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ABSTRACT
Indirect detection via sensitive spin-1/2 nuclei like protons under magic-angle spinning (MAS) has been developed to overcome the low
spectral sensitivity and resolution of 14N NMR. The 14N quadrupolar couplings cause inefficient encoding of the 14N frequency due to large
frequency offsets and make the rotor-synchronization of the evolution time necessary. It is shown that 14N rf pulses longer than the rotor
period can efficiently encode 14N frequencies and generate spinning sideband free spectra along the indirect dimension. Average Hamiltonian
and Floquet theories in the quadrupolar jolting frame (QJF) are used to treat the spin dynamics of the spin-1 quadrupolar nucleus under
long 14N rf pulses and MAS. The results show that the rf action can be described by a scaled and phase-shifted effective rf field. The large
quadrupolar frequency offset becomes absent in the QJF and therefore leads to sideband-free spectra along the indirect dimension. More
importantly, when a pair of long 14N rf pulses are used, the distribution of the phase shift of the effective rf field does not affect the 14N
encoding for powder samples; thus, high efficiencies can be obtained. The efficient and sideband-free features are demonstrated for three
1H/14N indirectly detected experiments using long 14N pulses under fast MAS.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5126599., s

I. INTRODUCTION

14N is the abundant isotope (99.6%) of nitrogen, an important
element for all branches of chemistry. The large 14N quadrupole cou-
pling and spin-1 quantum number make acquisition of 14N solid-
state NMR spectra challenging. For static solid samples, 14N powder
spectra are often several megahertz broad; therefore, the acquisi-
tion of wide-line spectra usually requires use of multiple-echoes such
as the Carr-Purcell Meiboom-Gill (CPMG) sequence.1,2 Broadband
frequency-sweep pulses and stepping of the irradiation frequency
offset are also used to cover the large 14N breadth.3 For spinning
samples, fast and stable sample spinning precisely at the magic-angle
can average the large first-order quadrupole interaction. The mod-
ulation of the first-order quadrupole coupling, however, results in
many spinning sidebands that spread over the same breadth as the
static 14N wide-line pattern.4 The wide lines and low 14N gyromag-
netic ratios cause low resolution and sensitivity for direct detection
of 14N.

Indirect detection of 14N via nearby spin-1/2 nuclei such as 1H
and 13C has been developed to overcome the aforementioned sensi-
tivity and resolution problems. Under magic-angle spinning (MAS),
these spin-1/2 “spy” nuclei with higher gyromagnetic ratios have
much narrower line widths than that of 14N and thus provide bet-
ter resolution and sensitivity in the form of two-dimensional (2D)
spectra. Methods based on heteronuclear multiple-quantum corre-
lation (HMQC) and cross-polarization (CP) have been reported.5–9

The correlation and polarization transfer can be established via the
residual dipolar splitting and J-coupling that remains under MAS or
by using the larger dipolar interaction obtained through recoupling
pulse sequences.10,11 HMQC, in particular, is a simple experiment
that uses only a pair of short pulses to encode the 14N frequency
[Fig. 1(a)]. Single-quantum, double-quantum, or even overtone 14N
transitions can be indirectly detected this way.12–14 By synchroniz-
ing the time evolution between the pair of 14N encoding pulses
accurately with the rotor period, the large first-order quadrupole
interaction can be refocused, provided that the magic-angle is set
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FIG. 1. Pulse sequences for 2D 1H/14N correlation: (a) D-HMQC with SR42
1 dipo-

lar recoupling11 applied to 1H, (b) TRAPDOR-HMQC using long 14N pulses for both
dipolar recoupling and 14N frequency encoding in the quadrupolar jolting frame,
and (c) double cross-polarization (DCP) from 1H to 14N and then back to 1H.

accurately. The rotor-synchronization restricts the indirect spectral
window to the spinning frequency, which is equivalent to folding all
14N spinning sidebands into a single peak along the 14N dimension.
It should be noted that significant t1-noise can arise due to fluctua-
tions in spinning frequency, and spinning sidebands appear if a large
spectral window is used in the indirect dimension. In addition, the
encoding pulses become inefficient for large 14N quadrupolar cou-
plings. For a rectangular pulse, the excitation profile can be described
by a sinc function with frequency nulls that are inversely propor-
tional to the pulse length. Its bandwidth is usually not enough to
cover the several megahertz breadth of the complete 14N pattern. In
searching for more efficient pulse schemes, it has been found that
longer radio-frequency (rf ) pulses approaching the rotor period can
increase the efficiency dramatically.15 This behavior and the term
sideband-selective long pulses (SLP)16 used to describe it are coun-
terintuitive since longer pulses usually have narrower bandwidths.
Jarvis et al.17 have exploited long pulses further by extending the
14N pulses far beyond the inverse of the dipolar coupling [Fig. 1(b)],
reminiscent of the TRAnsfer of Population in DOuble Resonance
(TRAPDOR) experiment.18–20 Interestingly, in this case, the long
14N pulses are used for encoding and dipolar recoupling at the
same time without additional dipolar recoupling on the “spy” nuclei.
Recently, Carnevale et al.9 have also obtained efficient 14N correla-
tion via double cross-polarization (DCP) by adding a 1H spin-lock rf
field simultaneously with the long 14N pulses [Fig. 1(c)]. Through-
out this work, long pulses are defined as being at least a rotor period
in duration.

