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Highly efficient heteronuclear polarization transfer
using dipolar-echo edited R-symmetry sequences
in solid-state NMR+

Lixin Liang, Kuizhi Chen and Guangjin Hou

*

In solid-state NMR, dipolar-based heteronuclear polarization transfer has been extensively used for
sensitivity enhancement and multidimensional correlations, but its efficiency often suffers from
undesired spin interactions and hardware limitations. Herein, we propose a novel dipolar-echo edited R-
symmetry (DEER) sequence, which is further incorporated into the INEPT-type scheme, dubbed DEER-
INEPT, for achieving highly efficient heteronuclear polarization transfer. Numerical simulations and NMR
experiments demonstrate that DEER-INEPT offers significantly improved robustness, enabling efficient
polarization transfer under a wide range of MAS conditions, from slow to ultrafast rates, outperforming
existing methods. Its high efficiency leads to noticeably enhanced sensitivity in both *H — X and X — H
transfers, applicable to both spin-1/2 and spin-half-integer quadrupolar nuclei. DEER-INEPT is expected
to be widely used in various systems, offering advantages in both sensitivity enhancement and structural

rsc.li/chemical-science analysis.

Introduction

As a powerful and irreplaceable technique, solid-state NMR has
been widely used for revealing the atomic level structures in
a variety of materials including liquid crystals and microcrys-
talline and amorphous solid materials. Its versatility stems
largely from the high sensitivity to the surrounding chemical
environment around nuclear spins, mediated by interactions
such as scalar, dipolar, and quadrupolar couplings.’> Among
these, the dipolar coupling interaction is of particular impor-
tance in solid-state NMR, linking two spins through a direct
dipole-dipole interaction. The strength of this interaction,
defined by the dipolar coupling constant (DCC), depends on the
gyromagnetic ratios (y) of the coupled spins and their distance,
DCC « +v,v,/7*, making it a critical parameter for structural
studies. Furthermore, the anisotropic nature of dipolar
coupling, which can be reduced or even averaged out by
molecular motions, offers valuable insights into the dynamic
behavior of materials.***

One of the key applications of the dipolar coupling interac-
tion is its role in heteronuclear polarization transfer, where the
polarization from a high-y spin (e.g., "H/*°F, denoted as I) is
transferred to a low-y spin (e.g, ">C/*’0O/*°N, denoted as S). This
process enhances the detection sensitivity of low-y nuclei and

State Key Laboratory of Catalysis, Dalian National Laboratory for Clean Energy,
Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Zhongshan Road
457, Dalian 116023, China. E-mail: ghou@dicp.ac.cn

(ESI) available. See DOI:

+ Electronic  supplementary information

https://doi.org/10.1039/d4s5c07965¢

© 2025 The Author(s). Published by the Royal Society of Chemistry

facilitates the establishment of multi-dimensional NMR corre-
lation spectroscopy, being site-specific and encoded with
internuclear distances, and hence provides valuable informa-
tion for materials sciences.”™*

Efficient polarization transfer becomes even more important
for quadrupolar nuclei (spin >1/2), since they constitute over
75% of the elements in the periodic table and are widely present
in materials such as oxides, zeolites, metal-organic frame-
works, etc.>">'® However, achieving efficient transfer involving
quadrupolar nuclei is challenging due to the complex spin
dynamics involving both central (CT) and satellite transitions
(ST), which are further complicated by the mutual interferences
arising from unavoidable hardware imperfections and
unwanted spin interactions.

