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ABSTRACT

Double-cross polarization to the satellite-transitions (STs) of half-integer quadrupolar nuclei is demon-
strated using proton-detected heteronuclear correlation (HETCOR) under fast magic-angle spinning
(MAS). By placing the rf frequency away from the central-transition (CT) and selective to the STs, average
Hamiltonian theory shows a scaled effective rf field with a phase equal to the complex ST spinning side-
band being irradiated. Such an effective rf field can excite and spinlock STs but the phase spread usually
leads to signal cancellation in one-step excitation or cross polarization experiments. The cancellation
does not occur for two-step double cross-polarization (DCP) HETCOR experiments, therefore high effi-
ciencies can be obtained. With careful magic-angle calibration, ST and double-quantum ST (DQST)
HETCOR experiments are demonstrated with the 3*Cl nuclei in histidine-HCI-H,O. These experiments pro-
vide additional information over the commonly observed CT spectra and near isotropic resolution in the
case of DQST of spin S = 3/2 quadrupolar nuclei.
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1. Introduction

Heteronuclear correlation (HETCOR) is a widely used experi-
ment in solid-state NMR which provides through-bond and
through-space information via scalar-J and dipolar (D) couplings.
There are two categories of methods for establishing heteronuclear
correlation. The first kind is based on the insensitive nuclei
enhanced by polarization transfer (INEPT) [1] and heteronuclear
multiple-quantum coherence (HMQC) [2]| experiments originally
developed for solution NMR spectroscopy. The second type uses
cross-polarization (CP) with spinlock in the rf rotating frame first
introduced for solid-state NMR spectroscopy [3]. The two cate-
gories use different parts of the heteronuclear coupling Hamilto-
nian, the z spin-operator terms for INEPT and HMQC vs the x and
y terms for CP. Thus, the transfer processes are subject to different
relaxation mechanisms (T, vs Ty ). For spins S = 1/2 like '*C and '°N
in solids, the CP method is usually preferred given the fact that Ty,
> T, in the presence of strongly coupled protons. Combined with
magic-angle spinning (MAS), CPMAS [4] has become an ubiquitous
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method for acquiring high-resolution spectra and HETCOR experi-
ments for solids.

The situation becomes a bit more complex for spin S > 1/2 half-
integer quadrupolar nuclei. As described in the seminal work by A.
Vega [5,6], magic-angle spinning induces level crossings between
the satellite-transitions (STs) and the spinlock rf frequency. These
brief crossings can cause leakages of polarization, therefore strong
rf fields should be avoided for the spinlock. Low rf fields are usually
used to reduce the deteriorating effect of the spinlock to the
central-transition (CT) polarization during CP. Low rf fields not
only limit the bandwidth with respect to frequency offsets but also
restrict the 'H 1f field that can be used to match the Hartmann-
Hahn (HH) CP conditions [7] from being close to rotary resonances
which interfere with the 'H spinlock [8-11]. For these reasons,
pulsed methods using INEPT and HMQC have been explored for
indirect detection and HETCOR of quadrupolar nuclei [12-16].
The broad bandwidth obtained from using just two short pulses
in HMQC offers opportunities for indirect detection of ST,
multiple-quantum (MQ), and even overtone (OT) transitions of
quadrupolar nuclei, including N for which all single-quantum
transitions are subject to large first-order quadrupolar broadening.
In order to accelerate HMQC build-up, dipolar recoupling under
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MAS can be applied, namely D-HMQC, on the observed or indirect
channel [14,17]. When applied on the observation channel, the
dipolar recoupling also re-introduces the chemical shift anisotropy
(CSA). Incomplete refocusing of the CSA due to spinning frequency
fluctuations can cause t;-noise particularly for recoupling
sequences that are sensitive to the rotor angle [18]. Improved pulse
sequences such as TONE-HMQC [19], or by switching the recou-
pling to the indirect quadrupolar nuclei using the -early-
developed TRAPDOR [20,21], namely T-HMQC [22-24], have been
developed to address the t;-noise issue. In general, various meth-
ods have their own pros and cons regarding bandwidth, efficiency,
TH T, contributions to the indirect dimension, saturation and can-
cellation of large uncorrelated signals and other stability and
robustness issues. The choices between the CP and various HMQC
methods depend on the sample systems and experimental condi-
tions such as the speed of MAS.

