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ABSTRACT: An efficient experiment for '"H/'’O heteronuclear correlation is
presented, combining forward-and-back cross-polarization and low-power cosine
multiple-quantum magic-angle spinning methods. Double cross-polarization
(DCP) is compared with the heteronuclear multiple-quantum correlation
(HMQC) method. Both experiments are applicable in instances of enhanced
proton polarization such as with dynamic nuclear polarization. Under fast magic-
angle spinning, cross-polarization becomes a viable method for polarization
transfer and provides an order of magnitude enhancement over HMQC. In
particular, it is observed that faster sample spinning opens up regions of rf fields
optimal for spin-locking and cross-polarization with much less T, signal loss. The
incorporation of multiple-quantum magic-angle spinning enables high '"O
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isotropic resolution via proton detection.

S olid-state nuclear magnetic resonance (NMR) spectrosco-
py is a powerful technique for the structural character-
ization of nonliquid compounds. A particular useful feature of
solid-state NMR is its ability to identify proximities between
nuclei of distinct atomic numbers, i.e., heteronuclear
correlation (HETCOR)." HETCOR forms an integral
component of many NMR methods and is used to great effect
in structural biology and chemical applications.”” The most
common method for obtaining such correlations is by transfer
of polarization between the different species through cross-
polarization magic-angle spinning (CPMAS).* CPMAS per-
forms impeccably when both nuclear species involved have
spin quantum numbers I = 1/2. However, when one of the two
species is a quadrupolar nucleus (i.e., nuclei with I > 1/2), the
performance of CP has typically been rather unsatisfactory,
largely owing to the inability to efficiently spin-lock
quadrupolar nuclei under magic-angle spinning (MAS)
because of the large difference in magnitude between the
quadrupolar coupling (v) and the applied f field (v,), i.e, 14
> 1,.°7'? Nevertheless, the ability to characterize quadrupolar
nuclei is of great interest because of their ubiquity, making up a
large majority of the NMR observable nuclei in the Periodic
Table. A particularly interesting target of study in biological
systems are the oxygen atoms, which play an integral role in
the structure and functions of proteins.11 Therefore,
correlation methods between I = 1/2 and quadrupolar nuclei
have been developed that, in contrast to CP, apply lengthy
pulses only to the I = 1/2 nuclei, such as dipolar heteronuclear
multiple quantum coherence (D-HMQC)'*"® and dipolar
refocused insensitive nuclei enhanced by polarization transfer
(D-RINEPT)."* Aside from the relative difficulty of polar-

© 2025 American Chemical Society

WACS Publications

7036

ization transfer to and from quadrupolar nuclei, they also
display additional anisotropic broadening caused by quadru-
pole coupling, which is not present for I = 1/2 nuclei. It is
therefore desirable to develop a HETCOR experiment that can
not only provide efficient polarization transfer but also
averages out the broadening of the quadrupolar nuclei to
achieve isotropic site resolution. To this end, there have been
reports of experiments combining HETCOR with multiple-
quantum magic-angle spinning (MQMAS) and satellite-
transition magic-angle spinning (STMAS), methods that
average the quadrupolar broadening.'>™*'

The past couple of decades have seen a significant advance
in magic-angle spinning (MAS) technology, allowing experi-
ments to be performed routinely at frequencies at or above 40
kHz, even reaching 200 kHz.*>~>° This progress has led to an
outburst of work toward using indirect 'H detection for solid-
state NMR spectroscopy in a similar fashion as is commonly
employed for NMR of liquids. Faster sample spinning leads to
significantly improved line widths and site resolution due to
better averaging of homonuclear 'H dipole coupling. And just
as for solutions, indirect 'H detection typically provides an
enhancement in sensitivity compared to direct detection of the
target nuclei.”**” Given these advantages, it is of interest to
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develop 'H-detected experiments under fast MAS (>40 kHz)
with indirect isotropic observation of quadrupolar nuclei.

