich. The f-MLF-OH structure features well re-
solved CH, CH2, CH3 and quaternary carbon sites, which exhibit a
full range of 13C–1H couplings, from motionally narrowed to those
typical of a fully rigid crystal lattice. The brown coal, originating
from the former Cospuden coal mine near Leipzig (Germany), is
chemically heterogeneous, which precludes the observation of
sharp resonances in 1H and 13C NMR. Each sample was loaded into
the MAS rotor under ambient conditions and studied at room tem-
perature without any treatment.
3. Results and discussion

3.1. T 02 relaxation

The T 0H2 and T 0C2 relaxation times were measured for f-MLF-OH
using the spin-echo sequences shown in Fig. 1a. The data obtained
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under MAS (mR = 41.667 kHz) and MAS with homonuclear decou-
pling (SAM3, PMLG5�x

m or PMLG5�xx
mm) are shown in Tables 1 and 2.

Also shown are the relaxation data measured under PMLG5�x
m and

PMLG5�xx
mm decoupling with slower MAS (mR = 20.833 kHz). The

relaxation times for individual sites were evaluated after acquiring
spectra for 20 rotor-synchronized values of s, as explained in the
footnotes to the tables. Most of the carbon sites in f-MLF-OH could
be easily resolved and assigned following an earlier report of Grif-
fin et al. [33] (Fig. 2). The site-specific T 0C2 values were not measured
for Fc and carbonyl carbons (L0, F0 and M0) because they were of no
interest to us, or for the pairs of carbons in the phenyl ring (Fd1,2

and Fe1,2) because they remained broad and unresolved due to
the interference of the ring dynamics (see below) with heteronu-
clear decoupling. In the case of T 0H2 measurements, the RF homonu-
clear decoupling was not applied during 1H detection, making
resolution insufficient to resolve all proton sites (at
mR = 41.667 kHz the resolution was comparable to that in Fig. 3b).
Therefore, the 1H spectra were deconvoluted into four groups of
resonances centered at 0.8 ppm (representing CH3 groups),
2.0 ppm (predominantly CH2), 6.2 ppm (CH) and 8.8 ppm (formyl
H), for which only the average values of T 0H2 were evaluated by fit-
ting the data with a single exponential decay. The performance of
1H decoupling sequences was optimized as described in Section
2.2. Notably, under the PMLG sequences the best T 0H2 and T 0C2 values
were obtained when mR was smaller than mc (e.g. in the case of
PMLG5�xx

mm, mR/mc � 0.62 for mR = 41.667 kHz and mR/mc � 0.56 for
mR = 20.833 kHz; see footnote (a) to Tables 1 and 2). Although sim-
ilar T 0H2 and T 0C2 results could be reached under the condition mR > mc

(by adjusting the RF power level such that the two frequencies did
not interfere), the resulting scaling factors were considerably
reduced.

To facilitate the ensuing discussion, we note that in our mea-
surements the 1H and 13C relaxation is influenced mainly by the
residual homogeneous interactions that are non-refocusable by
the rotor-synchronized p pulses under fast MAS and RF 1H homo-
nuclear decoupling. The refocusable (inhomogeneous) interactions
include chemical shift anisotropy (CSA) and heteronuclear cou-
plings. The 1H and 13C linewidths can be additionally broadened
due to disorder and/or anisotropic bulk magnetic susceptibility
[34–36]. Notwithstanding the simplicity of the spin-echo se-
quence, the measured relaxation times are difficult to rationalize
because of the complexity of the spin dynamics in extended net-
works involving strongly interacting 1H nuclei under MAS and RF
decoupling, where the effective couplings depend on the orienta-
tion of the local networks with respect to the magnetic field.
Table 1
Measurements of transverse relaxation time T 0H2 in f-MLF-OH under MAS at 41.667 kHz, a