The three aforementioned methods using long 14N pulses have
been demonstrated experimentally and by numerical simulations.

However, their mechanisms are not completely clear and some ques-
tions still remain. For a spin-1/2, long pulses can effectively spin-lock
the magnetization as necessary for CP. However, for 14N, a long
pulse can barely do any spin-locking under MAS as the quadrupole
coupling is at least an order of magnitude larger than the rf field.
To our knowledge, efficient one-step 1H → 14N CP transfer has not
yet been achieved under MAS; then, why is 1H→ 14N→ 1H two-step
CP transfer efficient? For the case of “long-pulse” HMQC [Fig. 1(b)],
the intriguing 14N rf offset and field strength dependences, both
observed experimentally and with numerical simulations have not
yet been explained.16 The spin dynamics of the three-level 14N spin
system under rf pulses is more complex than for a spin-1/2, espe-
cially in the presence of the very large MAS-modulated quadrupole
coupling. In the past, a level-crossing picture between the modulat-
ing quadrupole coupling frequency and the rf frequency has been
used to describe what happens during the long pulses under MAS.
Because of the large frequency offsets, most of the rf action occurs
only during the brief level crossings. The effect of these level cross-
ings can be a small perturbation, efficient excitation, or inversion
depending on the regime of the so-called adiabaticity parameter
ω2

1/Δω′ ≪ 1, ∼1, or ≫1, respectively.21 Here, ω1 represents the
rf field strength and Δω′ is the sweep rate of the crossing. In this
work, we present a theory to derive the rf spin dynamics in the
so-called jolting frame22 to describe the long-pulse 14N experiments
and their phenomena quantitatively. The robust theoretical tool pre-
sented and physical insights obtained can help understand and fur-
ther improve correlation experiments, as well as aid the development
of new efficient methods to acquire 14N NMR spectra directly or
indirectly.

The jolting frame used to treat long 14N pulses under MAS is
briefly described here. First introduced by Caravatti et al.,22 the jolt-
ing frame is an extension of the well-known rotating frame widely
used in NMR spectroscopy. The rotating frame transformation
unwinds the time dependence of the radio frequency and reduces the
large Zeeman interaction to a small frequency offset term. The action
of the rf pulse can then be described simply by a rotation about a
static effective rf field. This simple picture of rf pulses forms the
basis for almost all NMR experiments.23 The jolting frame extends
this idea further to large modulated spin interactions that remain in
the NMR rotating frame. Transformation into a “quadrupolar jolt-
ing frame” (QJF) eliminates the large offsets due to MAS modulation
of the quadrupole coupling frequency but introduces modulations
to the rf Hamiltonian. The large quadrupolar coupling frequency
offsets and spinning sidebands become absent when pulses longer
than a rotor period are used. The observation of sideband-free 14N
spectra has not been reported before and is experimentally demon-
strated here. Under the conditions of fast MAS, average Hamilto-
nian theory (AHT) can be applied to determine the scaled effec-
tive rf Hamiltonian in the QJF. The modulated Hamiltonian in the
jolting frame can also be treated more generally using Floquet the-
ory.24 In particular, the Floquet treatment is used below to derive
the recoupling of the heteronuclear dipolar interaction under long
14N pulses, which is a critical element for indirect 14N detection
through heteronuclear correlation or polarization transfer. Notably,
Pell et al. have used the jolting frame to treat large anisotropic
paramagnetic shifts under MAS,25 as well as the 14N quadrupo-
lar interaction to obtain indirectly detected double-quantum
spectra.26
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Following the theory, three indirectly detected experiments
employing long 14N pulses will be presented: (1) 1H/14N HMQC
with dipolar recoupling applied to 1H, also commonly dubbed
D-HMQC; (2) 1H/14N HMQC using a pair of long 14N pulses
that serve for both dipolar recoupling and 14N frequency encod-
ing, which we call TRAPDOR-HMQC or simply T-HMQC, given its
similarity with the TRAPDOR experiment;18–20 and (3) 1H/14N cor-
relation using 1H→ 14N→ 1H forward-and-back polarization trans-
fer, namely, double cross-polarization (DCP). The mechanism of
each experiment will be described using the theory in the quadrupo-
lar jolting frame, and their frequency offset and rf field dependences
will be investigated.

In this work, ultrafast 95 kHz MAS is used with 1H detection to
acquire 14N spectra indirectly. Detection through protons gives high
sensitivity due to its high gyromagnetic ratio and natural abundance.
Fast MAS helps by narrowing the 1H resonances and prolonging 1H
T2 relaxation. The HMQC sequence often uses a long proton spin-
echo and therefore benefits greatly from longer T2 constants in addi-
tion to narrower line widths. As for 14N encoding, it will be shown
that the faster spinning leads to stronger effective 14N rf fields. It
should be noted that the mechanism and principles behind the three
presented experiments should also be applicable when using other
spin-1/2 “spy” nuclei such as 13C.

