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Abstract

We introduce two MAS schemes that allow manipulating the satellite-transition (ST)
populations of half-integer quadrupolar nuclei, and which both exhibit improved
robustness to the quadruplar coupling constant (Cg). These schemes, called quadruple
frequency sweep (QFS) or quadruple WURST (QWURST) are the sums of two DFS
or four WURST to efficiently invert the ST populations of nuclei subject to large or
small quadrupole interactions, simultaneously. These quadruple sweeps methods only
require 6% more rf-power than the double sweeps ones. We demonstrate, both
numerically and experimentally, that the QFS and QWURST schemes benefit from
robustness to Cq and rf amplitude and offset and hence achieve uniform enhancement
of the CT signal for *’Al nuclei subject to different quadrupole interactions. Although
the version of QFS with repetitive accumulation can achieve higher enhancement in
the S/N of the Al MAS spectrum, the final sensitivity gains mainly depend on the
longitudinal relaxation time of different %Al sites. We also confirm that these schemes
provide an improved acceleration of the 31p- {27A1} coherence transfer in PT-J-HMQC

experiments.
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I. Introduction

Nuclear Magnetic Resonance (NMR) spectroscopy of half-integer spin
quadrupolar nuclei, with spin number S = n/2 > 3/2, is widespread because (i) these
isotopes represent about two thirds of stable NMR active nuclei and (ii) they are
present in materials ranging from catalysts, glasses, ceramics and superconductors to
biological systems [1-8]. In solids, the large interaction between the quadrupole
moment of these isotopes and the electric field gradients splits the NMR resonance
into 2§ single-quantum transitions, which include the central transition (CT) between
energy levels +1/2 and -1/2, as well as 2S - 1 satellite transitions (STs) between
energy levels m and m - 1 with m # 1/2. The splitting depends on the crystallite
orientation, and hence for powder samples the quadrupole interaction results in severe
anisotropic broadenings, thus reducing the resolution and the sensitivity of the NMR
spectra of these isotopes. The CT is not subject to the first-order quadrupole
interaction, whereas STs are. Therefore, most of the time, on powder samples only the
CT is observable. However, its line width can be as large as hundreds of kHz [8], and
the S/N ratio hence can be very small.

Much effort has thus been devoted to the development of techniques aimed at
enhancing the sensitivity of solid-state NMR experiments for half-integer quadrupolar
nuclei. In particular, an ingenious and general method to increase the CT polarization,
and hence the signal, consists in the manipulation of the ST populations [6b,9]. This
increase can be obtained by saturating or selectively inverting the ST populations
without irradiating the CT. The theoretical maximum enhancement of CT polarization
is equal to S + 1/2 for the saturation and 2S for the perfect inversion of the STs
converging from the external to internal transitions [10]. The maximum enhancement
of 28, corresponding to a perfect selective convergent inversion of the STs and an

unaffected CT, has been achieved for spin-3/2 and -5/2 nuclei in static single crystals

[11].



For static powders, the enhancements are lower because: (i) the STs cover large
frequency ranges up to 3(S — 1/2)Cq, with Cq = ¢*qQ being the quadrupolar coupling
constant, and (ii) the STs always overlap with the CT and hence it is difficult to
selectively excite them without perturbing the CT. Nevertheless, different schemes
have been designed in order to manipulate ST populations for static powders. These
schemes include the frequency-swept (SW) fast-amplitude-modulated (FAM) pulses
[12], which generally lead to ST saturation, as well as the frequency swept pulses,
such as the double frequency sweep (DFS) technique [13].

In the rotating frame, the DFS pulse has a constant rf-field strength (vipax =
W1max/2m) and it generates two radio-frequency (rf) spikelets, which are linearly
swept in a symmetric manner over a frequency interval. For static powders, DFS with
a large frequency sweep range is used so that the rf-spikelets are swept from the
external STs towards the CT. This convergent DFS scheme achieves an adiabatic
inversion of the outer STs before the inner ones in order to reach a maximum
enhancement of the CT polarization. Furthermore, for static powders the simultaneous
irradiation of STs on both sides of the CT by DFS is advantageous since it inverts all
STs in a twice shorter time than two sequential frequency swept irradiations on either
side of the CT. Hence, DFS minimizes the losses produced by spin lattice relaxation.
For static powders, DFS generally yields the best CT signal enhancement [6b]. This
enhancement is below the theoretical one of 2S because: (i) the quadrupolar splitting
depends on the crystallite orientation, and (ii) the frequency sweep can achieve
adiabatic inversion only for crystallites exhibiting quadrupolar splittings much larger
than vimax [14]. Otherwise, i.e. for crystallites exhibiting small quadrupolar splitting,
the frequency sweep does not produce the anticipated effects and the gain of CT
polarization of those crystallites is lower than the theoretical one.

