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a b s t r a c t
We present our recent progress in the development of micro-magic-angle-spinning solenoid-based
probeheads for the application in high-resolution 1H solid-state NMR of nanoliter sample volumes. The
use of fused-silica capillaries as sample holders results in spectra without any 1H background signal. It
is possible to obtain 1H spectra of 40–80 nl samples in a few scans. We obtained high-resolution 1H spectra employing different homonuclear decoupling sequences on powdered samples of L-alanine, the tripeptide AGG, and a single crystal of L-tyrosineHCl. In addition, we recorded high-resolution twodimensional proton-detected 1H–13C heteronuclear correlation spectra of [U-13C3, 15N]-L-alanine and
AGG with natural abundant isotope distribution.
Crown Copyright Ó 2009 Published by Elsevier B.V. All rights reserved.

1. Introduction
Solid-state NMR spectroscopy is a powerful method to obtain
detailed structural information in systems that do not posses
long-range order, ranging from disordered inorganic, organic and
hybrid materials to biological macromolecules [1]. In order to
achieve NMR spectra with high resolution and sensitivity, most
of these applications require magic-angle spinning (MAS), where
the sample is rapidly rotated about an axis at the magic angle
ð 54:74 Þ with respect to the static magnetic ﬁeld, which attenuates the effect of anisotropic spin interactions. However, many
materials studied by solid-state NMR are on the one hand only
available in limited amounts such as rare minerals, biological and
newly developed functional materials. On the other hand the total
sample volume may be limited by the speciﬁc geometry of the
sample in question, e.g. in case single crystals, ﬁbers or thin ﬁlms
need to be analyzed. In order to maximize the sensitivity of solid-state NMR experiments under these circumstances the use of
microcoils (diameters below 1 mm) for excitation and detection
is favorable. Two approaches have been presented recently to combine solenoid microcoils and MAS: Firstly, the nanoliter sample
container is ‘piggy-backed’ onto a regular size solid-state NMR rotor and spun inside the microcoil, which is mounted on top of the
regular MAS stator [2,3]. Secondly, the microcoil is loaded into a
regular MAS rotor and inductively coupled to the regular macroscopic NMR detection coil [4]. Both approaches have so far been
used to obtain 1H spectra [4], 13C cross-polarization (CP) MAS spec-
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tra [2,3], 13C double-quantum spectra [3], and 29Si one-dimensional (1D) spectra [4]. In addition, 27Al 1D MAS spectra were
recorded on a single crystal of mesolite [3]. Inukai and Takeda
showed that the high rf ﬁeld strengths available in microcoils lead
to higher efﬁciencies in the excitation of multiple-quantum (MQ)
coherences in half-integer quadrupolar nuclei [5]. Furthermore,
Vasa et al. determined the orientation of the 23Na quadrupolar tensor in NaNO3 using rotor-synchronized MAS [6] in a single crystal
of 35 nl volume [7].
Considering the small sample volumes available in micro-magic-angle-spinning (microMAS) NMR studies it is attractive to focus on abundant and highly-sensitive nuclei. Therefore the
possibility to obtain high-resolution 1H NMR spectra is of particular interest in the context of micoMAS. In recent years the availability of high external magnetic ﬁelds combined with the
development of ultra-fast MAS probeheads and improved radiofrequency (rf) pulse sequences for homonuclear decoupling has lead