Currently, most solid-state NMR experiments are conducted
under magic-angle spinning (MAS) to achieve high spectral
resolution. Conventional methods, such as CPMAS (Cross
Polarization under MAS) routinely used for spin-1/2 systems
(*H, *C, N, '°F, ?si, etc.), often exhibit limited efficiency for
quadrupolar nuclei because of the high sensitivity to radio-
frequency (rf) inhomogeneity and the ineffective spin-locking of
quadrupolar magnetization under MAS."”' For polarization
transfer between one spin-1/2 nucleus and one half-integer-spin
quadrupolar nucleus, a simple strategy is to minimize the
number of rf pulses on the quadrupolar nucleus and to use soft
CT-selective pulses for only manipulating the central transition.
Accordingly, through-space polarization transfer can be estab-
lished by applying heteronuclear dipolar recoupling sequences
on the spin-1/2 nucleus, while applying only a few /2 and/or
pulses on the quadrupolar nucleus.?**® The most representative
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approaches include D-RINEPT (Dipolar-based Refocused
Insensitive Nuclei Enhanced by Polarization Transfer)**2¢ and
PRESTO (Phase-shifted Recoupling Effects a Smooth Transfer of
Order),?”*® which employ zero-quantum and single-quantum
heteronuclear dipolar recoupling sequences, respectively.
Among these, D-RINEPT is more versatile than PRESTO since it
allows both forward (I — S) and backward (S — I) transfers.
However, the transfer efficiency of the D-RINEPT sequence is
hampered by the delays in spin echoes, particularly at slow MAS
frequencies.*® Moreover, the dipolar recoupling sequences used
in D-RINEPT, such as R’ and SR4,%*/RN,” symmetry-based
sequences, often exhibit unstable performances due to the
aforementioned interferences.***”>*-33

In this contribution, we introduce a novel approach, termed
DEER-INEPT (dipolar-echo edited R-symmetry INEPT), which
combines PMRR (phase-modulated rotary resonance) recou-
pling®* and a unique dipolar-echo design. This new scheme
enables highly efficient polarization transfer between spin-1/2
and quadrupolar nuclei. DEER-INEPT is adaptable to a wide
range of MAS conditions, from slow to ultrafast spinning speed.
Through comprehensive numerical simulations and experi-
ments across various spinning speeds (10-60 kHz), we
demonstrate the high robustness and superior transfer effi-
ciency of DEER-INEPT. The high efficiency not only provides
better sensitivity enhancement, but also allows efficient acqui-
sitions of multidimensional correlation spectra, as exemplified
by 2D 'H-"'Ga and 'H-*’Al DEER-INEPT correlation
experiments.

Experimental
Materials

Ammonium dihydrogen phosphate (NH,H,PO,, ADP) was
purchased from Shanghai Macklin Biochemical Technology
Co., Ltd and used without further treatment; NaCl was
purchased from Sinopharm Chemical Reagent Co., Ltd and was
baked at 383 K for 3 h; y-alumina was purchased from Alfa
Aesar and used without further treatment; Ga(acac); was
purchased from Shanghai Yuanye Bio-Technology Co., Ltd and
used without further treatment. HY zeolite was purchased from
Alfa Aesar and heated under vacuum at 673 K for 6 h and then
loaded in a 3.2 mm rotor in a glove box filled with Ar.

Solid-state NMR experiments

"H — *'P polarization transfer experiments in ADP were used for
revealing the effect of rf inhomogeneity on DEER-INEPT and
SR4-D-RINEPT. The ADP powder was packed to 1 mm thick and
located in 11 different positions in a 4 mm rotor (as shown in
Fig. 2), while the rest of the rotor volume was packed with NaCl.
NaCl was dehydrated at 383 K in an air oven. The rotor was spun
to 10 kHz, with a 4 mm HX WVT probe in an Avance NEO 400
Bruker spectrometer with a 9.4 T Oxford magnet. For both DEER-
INEPT and SR4-D-RINEPT, the rf amplitudes of 'H /2 excitation
pulses were 59.5 kHz, and those for *'P pulses were 64 kHz. For
DEER-INEPT (f,, = 0) and SR4-D-RINEPT, rf amplitudes (v;) of
PMRR and SR4 were both 20 kHz, while v; = 80 kHz was used for
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DEER-INEPT (f,, = 0.75). For all 'H — *'P experiments, the total
duration for dipolar recoupling (mixing time) was 0.4 ms from
optimization, and 1.0 s recycle delay was used.