Functional group d1H [ppm] T 0H2 [ms]a

MAS only SAM

sf = 1.0 sf =

CH Ma, La, Fa, Fd, Fe, Ff 6.2 0.6 2.4
Formyl 8.8 1.1 5.7

CH2
c Md, Mc, Mb, Lb, Lc, Fb 2.0 0.6 3.8

CH3 Ld1, Ld2 0.8 0.4 2.1

a Each measurement consisted of 20 data points, which were fitted with a single
Ds = 24 ls (MAS), Ds = 120 ls (SAM3), and Ds = 240 ls (PMLG5�x

m and PMLG5�xx
mm). The dat

p and PMLG pulses, and mH
RF = 135 kHz during the SAM3 sequence. In the PMLG5�x

m expe
before and after each decoupling block to rotate 1H magnetization from and into the xy p
follows: during SAM3, the cosine line shape was defined by 120 segments of 0.2 ls durati
sPMLG = 0.75 ls (sc = 7.5 and 15 ls, respectively). At mR = 20.833 kHz, only the PMLG5�x

m

(sc = 13.5 and 27 ls, respectively).
b Data obtained with mR = 20.833 kHz are given in italics.
c Md and Lc are CH3 and CH carbons, respectively.
d Resonances at 0.8 and 2.0 ppm were unresolved at mR = 20.833 kHz.
Numerical ab initio simulations reported recently by Zorin et al.
[37] allowed for comprehensive analysis of 1H linewidths in model
systems with different dimensionalities and dynamics as a func-
tion of mR, in the absence of RF decoupling. In agreement with ear-
lier predictions and measurements [38,39], the intrinsic
homogeneous component of 1H linewidth, as measured in the
spin-echo experiment under MAS, was found to scale as (mR)�1,
with the proportionality factor depending on the networks’ dimen-
sionality, geometry and dynamics [37]. The limit of homogeneous
(spin-echo) linewidth at infinite mR is very low, because it is set
by scalar JHH couplings (which are typically on the order of 10 Hz
and are invariant during this experiment) and the spin-spin relax-
ation T2. Even when using MAS at the highest currently available
rates, the potential exists to increase the efficiency of homonuclear
decoupling with RF pulse sequences. By making the heteronuclear
dipolar interaction with the dilute (13C) nuclei inhomogeneous,
efficient homonuclear decoupling has a similar effect on T 0C2
processes.

Our measurements performed on organic-inorganic hybrid
materials [14] and f-MLF-OH (data not included) also showed pro-
portionality between T 0H2 (as well as T 0C2 ) and mR in the range of 20–
42 kHz. In hybrid materials, the dipolar couplings in silica-bound
species behaved inhomogeneously at mR = 40 kHz, yielding T 0H2
and T 0C2 relaxation times of more than 5 ms without the assistance
of RF multiple-pulse sequences [14]. However, fast MAS alone
proved insufficient in the case of a strongly coupled three-dimen-
sional network of protons such as f-MLF-OH, where we observed
sub-millisecond decays for many of the sites under similar condi-
tions. By adding the RF decoupling, the decay of transverse magne-
tization was slowed down dramatically, 5- to 20-fold compared to
that in fast MAS (Tables 1 and 2). In general, the PMLG5�xx

mm decou-
pling proved superior, while SAM3 performed less efficiently than
both PMLG5�x

m and PMLG5�xx
mm sequences.

Although the overall effect of decoupling is remarkable, the data
in Tables 1 and 2 show considerable disparity between relaxation
times measured for different sites. The measurements of 1H relax-
ation are difficult to interpret because they do not represent indi-
vidual sites and functionalities. Most of the T 0H2 times measured
with PMLG decoupling at mR = 20.833 kHz are longer than those
at mR = 41.667 kHz, whereas the T 0C2 data are similar for most sites.
Note, however, that the scaling factors are reduced at
mR = 20.833 kHz.

In order to rationalize the results of T 0C2 measurements, we note
that parts of f-MLF-OH exhibit intrinsic motions at room tempera-
ture that are fast on the NMR timescale. These include the rotation
nd MAS at 41.667 or 20.833 kHz with homonuclear RF pulse decoupling.