to an increasing application of 1H MAS NMR spectroscopy in material science [8,9]. Although ultrafast MAS leads to considerably improved proton resolution by attenuating the inﬂuence of the strong
1
H–1H couplings, better results can so far still be achieved by combining MAS with applying homonuclear dipolar decoupling sequences to enhance the averaging of the 1H homonuclear dipolar
couplings [8,9]. The homonuclear decoupling sequences Frequency-Switched Lee-Goldburg (FSLG) [10–12] and its close relative Phase-Modulated Lee-Goldburg (PMLG) [13–15] are based on
theoretical arguments by average Hamiltonian [16] and Floquet
theory [17] to suppress the homonuclear dipolar 1H–1H couplings
and their commutators with other spin interactions to a certain order. The DUMBO (‘decoupling using mind-boggling optimization’)
sequence has been developed by numerical optimization using a
two-spin system [18,19]. A more powerful approach is the direct
optimization of this type of sequence on the NMR spectrometer
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that has led to the eDUMBO sequence, since imperfections in the
experimental setup are inherently included in the optimization
[20]. These experimental imperfections include the ﬁnite speed
and glitches during switching of the rf phases and amplitudes, rf
inhomogeneities and rf phase transients. All the homonuclear
decoupling sequence mentioned so far cause transverse 1H magnetization to evolve in a plane perpendicular to an effective ﬁeld that
is tilted at the magic-angle with respect to the z-axis in the rotating
frame. In order to avoid artifacts in the resulting high-resolution 1H
spectra, this usually requires careful optimization of the 1H excitation pulses that rotate the longitudinal magnetization into the evolution plane. Recently, supercycled versions of PMLG and DUMBO
have been presented that perform an effective z-rotation of the
1
H transverse magnetization resulting in artifact-free 1H spectra
[21,22]. Furthermore, it has been shown that both PMLG and DUMBO/eDUMBO can be successfully applied under ultrafast MAS conditions [21,23,24], although this does not lead to improved
resolution compared to using moderate spinning frequencies.
Other factors such as the size of the external magnetic ﬁeld, rf
inhomogeneity and phase transients appear to be signiﬁcantly
more important.
If windows are incorporated in these homonuclear decoupling
pulse sequences, it becomes possible to apply them during direct
detection of the 1H NMR signal, where the datapoints are recorded
during the pulse sequence windows [12,25,19]. This is especially
attractive since it allows to indirectly or inversely detect the NMR
signal of a low-abundant and less-sensitive spin species via 1H.
Ishii and Tycko have shown that this is especially favorable for nuclei with low gyromagnetic ratio c if the 1H NMR lines are narrow
and efﬁcient polarization transfer is possible [26]. Inverse detection of 15N signals at fast MAS to achieve 1H resolution has been
used by Spiess and coworkers to study multiple hydrogen-bonded
systems [27–29]. Furthermore, the group of Pruski designed both
1
H detected two-dimensional (2D) 1H–13C through-space and
through-bond experiments at fast MAS and applied them to organic–inorganic hybrid materials [30,31]. In addition, Rienstra and
coworkers used both 1H detected 1H–13C and 1H–15N 2D heteronuclear correlation (HETCOR) spectroscopy to analyze pharmaceutical compounds and biological macromolecules [32–34].
In this letter we describe the use of proton-free fused-silica capillaries with outer diameters of 400 lm as sample holders for the
application in high-resolution 1H solid-state microMAS NMR of
nanoliter samples employing different homonuclear decoupling
sequences.