It is relevant to note here that the routes of polarization
transfer for the aforementioned D-HMQC and D-RINEPT
methods differ. The polarization starts from the source nuclei
S, transit through the recipient nuclei R, and return to S for D-
HMQC (ie, S &> R — S), whereas only a single S - R
transfer occurs for D-RINEPT just as with conventional one-
step CP transfer. Experiments that utilize a single S — R
transfer for indirect isotropic observation of quadrupolar nuclei
developed at slower MAS frequencies'>™""*%*" have been
adapted straightforwardly for fast MAS 'H-detection.”*™’
However, reports of similar experiments using forward-and-
back (S - R — S) polarization transfer have been rather
scarce, with only a couple of very recent entries that are
applicable only to I = 3/2 nuclei.’"** This work aims to
expand the latter type of experiments to half-integer
quadrupolar nuclei with I > 3/2.

One may be inclined to ask why such an endeavor would be
worthwhile. The NMR spectra obtained are essentially the
same regardless of which polarization transfer scheme is used,
S — Ror S — R — S. However, the signal-to-noise ratio (s/n)
of the spectra achievable per unit of time can be drastically
different. The optimal choice between S - Rand S - R — S
experiments depends strongly on the T, relaxation of both
nuclei, and the initial polarization of the S nuclei. If we take for
example the pair of nuclei '"H and 'O, it can often be
preferable to perform experiments that begin from 'O
polarization (ie, '"O — 'H) because, although the initial
polarization of 'H nuclei is greater than '"O by the ratio of
their gyromagnetic ratios (ie, Y'u/v7o ~ 7.4), 70 T,
relaxation is often orders of magnitude faster than 'H T, due
to very efficient 7O quadrupolar relaxation. Thus, a better
sensitivity can be obtained as long as T;("H)/T,(*’0) > (y'y/
¥70)* ~ 55, which is typically a valid assumption in our
experience. However, this condition is reversed in cases where
(1) the quadrupolar T; relaxation is slowed, for example, at low
sample temperatures or (2) 'H polarization is enhanced by
methods such as dynamic nuclear polarization (DNP).****
Two S = R — S experiments are examined here for indirectly
detected isotropic "H/'’O correlation. In both cases a split-t;
cos-lpMQMAS**** block is used on the 7O channel to
achieve isotropic evolution. For the 'H — O — 'H
polarization transfer, the TRAPDOR variant of HMQC (also
known as T-HMQC)*"** and forward-and-back cross-polar-
ization (also known as double CP, or DCP) are employed.
Notably, the D-HMQC method is avoided due to its
susceptibility to MAS frequency fluctuations (which causes
significant ¢,-noise) and the complexities involved in alleviating
said t,-noise.***!

The pulse sequence diagrams and coherence transfer
pathways for the two experiments, denoted as “°T-HMQC
and *°DCP, are shown in Figure 1. One notes that the pulsing
scheme for the 17O channel is the same for both experiments:
long pulses for '"H <> 7O polarization transfer that sandwich a
pair of “composite” pulses consisting of a central-transition
(CT) selective z-pulse and a satellite-transition (ST) selective
"m-pulse” (green cosine pulses). The two composite pulses
induce a change in coherence order of Ap = +4 required for
MQMAS of I = §/2 nuclei and are crucial to the efficiency of
the experiments.36 The t, evolution is incremented following
the split-t; method** used in MQMAS experiments to average
the second-order quadrupolar broadening, i.e., for I = 5/2 (a =
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Figure 1. Pulse sequence schematics for the (top) **T-HMQC and
(bottom) **DCP experiments along with a diagram of the coherence
transfer pathways selected for the 'O nuclei. Split-t; evolution is used
to obtain isotropic 7O evolution with the following spin quantum
number dependent parameters: [ = §/2 (a = 19/62, b = 12/62), I =
7/2 (a = 101/292, b = 45/292), and I = 9/2 (a = 91/254, b = 36/
254). The cogwheel phase cycle*** for **T-HMQC is ¢, = ¢, = @5 =
@s=0, @3 =2n-18, @, = 3n-18, @y, = n-180, and for **DCP, it is ¢, =
90, ¢, = 180, @3 = 2n-18, ¢, = 3n-18, P5 = P¢ = 0, Py, = n-180, where
n =0, .., 19. In both cases, hypercomplex acquisition is performed by
decrementing @5 and ¢4 simultaneously by 30°.