II. THEORY
Let us consider the following Hamiltonian in the rotating frame

for an indirectly detected 14N experiment under MAS of a two-spin
system with 14N (S) and 1H (I):

H = HQ + HD + HCS + Hrf ,
(1)

HQ = q(t)(S2
z − 2/3), HD = d(t)IzSz , HCS = ΔωSz , Hrf = ω1Sx,

where HQ, HD, HCS, and Hrf are the Hamiltonians for the quadrupo-
lar coupling, dipolar coupling, chemical shift, and rf irradiation,
respectively. Here, q(t) and d(t) are the first-order quadrupole cou-
pling and the dipolar coupling frequencies modulated by MAS,
respectively. The second-order quadrupole shift is included in the
chemical shift offset term Δω of HCS, and ω1 = γB1/2π is the angu-
lar frequency of the rf field applied along the x-axis. The MAS-
modulated components of the chemical shift anisotropy (CSA)
and second-order quadrupolar shift are much smaller than that of
the first-order quadrupole coupling and are thus not considered
here.

The quadrupolar coupling is usually the largest interaction
among all the terms in the Hamiltonian, HQ > Hrf , HCS, HD. By
going to its interaction representation described by the rotation
operator R = exp(−i ∫ t

0 HQ(t′)dt′), the rf Hamiltonian becomes

hrf = RHrfR
−1 = ω1√

2

⎛
⎜⎜⎜
⎝

0 eiφQ(t) 0

e−iφQ(t) 0 e−iφQ(t)

0 eiφQ(t) 0

⎞
⎟⎟⎟
⎠

. (2)

The lower case h is used to distinguish the Hamiltonians in the
QJF from the regular rotating frame. Here, φQ(t) is the phase

accumulation from the MAS-modulated first-order quadrupolar
coupling frequency,

φQ(t) = ∫
t

0
ωQ(t′)dt′. (3)

This periodic phase modulation can be expanded into a Fourier
series,

eiφQ(t) = ∑k ske
ikωr t , (4)

hrf = ∑k
ω1√

2

⎛
⎜⎜
⎝

0 sk 0
s∗
−k 0 s∗

−k

0 sk 0

⎞
⎟⎟
⎠
eikωr t , (5)

where the amplitude of the modulated coefficients sk satisfies the
normalization condition

∑k∣sk∣
2 = 1. (6)

The phase φQ(t) and its Fourier expansion coefficients sk are related
to the 14N NMR free-induction-decay signal and the spinning side-
bands in 14N MAS spectra for the +1 ↔ 0 transition. Equation (5)
shows that the rf Hamiltonian in the QJF becomes modulated.
The dipolar coupling and frequency offset Hamiltonians, HD and
HCS, both commute with the rotation operator, R, and thus remain
unchanged. Most importantly, the large quadrupolar coupling is
absent in the QJF.

The modulation coefficients sk of the rf Hamiltonian are of cen-
tral importance. Let us first look more closely at their phase and
magnitude before proceeding. Figure 2 shows simulations of 14N
MAS sidebands sk for the +1 ↔ 0 transition of an individual crys-
tallite. The phase of the sk sidebands varies widely, even for the
same crystallite at different starting rotor positions γ. After a pow-
der average over the rotor angle, the spinning sidebands all become
absorptive. The sideband amplitudes become |sk|2, which are much
smaller than sk as a result of phase cancellation from powder aver-
aging.27 The magnitude of the sk terms can be estimated as follows.
The spinning sideband intensities sk are negligible for kωr outside
the 14N powder pattern, so the number of sidebands with signifi-
cant intensities can be estimated to be ωq/ωr, where ωq is defined as
πCQ/2 for 14N and CQ is the quadrupole coupling constant in units
of Hertz. Hence, from the normalization condition in Eq. (6), we
obtain

∣sk∣ ∼
√
ωr/ωq, (7)

where usually |sk| ≪ 1 since ωq ≫ ωr. It is noteworthy that the
scaling parameter sk and its phase φk pertain to each individual
crystallite, which is different from and should not be confused
with the “carousel” γ-averaged sideband intensity |sk|2, as shown in
Fig. 2.

Under fast spinning, the time evolution of the periodic rf
Hamiltonian can be approximated using average Hamiltonian the-
ory by keeping only the constant term,

hrf =
ω1√

2

⎛
⎜⎜
⎝

0 s0 0
s∗0 0 s∗0
0 s0 0

⎞
⎟⎟
⎠
= ∣s0∣ω1 exp(−iφ0S2

z)Sx exp(iφ0S2
z). (8)
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FIG. 2. Simulation of 14N spinning sidebands at 95 kHz MAS for the +1
↔ 0 transition of a single crystallite with an orientation (α, β) = (0○, 45○) to
the rotor frame at various rotor phases (γ). Simulations were performed with
SIMPSON28 using quadrupole coupling CQ = 1.3 MHz and asymmetry parameter
ηQ = 0.3.

The result shows an effective Hamiltonian with the rf amplitude
scaled by |s0| and a phase shift φ0, i.e., exp(−iφ0S2

z)Sx exp(iφ0S2
z).