2. Experimental methods
2.1. MicroMAS probehead for 1H spectroscopy
The microMAS probehead used in this work is designed following the same principles described in Ref. [2]: a solenoid microcoil is
integrated into a double-sided circuit board that is mounted on a
regular 2.5 mm Varian MAS pencil stator as shown in Fig. 1c. The
rf coil is made from isolated copper wire with a diameter of
115 lm that is wound into 7.5 turns with the help of a glass matrix.
The resulting solenoid coil has inner and outer diameters of 450
and 680 lm, respectively. The double-tunable rf circuit of the
microcoil provides a 1H channel tuneable at 400 MHz with
Q H ¼ 45 and an X channel with Q X ¼ 24 at 100.58 MHz resonance
frequency.
In order to ensure the complete absence of 1H background signal, capillaries from fused silica with inner and outer diameters of
320 and 400 lm, respectively, are used as sample holders. The capillary is inserted into a Kel-F holder that can be ﬁtted tightly into a
2.5 mm Varian rotor, replacing its usual Vespel end-cap. Before ﬁll-

Fig. 1. (a) Kel-F holder with inserted fused-silica capillary containing powdered
sample material. The capillary has inner and outer diameters of 320 and 400 lm,
respectively. The sample height is 800–1100 lm leaving some space to close off the
capillary with Teﬂon tape. As a result typical sample volumes are in the order of 64–
88 nl. (b) 2.5 mm Varian rotor with Kel-F holder and capillary inside the custommade press-on tool. (c) Upper front of the 2.5 mm Varian stator with the mounted
holder of the solenoid microcoil. (d) Microscope image of the silica capillary
spinning inside the microcoil. The rf coil possesses 7.5 windings, where the isolated
copper wire has a diameter of 115 lm. The inner and outer diameters of the rf coil
are 450 and 680 lm, respectively.

ing the sample into the capillary, a Kel-F spacer is inserted. Typical
sample heights of 800–1100 lm leave some space at the top of the
capillary to close it off with Teﬂon tape. As a result sample volumes
are in the order of 64–88 nl. Fig. 1a shows a picture of a ﬁlled capillary inside the Kel-F holder, which is pushed into the 2.5 mm rotor using a dedicated custom-made tool shown in Fig. 1b.
The 2.5 mm Varian MAS stator is modiﬁed to allow loading of
the rotor from the bottom of the stator. The height of the rotor is
adjusted so that the sample volume sits inside the microcoil and
stable spinning of the rotor is accomplished, which we could easily
achieve for spinning frequencies up to 20 kHz. The MAS stator is
ﬁtted with a separate circuit tuned for 23Na observation, which allows to adjust the angle of the spinning axis with respect to the
external magnetic ﬁeld to the magic-angle using NaNO3 that occupies the regular sample volume of the 2.5 mm macro-rotor. It
should be noted that this opens the possibility for parallelizing micro and macro experiments.
The nanoliter sample inside the fused-silica capillary lies outside the center of the regular shim coils, making it difﬁcult to shim
the external ﬁeld at the exact nanoliter sample position. However,
we achieved a full width at half maximum (FWHM) of 19 Hz for the
1
H resonance in a sample of silicon rubber. (In a future setup additional small Helmholtz coils will allow to shim the external magnetic ﬁeld along the direction of the spinner axis at the location
of the nanoliter sample volume.)
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Table 1
Rf ﬁeld strengths x1 as a function of the rf power P for the X channel at 13C/23Na
reference frequency and for the 1H channel at 400 MHz reference frequency.
P(13C/23Na) (W)

x1 =2p(13C/23Na) (kHz)

P(1H) (W)

x1 =2p(1H) (kHz)

0.6
83
920

46
556
1670

0.6
2.5
10.5

128
355
786

Table 1 shows the rf ﬁeld strength that can be achieved on the X
powers used in each
and 1H channels as a function of the rf
pinput
ﬃﬃﬃ
case. It shows that the efﬁciency B1 = P (where B1 is the rf ﬁeld
generated in the coil by the rf power P) for the micro rf circuit is
about 13 times better than that of the 2.5 mm MAS rf circuit for
the proton channel and 4.7 times better for the X-channel. An
advantage of 1H detection using microMAS at high external magnetic ﬁelds is that the coil sizes are still small with respect to the
rf wavelength and therefore are hardly affected by wave compression, which negatively inﬂuences the performance of larger coils at
high rf frequencies [35].
2.2. Solid-state NMR experiments
All experiments were done on a Varian NMR System (VNMRS)
at an external ﬁeld of 9.4 T (400 MHz proton frequency). Fig. 2
shows the different pulse sequences used to obtain the high-resolution 1H spectra and 13C–1H HETCOR spectra presented in this
work by employing homonuclear decoupling sequences to suppress the strong 1H–1H dipolar couplings at moderare to fast sample spinning frequencies. The pulse scheme in Fig. 2a allows to
record a 2D 1H spectrum, where the indirect dimension represents
the high-resolution, homonuclear decoupled 1H dimension and the