19/62,b=12/62),1=7/2 (a=101/292,b =45/292),and I =
9/2 (a=91/254, b = 36/254). For the sake of completeness, it
is noted that these experiments can also be applied to I = 3/2
nuclei by removing the CT-selective 7-pulses, selecting the Ap
= +2 coherence pathways, and using a = 7/32 and b = 9/32
during t, evolution. The **T-HMQC and *°DCP methods
differ primarily in the applied 'H pulses—a spin—echo for T-
HMQC compared to two CP spin-lock pulses for DCP—but
also in the O rf amplitude (v;) used for 'H < 'O
polarization transfer; the CP matching condition requires
much lower rf power than T-HMQC.

All experiments were performed on a sample of 99% *C and
~40—45% '"O-enriched calcium oxalate monohydrate (COM)
prepared as previously reported,” at a magnetic field of 14.1 T
using a Bruker Avance NEO spectrometer and a Bruker 1.3
mm HXY MAS probe. A 50 kHz sample spinning frequency
(v,) was used throughout except where noted in Figure 3. Each
T-HMQC TRAPDOR pulse was applied to 7O for 500 us at
an offset of —200 kHz and rf field amplitude of v; ~ 190 kHz
to achieve '"H—""0 dipolar recoupling. While each 'H « 7O
CP step used a contact time of 6 ms, and 'H and 7O v, of
0.25v, and 0.75v,/3, respectively, noting that the nutation
frequency v, for the CT of I = 5/2 nuclei such as 7O is
related to v, by vy, = (I + 1/2)v; = 3v,.*° Both the CT- and
ST-selective 'O z-pulses had durations equal to one rotor
period to maintain rotor synchronization of the total t;
evolution; this is particularly important for the T-HMQC
experiment, where otherwise a number of spinning sidebands
are observed in the indirect dimension. The CT-selective 7-
pulses were applied on-resonance with v, ~ 8.3 kHz. The
cosine pulses that aim to serve as double-frequency 7O ST-
selective “m-pulses” were applied with v, ~ 40 kHz and
amplitude-modulation equivalent to frequency offsets of +550
kHz. It should be noted that the efficiency of the desired |+1/
2) <> |+3/2) ST inversion under the experimentally optimized
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rf field and offset is likely far from that of an ideal ST z-pulse
due to the presence of the two sets of satellite-transitions (i.e., |
+1/2) < |4+3/2) and 1+3/2) < |4+5/2)) in I = 5/2 7O nuclei
and their large frequency distribution.

The efficiency of the **T-HMQC and *°DCP experiments is
assessed by acquiring one-dimensional (1D) spectra with t;
0. Such 'H-detected spectra are shown in Figure 2a for a
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Figure 2. (a) Comparison of 'H-detected 1D NMR spectra of ~40%
70-enriched calcium oxalate monohydrate (COM). The maximum
signal intensity normalized to the DCP spectrum is shown for each
spectrum. The spin—echo spectrum was acquired with a one rotor-
period interpulse delay, while other spectra were acquired with the
same parameters optimized for the “*T-HMQC and **DCP spectra.
All spectra were acquired by averaging the same number of transients.
(b) Comparison of isotropic (red) and anisotropic (black) '7O-
evolved 2D 'H/70O T-HMQC and DCP NMR spectra of COM.
Projections of the indirect }’O dimension are shown to the left along
with the normalized s/n of the spectra. Each 2D spectrum was
acquired with a 1 s recycle delay, 256 complex t; points, and 20
averaged transients, resulting in experimental times of ~2.8 h. The
inset shows an expansion of the isotropic peaks in the 2D *°DCP
spectrum.