The experiments with y-Al,03, Ga(acac); and HY zeolite were
performed on an 18.8 T Avance NEO Bruker NMR spectrometer,
with a 3.2 mm HX probe for 10-20 kHz MAS and 1.3 mm HX
probe for 40-60 kHz MAS. The parameters used in these
experiments are summarized in Tables S1-S3.}

Simulations

All simulations are performed using the SIMPSON (v2.0) soft-
ware. In the simulations of stability under rf mismatch and
'"H-'H dipolar coupling, the spin systems are nonlinear
N-'H---'H and tetrahedral ">N"'H,, where all ">N-'H dipolar
couplings are 4.0 kHz. In the nonlinear >N-"H---"H spin system,
the second 'H is not coupled to >N and the angle 2 "H"’N'H =
144.75°. In the ">N"H, spin system, all 'H are coupled to *°N and
each 'H is coupled to the rest three 'H spins. For calculating
power averaging, the numbers of y-angles are set between 10 and
20, and the numbers of («, §)-angles are 100, using REPULSION
partition scheme. In the comparisons between DEER-INEPT and
SR4-D-RINEPT, both sequences use identical recoupling time. All
interferences, e.g., rf mismatch, offset, chemical shift anisotropy
(CSA) and homonuclear dipolar coupling, are only set to "H spin,
for which magnetization starts at the x direction. All simulated
transfer efficiencies are normalized by the maximum value from
an identical spin system with no interference.

For simulating the stability of DEER-INEPT with varied
window modification, the spin system and simulation param-
eters are kept identical to those described above. Since larger
window modification leads to a larger scaling factor of PMRR
and, consequently, faster polarization transfer, the transfer
efficiencies are normalized using the maximum value with an
identical spin system and window modification without any
interference.

Results and discussion

The core design of DEER-INEPT is the use of two dipolar-echoes
that replace the two spin-echoes in conventional D-RINEPT. As
shown in Fig. 1a—c, the two dipolar echoes are placed before and
after the central 7/2-pulses. As the heteronuclear dipolar
recoupling also reintroduces CSA of the irradiated spin, both
types of echoes can refocus the CSA and allow the heteronuclear
dipolar interactions alone to mediate the transfer.

In the conventional D-RINEPT, such as the version shown in
Fig. 1c using SR4,” dipolar recoupling (SR4-D-RINEPT), delays 1;
({ = 1, 2, 3) are incorporated into the two spin-echoes to
compromise between rotor synchronization of the recoupling
sequence and the finite length of the refocusing = pulses.***®
However, these delays, with each duration being ca. one rotor
cycle (z,), are detrimental to polarization transfer efficiency
because they cause redundant transverse relaxation (7,) decay
and allow free evolution of interferences.*

The dipolar-echo, on the other hand, can circumvent the use
of such delays. As discovered by Gan et al., *>*° a central delay in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The pulse scheme of (a) DEER, (b) DEER-INEPT with and without window modification and (c) SR4-D-RINEPT scheme where the
repetitive unit of the SR4 sequence is [, 7_,m,m_ l[w_,m,_,m ] spanning 27,.. The white/grey/brown rectangles denote 7-pulses with different
phases, and the blue rectangles denote the 7t/2-pulses used to transfer the magnetization. The 7/2-pulses marked by black triangles in (b) have
the same rf amplitude as their neighbouring m-pulses. In (c), 11 = tr, T2 = TR — /2, T3 = TR — Tx/2/2, and total delay is ca. 81, for rotor-
synchronization with finite durations of 7t- and 7/2-pulses. (d—f) The simulated polarization transfer efficiency of *H — *°N for DEER-INEPT as
functions of rf mismatch, offset and *H-'H homonuclear coupling, compared with SR4-D-RINEPT. Simulations in (d) and (e) were performed at
60 kHz MAS and (f) at 20 kHz MAS. More details of simulations are described in the ESI.}