direct dimension corresponds to the low-resolution 1H dimension.
The ﬁrst 90° pulse generates transverse 1H magnetization that
evolves perpendicular to the effective ﬁeld of the homonuclear
decoupling sequence applied during the evolution interval t 1 . We
used both FSLG [10–12] and eDUMBO [20] windowless homonuclear decoupling, whose effective ﬁelds enclose an angle of h close
to the magic-angle of 54.74° with respect to the z-axis in the rotating frame. Therefore, the following h pulse rotates the magnetization into the xy-plane. A pair of 90° pulses allows to select
longitudinal magnetization by an appropriate phase cycle before
the 1H NMR signal is detected during the time interval t2 .
Fig. 2b shows the pulse sequence used to obtain 1D high-resolution 1H spectra by employing the windowed homonuclear
decoupling sequence wDUMBO [19], where the datapoints of the
1
H signal are recorded during the pulse sequence windows. The
rf phase of the excitation pulses with ﬂip-angles 90° and h were adjusted as described in Ref. [19] to minimize the artifacts in the frequency domain at the center of the spectral window.
Finally, the pulse scheme in Fig. 2c was used to record indirectly/inversely-(1H)-detected 2D 1H–13C HETCOR spectra. It is
applicable for the spectral correlation of any heteronuclei and 1H
in general. First the heteronuclear S-spin magnetization is enhanced by adiabatic cross-polarization [36] and stored along the
z-axis in the rotating frame for a time-interval sf , during which
the remaining direct transverse 1H magnetization is allowed to dephase. Subsequently, after evolution during t 1 , the transverse Sspin magnetization is transferred to the 1H-spins by ramped LeeGoldburg cross-polarization [37–39]. The resulting 1H magnetization is aligned along the z-axis in the rotating frame by a h1 pulse
and detected by a wDUMBO sequence as in Fig. 2b. High-rf-ﬁeld 1H
decoupling using the XiX scheme [40,41] is applied during t 1 , and
optionally low-rf-ﬁeld S-spin continuous-wave decoupling is used
during detection of the 1H signal.
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Fig. 2. (a) Rf pulse sequence to obtain 2D 1H spectra, where homonuclear
decoupling during t1 by either FSLG or eDUMBO leads to the high-resolution
indirect dimension in the resulting 2D spectrum. h indicates an rf pulse with the
ﬂip-angle close to 54.74°. (b) Rf pulse sequence to obtain high-resolution 1H spectra
in the direct dimesion by applying a windowed version of a homonuclear
decoupling sequence (here wDUMBO), where datapoints are collected during the
sequence windows. (c) Rf pulse sequence to obtain 2D HETCOR spectra between 1H
and the less sensitive spin species S, whose spectrum is indirectly detected via the
1
H, which are observed directly during a wDUMBO sequence.

1

Fig. 3. Experimental 2D 1H spectrum of about 80 nl L-alanine powder obtained at
an external ﬁeld of 9.4 T and a spinning frequency of 12 kHz, where windowless
eDUMBO homonuclear decoupling with an rf nutation frequency of 82 kHz, a
DUMBO cycle time of 36.8 ls and an overall rf offset of 1 kHz was applied in the
indirect high-resolution 1H dimension. The interval t1 was incremented in steps of
one DUMBO cycle, where 8 transients were added up for each increment and the
delay between experiments was 4 s. A total of 178 t1 increments were collected
following the States procedure. The skyline projection onto the indirect d1
dimension is shown on the top. The unscaled 1H linewidths (FWHM) for the
different resonances are DðCHÞ ¼ 159 Hz; DðCH3 Þ ¼ 166 Hz and DðNHþ
3 Þ ¼ 698 Hz.
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Under the DUMBO and FSLG homonuclear decoupling sequences the isotropic chemical shifts of the protons are scaled by
a factor that we determined experimentally through acquiring a
series of two-dimensional 1H spectra with different offsets for
the rf carrier frequency. The experimentally determined values
for the scaling factors were used to correct the scaling of the 1H
chemical shift dimension.

3. Results and discussion

60
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H chemical shift δ [ppm]

Fig. 4. Slice parallel to the indirect dimension through the maximum in the 2D 1H
nutation spectrum of a single crystal of L-tyrosineHCl with the dimensions
230  230  800 lm3  42 nl. The nutation spectrum was obtained at 9.4 T and
12 kHz MAS frequency by incrementing the duration of the 1H excitation pulse in
steps of 2 ls until a total of 1024 increments had been recorded. The 1H nutation
frequency results to 83.0 kHz with a FWHM of 2.2 kHz, corresponding to an rf
inhomogeneity of 3%.

