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a b s t r a c t

The application of overtone nuclear magnetic resonance (OT NMR) to symmetric spin transitions of inte-
ger quadrupolar nuclei is of considerable interest since this transition is immune to the first-order
quadrupolar interaction, thus resulting in narrow NMR lines. Owing to its roles in nature and its high nat-
ural abundance, 14N (I = 1) OT NMR has been explored, in which the indirect and/or direct acquisitions of
14N OT were experimentally demonstrated. However, other than 14N nucleus, no OT NMR observation of
other integer quadrupolar nuclei has been reported in the literature. In this work, we extend the appli-
cation of OT NMR to another integer quadrupolar nucleus, namely 10B (I = 3). However, this is not
straightforward owing to the unfavorable characteristics of 10B isotope. Here, for the first time, we pre-
sent the selective acquisition of 10B central (�1M +1) OT NMR via detection of 1H nuclei on perborate
monohydrate sample. Numerical calculations are in a good agreement with the experimental results.
Both show that the optimal sensitivity is achieved when the carrier frequency is applied at the second
OT spinning sideband, i.e. an offset of twice of the spinning frequency from the center band.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

Quadrupolar nuclei are those having spin quantum number I
larger than ½. Based on the value of I, they are classified as either
integer or half-integer. Owing to their great importance in chem-
istry, biology, and material science, quadrupolar nuclei have been
extensively investigated by nuclear magnetic resonance (NMR)
spectroscopy. However, the NMR spectra of these nuclei are hard
to interpret due to severely broadened signals caused by
either quadrupolar relaxation in solutions or the quadrupolar
broadening in solids. Fortunately, in solids, the central transition
(+1/2M �1/2) of half-integer quadrupolar nuclei is mostly free
from this broadening effect. This favorable feature makes solid-
state NMR suitable for analysis of half-integer quadrupolar nuclei.
Yet, this is not the case for integer quadrupolar nuclei since no cen-
tral transition exists. An alternative approach for overcoming the
resolution issue is overtone (OT) NMR [1].

OT NMR is performed with the excitation and detection of
|Dm| > 1 transition, in which m is the magnetic quantum number;
in other words, the overtone signal is excited and detected at an
integer multiple (>1) of Larmor frequency (mL) of nuclei of interest.
The first OT NMR acquisitions were theoretically proposed and
experimentally demonstrated on 14N (I = 1) owing to its crucial
roles in nature and its high natural abundance of up to 99.6% [2–
11]. However, as far as we know, 14N is the only nucleus whose
OT NMR has been detected. Hence, we extend the application of
OT NMR to another integer quadrupolar nucleus, namely 10B (I =
3). 10B is an important isotope in medicine and technology. It is
essential for the boron neutron capture therapy of cancers [12],
and also used in materials protecting against cosmic rays [13].
10B NMR is widely applied to borate glasses to gain information
on the quadrupolar coupling constant (CQ) and asymmetry (gQ)
as well as their distributions [14,15]. Owing to large CQ of 10B, its
NMR has enabled selective observation of sites with small electric
field gradients. In combination with 11B NMR, this allows unam-
biguous assignments of different sites [16,17]. The 10B OT NMR
technique that reduces the width of the resonance lines, is there-
fore promising for potential applications.

However, it is not straightforward owing to the unfavorable
characteristics of this isotope. Firstly, 10B possesses a spin number
I = 3, leading to seven energy levels under the Zeeman interaction
with the external magnetic field B0. As shown in Fig. 1, there are
also different OT with |Dm| = 2, including (±3 M ±1) and (±2M 0)
transitions, complicating the central (�1 M +1) OT detection. In
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Fig. 1. The seven energy levels of 10B nucleus under the Zeeman interaction (HZ).
There are different OT (i.e. |Dm| = 2) transitions (the dashed arrows), complicating
the dynamics around the frequency of the central (�1M +1) OT transition (the solid
arrow). Only the central OT transition is free from the first-order quadrupolar
interaction ðHð1Þ

Q Þ.