To enhance the resolution, Magic-Angle Spinning (MAS) of the sample is often
used. For each crystallite, the frequencies of STs are modulated by the MAS
frequency, Vg, and their resonances break up into several spinning side-bands (ssbs).
For frequency swept pulses, such as DFS, the effective frequency sweep is the sum of

the carrier frequency sweep and the modulation of the quadrupole interaction by the



rotation. Therefore, the effective sweep frequency, and hence the enhancement of CT
polarization by broadband DFS, depend on the crystallite orientation [15]. As a result,
broadband DFS produces lower enhancements under MAS than under static
conditions. SW (t and 1/t)-FAM [12] was also proved to generate frequencies
spreading over the range of their sweep width, which could lead under MAS to a
better signal enhancement than the original FAM [10]. In fact, there is no essential
difference between SW-FAM and DFS from a physical point of view, since they can
provide very similar results for the frequency sweep. However, due to their simple
amplitude modulation, FAM and it variants can be employed on spectrometers for
which frequency modulation of the very short RF pulse is not feasible.

Under MAS, an alternative to the broadband excitation is the selective irradiation
of one or a few ssbs [16]. This selective irradiation can be achieved by FAM pulses,
which saturate the STs. This method was also named Rotor-Assisted Population
Transfer (RAPT) [17]. More conventional shaped inversion pulses, such as hyperbolic
secant (HS) pulse [18] and wideband uniform-rate and smooth-truncation (WURST)
[19], have been employed to irradiate ssbs of STs. In principle, the use of an adiabatic
inversion pulse ensures a perfect inversion of the STs magnetization, provided the
adiabaticity condition is satisfied. The largest enhancements for these
frequency-swept adiabatic pulses are obtained when the width of their frequency
sweep is equal to vg. Under such condition, enhancements in between S + 2 and 2S
can been achieved, indicating that these pulses produce a partial inversion of STs
under MAS. For a crystallite, the selective excitation of a single MAS ssb can
theoretically produce a perfect inversion of the ssb manifold [16]. However, for some
crystallites, the irradiated ssb has a very small intensity and the STs of those
crystallites are not inverted. Furthermore, for nuclei with S > 5/2, the ssbs of two
consecutive STs partially overlap and it is impossible to completely excite them
sequentially, i.e. to invert the outer STs prior to the inner ones. Therefore, in practice,
the enhancements obtained by exciting a single ssb with adiabatic inversion pulses are
lower than 2S in MAS.

In addition to pulses selectively irradiating a single ssb, narrow-band DFS



selectively irradiating two ssbs symmetric about the CT has been tested [20]. Contrary
to single ssb excitation, the narrow-band DFS equally affects the two symmetric STs,
m <> m+ 1 and -m —1 <> —m. A variant of the narrow-band DFS is the
sideband-selective DFS, which is obtained by modulating the amplitude of a
narrow-band DFS by a sine-squared profile in order to improve the adiabaticity [21c].

In addition to the enhancement of the CT polarization, the manipulation of the STs
one has been shown to accelerate coherence transfers in Heteronuclear
Multiple-Quantum Correlation (HMQC) experiments with indirect detection of
half-integer quadrupolar nuclei [22]. These experiments, called Population-Transfer
HMQC (PT-HMQC), improve the sensitivity in cases where the hetero-nuclear J or
dipolar couplings mediating the coherence transfer are smaller than the rate of
transverse losses.

Nevertheless, all techniques that manipulate the populations of STs by irradiating a
single or two symmetric ssbs, have a common limitation: they are sensitive to the
quadrupole interaction. Indeed, the sites with large Cq values require using ssb
selective pulses with (i) large rf-field to achieve an efficient inversion and (i1) large
frequency offset with respect to the CT so that the latter is not perturbed by rf
irradiation. This is the contrary for sites with small Cq values. Hence, sites with
different quadrupole interactions often exhibit distinct enhancements of the CT
polarization. This non-uniform gain has been used for spectral editing [21, 23].
Herein, we introduce two improved MAS schemes that allow manipulating the ST
populations of half-integer quadrupolar nuclei, and which both exhibit improved
robustness to the Cq value. These schemes, called quadruple frequency sweep (QFS)
or quadruple WURST (QWURST) are the sums of two sideband-selective DFS or
four sideband-selective WURST with offsets and rf-fields that are both either large or
small to efficiently invert the ST populations of nuclei subject to large or small
quadrupole interactions, respectively. = We  demonstrate on  crystalline
aluminophosphate materials, through numerical simulations and experiments, that the
QFS and QWURST schemes benefit from high robustness to Cq and rf amplitude and