1

In a ﬁrst step, we evaluated the performance of the microMAS
setup to obtain high-resolution 1H spectra by applying windowless
homonuclear decoupling sequences of type eDUMBO and FSLG.
These experiments were done at a spinning frequency of 12 kHz
using the pulse sequence shown in Fig. 2a. The resulting 2D 1H
spectrum of a sample of about 80 nl of powdered L-alanine using
eDUMBO homonuclear decoupling is presented in Fig. 3. The nutation frequency of the 1H rf ﬁeld during the eDUMBO sequence was
82 kHz, which was achieved by a few hundred mW of 1H power.
Hence, conventional rf nutation frequencies can easily achieved
with very low powers, requiring only small ampliﬁcation of the
rf transmitter output.
We determined the unscaled linewidths as the full width at half
maximum (FWHM) of the different resonances in the high-resolution 1H dimension to be 698 Hz (1.75 ppm), 159 Hz (0.40 ppm)
and 166 Hz (0.41 ppm) for the NHþ
3 , CH and CH3 proton resonances,
respectively. These values are in very good agreement to the linewidths achieved by Lesage et al. at 11.75 T external ﬁeld using a
conventional 4 mm CP MAS probe, where the sample volume was
restricted to about 25 ll in the center of the rotor [19]. Hence, the
rf homogeneity of the solenoid microcoil in our experimental setup
is well suited for performing homonuclear decoupling. This is supported by the 1H nutation spectrum obtained on a single crystal of
3
L-tyrosineHCl with the dimensions 230  230  800 lm  42 nl
shown in Fig. 4. The rf inhomogeneity determined from this spectrum is 3%, which lets us conservatively specify the rf inhomogeneity for a completely ﬁlled sample volume inside the capillary to
about 5%.
For the single-crystal of L-tyrosineHCl we achieved better resolved 1H spectra using FSLG homonuclear decoupling compared
to using eDUMBO. The corresponding result is shown in Fig. 5,
where the nutation frequency of the 1H rf ﬁeld during the FSLG sequence was 82 kHz. Comparing our result with recent results by
Leskes et al. [21] obtained at 14.1 T, 65 kHz MAS frequency,

x
homonuclear decoupling, we could achieve
employing wPMLG5xmm
comparable resolution. This proves that even at moderate MAS frequencies it is already possible to obtain the highest resolution in 1H
spectra using homonuclear decoupling based on DUMBO, FSLG or
PMLG sequences. These results hold great promise for 1H microMAS NMR experiments of mass-limited samples, especially if the
high-resolution 1H spectra are obtained by directly detecting the
proton signals employing windowed versions of these homonuclear decoupling sequences, since already a single transient provides a sufﬁcient signal-to-noise (S/N) ratio even for these
limited sample quantities in the 40–80 nl sample volume regime.
Improving the resolution of the 1H spectra further by increasing
the nutation frequency of rf ﬁelds during homonuclear decoupling
was not successful at this stage, which we attribute to rf phase
transients that scale with the size of the rf ﬁeld.
A second step was to investigate the potential of inversely/indirectly detecting the spectra of potentially low abundant heteronuclei in nanoliter samples via the protons by detecting them using
windowed homonuclear decoupling sequences. Therefore we recorded 2D 1H-detected 1H–13C HETCOR spectra of [U-13C3, 15N]-Lalanine and the tripeptide AGG (natural abundance distribution
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Fig. 5. Experimental 2D 1H spectrum of a single crystal of L-tyrosineHCl with the
dimensions 230  230  800 lm3  42 nl obtained at 9.4 T and 12 kHz MAS
frequency, where FSLG homonuclear decoupling with an rf nutation frequency of
82 kHz, frequency jumps of ±57 735 and an overall rf offset of 2 kHz was applied in
the indirect 1H dimension. The frequency jumps were performed with a simultaneous 180° phase shift every 10 ls. The interval t1 was incremented in steps of
40 ls, where 8 transients were added up for each increment and the delay between
experiments was 4 s. A total of 237 increments were collected following the States
procedure. The skyline projection onto the indirect d1 dimension is shown on the
top.