In this work, we explore cross-polarization to satellite-
transitions of half-integer quadrupolar nuclei. Specifically, the
two-step 'H - X — 'H or double CP (DCP), for 'H-detected HETCOR
experiments under fast MAS. In 2017, Carnevale et al. reported a
highly efficient proton-detected 'H/'N experiment using DCP
under MAS above 60 kHz [25]. It was a surprise observation con-
sidering that the amide '“N has spinning sideband (ssb) manifolds
that spread over several MHz. No one-step CP had previously been
reported even for smaller quadrupolar couplings. This observation
motivated subsequent studies on long rf pulses under large aniso-
tropic interactions modulated by MAS. Using average Hamiltonian
theory (AHT) in the quadrupolar jolting frame (QJF), the effective rf
field can be derived and the result shows a scaling by the complex
intensity of the spinning sideband near the rf frequency [23,24,26-
28]. For individual crystallites, the phase of N ssbs varies widely,
therefore one-pulse excitation or one-step CP would lead to inco-
herent excitation (or CP) causing cancellation of the signals for
powder samples. However, when a pair of long pulses are used
as in the cases of HMQC and DCP HETCOR, the phase spread does
not affect the encoding of the indirectly observed quadrupolar
nuclei. Such is the key to why high efficiencies can be achieved
for long-pulse HMQC and DCP HETCOR [23]. This idea has been
extended to the design of novel satellite-transition magic-angle
spinning (STMAS) [29] and multiple-quantum magic-angle spin-
ning (MQMAS) [30,31] sequences using rotor period long ST pulses.
These pulse sequences are highly efficient and require low rf power
and have succeeded in obtaining isotropic spectra for the largest
quadrupolar coupling to date.

In this work, we apply the mechanism described above to
satellite-transitions of half-integer quadrupolar nuclei. HETCOR
with satellite-transitions can provide additional information and
opportunities over the more commonly recorded CT HETCOR spec-
tra. These transitions have different peak positions and width due
to their isotropic quadrupolar shift and second-order quadrupolar
broadening remaining under MAS [32,33]. We will show that by
interconverting between the single-quantum (SQ) and double-
quantum (DQ) satellite-transitions using CT selective m-pulses,
nearly isotropic resolution can be obtained for spin S = 3/2 nuclei
[24]. It should be mentioned that all satellite-transition experi-
ments require precise magic-angle setting to average out the large
first-order quadrupolar interaction [34-36].

In the following, we first give a brief description of the theory.
The effective Hamiltonian for ST-selective rf pulses in the
quadrupolar jolting frame explains the mechanism by which DCP
can be achieved more efficiently than one-step CP. Both one-step
CP and DCP via CT or ST are compared experimentally using his-
tidine-HCI-H,O (hist) under 90 kHz MAS. The fast MAS has several
advantages for satellite-transition CP HETCOR experiments. First, it
improves the line width and lengthens T, as for all proton-detected
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MAS experiments. Second, fast spinning leaves larger gaps among
rotary resonance conditions @' = nw; (n=1/2,1,2..) for the protons
[8-11,37]. The large gaps help to reduce T, contributions from the
rotary resonance effect with the 'H rf field used to match the HH
CP conditions. Experimental optimizations and comparisons
between 'H/3>Cl single- and double-CP with the CT and ST will
be presented. Near isotropic resolution from acquiring double-
quantum ST HETCOR will be demonstrated for the spin S = 3/2
35Cl nucleus.

2. Theory

The derivation of the effective rf Hamiltonian in the presence of
a large modulating quadrupolar interaction under MAS has been
given in Refs. [23,24] for spin S = 1 and 3/2. A summary of the
first-order average rf Hamiltonian of a S = 3/2 spin is presented
here for spinlock and CP. Higher order treatments and effective
Hamiltonian by numerical calculations can also be found in Refs.
[28,38,39] for the case of strong rf field. In the interaction represen-
tation or the jolting frame [26] of Hq(t) = q(t)[Sz — S(S+1)/3]
defined by a rotation operator R = exp [—ifé HQ(t’)dt’], the rf
Hamiltonian w;Sx becomes

hy(£) = R(E)on (6)SkR(E)