3 PMLG5�x
m

b PMLG5�xx
mm

b

0.71 sf = 0.71 0.49 sf = 0.36 0.29

3.5 5.2 5.1 5.9
6.2 9.6 12.1 8.2
5.3 10.3

11.4d 15.2d

4.4 11.0

exponential decay. The following rotor-synchronized increments of s were used:
a were acquired with sRD = 2 s using the RF magnetic fields mH

RF = 150 kHz during p/2,
riment, additional short pulses (1.2 ls, mH

RF = 150 kHz) were used in the 1H channel
lane. At mR = 41.667 kHz, the optimized homonuclear decoupling conditions were as
on and total duration sc = 24 ls; during PMLG5�x

m and PMLG5�xx
mm decoupling, we used

and PMLG5�xx
mm decouplings were tested, which worked best with sPMLG = 1.35 ls



Table 2
Measurements of transverse relaxation time T 0C2 in f-MLF-OH under MAS at 41.667 kHz, as well as MAS at 41.667 or 20.833 kHz with homonuclear RF pulse decoupling.

Functional group d13C [ppm] T 0C2 [ms]a

MAS only SAM3 PMLG5�x
m

b PMLG5�xx
mm

b

sf = 1.0 sf = 0.71 sf = 0.71 0.49 sf = 0.36 0.29

CH Ma 52.0 2.2 11.7 26.8 25.7 26.9 20.8
La 56.8 1.2 8.8 25.6 22.3 22.7 18.8
Lc 25.0 0.7 4.7 10.1 –c 5.4 –c

Fa 54.3 1.4 9.7 17.5 16.9 18.5 18.8
Ff 127.6 1.2 3.8 4.6 7.7 5.9 6.4
Formyl 165.2 2.3 14.4 21.9 17.4 19.2 12.6

CH2 Mb 37.5 0.9 4.9 7.6 9.0 9.6 9.8
Mc 28.7 0.9 4.0 5.1 5.6 7.1 6.2
Lb 40.6 0.3 1.8 4.7 5.4 4.8 5.9
Fb 36.9 0.7 2.0 3.9 4.5 5.0 5.5

CH3 Md 14.0 5.3 9.1 11.4 21.7 25.1 27.1
Ld1 24.6 3.1 7.0 11.3 –c 18.2 –c

Ld2 19.6 2.7 6.6 10.6 16.1 19.1 22.9

a As in the case of T 0H2 (Table 1), each measurement consisted of 20 data points, which were fitted with a single exponential decay. The following rotor-synchronized
increments of s were used: Ds = 48 ls (MAS) and Ds = 240 ls (SAM3, PMLG5�x

m and PMLG5�xx
mm). At VR = 41.667 KHz, the data were acquired with sRD = 2 s and sCP = 0.3 ms,

using the RF magnetic fields mH
RF = 150 kHz during p/2 and PMLG pulses; mH

RF = 135 kHz during SAM3 sequence; mH
RF = 62 kHz during CP (tangent); mH

RF = 11 kHz during SPINAL-
64 decoupling; vC

RF = 104 kHz during CP and p pulse. At VR = 20.833 kHz, we used vH
RF = 52 kHz during CP (tangent), vH

RF = 100 kHz during SPINAL-64 decoupling and vC
RF = 74

kHz during CP. The optimized homonuclear decoupling conditions were the same as those described in Table 1 (footnote (a)).
b Data obtained with mR = 20.833 kHz are given in italics.
c At mR = 20.833 kHz, peaks at 25.0 and 24.6 ppm were not resolved because the acquisition period has been limited to 10 ms to lessen the burden of high-power decoupling

on the NMR probe. Therefore, the T 0C2 values could not be independently measured for Lc and Ld1.

Fig. 2. 13C CPMAS spectrum (a) and molecular structure of f-MLF-OH (b). The spectrum was measured at room temperature using mR = 41.667 kHz, sCP = 0.3 ms, mH
RF = 62 kHz

during CP (tangent), mC
RF = 104 kHz during CP, mH

RF = 11 kHz during SPINAL-64 decoupling, and sRD = 2 s. The assignments are made following Refs. [33,40].
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of methyl groups (carbons Md, Ld1 and Ld2) and 180� flips of the
phenyl rings at a rate of �105 s�1; such rearrangements may be
accommodated by additional motions of the surrounding chains.
The 1H–13C couplings involving other carbons (Ma, La, Lc, Fa, Mb