of isotopes) at 18 kHz spinning frequency. In both cases about
80 nl of sample was used and wDUMBO windowed homonuclear
decoupling was applied during 1H signal detection.
The results obtained for [U-13C3, 15N]-L-alanine are shown in
Fig. 6, where (a) shows the directly-detected 1H spectrum using
wDUMBO and (b) shows the 1H-detected 2D 1H–13C HETCOR spectrum. The HETCOR spectrum shows clearly the strong cross-peaks
between the 13C and 1H sites in the CH and CH3 groups. Because of
the relatively long mixing interval of 1167 ls for the LG-CP, also
crosspeaks of type ð13 CH; C1 H3 Þ and ð13 CH3 ; C1 HÞ are visible. In
addition, a small ð13 CO; C1 H3 Þ cross-peak can be seen. The complete 2D spectrum was recorded in 13.5 h performing 186 t1 increments with 32 transients each using the States procedure. This
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clearly demonstrates the good feasibility of these type of experiments on isotopically labelled samples.
The results for the more challenging case of natural-abundance
AGG are shown in Fig. 7, where the directly detected homonuclear
decoupled 1H spectrum is shown in (a) and the 2D 1H-detected 2D
1
H–13C HETCOR spectrum is presented in (b). In addition to the
overview 2D HETCOR spectrum the enlarged part of the spectrum
is shown where the correlation peaks of the different 13C and 1H
sites of the CH, CH2 and CH3 groups can be found. The different
cross-peaks are well-resolved and allow the assignment of the different isotropic chemical shifts, which is indicated in Fig. 7b for the
different 13C sites. We conﬁrmed our assignment by density functional theory (DFT) calculations using QUANTUM ESPRESSO [42] explicitly taking the periodicity in the crystal structure of AGG [43]
into account. Our assignment of the 13C resonances is in agreement
with the one of Luca et al. [44] and corrects the one presented recently in Ref. [45]. Interestingly, we found that the positions of
some 13C resonances measured using microMAS are signiﬁcantly
shifted compared to those measured using MAS in a conventional
3.2 mm rotor. Differences in chemical shifts by more than 1 ppm
were observed for the G2a (2.4 ppm) aliphatic, and the G2

2α

30

G

Fig. 6. (a) Directly detected H spectrum of [U- C3, N]-L-alanine, recorded by
adding 64 transients at 9.4 T and 18 kHz MAS frequency using the pulse sequence in
Fig. 2b employing wDUMBO homonuclear decoupling with an rf nutation frequency
of 156 kHz, a cycle time of 19.2 ls and an overall rf offset of 3.2 kHz. (b)
Experimental 1H-detected 2D 1H–13C HETCOR spectrum of [U-13C3, 15N]-L-alanine
obtained at the same experimental conditions as (a) using the pulse sequence
shown in Fig. 2c. The intervals for tan- and LG-CP were 778 and 1167 ls,
respectively. The 1H rf offset during LG-CP was 68.772 kHz. XiX 1H-decoupling with
a nutation frequency of 230 kHz and a pulse duration of 157 ls was applied during
the t1 interval, and continuous-wave 13C-decoupling with a nutation frequency of
about 10 kHz was used during acquisition of the 1H signal. The time interval for
dephasing of direct 1H magnetization was set to sf ¼ 222 ls. The interval t1 was
incremented in steps of 50 ls, where 32 transients were added up for each
increment and the delay between experiments was 4 s. A total of 186 increments
were collected following the States procedure, leading to a total experimental time
of about 13.5 h. Skyline projections onto the 1H and 13C dimensions are shown on
the top and left side of the 2D spectrum, respectively.
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Fig. 7. (a) Directly detected 1H spectrum of AGG, obtained by adding 8 transients at
an external ﬁeld of 9.4 T and a spinning frequency of 18 kHz using the pulse
sequence in Fig. 2b employing wDUMBO with an rf nutation frequency of 153 kHz, a
cycle time of 19.6 ls and an overall rf offset of 3.2 kHz. (b) Experimental 1Hdetected 2D 1H–13C HETCOR spectrum of AGG recorded at the same experimental
conditions as (a) using the pulse sequence shown in Fig. 2c. The intervals for tanand LG-CP were 778 and 500 ls, respectively. The 1H rf offset during LG-CP was
72.42 kHz. XiX 1H-decoupling with a nutation frequency of 200 kHz and a pulse
duration of 158.3 ls was applied during the t 1 interval, and continuous-wave 13Cdecoupling with a nutation frequency of about 10 kHz was used during acquisition
of the 1H signal. The time interval for dephasing of direct 1H magnetization was set
to sf ¼ 1 ms. The interval t1 was incremented in steps of 50 ls, where 608
transients were added up for each increment and the delay between experiments
was 1.5 s. A total of 128 increments were collected following the States procedure,
leading to a total experimental time of about 65 h. Skyline projections onto the 1H
and 13C dimensions are shown on the top and left side of the 2D spectrum,
respectively, where the assignment of the different 13C resonances correct the one
shown in Ref. [45].