the rotary resonance recoupling can invert the sign of the
recoupled anisotropic spin interactions, provided that the delay
has the same duration as that of the m-pulse. During this central
delay, the heteronuclear dipolar Hamiltonians continue to
evolve and are inverted by the physical rotation (i.e. MAS) of
rotor, allowing an echo to occur. A similar refocusing effect,
named rotational-echo, can also be found in the REDOR
method proposed by Gullion et al® Given that the PMRR
sequence is based on the rotary resonance phenomenon,**
a dipolar-echo can therefore be constructed by shifting the -
pulses by 7,/8 and omitting the central and the last w-pulses, as
illustrated in Fig. 1a. The I-S dipolar coupling (I,S,) is then
restored using a central m-pulse applied on S spin. Note that in
DEER-INEPT, the central 1/2-pulse (marked by black triangles
in Fig. 1b) on spin I is not only used to transfer the magneti-
zation from I to S nuclei, but also a part of the recoupling
scheme. Hence, it must have the same rf amplitude as other -
pulses, resulting in a duration of 7,/8. As a consequence, there is
no need in DEER-INEPT to introduce additional intervals to
maintain the rotor-synchronization of the recoupling sequence
(Fig. 1b). In contrast, a total delay of ca. 81, is used in the SR4-D-
RINEPT scheme (Fig. 1c).

In addition to its more compact design, DEER-INEPT can be
adapted to a wide range of MAS conditions by using an
adjustable window in the PMRR recoupling. For example, at
slow spinning speed, PMRR with a large window can perform
more efficiently than that without a window, as it effectively

© 2025 The Author(s). Published by the Royal Society of Chemistry

suppresses interferences such as homonuclear dipolar
couplings. The window modification can be described by the
window fraction f,,, which is the total window duration () in
one rotor period (t,) of PMRR recoupling, i.e., fo, = T/7.>*

Fig. 1d and e show the numerical simulations using SIMP-
SON software®*?® comparing DEER-INEPT to SR4-D-RINEPT in
terms of rf mismatch and offset at 60 kHz spinning speed. As
the results indicate, under varying rf mismatch and resonance
offset (Fig. 1d and e) at 60 kHz MAS, DEER-INEPT (f,, = 0) shows
significantly higher stability than SR4-D-RINEPT. Specifically,
the former can maintain >50% transfer efficiency with rf
mismatch ranging from —64% to + 33% (corresponding to rf
amplitudes from 44 to 160 kHz) and resonance offset up to 28
kHz. The higher robustness to rf mismatch and offset can make
DEER-INEPT more efficient across larger sample volumes and
across wider bandwidth. In contrast, SR4-D-RINEPT is much
less robust under these conditions. Improvements are also
observed when multiple interferences exist simultaneously,
such as rf mismatch combined with "H-"H coupling, or reso-
nance offset combined with CSA, as shown in Fig. S1.7 These
significantly improved performances of DEER-INEPT can be
attributed to continuous spin lock on "H spin during the entire
polarization transfer process (see detailed discussion in the ESI
Fig. S2 and S37), a feature that is not achievable with SR4-D-
RINEPT due to interruptions caused by delays t,. However, SR4-
D-RINEPT is compatible with frequency selective transfer,*
whereas DEER-INEPT can only achieve broadband transfer, as
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the sign inversion in the dipolar-echo is achieved by sample
rotation which is inherently frequency non-selective.