and Mc) were shown to be unaffected by motion at room temper-
ature (see Ref. [40], Supporting Information). Accordingly, when
both MAS and RF decoupling were used, the longest T 0C2 times ob-
served were for methyl (Md, Ld1 and Ld2) and CH (Ma, La, Fa) car-
bons. The methylene carbons (Mb, Lb, Fb and Mc) relaxed faster,
which suggests that further improvement can be achieved through
more efficient decoupling. The Lb and Fb groups, however, also
showed motional narrowing at room temperature [40], which
may have interfered with decoupling. In the phenyl rings, carbons
Fd1,2 and Fe1,2 remained unresolved, whereas Ff also relaxed rela-
tively fast, because the neighboring 1H nuclei cannot be efficiently
decoupled due to the flipping motion.
3.2. Efficiency of polarization transfer via INEPTR

Below we analyze the effect of RF decoupling on the efficiency
of the INEPTR transfer in f-MLF-OH, focusing on fast MAS. The mea-
surements of T 0H2 and T 0C2 showed that the PMLG5�x
m and PMLG5�xx

mm

sequences performed better than SAM3. However, it is not imme-
diately obvious which of the two PMLG schemes should be used,
because of the effect of scaling factor sf. The signal intensity ob-
served in the INEPTR experiment can be written

Iðs1; s2Þ ¼ cexc
cobs

I1ðs1ÞI2ðs2Þ

¼ cexc
cobs
½sinð2pJsf s1Þ�e�2s1=T 0H2

½a1 sinð2pp1Jsf s2Þ þ a2 sinð2pp2Jsf s2Þ�e�2s2=T 0C2

ð1Þ

In 13C-detected INEPTR the gyromagnetic ratios of the excited
and observed nuclei are cexc = cH and cobs = cC, respectively, and
the precessions of the components of CHn multiplets are given by

CH : a1 ¼ 1;p1 ¼ 1; a2 ¼ 0;
CH2 : a1 ¼ 1;p1 ¼ 2; a2 ¼ 0;
CH3 : a1 ¼ a2 ¼ 3

4 ;p1 ¼ 1;p2 ¼ 3
ð2Þ

We compared the effect of PMLG5�x
m and PMLG5�xx

mm on the evolu-
tions of CH, CH2 and CH3 groups, using the average T 0H2 and T 0C2 val-
ues measured for each group, and assuming the same typical value



Fig. 3. (a) Decoherence of 1H signal due to T 0H2 as a function of s measured for CH
groups in f-MLF-OH under various decoupling conditions using the spin-echo
sequence in Fig. 1a. The signal intensity is shown relative to that corresponding to
infinitely long T 0H2 . (b) The corresponding 1H spectra obtained at s1 = 1.2 ms.
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of one-bond coupling JCH = 130 Hz. The evolution during the polar-
ization period (s1) for the CH groups in f-MLF-OH is shown in
Fig. 3a, where the signal intensity expected under MAS and MAS
with SAM3, PMLG5�x

m or PMLG5�xx
mm decoupling was calculated rela-

tive to that corresponding to infinitely long T 0H2 (liquid-state, curve
not shown). The effect of various decoupling schemes is further
illustrated in Fig. 3b, which shows the 1H intensities obtained using
the spin-echo sequence in Fig. 1a with s = 1.2 ms. The maximum
intensities I1ðsmax

1 Þ and I2ðsmax
2 Þ expected in f-MLF-OH, as well as

the corresponding delays smax
1 and smax

2 , are listed in Table 3. Also
listed in the last column of Table 3 are the overall intensities
I1ðs1ÞI2ðs2Þ.