offset and hence achieve uniform enhancement of the CT signal for *’Al nuclei



subject to different quadrupole interactions. Similar to multiple RAPT/FAM [21a,b]
and repetitive DFS [21c] strategies, repeating the QFS scheme and signal readout
without allowing for longitudinal relaxation can lead to further sensitivity
enhancement. However, the uniform enhancement of the CT of different 2TAl sites
cannot be maintained due to their different T; relaxation times. We also show that
these schemes provide an improved acceleration of the *'P-*’Al coherence transfer in
PT-J-HMQC experiments with the indirect detection of *’Al isotopes via *'P spy
nuclei C'P-{’Al}).

I1. Method
I1I.1 Frequency-swept pulses

During a pulse, in the rotating frame the rf-Hamiltonian is given by

Hyp = w1(){cos[¢ ()], + sin[p (D] 1, } (1
where w,(t) and ¢(t) are the instantaneous rf amplitude and phase.

During a WURST pulse, the rf-amplitude is given by [24]:
N
l 2)

with wimax the peak amplitude of the rf-field. 7}, is the WURST pulse duration and

w1 (t) = Wimax [1 — |cos (n Ti>

p

the index N determines the extent to which the edges of the pulse are rounded off. The
phase is modulated as a quadratic function of time and for a decreasing frequency

sweep equal to vg = wg/2m, it is equal to:

$(6) = (worr +22) t — 22 ¢2 3)

2T,
where wqfr = 2mvoee 1s the average offset angular frequency at the center of the
pulse (t = T,/2). This phase modulation can be described in a frame, known as the
frequency-modulated frame [25], rotating in concert with the rf-field as a linear sweep

of the carrier frequency:

do w w
Woit(t) = = worr + = = T—: t (4)

In this article, we introduce double WURST (DWURST) pulses, which irradiate two
symmetric sets of ST ssbs (Fig.1b). These pulses consist of the sum of two identical

WURST pulses with peak amplitudes, v;max and opposite offsets, +v,g. For each



species, the ssbs are situated at the sum of the isotropic chemical shift and the
quadrupolar induced shift (QIS) associated to each transition, plus a multiple of vg. It
has been shown that for the m <> m - 1 transition, in units of (1 + nQ2/3)vQ2/(10v0) the
QIS can be written as [2,26]:
QIS=1-10+1)+36m(m— 1)/4 (5)
where vq = 3Cq/[2S(2S-1)] is the quadrupole frequency and 36m(m — 1) = -9, 27, 135,
315, 567 for the CT, ST, (inner), ST, (2", ST; (3" and ST, (4™) transitions,
respectively. The ssbs of the CT are often very limited in number and amplitude, and
they are not relevant for the CT signal enhancement. For a given species and sideband
order, the ssbs of the STs (1) are always in the same frequency order: ST; < ST, < ST;
< ST, (Eq.5), and (ii) they cover a frequency range which is often much smaller than
vr because the frequency difference in between ssbs of the external and internal STs is
small:
QISext — QISgt; = 3/128, 9/245 and 243/4000 (6)

in units of (1 + nQ2/3)CQ2/v0, for S =9/2, 7/2 and 5/2, respectively. For each species,
the most efficient way to increase its CT magnetization is to irradiate one of its sets of
close ssbs, and sweep it with decreasing order, i.e. from the outer ST to the inner one.
Therefore, we have always swept down the frequency in the WURST, DWURST or
QWURST pulses (Fig.1b, d).

The DFS pulse produces a linearly oscillating rf-field, which can be decomposed
into the sum of two counter-rotating rf-fields. In the rotating frame this creates two
rf-spikelets with constant amplitude, v;pax, 1rTadiating in opposite directions at v
(7) with respect to the carrier frequency (Fig.1a). With a frequency sweep equal to vy,
Vorr(t) = wope(t)/2m is given by Eq.4.

In this article, we also introduce the quadruple WURST (QWURST) pulse, which
consists of four WURST pulses with the same decreasing sweep to irradiate the STs
by decreasing order, and with rf angular offsets and peak amplitudes of (+Vy¢f, Vimax)
and (2Vofr/2, Vimax/4) (Fig.1d). We have chosen these two sets of rf offsets and
amplitudes because they allow similar efficiencies for the ST — CT transfers of

nuclei with Cqs in the ratio of ca. 2, as shown by comparing Figs.8a and 9a simulated



for DWURST with Cq = 3 and 1.5 MHz, respectively. This quadruple simultaneous
excitation makes the QWURST pulse robust with respect to the quadrupole
interaction.