Another crucial interference in "H-X polarization transfer is
homonuclear (*H-"H) dipolar coupling. Strong "H-'H dipolar
coupling can be destructive to transfer efficiency, especially at
slower spinning speed. As shown in Fig. 1f, at 20 kHz MAS, large
window modification (f,, = 0.5) for DEER-INEPT reduces the
efficiency loss to only 15%, compared to a 70% loss for DEER-
INEPT (f,, = 0) and SR4-D-RINEPT. Similar results can be ob-
tained in a proton-bath (tetrahedral '’NH,) spin system, as
shown in Fig. S4.f The simulations indicate that, in real
experiments, larger f,, is always preferred for minimizing the
interference from 'H-'H dipolar coupling. The improved
stability with larger f,, comes from enhanced performances of
windowed PMRR recoupling sequences.*® In the following,
experiments on proton-rich samples will further reveal that,
with enhanced stability, DEER-INEPT can produce significantly
stronger signal intensity, even though these two methods
possess identical theoretical transfer efficiency (0.52v;/ys for I
— S transfer).

First, the stability and transfer efficiency of the DEER-INEPT
scheme are examined in model samples with 1/2-spin pairs,
including "H — *'P in ammonium dihydrogen phosphate
(ADP) and "H — “*C in ’C,-glycine, as presented in Fig. 2. To
evaluate the impact of rf inhomogeneity from the detection coil,
the samples in rotor were packed at different fixed positions
along the rotating axis. At a slow MAS frequency of 10 kHz, 'H
— 3P polarization transfer experiments on ADP reveal signifi-
cantly enhanced efficiencies of DEER-INEPT over SR4-D-
RINEPT, across a large volume of sample. A large window
fraction (f,, = 0.75) leads to further enhanced *'P signal inten-
sity, as clearly demonstrated in Fig. 2a. For the centrally packed
ADP sample, the *'P signal intensities from DEER-INEPT with f;,
= 0 and f, = 0.75 are 7.8 and 16.3 times higher, respectively,
than those with SR4-D-RINEPT. These large enhancement
factors are likely attributed to two factors: first, the removal of
delays t; discussed above, which eliminates redundant T,
relaxation decays; second, large windows, which elevate the rf

(a) '"H—>*P, 9.4 T, 10 kHz MAS
-~ DEER-INEPT (f.= 0.75)
-=-DEER-INEPT (.= 0)
—a-SR4-D-RINEPT

(b) *H—cC, 18.8 T, 60 kHz MAS
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Fig. 2 Comparisons of experimental transfer efficiencies of DEER-
INEPT, SR4-D-RINEPT and PRESTO. (a) *H — *'P transfer in ADP with
the sample packed at different rotor positions; (b) *H — *C transfer in
13C,-glycine with varying 'H resonance offset. The methods, MAS
frequencies and magnetic fields are denoted in each figure. The details
of NMR experiments are provided in the ESI.{
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amplitude and effectively suppress the undesired interferences
from rf mismatch, resonance offset and others.

Next, the performance with the presence of "H-'H dipolar
coupling and offset is evaluated, via "H — **C transfer in *C,-
glycine at an ultrafast MAS rate of 60 kHz, as demonstrated in
Fig. 2b. In this case, the enhancement factor of DEER-INEPT is
reduced to 1.4. This lower enhancement factor is understand-
able because at higher spinning frequencies, the 7; delays in
SR4-D-RINEPT become shorter and less harmful to transfer
efficiency. However, in the presence of strong 'H-'H dipolar
coupling (e.g. 18 kHz in the CH, group), the transfer efficiency
of SR4-D-RINEPT decreases rapidly with increasing 'H offset. A
50% drop in *C signal intensity is observed as the 'H offset
equals 9 kHz, and the signal is barely detectable with an offset
over 16 kHz. In contrast, DEER-INEPT maintains 50% transfer
efficiency with 41 kHz "H offset, and yet, still retains 31% signal
intensity at 100 kHz offset. Similar trends of 'H — *'P transfer
efficiency in 'H offset tolerance are observed in the ADP sample
at 10 kHz MAS, as presented in Fig. S5.1 The enhanced stability
to offset is especially important in high magnetic fields, or for
nuclei with a broad chemical shift range, such as '°F and *'P.