0 ei%e®
_ 3w, |ei®e® 0 n
== » (1)
[ 0 e~ 9e®
e_i(pQ(t) 0

Here ¢, (t) = thq(t’)dt’ is the rotation angle of the jolting frame
0

which is also the signal phase accumulated by the modulating
first-order quadrupolar frequency of the ST. Fourier expansion of
the signal explig,(t)] gives the spinning sideband intensities s
for the crystallite under MAS with angular frequency w, = 21y,

ei(/)Q(t) _ Zsl(eikw,t (2)
k

It is important to distinguish the sideband intensities of individ-
ual crystallites s, and a rotor-averaged one si2. The individual side-
band amplitude s, is complex and its phase varies widely among
the crystallites as a function of the rotor angle. The rotor-angle
averaged sideband intensity equals to s;2, which is smaller and
absorptive [40-42]. The phase spread of s, plays a key role for
the effective rf field and the spin dynamics for pulses lasting at
least one rotor-period long. The mean magnitude of the scaling fac-
tor sy for the effective rf field can be estimated from the number of
ssbs within the span of satellite-transition frequency ~ 1.5vq, of
which vq is the quadrupolar coupling frequency, and the normal-
ization 3,52 =1

(skl) v/vr/1.5v < 1 3)

The CT elements in the rf Hamiltonian in Eq. (1) (denoted by
black squares) can be neglected when the rf irradiation is applied
far off-resonance from the CT. The ST-selective rf Hamiltonian
becomes two separated blocks. We can also assume the ST irradi-
ation near the nth spinning sideband without losing generality for
the averaged rf Hamiltonian in the QJF

0 s,
- ss 0
hy = 3" 4
g =13 0 s, (4)
s* 0
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This Hamiltonian can be expressed with the two-level spin S = 1/2

operators for the satellite-transitions S3',S)", S

V3 . .
hy = Isalon exp (i, ST ) 7T exp (igp,S?") (5)

Here ¢, is the phase of the nth ST spinning sideband near the rf fre-
quency. The rotation exp (—i(p,ﬁf) implies a phase shift by ¢, to

the effective field from the x direction. The Vg factor comes from
the satellite-transition elements for the S, operator of a spin
S =3/2. Eq (5) summarizes the effective rf Hamiltonian with a scal-
ing factor |s,| and a phase shift ¢,.

3. Results and discussion

In the QJF, the large offset from the MAS-modulated quadrupo-
lar coupling has been eliminated. Thus, ST polarization can be spin-
locked by an on-resonance effective rf field at a direction defined
by the phase ¢, of the complex ST spinning sideband s,, near the
rf frequency. The nutation frequency about the effective rf, relevant
to the CP, is scaled down by |s,|. The spinlock enables CP from pro-
tons to the pair of two-level ST systems of S = 3/2 quadrupolar
nuclei when the HH condition is matched with the scaled nutation
frequency. The direction of the spinlock and the generated CP sig-
nal phase defined by ¢, varies widely. A powder average can lead
to signal cancellation and low efficiency. The situation is different
for 'TH > X — 'H double-CP because the effective rf phase is the
same between the two encoding pulses, and only the relative phase
between the two pulses matters for the frequency encoding of the
indirect dimension. Therefore, the phase spread does not lead to
signal cancellation. This is the key mechanism behind efficient
double-CP for HETCOR of quadrupolar nuclei.

Fig. 1 compares one-step >>Cl - 'H CP from CT or STs and the
double 'H — 33Cl - 'H CP via CT or STs. We chose the reversed
35Cl - 'H one-step CP so all four cases in Fig. 1 can be compared
by detecting the 'H signal of hist. Direct 3>Cl detection is not fea-
sible for the small amount of sample in a 0.75 mm rotor. The
results in Fig. 1 show the lowest signal from 3CI(ST) - 'H CP. It
should be noted that the phase spread ¢, for the effective ST rf field
is not completely random or evenly distributed as the powder
average of s, results in s,2, which is smaller than |s,| but not zero.
TH - 33CI(CT) - 'H double-CP gives the highest signal with polar-
ization originating from protons of approximately 10 times higher
in gyromagnetic ratio over 3°Cl. The case of 'H — 3°CI(ST) —» 'H
double CP is the second highest at ~ 50 % compared to 'H — 3Cl
(CT) — 'H. This is remarkable considering that the modulated ST
frequencies span more than MHz, an order of magnitude larger
than the rf field used. The high efficiency confirms experimentally
the absence of signal phase cancellation as mentioned in the
theory.