In a similar way, we also introduce the QFS pulse (Fig.1c¢), which consists of the
sum of two DFS pulses with rf offsets and fields of (£Vof, Vimax) and (£vyee/2,
Vimax/4), and the four rf-spikelets converging towards the CT. With DFS and QFS,
only half of the STs are irradiated by decreasing order.

Note that the rf-power, which is proportional to the square of the rf-amplitude, is
hence only 6% higher for the QFS and QWURST pulses than for the DFS and
DWURST ones.

I1.2 The employed NMR sequences

In Fig.2a, the previous frequency-swept pulses are used to manipulate the ST

populations during 7, to enhance the CT one. Then a CT-selective pulse converts the
enhanced CT polarization into a CT single-quantum coherence, which is detected
during the acquisition period. Fig.2b represents the repetitive applications of
sideband-selective QFS and acquisitions without allowing the system to relax.
These swept pulses can also be incorporated into the *'P-{*’Al} PT-J-HMQC
sequence in order to accelerate the *'P->"Al coherence transfer through the J-coupling.
This sequence, displayed in Fig.2¢, derives from the conventional *'P-{*’Al}
J-HMQC sequence, but the coherence transfer related to J31po7a1 during the
defocusing and refocusing delays, Tmix, is accelerated by applying M frequency-swept
pulses, which manipulate the 2TAl ST populations [22]. Furthermore, the initial
transverse °'P magnetization is created herein by a 'H—>'P CPMAS scheme.

III.  Details of simulations and experiments
In Fig.4, 5, 9 and 10 the experimental or simulated signal has been normalized to its
maximum value. All experiments and simulations were performed with a static
magnetic field of Bo=9.4 T.

ITI.1. Numerical simulations

To rationalize the ST — CT transfers, numerical simulations were carried out

using SIMPSON software [27]. The powder averaging was accomplished using 2460



{omr, Pur, yur} Euler angles that describe the orientation of the Molecule in the
Rotor frame. The 615 {amr, Sur} pairs were selected according to the REPULSION
algorithm [28], whereas the four yuz angles were regularly stepped from 0 to 360°.
The spin system was an isolated >'P-*’Al spin pair with J = 100 Hz. The *’Al
quadrupole interaction was considered up to the second order with ng = 0 and Cq =
3.0 (Fig.9) or 1.5 MHz (Fig.10). The other spin interactions were discarded. For all
simulations, the MAS frequency was vg = 25 kHz. We simulated in a 1D way (t; = 0)
the signal of the *'P-{*’Al} PT-J-HMQC sequence (Fig.9,10), starting from the *'P
transverse magnetization and selecting the +1Q *’Al coherence. An ideal m-pulse was
employed on *'P channel and the nutation frequency was 8 kHz for the two *’Al CT
selective m/2-pulses. The recoupling delay was fixed to Tpix = 1.68 ms = 1/6J.

II1.2. Experiments

All experiments were carried out at vg = 15 kHz on a Bruker Avance-400
spectrometer operating with a Bruker 3.2 mm HXY probe. Acquisitions were
performed by observing *’Al and *'P of AIPO4-14 at the Larmor frequencies of 104.3
and 162.0 MHz, respectively. This sample contains three P and four Al sites exhibiting
very different quadrupole coupling constants with Cq = 1.7, 4.2, 5.6 and 2.6 MHz for
Al;, Al,, Al; and Al, respectively [29]. This compound is thus adequate to
demonstrate the advantages of quadruple frequency sweep schemes. We have also
used AIPO, berlinite with a single Al site (Cq = 4.7 MHz) as a model sample to
analyze the robustness of these schemes to the average offset frequency, vq (Fig.7)
[30].

Fig.2a shows the 1D pulse sequence, with a frequency sweep before the
CT-selective m/2-pulse, used to measure the *’Al CT signal enhancement. Fig.2b
represents the repetitive version of QFS. Inversion recovery method was used to
measure the T, of the different *’Al sites on AIPO4-14. In the case of *'P-{*’Al} 2D

experiments (Fig.2¢), an initial 'H - *'P CPMAS transfer was used with a contact

time of 3 ms and rf-fields of v3;p cp~ 40 kHz and v,y cp = 55 kHz (ramped). The

central *'P 7-pulse used an rf-field of V31p & 52 kHz, and the two 2TAl CT-selective
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n/2-pulse-lengths were of 7.5 ps (vy7aim/2 ® 11 kHz). The P resolution was