To evaluate the performance of DEER-INEPT in quadrupolar
spin systems, the polarization transfers from 'H to *’Al, "'Ga,
and 7O are examined in y-Al,0;, Ga(acac); and Ca(*’OH),,
respectively. As shown in Fig. 3a and b, DEER-INEPT consis-
tently outperforms both SR4-D-RINEPT and PRESTO across
MAS rates ranging from 10 to 60 kHz, in both forward
(*H — *’Al) and reversed ("'Ga — 'H) transfers. The transferred

(a) 'H—>=Al
[JDEER-INEPT(f. > 0) [I] SR4-D-RINEPT
[CJDEER-INEPT(f. = 0) [JPRESTO

(b) "Ga—>H
[JDEER-INEPT(f. > 0) [I] SR4-D-RINEPT
[JDEER-INEPT(f. = 0)
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Fig. 3 (a) 'H — ZAl transfer in y-ALOs and (b) "*Ga — H transfer in
Gaf(acac)s under various MAS conditions. (c) {*H}”O NMR spectra by
various methods in O enriched Ca(OH),. (d) 2D *H-"*Ga correlation
spectrum of Ga(acac)s via "*Ga — *H as in (b). (€) Column projections
showing 7Ga spectra extracted at 6iso(*H) = 2.2 ppm in (d), in
comparison with the one-pulse "*Ga NMR spectrum. The 1D NMR
spectra in (a and b) and 2D SR4-D-RINEPT spectra for comparisons in
(d and e) are presented in the ESI.T The experiments are operated at
18.8 T, and (c and d) are operated at 20 kHz MAS. The NMR spectrain (a
and b) are presented in Fig. S7.1

© 2025 The Author(s). Published by the Royal Society of Chemistry
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signal intensities with DEER-INEPT are 1.3-5.9 times greater
than those with SR4-D-RINEPT, depending on the sample and
MAS frequency. Generally, higher transfer efficiencies are ob-
tained with larger f,, and larger performance differences are
observed with lower spinning speeds. The most significant
improvements are observed under slow MAS conditions (10-20
kHz) with larger windows (f,, = 0.5). This trend of transfer
enhancement is universal regardless of the transfer direction,
as similar results are observed in the reversed transfer experi-
ments (i.e., "H — 7'Ga and *’Al — 'H, Fig. S67).

In addition to improving the transfer efficiency, DEER-INEPT
also performs better in preserving the intrinsic quadrupolar
lineshapes in which the valuable bonding or coordinating
information is encoded. Apart from the direct acquisition via
'H — X transfer, e.g. "H — O in Fig. 3c, indirect (proton)
detection is preferred for samples possessing a long "H longi-
tudinal (T;) relaxation, as in the "'Ga — 'H experiments pre-
sented in Fig. 3d and e. Superiority is most pronounced in the
case of '"H — O transfer, in which the '70 lineshape obtained
by DEER-INEPT is nearly identical to that from a one-pulse *’
NMR experiment, whereas those acquired by PRESTO and SR4-
D-RINEPT are severely distorted. In the proton-detected 2D "*Ga
— 'H experiment (Fig. 3d), the quadrupolar lineshapes of the
“'Ga nucleus can be extracted along the indirect dimension. As
shown in Fig. 3e, the "'Ga signal by DEER-INEPT not only has
higher S/N than that by SR4-D-RINEPT (92 versus 39), but also
a lineshape closer to that of the one-pulse "'Ga spectrum.
According to the above simulations, the better preservation of
quadrupolar lineshapes from DEER-INEPT is likely due to
a more homogeneous and less interfered transfer process. The
high efficiency and well-preserved lineshapes are important for
material research. Indeed, they allow for a more accurate
determination of structural and dynamics parameters, such as
the quadrupolar coupling constant (QCC) and asymmetry
factor.