In powder samples, the phase φ0 varies widely among crystallites
due to the different quadrupolar coupling tensor orientations, and
powder averaging leads to phase cancellation if a long pulse is
applied, for example, in a direct excitation 14N experiment. How-
ever, when a pair of pulses are used, as in the case of the 2D exper-
iments mentioned above, the cancellation does not occur because
the relative phase between the two pulses is not affected by the
phase φ0. This is the essence of why indirectly detected experi-
ments are efficient when a pair of long 14N pulses are used. The
second reason for the high efficiencies is that the frequency off-
set from large quadrupolar couplings is absent in the QJF. Hence,
the long pulses exhibit the typical nutation behavior at a scaled rf
amplitude |s0|ω1.

The time evolution of a periodically modulated Hamiltonian
can also be treated more generally using Floquet theory. The

Floquet theorem states that the evolution operator can be expressed
with a time-independent Hamiltonian Q and a periodic operator
P(t),

U = P(t)e−iQtP(0)−1,

P(t) = ∑k Pke
ikωr t .

(9)

The operators Q and Pk can be obtained as the eigenvalues and the
eigenvectors of the time-independent Floquet Hamiltonian HF ,

HF = ∑m,n∣m⟩Hm−n + nωrδnm⟨n∣. (10)

Here, Hk is the Fourier expansion of the modulating Hamiltonian

H(t) = ∑kHke
ikωr t . (11)

Floquet theory transfers a time-dependent problem into a time-
independent one by an expansion into the Floquet space |k⟩⟨l|. Per-
turbation theory often can be used to diagonalize the matrix of the
Floquet Hamiltonian HF .

The Floquet theorem in Eq. (9) can also be expressed in a
slightly different form related to the average Hamiltonian H̄ and
periodic operator p(t),

U = p(t)e−iH̄t ,

H = P(0)QP(0)−1,

p(t) = P(t)P(0)−1 = ∑k pke
ikωr t .

(12)

When the Hamiltonian component Hk is small compared to the
spinning frequency, we have only one significant term in the diag-
onalization process, i.e., p0 ∼ I and pk≠0 ≪ 1. We can then take
the following approximation for the periodic operator p(t) and its
inverse:

p(t) = I +∑k=±1,...±∞ pke
ikωr t ,

p(t)−1 = I −∑k=±1,...±∞ pke
ikωr t .

(13)

We apply the Floquet theorem to the general case with the 14N
frequency placed near the nth spinning sideband position, the fre-
quency offset nωrSz in HCS merely shifts the indices by n in the
Floquet space for the modulating rf Hamiltonian Hk in Eq. (11).
Consequently, it changes the spinning sideband indices from s0 to
sn in Eq. (8) for the effective rf Hamiltonian

hrf =
ω1√

2

⎛
⎜⎜
⎝

0 sn 0

s∗−n 0 s∗−n
0 sn 0

⎞
⎟⎟
⎠

. (14)

The shift by nωrSz reduces the frequency offset to the nearest side-
band position to Δω − nωr, resulting in the following rotation
operator for the jolting frame and the average Hamiltonian:

R = exp(−i∫
t

0
HQ(t′)dt′S2

z − inωrtSz), (15)
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hrf = ∣
sn + s−n

2
∣ω1 exp(−iφΣS2

z)Sx exp(iφΣS2
z)

+ ∣ sn − s−n
2
∣ω1 exp(−iφΔS2

z)[SzSx + SxSz]

× exp(iφΔS2
z) + (Δω − nωr)Sz .

(16)

Here, sn and s−n are the complex intensities of the spinning side-
bands near the 14N rf frequency for the +1 ↔ 0 and 0 ↔ −1
transitions that are mirror images of each other, and φΣ and φΔ
are the phases for the sum and difference of the two sidebands sn
and s−n, respectively. This general solution encompasses the on-
resonance case in Eq. (8) with n = 0, noting that two-spin operator
term SzSx + SxSz becomes absent for the case of on-resonance 14N
pulses.

The Floquet formalism allows us to look further into the dipo-
lar recoupling during a long 14N pulse. The heteronuclear dipolar
coupling is usually averaged by fast MAS, as the modulating dipolar
coupling frequency averages to zero, i.e., ⟨d(t)⟩ = 0. The 14N rf irra-
diation introduces additional modulation to the 14N Sz spin opera-
tor, which interferes with the MAS averaging of the dipolar coupling
Hamiltonian causing recoupling. Described by the population trans-
fer during the level-crossings of 14N pulses, such a mechanism has
been used in the TRAPDOR experiment for distance measurements
with quadrupolar nuclei. Here, we derive the dipolar recoupling
using the Floquet formalism in Eq. (12),

HD = d(t)Izp(t) exp(−ihrf t)Sz exp(ihrf t)p(t)−1. (17)

Considering that the rf Hamiltonian hrf is usually much larger than
the dipolar coupling term, it is sufficient to keep only the commuting
component in the dipolar coupling Hamiltonian as the noncommut-
ing terms are effectively truncated by the rf Hamiltonian,

exp(−ihrf t)Sz exp(ihrf t) →
Tr(Szhrf )

Tr(hrf
2)

hrf . (18)

From the p(t) operator in Eq. (13), we obtain the following form of
average dipolar Hamiltonian under the 14N pulses:

HD = ∑k=±1,2

Tr(Szhrf )

Tr(hrf
2)

dkIz[hrf , pn−k]. (19)

The dipolar Hamiltonian contains the product between the mod-
ulating dipolar coupling frequency dk and the periodic Floquet
operator pn-k.