Fig. 2. The 2D 1H-{X} D-HMQC pulse sequence with X = 10B, 10B OT, or 11B. The t1
increment was set rotor-synchronized so that all the spinning sidebands fold into
the center band.
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addition, higher OT transitions of |Dm| > 2 are also present, for
example (�2 M +2) transition, but they are unlikely to be detect-
able due to the negligible expected transition moment. In the cur-
rent work, we only focus on the |Dm| = 2 condition as these are the
most efficient OT transitions. Secondly, 10B nucleus has a low gyro-
magnetic ratio (c), which is about one-tenth that of 1H nucleus.
This results in (i) low sensitivity and (ii) weak coupling to the
radio-frequency (rf) field since these two parameters are propor-
tional to c. Thirdly, the natural abundance of 10B nucleus is low,
approximately 20%, which reduces signal intensity. Finally, 10B
nucleus possesses a large electric quadrupolar moment (eQ), about
two times larger than that of 11B nucleus, leading to two times lar-
ger CQ since CQ is proportional to eQ. It is worth extending the
fourth point concerning the quadrupolar interaction. In the high-
field approximation where CQ is negligible compared to mL, OT
NMR is forbidden. However, this is not the case when CQ is compa-
rable to mL because different Zeeman energy levels are mixed
together, making the |Dm| = 2 transitions partially allowed. There-
fore, for the success of OT NMR, it is a compromise that the CQ
should be small enough to produce narrow lines but large enough
to allow OT transitions.

For the first difficulty, it is known that, except the central OT
transition, all the others suffer from the first-order quadrupolar
interaction, as shown in Fig. 1. Since OT pulses are typically long,
the limited excitation bandwidth does not allow to excite these
non-symmetric OT transitions. The second and third difficulties
of low c and natural abundance of 10B isotope can be overcome
by the use of dipolar-heteronuclear multiple quantum coherence
(D-HMQC) experiment via detection of more sensitive nuclei. This
method was first introduced for the indirect acquisition of 14N via
13C nuclei using rotary resonance recoupling sequence [18]. Since
then, significant progress has been made with extending the appli-
cation of this method to complex systems containing quadrupolar
nuclei and/or nuclei with large chemical shift anisotropy [19–35].
Notably, it was demonstrated that D-HMQC at fast magic angle
spinning (MAS) frequency (mR � 60 kHz) significantly facilitated
the indirect 14N OT observation owing to the increased 1H T02 relax-
ation time together with sensitivity enhancement via 1H detection
[36–38]. In this article, we are studying 10B OT NMR by proton-
detected D-HMQC, and our objectives are not only to extend the
application of OT NMR on integer quadrupolar nuclei, but also to
propose a method of selectively detecting the (�1 M +1) OT tran-
sitions even with spin quantum number I > 1.
2. Experimental

Sodium perborate monohydrate was purchased from Sigma-
Aldrich and used as received. The chemical formula is Na2B2O4(-
OH)4. It consists of a single tetra-coordinated boron site, whose
PQ (11B) is 0.7 MHz, corresponding to PQ (10B) of about 1.5 MHz.
PQ is the quadrupolar product and is defined as:

PQ ¼ CQ :
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ g2

Q=3
q

. The sample was packed into a 1 mm zirconia

rotor.
All NMR experiments were performed at 25 �C on JNM-

ECA700II (JEOL RESONANCE Inc.) at 16.4 T solid-state NMR spec-
trometers, unless otherwise noted. At this magnetic field, the 10B
fundamental and OT frequencies are 75.2 and 150.4 MHz, respec-
tively. A 1.0 mm 1H/X double-resonance probe was used and mR
was set to 70 kHz.

For 1H channel, the rf field for p/2 and p pulses was 250 kHz.
SR42

1 was used to reintroduce the 1H-10B dipolar coupling, in which
the applied 1H rf field strength was set to twice the spinning fre-
quency, equal to 140 kHz [39]. The recoupling mixing time for
excitation and reconversion (smix) was 230 ms for each. For 10B
OT, the highest technically possible rf power of 180 W was used
and the pulse length (tp) was 300 ms.

Two-dimensional (2D) 1H-{10B OT} D-HMQC spectra were
recorded using the sequence shown in Fig. 2. 1728 scans were
accumulated, the number of t1 points were 23, and rotor-
synchronized t1 increment was set to 57.2 ms, corresponding to
the indirect spectral width of 17.5 kHz. The recycling delay was
1.0 s. The States-TPPI method was employed for the quadrature
detection along the indirect dimension [40]. Further experimental
details are given in the figure captions.
3. Result and discussion

Fig. 3 shows the 2D 1H-{10B OT} D-HMQC spectrum where 10B
OT carrier frequency was located at the second OT spinning side-
band (n|mR| from the center band with n = �2). The (1H/10B OT)
cross-peaks at (2.1 ppm/�931 ppm) and (4.5 ppm/�931 ppm) are



Fig. 3. The 2D 1H – {10B OT} D-HMQC experiment acquired at mR of 70 kHz, in which
the 10B OT carrier frequency was placed at OT spinning sideband, n = �2 (�140
kHz). The total experimental time is 22 h. The dash lines are for visualization of
cross-peaks between two 1Hs and a 10B OT.