Based on the results in Table 3, the PMLG5�x
m decoupling is most

suitable for application during INEPTR, in spite of the fact that the
PMLG5�xx

mm sequence yields longer T 0H2 and T 0C2 relaxation times. The
use of PMLG5�x

m may reduce the relaxation losses by more than 10
times for CH and CH2, and up to 7 times for CH3 relative to fast MAS
alone. Ultimately, one set of s1 and s2 values must be chosen in or-
der to achieve the best overall sensitivity. In solution NMR this is
achieved with s1 ffi 1/4JCH and s2 ffi 0.3/JCH (note that the require-
ment for full refocusing depends on multiplicity [41]), where JCH
Table 3
The effect of decoupling during 1H ? 13C INEPTR on the efficiency of polarization transfer

Group RF decoupling T 0H2 [ms] smax
1 [ms] I1ðsmax

1 Þ

CH None 0.6 0.3 0.09

PMLG5�x
m

3.5 1.4 0.33

PMLG5�xx
mm

5.1 2.2 0.25

CH2 None 0.6 0.3 0.09

PMLG5�x
m

5.3 1.7 0.44

PMLG5�xx
mm

10 3.3 0.43

CH3 None 0.4 0.2 0.06

PMLG5�x
m

4.4 1.6 0.39

PMLG5�xx
mm

11 3.5 0.45

a These are average T 0C2 values for each group calculated from the data in Table 2.
is the typical expected value for the J-coupling: e.g., for
JCH = 130 Hz, s1 and s2 are both on the order of 2 ms. In samples
with considerable range of couplings and multiplicities, non-ideal
transfers are unavoidable. In solids, non-uniform T 02 relaxation
may introduce additional inaccuracy. Still, our data suggest that
by using s1 and s2 delays of around 1.5 ms, the overall efficiency
of 1H ? 13C INEPTR transfer should be on the order of 25% of the
ideal transfer in liquid state. As noted in Section 3.1, for most sites
the T 0H2 and T 0C2 times measured with PMLG decoupling at
mR = 20.833 kHz are longer and similar, respectively, to those at
mR = 41.667 kHz. However, this increase is more than offset by
the reduced scaling factors (see Tables 1 and 2), leading to lower
overall sensitivity.

The indirectly detected experiments utilizing 13C ? 1H INEPTR
should benefit from homonuclear 1H decoupling in a similar way.
In this case cexc = cC and cobs = cH, yet the sensitivity ratio between
solid-state and liquid-state experiments will remain similar to that
given in the last column of Table 3.

Our 2D experiments, discussed in the sections below, have sub-
stantiated the above expectations.

3.3. 2D through-bond HETCOR spectra of f-MLF-OH

Here, the qualities of various approaches to 2D HETCOR NMR
are assessed experimentally through a series of directly and indi-
rectly detected measurements on tripeptide f-MLF-OH. The exper-
imental schemes and conditions are summarized in Table 4, and
selected spectra are shown in Figs. 4 and 5. All experiments were
individually optimized and carried out under well-matched condi-
tions. The 1H-detected spectra used 1H ? 13C cross-polarization to
create initial 13C magnetization, which imposed quantitative dis-
tortions consistent with those in Fig. 2a. Below we compare the
overall sensitivity, resolution and structural information offered
by these methods.

Sensitivity and resolution. Our experiments showed that high-
quality through-bond HETCOR spectra can be obtained under fast
MAS using both direct and indirect detection and confirmed that
the sensitivity can indeed be dramatically increased by the use of
homonuclear 1H decoupling during s1 and s2 (Figs. 4 and 5).

In the top row of Fig. 5, the skyline 13C projections of 1H-de-
tected spectra 5 and 6 (obtained without and with PMLG5�x

m decou-
pling during INEPTR) are shown along with the projections of 13C-
detected spectrum 1 (obtained with PMLG5�x

m decoupling applied
only during INEPTR) and spectrum 2 (where PMLG5�x

m decoupling
was also applied during t1). Selected 1H cross sections of peaks rep-
resenting CH (Ma), CH2 (Mb) and CH3 (Ld2) are compared below. In
the case of 1H{13C} HETCOR, the S/N gain due to 1H decoupling dur-
ing INEPTR is approximately 10-fold for CH, at least 3-fold for CH2

and 7-fold for CH3 groups (compare Fig. 5a and b). For CH and CH3

groups the result is approximately as expected from Table 3,
in f-MLF-OH under fast MAS (mR = 41.667 kHz).