enhanced with two simultaneous 'H and *’Al decoupling sequences. A SPINAL-64 'H
decoupling, with an rf-field of 75 kHz was applied after the CP transfer, whereas
during 1, acquisition a *’Al rotor-asynchronized multiple-pulse (RA-MP) decoupling
[31], was also applied. This decoupling consisted of *’Al pulses with rf-field strength
of 40 kHz, lasting 5 us each, and separated by windows of 83 ps. In PT-J-HMQC
experiments, the ST — CT transfers were performed with the four different schemes
depicted in Fig.1 whose parameters (Table 1) were optimized by using the pulse
sequence in Fig.2a. A fixed frequency sweep pulse length of T, = 500 ps was
employed and repeated M times during t,ix for each experiment. The conventional
J-HMQC experiment was obtained by removing during Tix the adiabatic frequency
sweep pulses.

IV.  Results and discussion
IV.1. Single pulse excitation

Actually, the application of multiple frequency sweeps has already been explored
in previous studies. For example, (i) luga used two simultaneous broadband DFS to
optimize the performance of the DFS theoretically and experimentally [15]; (ii) Siegel
performed HS frequency sweeps at two different frequencies (Vo and -vyg/2) [18];
and (ii1) the four-point FAM [10] or two subsequent FAM with different timings [12]
presented by Brauniger also generated irradiations at two positive and two negative
frequencies. Here, we aim to illustrate the feasibility of the combination of
sideband-selective adiabatic inversion pulses and weighted rf-fields applied on
different offsets in quadruple frequency sweep scheme, which should alleviate the
saturation effect on the central transition of half-integer quadrupolar nuclei.

The 2’Al MAS spectra of AIPO,-14 using the four frequency sweep schemes of
Fig.1 are shown with vy, = 26.4 kHz in Fig.3b-g. For DFS and DWURST
experiments, the spectra were recorded with vy = 150 (Fig.3d.f) or 300 kHz
(Fig.3e,g). In case of QFS and QWURST, we employed frequency sweeps with

simultaneous offsets of £150 and +300 kHz (Fig.3b,¢). Compared to the normal
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CT-selective m/2-pulse-acquire spectrum (Fig.3a), the enhancement factors of the four
different 2’Al sites with the above sweep schemes are summarized in Table 1. As
discussed previously, AIPO4-14 consists of four crystallographically distinct Al sites
with different Cqs which exhibit quite distinct ST ssb patterns. It is hence difficult to
obtain optimal ST — CT transfers for all *’Al species by just sweeping at two
symmetric offsets. Indeed, using DFS and DWURST with vyg= 150 kHz yields CT
enhancements of ca. 2.4 for Al; sites, while smaller enhancements of 1.3 - 1.6 are
observed for the other three sites with larger Cq values (Table 1). Oppositely, with
Vorr = 300 kHz one obtains gains of ca. 2.5-2.6 for the later three Al sites, but of 1.84
for Al; site with the smallest Cq. On the contrary, using the QFS and QWURST
quadruple sweep schemes with simultaneous offsets of 150 and £300 kHz, results in
enhancements of ca. 2.5 £ 0.1 for all four Al sites of AIPO4-14 (Table.1). It is clear
that the quadruple frequency sweep schemes have improved the robustness of
frequency sweep to the quadrupole interactions. Actually, the QFS and QWURST
sequences can be considered as the independent combinations of two DFS and
DWURST pulses, simultaneously irradiating at two sets of ST ssbs. The much lower
peak rf-field amplitude of 6.6 kHz of the inner adiabatic pulses at £150 kHz is
required to avoid the interference of these two frequency sweep irradiations with the
CT. It must be emphasized that the WURST shape pulse can be replaced by other
adiabatic pulses, such as HS, in our quadruple frequency sweep strategy, which yield
uniform sensitivity gains for the four Al sites of AIPO4-14, similar to those of
QWURST (results not shown).

Further experimental investigations have been done to optimize Vg and Vimax of
the different schemes by using the pulse sequence in Fig.2a. The signal intensities of
Al; and Al; sites as a function of v, and vy are plotted in Fig.4 and 5,
respectively. One observes that the optimal peak rf-field is always in the range of
Vimax & 15-30 kHz. With DFS and DWURST, the best enhancement of Al; site is
achieved with vy ~ 160-200 kHz, while it decreases above this range. Due to the
simultaneous irradiations at tv,g and tv,¢/2, this decrease for Al; is negligible with

QFS and QWURST, which also allows a very good transfer for all other Al species,
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even Als with v, > 200 kHz. DFS and DWURST may be very slightly more
efficient than QFS and QWURST for one particular species, but then this is the
opposite for the other Al resonances. On the contrary, QFS and QWURST are very
efficient for all Al species simultaneously. Since the purpose of this manuscript is not
to obtain the most efficient method for one particular species, but for all, we will
focus now our discussion on the way to make the population transfers the most robust
possible versus Cq values.

