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ABSTRACT

Direct polarization using a single pulse is the simplest excitation scheme in nuclear magnetic resonance
(NMR) experiments, capable of quantifying various compositions in many materials applications.
However, this single-pulse excitation generally gives rise to NMR spectra with a severely distorted base-
line due to the background signals arising from probe components and/or due to the radio-frequency (RF)
acoustic ringing, especially in low-y nuclei and wide-line NMR. In this work, a triple-pulse excitation
scheme is proposed to simultaneously suppress the background signals and eliminate the RF acoustic
ringing. The acoustic ringing is cancelled through subtraction in any two consecutive scans by alternating
the receiver phase while keeping the phase of the pulse right before acquisition the same. While the
triple-pulse scheme generates an additional flip-angle dependent scaling to the traditional single-pulse
excitation profile in such a way that the scaling is one when the flip-angle is ~90° but becomes almost
zero when the flip-angle is very small. Therefore, the background signals arising from the materials out-
side the sample coil experiencing a very small fraction of the RF flip-angles can be effectively suppressed.
Various samples containing 'H and quadrupolar nuclei (70, 2°Mg, and 23>Na) have been used to demon-
strate the effectiveness of this newly proposed triple-pulse excitation in terms of suppressing the back-
ground signals and eliminating the acoustic ringing effects.

© 2021 Elsevier Inc. All rights reserved.

1. Introduction

Nowadays, direct polarization using a single-pulse excitation
scheme remains to be a frequently used method in many nuclear
magnetic resonance (NMR) applications such as catalysts/zeolites,
batteries, silicates, polymer, etc. [1-12], where either no abundant
spin is available in the lattice of materials to be a source for cross-
polarization (CP) enhancement or the CP efficient is rather low,
while a rapid direct polarization is possible for those nuclei having
a very short spin-lattice relaxation time (T;). As shown in Fig. 1a,
the single-pulse (SIP) excitation represents the simplest direct
polarization scheme in NMR by flipping the magnetization away
from its equilibrium state in the longitudinal direction (+z axis).
The projection of the tilted magnetization onto the horizontal
plane (the xy plane) generates transverse magnetization that is
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detected by the receiver. However, the SIP excitation polarizes all
signals within the range of the magnetic field generated by the
radio-frequency (RF) pulse, including possible background signals
from probe materials (such as capacitors, stator, etc.) located out-
side the sample coil. In addition, the deadtime ringdown effects,
which arise from the acoustic ringing of the RF pulse right before
the receiver opening, often cause a wiggling or distorted baseline
in the observed spectra [13,14], particularly in low-y nuclei (such
as '70 and ®Mg) and wide-line NMR. Typically, the background
signals and the distorted baseline intrinsically exist in the SIP-
excited spectra.

Many approaches [13-23] have been proposed to suppress the
background signals and acoustic ringing. In principle, both back-
grounds and acoustic ringing effects can be simultaneously
removed by subtracting two separate experiments with and with-
out the sample in the probe under identical conditions. However,
such a standard procedure is not practical for two reasons. (1)
The total experimental time is doubled. One of the experiments
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Fig.1. Pulse sequences used for direct polarization NMR experiments. (a) A single-
pulse excitation, where ¢ is (X, —x, y, —y) and the corresponding phase for the
receiver is (X, —X, y, —y). (b) A triple-pulse excitation, where the complete phase
cycling is ¢1= (X, =X, X, =X, X, =X, X, =X, V, =V, V, =V, ¥, =V, ¥, —=V), ¢2= (=X, =X, X, X,
X XXX Y VLYY Y Y YY) 437 (KK K K K X X K Y VL YL Y <Y Y
-y, —Yy) and the corresponding receiver phase is (X, —X, —X, X, =X, X, X, =X, ¥, =V, =V,
v, =V, ¥, ¥, —¥). (c) A simple vector model in the first two scans of the above phase
lists for the first two pulses in (b).

does not have the sample placed in the sample coil and records
only the unwanted signals and noise. As a result, the noise level
in the subtracted spectrum increases by 141%. (2) The probe tun-
ing/matching often becomes different with and without the sam-
ple being placed inside the sample coil. Change in the probe
tuning/matching would alter the phase of the observed signals,
so that the phase correction for the spectra recorded in the two
separate experiments has to be performed independently. In light
of the severely distorted baseline from the background signals
and acoustic ringing effects, any slight difference in the phase cor-
rection would lead to incomplete cancellation of the background
signals and acoustic ringing effects. Jaeger and Hemmann [13,14]
proposed an alternative way to subtract the two spectra (called
EASY, elimination of artifacts in NMR spectroscopy). They ran one
experiment with the sample being inside the sample coil but
recorded two sets of free induction decay (FID), one after another
with a short delay (much shorter than the recycle delay). The first
FID, after the 90° pulse excitation, contains the wanted signals as
well as all unwanted signals (including the background signals
and the deadtime ringing effects). Immediately after the first FID,
another 90° pulse is applied, followed by recording the second
FID, such that the second FID contains only those unwanted signals
since the wanted signals have completely decayed in the trans-
verse plane. Therefore, any changes in the probe tuning/matching
for acquiring these two FIDs can be avoided and the subtraction
of the two FIDs (without doubling the experimental time) elimi-
nates the background signals and acoustic ringing effects simulta-
neously, again at an expense of increasing the noise level by 141%.