(1.2 ppm) and G3 (3.0 ppm) carboxyl carbon sites. We have no
explanation for these changes in the chemical shift at this point.
However, we suspect that differences in hydration and sampleheating during the macro- and microMAS experiments might be
the cause for these differences. We are currently investigating
these effects further.
The complete 2D 1H–13C HETCOR spectrum shown in Fig. 7b
was obtained in 65 h by carrying out 128 t 1 increments each consisting of 608 transients obeying the States procedure. As a result
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even 1H–13C HETCOR spectroscopy of nanoliter samples that are
not isotopically enriched is feasible. However, our results also indicate that 1H–15N HETCOR spectroscopy realistically would require
some isotopic enrichment in 15N.
4. Conclusions and outlook
In this contribution, we presented a microMAS setup for highresolution 1H solid-state NMR spectroscopy using fused-silica capillaries as sample containers with about 64–88 nl sample volume.
The ‘piggy-back’ setup on top of regular 2.5 mm MAS rotors allows
for stable sample spinning up to 20 kHz. 1H rf ﬁelds with nutation
frequencies up to 800 kHz can be achieved by using 10 W of 1H
power, hence allowing the use of cost-efﬁcient low-power rf
ampliﬁers. In addition, we showed that the chosen solenoid microcoil setup is well suited to obtain high-resolution 1H spectra by
employing homonuclear decoupling sequences of types FSLG and
eDUMBO. We found, however, that the optimal 1H spectral resolution is achieved when using conventional 1H rf ﬁeld strengths in
the order of 80–160 kHz, whereas higher rf ﬁeld strengths degrade
the spectral resolution. We attribute this effect to rf phase transient stemming from the resonant circuit of the microcoil. These
transients increase in importance as their amplitude scales with
the rf ﬁeld [46] and because the effective pulses during the homonuclear decoupling sequences get shorter at higher rf ﬁelds. Hence,
in order to proﬁt from the high rf ﬁelds available in the microMAS
setup, the development of improved homonuclear decoupling sequences is needed that are better compensated for these transients. Investigations in this direction following the eDUMBO
principle of direct spectral optimization on the NMR spectrometer
[20] are on the way in our laboratories. Furthermore, we demonstrated 1H-detected 2D 1H-13C HETCOR spectroscopy both on isotopically enriched and natural abundance nanoliter samples
using windowed homonuclear decoupling sequences during 1H
detection. This approach can easily be extended to 1H-detected
15
N NMR of isotopically enriched samples using an appropriate
double-tune microcoil circuit. The high rf ﬁelds strengths achievable would also be very beneﬁcial for 1H detected NMR spectroscopy of insensitive quadrupolar nuclei such as 14N and 17O
[47,48]. The ‘piggy-back’ design can straightforwardly be extended
to MAS rotors with smaller diameters, extending the use of microMAS into the ultra-fast spinning regime that would increase the
resolution for directly detected 1H spectra and the sensitivity for
indirectly detected heteronuclei.
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