sample of COM in comparison to reference spectra and a
conventional 'H spin—echo. The reference spectra are
acquired by only using the 'H portion of the pulse sequences
while keeping all delays, pulse lengths and amplitudes the same
as those used for the **T-HMQC and *°DCP spectra. For
completeness, spectra acquired without isotropic '’O evolution
are also shown and denoted as “"T-HMQC and DCP in
Figure 2a. The reference spectra reveal that the T-HMQC
experiment (9.6) starts with ~30% of the signal compared to
DCP (29.8) purely because 'H T, relaxation is typically much
shorter than T, for solid samples. Naturally, this disadvantage
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propagates to the ““'T-HMQC and DCP spectra after '"H —
70 — 'H forward-and-back transfer, which has an efficiency of
slightly more than 3% for both T-HMQC (0.3/9.6 = 3.1%)
and DCP (1.0/29.8 = 3.4%). And lastly, the pair of composite
pulses used for 7O isotropic evolution have an efficiency of
0.007/0.3 ~ 2% and 0.08/1.0 ~ 8% for **T-HMQC and
S°DCP, respectively. The lower efficiency observed for “°T-
HMQC is likely due to destructive interference between the
ST-selective 7-pulses and the anisotropic phase generated by
the TRAPDOR pulses; this is a subject of ongoing
investigation. It should be noted that the efficiency of all the
T-HMQC and DCP experiments is directly affected by the 7O
enrichment level, ~40% in this case; thus, the values quoted
above should be increased by a factor of 2.5 to obtain a proper
assessment of their performance. On the whole, it is observed
in this instance that the “°DCP experiment performs an order
of magnitude better than *°T-HMQC. *°DCP is expected to
outperform “°T-HMQC in sensitivity under most circum-
stances, partly because T, is typically much longer than T, in
solids. And also because, for T-HMQC, the polarization of the
source nuclei is distributed to all possible coherences of the
quadrupolar nuclei instead of only the single-quantum CT
coherence,”” which leads to a sizable loss of sensitivity that
increases with the spin quantum number. A potential drawback
of DCP may be its offset dependence due to the use of
relatively low 7f amplitudes, in contrast to T-HMQC, which
instead employs very high rf fields. In our experience, the
bandwidth of DCP is approximately equal to the nutation
frequency applied to the quadrupolar nuclei; v,,,('"O) ~ 38
kHz in the current example, which translates to ~460 ppm at
14.1 T, or ~350 ppm at 18.8 T, and should be sufficient to
cover the chemical shift range of 'O sites under most
circumstances. Unsurprisingly, the sensitivity advantage of
DCP over T-HMQC observed in the 1D spectra carries over
directly to the 2D spectra (Figure 2b). Notably, the reduced
signal observed for the 1D **DCP spectrum compared to the
DCP spectrum is compensated by the concentration of
intensity into sharp isotropic peaks in the 2D **DCP spectrum
(1.09), which results in a similar s/n compared to the 2D DCP
spectrum (1.00). This is in agreement with what has previously
been observed in a model dipeptide sample.”” Aside from a
sensitivity advantage, DCP is also superior to T-HMQC for
multidimensional experiments because the indirect dimensions
are not influenced by 'H T, relaxation, and also heteronuclear
"H decoupling can be applied in a straightforward fashion
when necessary, resulting in a general resolution advantage for
DCP.

Having obtained positive results for 'H/Y0 correlation
using cross-polarization both here and in previous reports,””*’
it is of interest to examine/document further the performance
of 'H < 7O CP and the reason why it is often dismissed as a
viable method for polarization transfer. To this end, the
performance of 1 ms on-resonance spin-locking after excitation
by a z/2-pulse for the 'H and 7O nuclei was measured as a
function of v, at three MAS frequencies of v, = 12.5, 25, and
50 kHz (Figure 3). For clarity, the reader is reminded that v,
= (I + 1/2)v,. The rotary resonance recoupling (R?)
conditions (v, = nv, n = 1/2, 1, 2)," 7" where dipolar
coupling and chemical shift anisotropy averaged by MAS are
reintroduced, give rise to valleys of 'H signal loss, most clearly
observed at S0 kHz MAS (Figure 3a, green vertical lines).
Minor dips are also observed due to high-order recoupling
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Figure 3. (a) Spin-lock intensity of COM as a function of rf nutation frequency v, at three different MAS frequencies: 12.5 (left column), 25