III. EXPERIMENTAL
All 1H/14N experiments were carried out at ν0(1H) = 800.1 MHz

and ν0(14N) = 57.8 MHz using an 800 MHz Bruker Avance III HD
spectrometer and a 0.75 mm MAS probe developed at the NHMFL
using a spinning assembly and rotors provided by JEOL. The
0.75 mm rotor holds approximately 290 nl of L-histidine⋅HCl⋅H2O
and can spin up to a frequency of 100 kHz. A spinning fre-
quency of 95 kHz was used for measurements. The spinning speed
was regulated to within ±5 Hz, and the recycle delay was 2 s.

The magic-angle setting was calibrated by narrowing the 14N line
width along the indirection dimension of a 2D 1H/14N J-HMQC
spectrum of the sample with small second-order quadrupolar broad-
ening. Other experimental parameters are included in the figure
captions.

IV. RESULTS AND DISCUSSIONS
A. Dipolar-HMQC

The HMQC experiment with dipolar recoupling applied on the
1H channel is shown in Fig. 1(a). The pair of 14N pulses first rotate
the Sz term of the two-spin order generated by the dipolar recoupling
into the xy plane and then rotate the transverse polarization after
the t1 evolution period back to z-axis. The 14N frequency encoded in
the two-spin coherence is converted back to Ix for proton detection
after the second half of the spin-echo. Short and strong 14N pulses
are usually used in order to cover the large frequency offsets due
to the quadrupolar coupling. The efficiency is often low as the 14N
quadrupolar coupling is an order of magnitude larger than the typi-
cally achievable rf field strength. Here, rotor-period long pulses are
used for the 14N frequency encoding.

Figure 3(a) shows the D-HMQC experimental efficiency as a
function of the 14N irradiation frequency. The efficiency is mea-
sured as the intensity ratio between the first t1-increment of the
2D experiment and a 90○-pulse excitation spectrum. The frequency
profile for L-histidine⋅HCl⋅H2O is nearly flat at around 15% with
peaks approximately at the 14N spinning sideband positions. Three
factors contribute to this overall efficiency: the proton T2 relax-
ation under dipolar recoupling, the 14N encoding efficiency, and
the interconversion between single- and double-quantum two-spin
order, i.e., the powder average of ⟨sin2[πDeff(θ,φ)τ]⟩, where Deff is
the effective dipolar coupling and τ is the mixing time. Assum-
ing that ⟨sin2[πDeff(θ,φ)τ]⟩ ∼ 1/2 in the long mixing time regime
and the relaxation factor is about 63% measured for a total mixing
time of 252 μs, the 14N encoding efficiency is estimated to be about
48%, which is remarkably high for a 14N quadrupolar pattern span-
ning ∼2 MHz. The long pulses and the scaled effective rf field can
achieve large flip-angles as long as the large quadrupolar coupling
frequency is absent in the QJF. Most importantly, the phase spread
by φ0 [Eq. (8)] does not affect the relative phase between the two
pulses and therefore causes no cancellation between the encoding
pulses. This is the main reason why high encoding efficiency can be
achieved with long 14N pulses.

It is noteworthy that for a pair of rotor-period long encod-
ing pulses, the effective t1 evolution is equal to one rotor period
for the first t1-increment. The time evolution with frequency off-
set causes cosine and sine modulation of the hypercomplex 2D data
as shown by the dashed and dotted lines in Fig. 3(a). It appears
that the cosine signal may have been improperly used in the past to
measure the frequency profile of the encoding efficiency.16 The mag-
nitude of the two should be used, and it shows a broad and flat offset
profile.

The 2D 1H/14N D-HMQC spectrum shown in Fig. 4 has an
indirect spectral window larger than the spinning frequency, and
shows no 14N sidebands. This is striking at first sight since the
single-quantum 14N coherence is subjected to the large first-order
quadrupolar coupling. This result becomes clear in the QJF in which
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FIG. 3. Dependence of 14N encoding efficiency for the 1HNδ1 site in L-
histidine⋅HCl⋅H2O as a function of 14N rf irradiation frequency (ωirr) for the (a)
D-HMQC, (b) T-HMQC, and (c) DCP experiments. The efficiency is measured by
the ratio of the proton peak intensity between the first t1 increment of the 2D exper-
iments and a π/2 one-pulse spectrum. The irradiation frequency is given in units of
the MAS frequency (ωr/2π = 95 kHz), and zero denotes the center band position.
In (a), the duration of each D-HMQC SR42

1 dipolar recoupling block was ∼126
μs (12 rotor periods), and the 14N pulse lengths used were 10.5 μs (one rotor
period). The offset dependence of the cosine and sine (or real and imaginary) of
the hypercomplex signals is shown as red dashed and blue dotted lines, respec-
tively. The solid black line shows the magnitude of the two as the measure for the
experiment efficiency. For T-HMQC in (b), the 14N pulse lengths used were each
1 ms. The efficiency is shown for 14N rf fields of 30 and 60 kHz as red dashed and
solid black lines, respectively. For the (c) DCP experiment, the duration of each
1H↔ 14N contact time was 4 ms with 1H and 14N rf field strength described in the
main text.

the large quadrupolar coupling is absent. This outcome can also be
viewed using the level crossing picture. During the long 14N pulses,
the rf action occurs mainly during the brief level crossings between
the modulating quadrupolar coupling frequency and the 14N rf
pulse. The level crossings occur periodically with the rotor period.
When the evolution time is increased by a fraction of a rotor period,
the timing of the level crossings between the two pulses remains
unchanged for most spins. Only the spins with level-crossings occur-
ring at the beginning of the first pulse have level crossings shifted
during the second pulse but by a complete rotor period. Thus,
the time evolution between the two pulses is not modulated by

the first-order quadrupolar coupling and does not create spinning
sidebands.