Fig. 4. The indirect dimension projection of 1H-{X} D-HMQC experiments at mR of
70 kHz on perborate monohydrate with X = (a) 10B OT, (b) 10B, and (d) 11B signals.
For (a), the 10B OT spectrum is extracted from Fig. 2. For (b), experiment was
performed at B0 of 14.1 T while for (a, d) they were at B0 of 16.4 T. The SR42

1

sequence was used with smix of 290 ms (b) and of 230 ms (d). For both (b) and (d)
experiments, 24 scans were collected, the number of t1 points was 36, and rotor-
synchronized t1 increment was 28.6 ms, corresponding to the spectral width of 35
kHz. The recycling delay was 2.0 s, corresponding to the experimental time of about
1 h. (c) The single-pulse 10B spectrum was simulated by SIMPSON software using
similar conditions as mentioned in (b) for reproducing the experiment. It is
decomposed into three resonances (grey lines) of six allowed transitions of (±3M
±2), (±2 M ±1), and (±1 M 0). (e) The CT 11B spectrum was simulated for resolution
comparison with 10B OT spectrum in (a).
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observed. To our knowledge, this is the first time 10B OT NMR has
been recorded.

Narrower lines are the main motivation of OT NMR; therefore,
we examined the resolution gain compared to the fundamental
transition NMR. For that purpose, we recorded the 2D 1H-{10B}
and 1H-{11B} D-HMQC experiments on perborate monohydrate at
mR of 70 kHz. The former was implemented at JNM-ECZ600R at
14.1 T solid-state NMR spectrometer since the probe we used at
the JNM-ECA700II spectrometer is not able to tune and match to
the mL(10B). The acquired 10B spectrum (Fig. 4b) is in good agree-
ment with the simulated single-pulse 10B spectrum by SIMPSON
software (Fig. 4c) [41,42]. It is noted that the experimental 10B
spectrum is slightly broader than the simulated spectrum. The
broadening is mainly caused by the 1H T02 relaxation,

1H-10B dipolar
coupling, slight misadjustment of the magic angle, and the
quadrupolar-dipolar coupling cross term. Moreover, the folding
of the spinning sidebands into the 10B center band is another
broadening contribution, which will be discussed later. The simu-
lated spectrum is decomposed into three spectra (grey lines) of
(±3M ±2), (±2M ±1), and (±1M 0) transitions, as shown in
Fig. 4c. The 11B spectrum (Fig. 4d) taken from the 1H-{11B}
D-HMQC experiment matches with the simulated single-pulse
11B spectrum (data not shown). Fig. 4e shows the simulated central
transition (CT) of 11B spectrum, which is narrower and slightly
shifted to the right compared to experimental 11B spectrum. This
is owing to the overlap of the satellite transition into the central
transition for 11B spectrum in Fig. 4d [34].