Fig.6 displays the experimental CT enhancement factor versus v of the four Al
sites of AIPO4-14 with v, = 26.4 kHz and the four sweep schemes shown in Fig.1.
Compared to the other three Al sites, Al; reveals a rather different enhancement
evolution with DWURST and DFS (Fig.6a and c¢). It increases very fast and is
maximum (ca. 2.5) with v, ~ 170 kHz, when simultaneously the gain is of only ca.
2.0 for Al;. However, when the gain is maximum with vy =~ 300 kHz for Aly, Als
and Aly, that for Al; has decreased rapidly to ca. 1.8-1.9. On the contrary, QWURST
and QFS make the enhancement factor build-up curves to be little Cq dependent
(Fig.6b and d). This improvement may thus offer an acceptable route to employ this
ST — CT transfer strategy in some hetero-/homo- correlation MAS experiments
involving half-integer quadrupolar nuclei, without significant influence of the local
electric field gradients in different chemical environments.

Here, we would like to explore in more detail the robustness of these sweeping
methods with respect to vy versus the total shift (isotropic chemical plus
quadrupolar-induced). This analysis is difficult to perform with AIPO4-14 which
contains four Al species and thus four different shifts, and this sample should hence
only lead to an averaged evaluation. For such an analysis, we have thus used a
berlinite sample, since it only has a single aluminum site with a moderate quadrupole
interaction (Cq = 4.7 MHz). In Fig.7 we show the signal that is observed with the
frequency sweep bandwidth of vg = 15 kHz, and v, varied from 170 to 200 kHz
with a step of Avyg = 1 kHz for DFS/DWURST and from 340 to 400 kHz with Avg¢
= 2 kHz for QFS/QWURST. One observes that D/Q-WURST signal is subject to a

non-negligible modulation with vy frequency. This means that the signal depends
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largely on the v,g value, and hence on the experimental optimization. This is much
less the case with DFS and particularly with QFS, which is very robust with respect to

the particular value of vg.

IV.2. Repetitive quadruple frequency sweep

It has been demonstrated that the remaining polarization of the satellites after a
single RAPT/FAM/DFS manipulation can be used to achieve a further enhancement
of the CT by employing these schemes several times before waiting for the
re-equilibration of the spin system.[21] Here, we have also explored the interest of
repetitive manipulation for QFS. Fig.8a and 8b show the experimental results
obtained for AIPO4-14 using a single pulse and the repetitive QFS sequence of Fig.2b
with N = 16, respectively. Although much higher S/N gains, larger than 3.7, can be
obtained with the weighted addition of the individual FIDs recorded with the
repetitive QFS, a uniform enhancement cannot be maintained for the four Al sites (Fig.
8c-f), as compared with the regular QFS scheme. Especially, after N = 16
accumulations, the Als site exhibits an enhancement of ca. 4.5 (Fig.8e), which is 20 %
higher than for the other three sites. This difference can be attributed to its much
shorter relaxation time (T; ;3 ~ 6.9 ms) compared to the others sites: T; Ay = 25.9,
Tian = 25.8 and Tjau ~ 45.7 ms. This result demonstrates that the enhancement
factor is affected by the longitudinal relaxation time in the repetitive strategy.
IV.3. *'P-{*’ A1} PT-J-HMQC experiments

One of the main applications of the ST — CT transfer of populations is to speed
up the J-recoupling, which is required to acquire J-HMQC 2D spectra, between
spin-1/2 and half-integer quadrupolar nuclei. Indeed, these small J couplings require
long mixing times, during which the signal is largely attenuated due to losses which
are often important when dealing with quadrupolar nuclei. To demonstrate the
feasibility of such strategy, we have first simulated the PT-J-HMQC *'P-{*’Al} signal
for one isolated *’Al->'P spin-pair with J = 100 Hz and the 4 different ST — CT
transfer schemes in Fig.1. Two quadrupolar constants were selected for *’Al, Co=15

and 3 MHz, and this interaction was considered with g = 0 to the second order. The
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signal intensities of the *'P — ?’Al — *'P transfers are plotted in Fig.9 and 10 for Co
= 3 and 1.5 MHz, respectively, versus peak rf-field (vi,ax) and offset (vy¢), for the
four sweep schemes. These two figures demonstrate that the QFS/QWURST schemes
can cover a much broader range of v,g parameter compared to conventional
DFS/DWURST schemes, especially with small Cq values (Fig.10b,d). This shows
that the quadruple frequency sweep strategy is also available for our very recently
developed PT-J-HMQC experiment.