Figure 4 also shows a stack of 14N slices from 2D experi-
ments acquired by varying the 14N irradiation frequency ωirr. When
14N rf is placed in the middle between two neighboring sidebands,
two peaks at the neighboring sideband positions of the irradiation
frequency appear with similar intensity. This behavior is differ-
ent from typical 14N spinning sideband manifolds that spread over
the whole span of the powder pattern; only sidebands neighboring
the 14N irradiation frequency have significant intensity. These side-
bands originate from the modulating rf Hamiltonian in the QJF or,
more specifically, from the periodic evolution operator p(t) in the
Floquet theory solution. Hence, we call them “Floquet sidebands”
in the QJF. When the 14N frequency is placed near the nth side-
band, only the pn Fourier component of p(t) is dominant, result-
ing in a single 14N peak at the nth sideband position. When 14N
is placed between two sidebands, both pk components for the two
sideband indices are significant with approximately equal magni-
tude, giving rise to two peaks. In practice, the 14N offset is usually
placed near the center band or sideband positions such that the
14N peaks appear in the middle of the f 1 window. The 2D spec-
trum in Fig. 4 was acquired under such a condition and is indeed
sideband-free.

The magnitude of the effective field in the QJF ωeff
1 ∼ ∣sn∣ω1

can be estimated using Eq. (7) and expressed in terms of the spin-
ning frequency and the so-called adiabaticity parameter α that was
introduced to categorize level-crossings induced by MAS,21

ωeff
1 ∼
√
αωr ,α =

ω2
1

ωqωr
. (20)

For fast spinning and large quadrupolar interactions, the adiabatic-
ity parameter is usually in the small perturbation regime, α ≪ 1.
Figure 5 shows how the efficiency changes with the 14N rf field
strength for the D-HMQC experiment. For one-rotor period long
pulses, the efficiency peaks when the flip-angle reaches ∼90○ with
the 14N rf field,

ω1 =
1
4
√ωqωr . (21)

Thus, an adiabaticity parameter of α ∼ 1/16 is expected. The curve
in Fig. 5 for D-HMQC agrees well with the observed maximum of
ω1/2π ∼ 40 kHz; noting that ωq is defined as πCQ/2 for 14N with
CQ = 1.3 MHz for the Nδ1 site.

B. TRAPDOR-HMQC
The TRAPDOR-HMQC (or T-HMQC) experiment in Fig. 1(b)

introduces two modifications to the D-HMQC experiment. First,
the dipolar recoupling sequence is switched from the 1H to the
14N channel, bearing strong similarities to the TRAPDOR exper-
iment.18–20 Second, the long 14N pulses also serve the purpose of
14N frequency encoding. In order to better understand this exper-
iment, let us first consider the hypothetical case of a heteronuclear
J-coupled spin pair in liquids. The long rf pulses spin-lock the
14N polarization allowing the two-spin order IySz′ to develop under
J-coupling. Here, z′ is the direction of the tilted effective rf field
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FIG. 4. 2D 1H/14N D-HMQC spectrum of
L-histidine⋅HCl⋅H2O with 250 kHz spec-
tral window in F1 (left). The stack plot on
the right shows the F1 slices at the 1HNδ1
site acquired with 14N irradiation frequen-
cies denoted by arrows set at 0.0, 0.1,
0.25, 0.5, 0.75, and 1.0 times the MAS
frequency (ωr/2π = 95 kHz) with respect
to the 14Nδ1 center band position. The
result shows no spinning sideband in the
f 1 dimension.

due to frequency offset. The build-up of two-spin order is propor-
tional to the J-coupling, which is scaled by the offset of the 14N rf
field. During the t1 evolution when the 14N pulse is turned off, the
projection of Sz′ along the transverse plane starts to evolve accord-
ing to the 14N peak frequency. The evolved component after t1 is
then spin-locked again for conversion back to Ix for 1H signal detec-
tion during the second half of the pulse sequence. The angle of
the effective rf field with respect to the z-axis θ affects this experi-
ment in two important ways. First, the encoding efficiency depends
on sin2θ, so an on-resonance rf field with θ = π/2 gives the high-
est efficiency for 14N frequency encoding. Second, the J-coupling is
scaled by cosθ, so excitation and conversion of two-spin order in
the short mixing time regime are proportional to cos2θ. Therefore,
on-resonance irradiation acts as decoupling and prevents creation
of two-spin order and a null should be observed. The overall signal
intensity is proportional to sin2θ⋅cos2θ and tapers off away from res-
onance, with an optimal effective rf field that should be at 45○ to the
z-axis.