T 0C2 [ms]a smax
2 [ms] I2ðsmax

2 Þ I1ðsmax
1 ÞI2ðsmax

2 Þ

1.5 0.7 0.21 0.02
18 2.4 0.75 0.25

16 4.0 0.56 0.14

0.9 0.4 0.25 0.02
5.3 1.1 0.64 0.28

6.6 1.9 0.50 0.21

3.7 0.8 0.91 0.05
11 1.0 0.96 0.37

21 1.9 0.95 0.43



Table 4
The list of 2D HETCOR experiments performed on f-MLF-OH. The experiments used the pulse sequences shown in Fig. 1b and c, and were individually optimized as explained in
Section 2.2.

Experimenta mR [kHz] Decoupling during t1 Mixing smax
1 [ms] smax

2 [ms] Decoupling during s1,s2 Decoupling during t2

1 13C{1H} 41.667 SPINAL-64 INEPTR 1.20 0.84 PMLG5�x
m

SPINAL-64

2 13C{1H} 41.667 PMLG5�x
m

INEPTR 1.20 0.84 PMLG5�x
m

SPINAL-64

3 13C{1H} 41.667 PMLG5�xx
mm

INEPTR 1.20 0.84 PMLG5�x
m

SPINAL-64

4 13C{1H} 20.833 PMLG5�x
m

INEPTR 1.68 1.44 PMLG5�x
m

SPINAL-64

5 1H{13C} 41.667 SPINAL-64 INEPTR 0.31 0.22 – SPINAL-64
6 1H{13C} 41.667 SPINAL-64 INEPTR 0.84 1.20 PMLG5�x

m
SPINAL-64

7 1H{13C} 41.667 SPINAL-64 CP – – SPINAL-64

a All measurements were performed with a fully loaded rotor (�8 lL). Initial 13C polarization in the 1H-detected experiments (5–7) was produced via CP under the
conditions given in the caption to Fig. 2. The homo- and heteronuclear 1H decoupling conditions were the same as given in footnote (a) to Tables 1 and 2. During the
acquisition of 1H-detected spectra, SPINAL-64 heteronuclear decoupling performed very well at low power (mC

RF = 11 kHz). Additional experimental details are as follows:
experiment 1: NS = 64, Dt1 = 24 ls (64 rows), AT = 4.7 h; experiment 2: NS = 16, Dt1 = 15 ls (300 rows), AT = 5.5 h; experiment 3: NS = 16, Dt1 = 30 ls (300 rows), AT = 5.5 h;
experiment 4: NS = 16, Dt1 = 27 ls (190 rows), AT = 3.5 h; experiment 5: sRR = 48 ms, NS = 32, Dt1 = 24 ls (800 rows), AT = 30 h; experiment 6: sRR = 48 ms, NS = 16,
Dt1 = 24 ls (800 rows), AT = 15 h; and experiment 7: sRR = 48 ms, sCP = 0.3 ms, NS = 16, Dt1 = 24 ls (800 rows), AT = 15 h.

Fig. 4. 2D HETCOR spectra of f-MLF-OH obtained using (a) 1H detection, INEPTR mixing and mR = 41.667 kHz, (b) 1H detection, CP mixing and mR = 41.667 kHz, (c) 13C
detection, INEPTR mixing and mR = 41.667 kHz and (d) 13C detection, INEPTR mixing and mR = 20.833 kHz (experiments 6, 7, 2 and 4, respectively). Acquisition times were 15 h
(a,b), 5.5 h (c) and 3.5 h (d). Other experimental details are given in the footnotes to Tables 1, 2 and 4. Note that the spectra acquired with mR = 41.667 kHz (a–c) used low-
power SPINAL-64 decoupling. Since spectrum (d) required the use of high power (mH