Fig.11 displays the *'P signal observed on AIPO414 after a *'P — *’Al —°'P
transfer, versus Tpix, either with JSJHMQC (Fig.11b) or PT-J-HMQC (Fig.11a) with the
QFS sequence, as shown in Fig.2¢. In order to show the robustness of the QFS
population transfer with respect to rf-field and also to alleviate its interference with
proton decoupling, we have used a peak value of only v.x = 14 kHz. The offset
was pre-optimized with the pulse sequence in Fig.2a, and its value was of v, = 300
kHz. On the *’Al channel, except for the QFS irradiation, all pulses selectively excited
the CTs. The maximum overall transfer efficiency was significantly enhanced by
PT-J-HMQC (Fig.11¢). Moreover, the optimal mixing time of PT-J-HMQC was
shortened by a factor of ca. 1.7 compared to J-HMQC. In Fig.12, we have represented
the experimental 2D *'P-{*’Al} 2D spectra of AIPO4-14 acquired with QFS
PT-J-HMQC (Fig.12a) and conventional J-HMQC (Fig.12b). Representative vertical
slices from these 2D spectra are displayed in Fig.13. It must be noted that the
application of this low rf-field of QFS (vimax = 14 kHz) leads to the lower gain
(1.8-2.1) of Al; compared with that (2.3-2.6) of the other three Al sites in
PT-J-HMQC experiment. However, this gain is still higher than that (1.4 - 1.6)
obtained by using DFS/DWURST schemes at the same conditions (results not shown).
It must be noted that our previous study showed that the maximum efficiency was
observed with PT-J-HMQC when v, was set at the most intense sideband of ST,
[22b], and the efficiency dropped when v,¢ was small.

Nevertheless, these results demonstrate that the quadruple sweep strategy always
leads to an improved robustness of ST — CT transfer to accelerate the J recoupling

between the two nuclei, which improves the sensitivity when used with the JJHMQC
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sequence due to reduced losses.
Conclusion

In this work, we have demonstrated the advantages of the improved strategy of
STs manipulation by using the quadruple frequency sweep technique. Instead of
sweeping only one pair of symmetrical ST spinning sidebands, sweeping two different
such pairs makes the ST — CT transfer much less sensitive to the offset of the sweep
pulses. This method, which only requires 6% more rf-power than the double sweep,
allows manipulating efficiently the STs of several sites with quite different Cq values,
thus achieving similar signal enhancements for samples containing several
nonequivalent sites. This robustness with respect to Cq is simultaneously obtained
with a good robustness with respect to the sweeping rf-field. Both advantages are
mandatory when analyzing samples whose spectra have a low S/N ratio. Indeed, it is
then very difficult and time consuming to optimize carefully the rf-field and offset
parameters.
We have demonstrated this strategy in the case of pulse-acquire 1D experiments, and
shown that it can also be employed in our recently developed PT-J-HMQC 2D
experiment. This scheme can also be combined with many other 2D experiments
involving half-integer quadrupolar nuclei to improve the experimental sensitivity. We
have proposed two quadruple frequency sweep techniques based on
sideband-selective DFS and WURST excitations, called QFS and QWURST,
respectively. We have shown that (i) both sweepings provide the same signal gain of
ca. 2.5, independent on the Cq value, but (i1) that QFS is slightly more robust than