The T-HMQC pulse sequence works the same way as the hypo-
thetical experiment described above. The long 14N pulses provide
(1) dipolar recoupling and (2) 14N frequency encoding via spin-
locking with a scaled effective rf field in the QJF. On-resonance 14N

FIG. 5. Dependence of the 1H/14N efficiency for the 1HNδ1 site in L-
histidine⋅HCl⋅H2O as a function of 14N rf field strength (ω1) for the D-HMQC and
T-HMQC experiments. The efficiency was measured the same way as in Fig. 3,
and the total mixing times for the D-HMQC and T-HMQC experiments were 253
μs and 2 ms, respectively.

irradiation should be avoided as the effective rf Hamiltonian in the
transverse plane can truncate the dipolar Hamiltonian completely as
in the hypothetical case of J-coupling. Indeed, the efficiency profile
in Fig. 3(b) shows a significant on-resonance null flanked by higher
intensity that decreases away from resonance but starts increasing
again as the 14N irradiation frequency nears the first 14N sideband
positions. A small dip is seen at exactly the sideband positions but
not as deep as the on-resonance null. This is likely due to the fact
that the effective rf Hamiltonian in Eq. (14) has an additional two-
spin operator term. The inclusion of this term avoids complete
truncation of the dipolar recoupling when the 14N irradiation fre-
quency is placed exactly at the spinning sidebands. Therefore, one of
the 14N sideband positions is recommended for use in T-HMQC,
with the shift reference of the f 1 axis adjusted accordingly. The
comparison between two different 14N rf fields [Fig. 3(b)] shows
increased efficiency at higher 14N rf fields, mostly due to better dipo-
lar recoupling. Higher rf fields also affect how the angle of the effec-
tive rf field depends on frequency offset and leads to less tapering
toward off-resonant regions, but the on-resonance null remains the
same.

The T-HMQC experiment is highly efficient and sideband-free
due to the same reasons as noted above for D-HMQC (spectra not
shown). There are a few practical differences between the two exper-
iments worth mentioning. First, when heteronuclear dipolar recou-
pling is applied to the observed nucleus as for D-HMQC, it automat-
ically recouples 1H chemical shift anisotropy (CSA). The D-HMQC
experiment relies on the spin-echo to refocus the CSA, which is
sensitive to the timing between the excitation and conversion peri-
ods. Small fluctuations of the spinning speed can affect the refocus-
ing and cause t1-noise. In the case of T-HMQC, the recoupling is
applied to the indirect 14N channel, which makes the experiment
less susceptible to spinning speed fluctuations and t1-noise. A com-
parison of their 2D spectra in Fig. 6 illustrates the difference in t1-
noise. Second, for D-HMQC, the finite 14N pulse length needs to be
taken into account in the first t1-increment and compensated with
a large first-order phase correction along the indirect dimension.
The T-HMQC does not have this restriction since no t1-evolution
occurs during the long 14N pulses. Furthermore, the efficiency
curves in both Figs. 3 and 5 show a higher efficiency for T-HMQC.
These differences make T-HMQC preferred over the D-HMQC
experiment.

J. Chem. Phys. 151, 154202 (2019); doi: 10.1063/1.5126599 151, 154202-7

Published under license by AIP Publishing

https://scitation.org/journal/jcp


The Journal
of Chemical Physics ARTICLE scitation.org/journal/jcp

FIG. 6. Comparison of 2D 1H/14N spec-
tra of L-histidine⋅HCl⋅H2O acquired using
the (a) D-HMQC, (b) T-HMQC, and (c)
DCP pulse sequences in Fig. 1. The 2D
experiments were acquired with a spec-
tral width of 50 kHz and an acquisition
time of 10 ms in f 2 and 47.5 kHz and
5 ms in f 1; each spectrum took a total
experimental time of 2.2 h. The base
contours are set at 3% of the maximum
intensity in each of the 2D spectra.

Figure 5 compares the efficiency vs. rf field strength curves
between the D-HMQC and T-HMQC experiments. Both increase
with the rf field initially. The D-HMQC efficiency peaks and starts
to fall after the flip-angle by the effective rf field passes 90○. The
T-HMQC efficiency increases due to better dipolar recoupling with
an increased rf field, as implied by Eq. (17). This trend can also be
viewed in the picture of periodic level-crossings under MAS and the
transfer of population that contributes to recoupling. The popula-
tion transfer starts from small perturbations when the 14N rf field is
weak and achieves more efficient inversion as the adiabatic regime
is reached. Once the rf field is high enough to reach the adiabatic
regime, population transfer is maximized and the T-HMQC effi-
ciency plateaus (Fig. 5). The efficiency/sensitivity of T-HMQC is
significantly higher at all rf fields compared to D-HMQC. A major
contributor to the difference comes from the 1H signal attenua-
tion during the spin-echo portion of the two experiments. When
applying recoupling sequences to 1H nuclei, the T2

′ relaxation usu-
ally becomes much shorter than that observed with a conventional
spin-echo.