(middle column), and 50 kHz (right column). The intensities are shown normalized to the intensity of a direct excitation spectrum, while the v

nut

values are normalized to the applied MAS frequency v,. Green vertical lines denote the positions of the R* conditions. For reference, the value of
the adiabaticity parameter a is shown in blue for the 7O curves. (b) 'H — 7O CPMAS NMR spectra (red and yellow traces) of COM acquired
using the v, values shown in (a), as compared to the direct-excitation '"O spectra (black traces), acquired at the same MAS frequency and with
the same number of averaged transients. For reference, the 7O sites in the COM sample have an average C, of ~7.3 MHz.*

conditions,”*> which are not addressed further here. At slower
spinning frequencies the R* valleys broaden so much that they
merge together, leading to significant signal loss over most v,
values, with only ~60% of the signal remaining at 12.5 kHz
MAS. Whereas for 'H the spin-lock efficiency is typically best
at higher rf field amplitudes, the situation is reversed for '’O
nuclei, which shows a maximum at v,, < v, followed by
progressively worse signal loss as v, increases. Notably, the
70 spin-lock efficiency curves display a very similar pattern at
the three different MAS frequencies and do not conform
appreciably to descri()ption by the adiabaticity parameter
introduced by Vega;”® a = v,/ (vevg), where vy = 3Cy/
[21(2I — 1)] and C, is the quadrupolar coupling constant. But
instead, they appear to depend solely on the ratio between v/,
and v,. The loss of spin lock with increased v, is caused by
crossings of the rf and ST frequencies brought about by MAS.
During these crossings, on-resonance rf for both the CT and
STs induces coherence transfer between the two transitions
and causes loss of CT polarization. The rate of polarization
leakage is proportional to the square of the rf field; therefore
efficient spin-lock can be maintained only at lower rf fields.
The matching conditions for effective CP under MAS (i.e.,
Vout('H) £ 1, (770) = Iny| with n = 1, 2)*°*7 restrict the
difference between v, ,('"H) and v,,("’O) to be no more than
2v,. Since 7O spin-locking is only effective below v, it is only
possible to perform 'H < 7O CP efficiently using "H v,
values less than 3v,. A survey of the plots in Figure 3a allows
selection of v, values for 'H <> 17O CP that provide the most
effective spin-locking for both nuclei and avoid R® signal loss
conditions. 'H — O CPMAS NMR spectra of COM using
the optimal v, values found are shown in Figure 3b in
comparison to directly excited '"O spectra. A few salient
features of note: at 12.5 kHz MAS, spin-locking is rather
inefficient for both nuclei, particularly for 'H nuclei, largely
due to the low rf field amplitudes available for CP at this MAS
frequency. A compromise must be made between better spin-
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locking for the 'H or 7O nuclei, both of which result in poor
CP. At 25 kHz MAS, improved averaging of 'H—"H dipolar
coupling narrows the R? conditions and increases the 'H spin-
lock efficiency throughout the v,,,("H) range. Additionally, the
range of viable v,,,(*’O) broadens, allowing the rf fields for
both nuclei to be increased slightly, which yields a much
improved '"H — O CP spectrum (red trace) using a similar
zero-quantum (ZQ) condition of v, ("H) — 1,(""0) = 21,
as for the lower MAS frequency. A low rf 'H spin-lock
condition also emerges at v, ('H) ~ 0.35v,, which appears to
be more effective than at higher rf fields. However, use of this
value to fulfill the double-quantum (DQ) CP condition
Vpat("H) + ,0(1’0) = 1, does not yield the CP spectrum
(yellow trace) expected from the spin-lock efficiencies. The
lower signal from using DQ-CP may be due to a greater decay
in 'H spin-lock efficiency at low versus high rf fields when
using long contact times, as only a v, ('H) of ~8 kHz is
applied in that case. Upon further increase of the MAS
frequency to S0 kHz, the use of low rf conditions becomes fully
realized, as has already been reported in the literature for CP,
decoupling, and recoupling.”” >’ The 'H — 7O CP spectrum
approaches the intensity of the direct '’O excitation spectrum.
Thus, in all, the increase in MAS from 12.5 to 50 kHz results in
a 4-fold increase in CP efliciency, and reinforces why the
majority of NMR studies of quadrupolar nuclei, which are
typically performed at slower MAS frequencies, tend to avoid
application of CP for signal enhancement or polarization
transfer.
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