The examples presented above, although using standard
samples, clearly revealed the robustness and high transfer effi-
ciency of DEER-INEPT under complex conditions, such as
proton-rich environments, a broad range of MAS rates, and both
forward and backward polarization transfers. To further high-
light its practical utility, we demonstrate the DEER-IENPT's
performance with a more realistic material, HY zeolite, a solid-
acid catalyst extensively used in industry. The exact structure of
its active sites, i.e., precise protonic species in Brgnsted acid sites
(BAS, Si-OH-Al) and defects (SiOH, AI-OH), are not clear to
date.**** HY zeolite in the dehydrated form was chosen due to its
dense proton environment and strong "H-'H dipolar couplings
among the protonic species,** in which *’Al — 'H transfer was
used for the benefit of proton detection. Fig. 4 compares the
sensitivity enhancement of 1D and 2D DEER-INEPT spectra over
SR4-D-RINEPT, recorded at a MAS rate of 20 kHz. Overall,
a 1.5-fold sensitivity increase is obtained, as shown with the 1D
spectra in Fig. 4a. Notably, Fig. 4a-c reveal a new signal at
8.2 ppm using DEER-INEPT, which was not detected by SR4-D-
RINEPT or SR4-D-HMQC (Fig. S81). This discrepancy likely
indicates a complex hydrogen-bonding environment with strong
homonuclear "H-'H dipolar coupling for such a species. In
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Fig. 4 Experiments on dehydrated HY zeolites. (a) 1D *H{?’Al} spectra
and deconvolution of the *H signals. The proton-detected 2D *H-?’Al
correlation spectra from (b) DEER-INEPT (f,, = 0.5) and (c) SR4-D-
RINEPT. (d) H-?’Al distance measurements by fitting the signal
buildup curves at 8iso(*H) = 3.6 ppm. The experiments are operated at
18.8 T and 20 kHz MAS, with details provided in the ESI.{

addition, given the correlated *’Al signal at ca. 60 ppm, this
species can be unambiguously attributed to tetrahedrally coor-
dinated Al species surrounded by defect structures such as Al-
OH or Si-OH, which are of general interest in the catalysis
field.**¥ Furthermore, the "H->"Al DCCs are measured vig fitting
the buildup curves with increasing recoupling times (Fig. 4d and
S91). The "H-*’Al DCCs measured by DEER-INEPT agree well
with the previously reported results in BAS of low acid density
zeolites (2.0 kHz and 2.5 A internuclear distances®®"). In
contrast, the SR4-D-RINEPT scheme is subject to the interfer-
ences of strong '"H-'H dipolar coupling at such MAS rates,
leading to overestimated *H-?"Al distances (~2.70 A).

Conclusions

The DEER-INEPT sequence, developed for efficient hetero-
nuclear polarization transfer between spin-1/2 and quadrupolar
nuclei, presents significantly improved performance over
existing methods such as SR4-D-RINEPT and PRESTO. Numer-
ical simulations reveal that the dipolar-echo design and
windowed PMRR recoupling sequence can efficiently suppress
the common interferences in DEER-INEPT, including rf inho-
mogeneity, resonance offset and homonuclear dipolar
coupling. As verified on various proton-rich samples involving
'H-X spin pairs (X = **C, *'P, 70, *’Al, "*Ga), DEER-INEPT
achieves polarization transfer efficiencies from 1.4 to 16 times
greater than those from conventional SR4-D-RINEPT and
PRESTO methods, across a wide range of MAS frequencies from

Chem. Sci., 2025, 16, 2251-2257 | 2255


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc07965e

Open Access Article. Published on 21 December 2024. Downloaded on 4/2/2026 2:24:34 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

10 kHz to 60 kHz. This method is particularly advantageous at
relatively slow MAS rates (=20 kHz), where an adjustable
window modification can further improve the performance.
Additionally, DEER-INEPT yields distortion-free quadrupolar
lineshapes in both direct and indirect detection of half-integer-
spin quadrupolar nuclei. Its successful application in HY zeolite
underscores DEER-INEPT's versatility and effectiveness for site-
selective spectral editing, multi-dimensional correlation spec-
troscopy, and precise distance measurements, positioning it as
a powerful tool for exploring local structural details in a wide
variety of solid materials.
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