C. 1H/14N double cross-polarization
The HMQC type experiments utilize the z-Hamiltonian, i.e.,

the IzSz term in the J and dipolar couplings to generate two-spin
order. Heteronuclear correlation can also be established through
the xy-Hamiltonian that contains the flip and flop terms via
direct polarization transfer. In solution NMR, this can be done
by completely suppressing chemical shift differences, for example,
with isotropic mixing in the TOCSY experiment.29,30 In the solid-
state, cross-polarization is typically used, by applying spin-lock rf
fields simultaneously to both nuclei. The so-called zero-quantum
I+S− + I−S+ or double-quantum I+S+ + I−S− dipolar coupling

Hamiltonian can be reintroduced under MAS when the rf fields
satisfy the modified Hartman-Hahn condition under MAS,

ω1H − ω1N = nωr for ZQ, ω1H + ω1N = nωr for DQ, n = ±1,±2.
(22)

Figure 2(c) shows the pulse sequence used for 1H/14N heteronuclear
correlation through double cross-polarization (DCP). The key ques-
tion is how the large 14N frequency offsets affect spin-locking and
polarization transfer.

For 14N, applying a long rf pulse cannot maintain efficient spin-
lock under the MAS modulation of the quadrupolar coupling, which
is an order of magnitude larger than the rf field strength. The theory
and previous two experiments have shown that the quadrupole fre-
quency offset is indeed removed when viewed in the QJF, and the rf
field is scaled by sn and its phase spread that depends on crystallite
orientation. Without the modulating frequency offsets, spin-locking
can be achieved but along the direction determined by the phase of
sn. This phase spread causes signal cancellation and is the reason for
the poor spin-lock efficiency in the regular rotating frame. However,
the phase cancellation does not occur if two long pulses are used.
This is the essence of why high efficiency can be achieved for all
three indirectly detected 1H/14N correlation experiments including
the DCP method.

Proper rf fields and Hartman-Hahn conditions are critical to
cross-polarization. Figure 7 shows how a 1 ms 1H spin-lock behaves
with rf field strength. The rotary resonance conditions to the spin-
lock are evident at ω1H = 0.5ωr and ωr from the homonuclear dipolar
coupling and ω1H = ωr and 2ωr from the chemical shift anisotropy.
A high-order secondary resonance at ω1H = 1.5ωr is also visible.31

These conditions need to be avoided to have efficient spin-locking
for cross-polarization. Considering that a strong effective 14N rf field
is difficult to generate due to the low 14N gyromagnetic ratio and the
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FIG. 7. Proton intensities as a function of rf field strength ω1 of a 1 ms spin-lock
showing the various resonant conditions at integer and half-integer multiples of
the spinning frequency ωr/2π = 95 kHz. The arrow points to the 1H rf field used for
1H/14N DCP experiments.

sn scaling in the QJF, the ω1H + ωeff
1N = ωr DQ matching condition

with ω1H ∼ 0.8ωr was chosen for DCP experiments. Restricted by a
limited effective 14N rf field in the QJF, it is essential to use fast MAS
such that 1H rf fields with good spin-lock can be found to match
the Hartman-Hahn condition in the gaps among these resonance
conditions.

Figure 3(c) shows that the efficiency for the DCP experiment is
comparable to D-HMQC and T-HMQC. A ±10% linear ramp was
applied to the 1H rf field amplitude to compensate for mismatch
of the Hartman-Hahn condition due to rf field inhomogeneity and
the distribution of sn scaling to the effective 14N rf fields in the QJF.
The offset dependence shows that efficient DCP also occurs when
the frequency of the 14N spin-lock is applied at the spinning side-
band positions with even slightly higher intensity than at the center
band position.

The main difference between the DCP and HMQC experiments
is the T2 contribution from the observed spin (i.e., 1H) to the 14N
line width along the indirect dimension. The comparison in Fig. 6
shows clearly narrower line widths along the 14N dimension for the
DCP experiment. Multiple-pulse 1H decoupling was applied during
the t1-period to remove broadening from the J-coupling. Figure 6
also shows more cross peaks due to relayed 1H-1H transfer via spin-
diffusion during the 1H spin-lock. Relayed transfer is undesired as
it affects the direct relationship between cross-peak intensity and
1H/14N distance. It has been shown recently that the spin-diffusion
can be reduced by setting the 1H spin-lock off-resonance at the
Lee-Goldburg condition.32–34

V. CONCLUSIONS
In summary, we have shown both theoretically and experimen-

tally that long pulses can efficiently encode spin-1 nuclei like 14N
with large quadrupolar couplings under MAS. The theory derived in
the quadrupolar jolting frame (QJF) has successfully explained the
mechanism that yields high efficiency and sideband-free features of
the three 2D 1H/14N experiments. Average Hamiltonian and Floquet
theories provide a clear and simple picture for spin dynamics of long
14N pulses under MAS: a scaled effective rf field with a phase spread
and the elimination of large modulating 14N quadrupolar couplings
in the QJF. For experiments using a pair of encoding pulses, the
phase spread for powder samples does not cause cancellation and
high efficiencies can be obtained. This idea and the efficient and
sideband-free features can likely be extended to other half-integer

quadrupolar nuclei to design more efficient indirect detection and
correlation methods. Work along this direction is under way.
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