RF = 100 kHz, see Table 2), the acquisition period was limited to 10 ms. To compare spectra
(c) and (d), the former was also broadened accordingly. Such broadening was not applied to this spectrum in Fig. 5.
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Fig. 5. (a) 1D 13C skyline projections and (b) representative 1H slices from spectra 5, 6, 1 and 2. All experiments used mixing via INEPTR and MAS at 41.667 kHz. For clarity,
the decoupling conditions are listed at the top of each column. Other experimental details are given in footnotes to Tables 1, 2 and 4. The spectra are normalized such that the
peak heights are proportional to sensitivity per scan.
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although the maximum intensity was observed at lower-than-ex-
pected values of s1 and s2 (compare Tables 3 and 4). It is clear in
Fig. 4a, c, d and Fig. 5 that the methyl carbons and all carbons
exhibiting strong (i.e. unaffected by motion) 1H–13C couplings
(Ma, La, Fa, Mb, Mc, Lc and formyl groups) can achieve through-
bond polarization relatively easily. The methylene carbons Lb and
Fb, resonating at 40.6 ppm and 36.9 ppm, are polarized less effi-
ciently, as expected from the transverse relaxation data.

When comparing the indirect and direct methods we recall that
the sensitivity gain not only depends on the polarization efficiency,
but is also proportional to (cobs/cexc)3/2 and to the square root of the
NMR linewidths in Hz (Dmexc/Dmobs)1/2 [6]. Remarkably, the 1H-de-
tected experiment 6 provided higher overall S/N per unit time than
13C-detected experiments 1 and 2 (Fig. 5), in spite of the unfavour-
able linewidth ratio in f-MLF-OH. However, experiment 2 yielded
much better resolution in the 1H dimension, making it potentially
advantageous in studies of complex molecules. In this context, it is
important to note that the use of PMLG5�xx

mm during t1, which we
tested in experiment 3 (spectrum not shown), did not offer any
advantage yielding a spectrum with similar 1H linewidths (in
ppm) and sensitivity as that in experiment 2 (Fig. 4c).

Fast MAS versus ‘slow’ MAS. The merit of using fast MAS in 13C-
detected INEPT experiments can be gauged by comparing the best
spectra taken at mR = 41.667 kHz and 20.883 kHz (experiments 2
and 4, shown in Fig. 4c and d, respectively). Optimization of these
experiments yielded different conditions for 1H homonuclear
decoupling, as shown in footnote (a) to Table 1. When experiment
4 was performed under the 1H decoupling conditions optimal for
experiment 2, the spectrum lacked sensitivity, especially with re-
gard to methylene groups, which were almost completely lost
(spectrum not shown). We further note that in experiment 4 the
SPINAL-64 1H decoupling had to be performed using a high RF
magnetic field of mH

RF ffi 100 kHz. To lessen the burden on the probe,
the acquisition period t2 was limited to 10 ms, causing broadening
of the 13C lines. In order to make spectra 2 and 4 easier to compare,
spectrum 2, which was acquired without truncation under low-
power decoupling and is displayed in Fig. 4c, was broadened
accordingly during processing. Although spectrum 2 has compara-
ble S/N per unit time, it is better resolved in the 1H dimension and
more quantitative than the one obtained with mR = 20.883 kHz. Per-
haps the resolution in spectrum 4 could be improved by reducing
the sample volume to improve the homogeneity of the RF magnetic
field.

Through-bond versus through-space correlations. Finally, it is
instructive to compare the through-bond 1H{13C} correlation spec-
tra with those obtained using CP under otherwise identical condi-
tions (experiments 6 and 7, spectra shown in Fig. 4a and b,
respectively). To maximize the polarization of carbon sites, the
CP-based spectrum was acquired using sCP of 0.3 ms. For proton-
ated carbons, the sensitivity of this spectrum is 1.5-2 times higher
than that of spectrum 6. As expected, it features a number of addi-
tional correlations involving all carbons identified in the 1D CPMAS
spectrum of f-MLF-OH (Fig. 2a). These long-range correlations can
be suppressed by limiting the contact time to less than 50 ls,
which would considerably reduce the overall sensitivity. Bearing
in mind that CP-based can be affected by motion, RF homogeneity,
and T1q relaxation, our results show that through-bond correlation
NMR spectroscopy under fast MAS can be a very effective tool for
studying fully coupled, naturally abundant solids.
3.4. 2D HETCOR spectra of brown coal

Fossil fuels are structurally very heterogeneous, which is re-
flected in their 1H and 13C solid-state NMR spectra. Even when
state-of-the-art line narrowing methods are used, the solid-state
NMR spectra of both nuclei feature relatively broad bands repre-
senting sp, sp2 and sp3 functionalities. The structual characteriza-
tion of coals by NMR has been mainly confined to utilization of
liquid-state studies of coal-derived liquids and 1D spectral editing
techniques developed for simplification of solid-state spectra [42].
Until now, relatively few 2D solid-state NMR experiments have
been applied to this purpose [42–44].