Average Hamiltonian theory in the QJF shows a scaled down
effective rf Hamiltonian and ST nutation frequency wx = §|sn\a)1
which is important in choosing an optimal CP condition under fast
MAS for proton detected experiments. Under MAS, the HH CP con-
ditions becomes |wx - wy| = nw, for the flip-flop zero-quantum CP
(ZQCP) and |wx + ®y| = nw, for flip-flip double-quantum CP (DQCP)
[43]. Here wx and wy are the effective rf nutation frequencies for
the two nuclei respectively. The primary conditions are n = 1,2
due to the MAS modulation to the second-rank dipolar coupling
that mediates the polarization transfer. Several factors need be
considered in choosing the optimal CP condition. First, the spinlock
nutation frequencies, wy and wy, should avoid the rotary reso-
nance conditions nw, which can cause rapid polarization decay
to the spinlock [8-11]. For protons, the rotary resonance includes
n = 1/2 HORROR condition [10,11] from homonuclear dipolar cou-
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(a) 'H — 3CI(CT) — 'H

(b) 'H — 3CI(ST) — 'H

(c)*cICT) — H
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(d) =CI(ST) - H
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Fig. 1. Comparison of 'H-detected (a) 'H — 3>CI(CT) - 'H, (b) 'H - 3>CI(ST) - 'H,
(c) 35CI(CT) — 'H, and (d) *>CI(ST) —» 'H CP NMR spectra of hist. Experiments were
carried out at By = 18.8 T at the frequencies vo('H) = 800.12 MHz and vo(*°-
Cl) = 78.40 MHz using an 800 MHz Bruker Avance IIl HD spectrometer and a
0.75 mm MAS probe developed at the NHMFL. A spinning frequency of ./
21 = 90 kHz was used, and for each CP transfer contact times of 17 ms, 'H rf field
amplitude ramp of 20 % centered at ~ 68 kHz, and 3>Cl 1f fields yB;/2m of ~ 12 and
26 kHz for the CT and ST spectra, respectively; 64 transients were averaged for each
spectrum with recycle delays of 50 s for (a,b) and 8 s for (c,d). The transmitter offset
was set near the 3°Cl CT for (a,c) and increased by + 180 kHz near the second ST
sideband for (b,d). A mt/2 excitation pulse of 2 pis with 'H rf field of 125 kHz was used
for (a,b), and 4 ps pulse with 3>Cl 1f field of 31.3 kHz for (c,d).

plings among protons in addition to the primary n = 1,2 resonances
[8,9]. Under slow MAS, wy, wy > 2w, avoid all rotary resonance
conditions with practically achievable rf fields, and the |wx - 4|
= w, ZQ CP condition is usually used. The ZQCP condition becomes
practically difficult under fast MAS especially for quadrupolar
nuclei as mentioned previously that strong rf fields cause polariza-
tion transfer and leakage among the various transitions within the
S>1/2 spin. Thus, the |wx + wy| = w, DQCP is often the optimal con-
dition for CP. With the 90 kHz MAS used in this work, we chose wy-
~ 0.75w, between the n = 1/2 and 1 rotary resonance conditions for
protons. High spinning frequencies widen the gap between these
two resonance conditions to reduce their undesired T, contribu-
tions to the spinlock. Faster MAS is advantageous in this regard
for better 'H spinlock under the DQCP condition.

The DQCP condition with wy ~ 0.75w, requires
wy = §|sn|w1 ~ 0.25w, for CP to the STs. The scaling factor |s,|
varies among the crystallites in powder samples affecting the HH
CP matching condition. A ramp of the 'H rf field was applied to
compensate the mismatch [44]. Fig. 2 shows the 3°Cl rf power cal-
ibration profiles for '"H — 3°Cl » 'H double CP via the CT and STs.
The comparison clearly shows much higher rf power are necessary
for the STs to make up for the scaling of the effective rf field. In
addition, the matching profile is much broader than for the CT
because of the distribution of the scaling factor |s,| for powder
samples similar to the broadening of the CP matching profile from
inhomogeneous rf fields. Ramping the 'H 1f field helps to compen-
sate the mismatch, nevertheless the spread of the amplitude of the



I. Hung and Z. Gan

CT

ST

0 T T T T T T T
0 20 40 60

w,/2m [kHZ]