A window of 100 ppm was selected for 10B OT (Fig. 4a), 10B
(Fig. 4b), and 11B (Fig. 4d) spectra for resolution comparison. The
full width at half maximum (FWHM) of both 10B OT and 11B spectra
are comparable. However, this is not the case for 10B spectrum; its
FWHM is ca. 10 ppm, meaning that a narrowing factor of 3.3 for 10B
OT is achieved. The origins of line narrowing for OT NMR under
MAS include: (i) the higher B0 (16.4 T for 10B OT compared to
14.1 T for 10B). The second-order quadrupolar broadening in the
ppm scale is inversely proportional to square of B0 field, resulting
in a narrowing factor of 1.4. However, the linewidth of 10B OT is
further narrower (3.3 times) than expected from the second-
order quadrupolar broadening (1.4 times). Thus, we conclude that
other effects are involved in. (ii) The excitation bandwidth in OT
NMR is complicated, but the numerical simulation shows the
bandwidth of 14N OT NMR is estimated from the inverse of pulse
length [11]. Thus, the excitation bandwidth of 10B OT with 300
ls should be about 20 ppm. Based on the 10B FWHM in Fig. 4b, this
20-ppm window is large enough to excite all the OT transitions.
(iii) The smaller number of peaks, namely three for 10B (I = 3)
and one for 10B OT signals. The former gives three resonances for
six allowed transitions of (±3M ±2), (±2M ±1), and (±1M ±0),
which are overlapped to each other as shown in Fig. 4c. On the
other hand, 10B OT NMR gives only single resonance from the cen-
tral (+1M �1) OT transition since the other OT transitions with
|Dm| = 2, i.e. (±3M ±1) and (±2M 0), are broadened in MHz scale
owing to the first-order quadrupolar broadening, hampering the
excitation of these OT transitions, especially under long (300 ms)
irradiation pulse. The line shape of 10B central OT NMR is theoret-
ically identical to that of 10B NMR of (±1M 0) transitions in the
ppm scale when the orientation dependent excitation/observation
efficiencies are neglected. Thus, the absence of two resonances in
10B OT NMR gives sharper lines than 10B NMR as shown in
Fig. 4a and b, respectively. (iv) Robust to misadjustment and spin-
ning fluctuation of the magic angle in 10B OT NMR. Since all the
allowed transitions in 10B NMR suffer from the first-order
quadrupolar interaction, even minor deviation from the exact
magic angle reintroduces these broadening effects. In addition,
spinning frequency fluctuations and molecular dynamics hamper
the precise folding of spinning sidebands onto the center band in



Fig. 5. (a) The experimental results for 10B OT signals at different OT spinning sidebands, n = 0, ±1, ±2. These 10B OT spectra are projected from the 1H resonance at 4.5 ppm of
the corresponding 2D 1H-{10B OT} spectra. Each experiment lasts for 22 h. (b) The numerical simulations by SPINACH software package were performed at the similar
conditions as the experiments in (a).
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the indirect dimension. This is one of the broadening sources,
explaining the broader lines of experimental 10B spectrum com-
pared to simulated 10B spectrum in Fig. 3b and c, respectively.
The absence of these effects on 10B central OT NMR makes its line
shapes narrower. Similar situations have been previously reported
in the comparison of 14N/14N OT [36], STMAS/MQMAS [43,44], 2H
SQ/2H DQ line shapes [45].

We further demonstrate a set of 2D 1H-{10B OT} D-HMQC spec-
tra with 10B OT carrier frequency at different OT spinning side-
bands which is located at n|mR| from the center band, n = 0, ±1,
and ±2 (Fig. 5a). While the first demonstration of indirect 14N OT
observation appeared to have the highest efficiency at n = 0 (center
band) with the fixed pulse length which is optimized for the center
band, careful optimization of pulse length for each spinning side-
band shows that the optimal efficiency is always achieved at the
second OT spinning sideband (n = ±2)—the same as for direct 14N
OT observation [37]. It should be noted that the condition of
n = ± 2 includes the sense of rotation, i.e. for positive (negative) fre-
quency of mR, it appears at the spinning sidebands two times higher
(lower) than the center band (n = 0) [5]. In other words, the sign of
n depends on the sense of sample rotation and direction of the B0
field. In our configuration, the B0 field directs towards top of the
magnet and the sample rotates clockwise if looked from the top.
It is interesting that the 10B OT efficiency is also maximized at
the second OT spinning sideband (n = -2) similar to 14N OT despite
the different spin number I, which is 3 for 10B and 1 for 14N.

Numerical simulations were also performed to validate the
experimental results. Since the rotating frame transformation does
not simplify OT NMR Hamiltonians, the simulations of 10B OT
single-pulse experiments were performed in the laboratory frame
using SPINACH software package [46] as described in 14N OT stud-
ies [8,9]. The results from experiments and simulations, shown in
Fig. 5b, are in good agreement – line positions match and the inten-
sities are within the scatter expected from the signal-to-noise ratio
in the experimental data. Both the experiment and the simulation
show that the optimal efficiency is achieved when the carrier fre-
quency is applied at the second OT spinning sideband (n = �2).
4. Conclusion

We have demonstrated the feasibility of 10B OT NMR. This was
indirectly observed through the 2D 1H-{10B OT} D-HMQC under
fast MAS frequency of 70 kHz. Furthermore, the irradiation at the
second OT spinning sideband (n = �2) for optimal sensitivity is
experimentally observed. These experimental results are consis-
tent with numerical simulations.
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