Fig. 6. 2D 1H{13C} HETCOR spectra of brown coal acquired using INEPTR (a) and CP (b) transfers during mixing. The following RF magnetic fields were used: mH
RF = 150 kHz

during p/2 and PMLG5�x
m pulses, mH

RF = 62 kHz during CP (tangent), mH
RF = 11 kHz during SPINAL-64 decoupling in t1, mC

RF = 104 kHz during CP, p/2 and p pulses, and mC
RF = 11 kHz

during SPINAL-64 decoupling in t2. Other experimental conditions were as follows: mR = 41.667 kHz, sCP = 1.5 ms, sRR = 24 ms, s1 = 0.84 ms, s2 = 1.2 ms, sPMLG = 0.75 ls,
sc = 7.5 ls, sRD = 0.8 s, NS = 176, Dt1 = 24 ls (100 rows), and AT = 8.7 h.
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Indirectly detected 1H{13C} spectra of brown coal were acquired
with mixing via INEPTR (experiment 6, Fig. 6a) and CP (experiment
7, Fig. 6b), yielding comparable intensities. Experiment 2 (13C-
detected, not shown) was also performed, but was less sensitive
and did not provide improved resolution in the 1H dimension.
The INEPTR-based spectrum in Fig. 6a does not feature any 13C res-
onances near 180 ppm, which are quite intense in the CP-based
spectrum. This range of chemical shifts represents various types
of carbonyl groups, in particular those involved in aldehyde and
carboxylic functionalities. Another ‘missing’ resonance in Fig. 6a
is one centred at 150 ppm, generally associated with various types
of quaternary aromatic carbons, including aliphatic chain- and
oxygen-bound carbons. A discernible resonance near 80 ppm is
present in both spectra, which suggests the presence of sp carbons
in alkynes and sp2 carbons in olefins.
4. Conclusions

J-couplings can be successfully exploited in directly and indi-
rectly detected 2D HSQC-type HETCOR experiments under fast
MAS (�42 kHz), providing through-bond 13C–1H correlations in
naturally abundant solids with an efficiency that rivals that of tra-
ditional through-space experiments. Efficient 1H decoupling plays
a key role in preventing the decoherence of 1H and 13C magnetiza-
tions during polarization transfer via INEPTR. Among the tested
decoupling schemes (PMLG5�x

m;PMLG5�xx
mm and SAM3), PMLG5�x

m

proved most suitable, providing sensitivity gains of 3-10 in
strongly coupled 1H–13C pairs. The best results were obtained
when mR was smaller than mc (in the case of PMLG5�xx

mm for mR/
mc � 0.62) due to good decoupling efficiency and a high scaling fac-
tor. At ultrahigh speeds (�70 kHz), the SAM3 method may become
competitive with PMLG schemes.

2D HETCOR spectra of well ordered (crystalline tripeptide f-
MLF-OH) and highly disordered (brown coal) samples were mea-
sured and analyzed. In spite of an unfavourable 1H to 13C linewidth
ratio in f-MLF-OH, the indirect detection method offered higher
overall sensitivity. However, in cases where 1H resolution under
fast MAS alone is unsatisfactory, 13C detection with 1H homonu-
clear decoupling during t1 may be the method of choice. Our mea-
surements showed that experiments performed under fast MAS
compare favorably with those carried out at a lower spinning rate
(�21 kHz). Proper optimization of 1H homonuclear decoupling
proved very important in achieving high efficiency and resolution.
A simple and reliable optimization scheme was used, which will be
detailed in a forthcoming publication. The through-bond polariza-
tion transfer will undoubtedly become an important addition to
cross-polarization in designing new multidimensional schemes
dedicated for high-field, fast-MAS applications.
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