Fig. 2. Integrated 'H intensity for the 'H — 3>CI(CT) — 'H (black), and 'H — 3>CI(ST)
— H (red) double CP experiments as a function of the 3°Cl rf field amplitude yB, /21
with a fixed 'H w; ~ 0.75w;. The transmitter offset was set near the 3>Cl CT for the
black curve and increased by + 180 kHz for the ST red curve.
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Fig. 3. (a) Pulse sequence schematic for the 'H — 3>CI(CT, ST, DQST) — 'H double CP
experiments. The two hashed CT-selective t-pulses are used to convert between SQ
and DQ ST coherences and are omitted for CT and ST observation. (b) Overlay of
two-dimensional 'H-detected DCP NMR spectra of hist selecting the >>Cl CT (black),
ST (blue), or DQST (red) coherences with normalized projections. For the ST and
DQST spectra, the transmitter offset was set + 180 kHz from CT near the second ST
spinning sideband throughout, except for the CT-selective m-pulses. Each 2D
experiment was acquired with indirect spectral widths of 22.5 kHz, 64 complex t;
points, 16 transients per t; point, and a recycle delay of 10 s. Other experimental
parameters are described in Fig. 1.

effective rf field still makes the CP less efficient, being the main
cause to the ~ 50 % ST signal compared with the CT signal in Fig. 1.

Fig. 3 shows an overlay of 2D 'H/3°Cl HETCOR spectra of hist
with the double CP conditions discussed above for the CT and
STs. The magic-angle setting was carefully calibrated such that
the large first-order quadrupolar coupling is averaged with rotor
synchronized t; evolution [34] and only the isotropic and fourth-
ranked second-order quadrupolar terms remain under MAS. For
the spin S = 3/2 35Cl nuclei, the ratios of the isotropic and fourth-
ranked terms between STs and CT are —2 and —8/9, respectively
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[32,33]. By measuring the separation between STs and CT peaks,
the chemical shift position can be determined from the —2 ratio
for the isotropic quadrupolar shift between STs and CT. The spectra
in Fig. 3 shows that the peaks from the STs and CT have similar
width and are close to mirror images of each other as expected
from the —8/9 ratio of their fourth-ranked terms. Acquisition of
both CT and ST peaks allows for the separation of isotropic chem-
ical and quadrupolar shift without the need of line shape fitting.

Single-quantum ST coherences can be converted to double-
quantum ST (DQST) coherences with a CT selective m-pulse [45].
Fig. 3b shows a DQST HETCOR spectrum (red traces) by adding
two CT m-pulses in the pulse sequence (Fig. 3a). The second order
quadrupolar broadening to the DQSTs is 1/9 in frequency or 1/18
in ppm to that of CT. The 3°Cl dimension is nearly isotropic; made
possible with double-CP to the STs. It is worth noting that TRAP-
DOR recoupling can also generate correlation with all transitions
including the DQSTs of a spin S = 3/2 simultaneously using the T-
HMQC experiment [24]. Fig. 3 shows that near isotropic resolution
can be obtained with both methods. In the present instance, the
proton T, relaxation does not contribute to the 35Cl linewidth as
opposed to the case of T-HMQC. Spin-diffusion among protons
can occur during the 'H spinlock even under fast MAS causing
relayed peaks in the DCP HETCOR spectra. The efficiency of the
DCP is found to be about 2.7 times lower than optimized T-
HMQC in Ref. [24], as measured by their first t;-increments.
Besides the transfer efficiency, decay of the 'H signal is a major fac-
tor contributing to the difference between a 1.7 ms spin-echo for
the T-HMQC [24] and the 17 ms CP contact times used here for
the DCP HETCOR.

4. Conclusions

It has been shown that double cross-polarization can be
achieved efficiently with the satellite-transitions of half-integer
quadrupolar nuclei using a selective ST spinlock. The offset from
the large modulating first-order quadrupolar coupling has been
treated in the quadrupolar jolting frame leading to a scaled effec-
tive rf field with the phase of the satellite-transition spinning side-
bands near the rf frequency. The phase spread for the effective rf
field usually causes signal cancellation for single-step excitation
or CP but the cancellation does not occur for double CP. As a result,
highly efficient HETCOR spectra can be obtained for the satellite-
transitions as demonstrated for the 3>Cl nuclei in hist via protons
under fast MAS. Satellite-transitions can provide additional infor-
mation to the usually acquired central-transition spectra with
careful magic-angle calibration. For spin S = 3/2 quadrupolar nuclei
such as 3°Cl, the satellite-transition coherence can be converted
efficiently to double-quantum satellite-transitions, which have
nearly isotropic spectral resolution. Ultrafast MAS is important to
these experiments not only for improved 'H spectral resolution
and sensitivity, but also for optimal double-quantum cross polar-
ization to the satellite-transitions with minimal loss from rotary
resonance effects to the spinlock.
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