QWURST with respect to the offset, hence requiring less offset optimization.
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Fig.1. Schematic representations of adiabatic frequency sweeps. Double frequency
sweeps: DWURST (a) and DFS (c); Quadruple frequency sweeps: QWURST (b) and
QFS (d).
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Fig.2. (a) Pulse sequence for CT signal enhancement of half-integer quadrupolar
nuclei with initial ST saturation/inversion. (b) Repetitive QFS-CT selective sequence
with N acquisitions. (c¢) Pulse scheme for I-{S > 1/2} PT-J-HMQC experiment with
the initial magnetization of I spins generated by cross-polarization (CP) from protons.
During the Jis defocusing and refocusing delays, Tmix, the polarization transfer is
accelerated by applying M frequency-swept pulses of 7, length each to manipulate
STs of S spins.
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Fig.3. AIPO4-14 ’Al 1D MAS spectra obtained with /2-CT-selective pulse: (a) alone,
or (b-g) preceded with STs manipulation by QWURST (b), QFS (c), DWURST (d,e),
DFS (f,g) with vimax = 26.4 kHz, vy = 150 (d,f), 300 (e,g) or 150 and 300 (b,c) kHz
(indicated on the spectra). Bg = 9.4 T, vg = 15 kHz, T, = 500 ps, 16 scans with a
relaxation delay of 2 s.
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Fig.4. AIPO4-14 Al (Cq = 1.7 MHz) normalized signal versus Vimaxand vegr in MAS
spectra obtained with sequences shown in Fig.2a with sweeps either at v with (a)
DWURST and (c) DFS, or 2v,g and tvg/2 with (b) QWURST and (d) QFS. By =9.4
T, vg = 15 kHz and T, = 500 ps.
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Fig.5. AIPO4-14 Al; (Cq = 5.6 MHz) normalized signal versus Vimaxand veg in MAS
spectra obtained with sequences shown in Fig.2a with sweeps either at v with (a)
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Fig.6. AIPO,-14 experimental enhancement factor for the four *’Al sites (Al: -H-,
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Fig.8. Experimental *’Al MAS spectra of AIPO,-14 obtained using: (a) a
n/2-CT-selective pulse, (b) a repetitive QFS adding N = 16 individual FIDs acquired
with the sequence shown in Fig.2b. Statistic enhancement of the four 2’Al sites (c-f)
with repetitive QFS: black squares: S/N for each of the N individual FIDs; red circles:
enhancement of S/N if the sum of the N individual FIDs is used; blue triangles:
enhancement of S/N for the weighted sum of the N individual FIDs. By = 9.4 T, vg =
15 kHz, T, = 500 ps, Vimax = 26.4 kHz and a relaxation delay of 2 s.
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Fig.9. Simulation results of the normalized signal intensities of *'P — Al — *'P
transfer in PT-J-HMQC experiments for one isolated 2’Al->'P spin-pair with J = 100
Hz and Cq = 3.0 MHz as a function of peak rf-field (vimax) and offset (vos) obtained
by the pulse sequence described in Fig.2¢ with different frequency sweeps: (a)
DWURST, (b) QWURST, (c) DFS and (d) QFS. By =9.4 T, tpix = 1.68 ms = 1/6J, vg
=25 kHz and T, = 500 ps.
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Fig.10. Simulation results of the normalized signal intensities of *'P — *’Al — *'P
transfer in PT-J-HMQC experiments for one isolated AP spin-pair with J = 100
Hz and Cq = 1.5 MHz as a function of peak rf-field (vimax) and offset (vos) obtained
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Fig.11. AIPO414 *'P-{*’Al} 1D (t; = 0) spectra at By = 9.4 T with vg = 15 kHz. *'P
signal intensities versus Tmix for (a) PT-J-HMQC (Fig.2¢) with QFS using T, = 500 ps,
Vot = 300 kHz and vim.x = 14 kHz, and (b) conventional J-HMQC. (c) Expansion of
optimal *'P spectra obtained with (b) (Tmix = 5.0 ms) and (a) (Tmix = 3.0 ms)
experiments, respectively.
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Fig.12. AIPO4-14 *'P-{*’ Al} JJHMQC TPPI spectra at By = 9.4 T with vg = 15 kHz,
T, =500 ps, TD (F1) = 140, At; = 66.67 us, NS = 16, D1 = 2 s, experimental time ~
1.3 h, and skyline projections along F1 and F2. These spectra have been obtained: (a)
with QFS (Vimax = 14 kHz) and t,ix = 3.0 ms, and (b) conventional sequence with Tpix
= 5.0 ms, and they are represented with same contour levels.
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Fig.13. Experimental representative slices along F1 of Fig.12 for the three *'P sites
obtained by conventional J-HMQC (bottom) and PT-/-HMQC with QFS (top)
experiments. The numbers are the sensitivity gains of the different 2’Al sites obtained
by QFS sweeps with respect to the conventional J-HMQC experiment.
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Table 1. Enhancement factors of the four Al sites on AIPO4-14 with different sweep

schemes by using the pulse sequence in Fig.2a.

Vimax = 26.4 kHz Cq (MHz) QWURST QFS DWURST
Vorr (kHz) 300+ 150 | 300+ 150 300 150 300 150
Al 1.7 2.45 2.43 1.85 2.40 1.84 2.43
Al 4.2 2.43 2.50 2.65 1.49 2.60 1.61
Aly 5.6 2.47 2.50 2.50 1.58 2.54 1.64
Aly 2.6 2.55 2.57 2.58 1.35 2.59 1.44