In fact, the background signals and acoustic ringing effects are
two different issues. The former are real signals of the probe mate-
rials around the sample coil induced by the applied RF pulses.
Therefore, they are coherent to the phases of the RF pulses. In com-
parison, the acoustic ringing effects are the response of the coil to
the RF pulses, which depends on the resonance frequency and
probe tuning. Typically, a lower frequency exhibits a longer acous-
tic ringing, especially for low-y nuclei. The acoustic ringing is not
coherent to the phase of the applied RF pulses, thus it can be effec-
tively eliminated through subtraction by alternating the receiver
phase while keeping the same phase of the RF pulse prior to the
receiver. CP [24] is a good example for suppressing the acoustic
ringing effects, where the signals of a dilute spin are polarized dur-
ing a contact time between the protons and the dilute spin when
their spin-lock fields fulfill the Hartmann-Hahn matching condi-
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tion [25]. In the CP experiments, the contact pulse on the dilute
spin has the same phase while the receiver’s phase is alternated
in two consecutive scans. Due to the fact that the sign of the
cross-polarized signals of the dilute spin can be altered by shifting
the phase of the 'H 90° pulse before the CP contact time by 180°,
subtracting the two consecutive scans allows for the accumulation
of the cross-polarized signals while eliminating both the acoustic
ringing effects (leading to the baseline distortion) and all of the sig-
nals (including the background signals from the probe compo-
nents) that are not polarized from 'H through CP. A longer delay
between the pulse end and the opening of the receiver (i.e., DE,
the so-called deadtime) could sufficiently remove the acoustic
ringing effects but may not be able to suppress the background sig-
nals, depending on the linewidth of the background signals. In
addition, increasing DE induces significant phase dispersion of
those signals spreading over a large spectral window before acqui-
sition, resulting in a severe phase distortion of the wanted signals.
In this regard, the spin-echo pulse sequence is the method of
choice to obtain the in-phase signals over a large spectral window
and at the same time to suppress the background signals as well as
the acoustic ringing effects. This is because the data acquisition
takes place after a relatively long refocusing delay, such that any
acoustic ringing effects will be diminished completely. While the
background signals are from the materials outside the sample coil
and experience only a small fraction of the 180° RF flip-angle gen-
erated inside the sample coil, they cannot be refocused and will be
effectively canceled out after the complete phase cycling. Bendall
and Gordon [26] extensively discussed the resulting signal inten-
sity as a function of the pulse flip-angle based on multiple spin-
echo sequences, known as the DEPTH profiling, to improve spatial
discrimination using surface coils that are generally encountered
with notorious B; inhomogeneity. Since the DEPTH spectra are sen-
sitive to the pulse flip-angle, the DEPTH sequences have been
applied to suppress the background signals for spin-1/2 nuclei
[17,27], but they have not been focused on eliminating acoustic
ringing effects, especially in quadrupolar nuclei where the 180°
RF inversion might become rather insufficient, depending on
quadrupolar couplings.

Here, we design a triple-pulse (dubbed as TRIP) excitation
scheme, as shown in Fig. 1b, in such a way that the phase (i.e.,
¢3 in Fig. 1b) of the pulse right before acquisition always remains
the same in any two consecutive scans while the receiver phase
is alternated. Therefore, the acoustic ringing effects are cancelled
through subtraction of the two consecutive signals. On the other
hand, the three-pulse scheme generates an additional flip-angle
dependent scaling to the SIP excitation profile in such a way that
the scaling is one when the flip-angle is ~90° but it becomes signif-
icantly small when the flip-angle is less. Therefore, the background
signals resulted from the probe materials outside the sample coil
that experience a very small fraction of the RF flip-angles can be
dramatically suppressed. In other words, without using any 180°
inversion pulse as in the spin-echo based DEPTH sequences, the
TRIP scheme can also achieve such a flip-angle dependent excita-
tion profile and thus is applicable to quadrupolar nuclei. The SIP
and TRIP excitation profiles will be compared using spin-1/2 sys-
tems. Various samples containing 'H and quadrupolar nuclei
(170, 2>Mg, and 23Na) will be used to demonstrate the effectiveness
of this TRIP excitation in terms of suppressing the background sig-
nals and eliminating the acoustic ringing effects.

2. Materials and experimental
Adamantane, sodium sulfate, magnesium hydroxide, diglycidyl

ether of bisphenol A (DER332) and H170 (74% 70) were purchased
from Sigma-Aldrich. Glutaric anhydride and zinc acetate were pur-
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chased from Aladdin. All other reagents and solvents were used as
received without further purification.

170 enriched glutaric acid (GA-'70) was first obtained by
hydrolysis of glutaric anhydride. Glutaric anhydride (3.423 g,
0.03 mol) and H3’0 (0.76 g, 0.04 mol) were added into a 50 mL
round-bottom flask with 10 mL acetone. The mixture was refluxed
for 3 h. The solvent was removed by rotary evaporation to obtain a
white powder solid. Then, the vitrimer network sample (labeled as
TDDER) was then synthesized from DER332 (3.4 g, 0.01 mol) and
GA-170 (1.83 g, 0.01 mol) dissolved in DMF. The zinc acetylaceto-
nate (5% of epoxy equivalent) as catalyst was added into the mix-
ture, then sonicated and heated to disperse or completely dissolve.
The homogenized mixture was transferred to a PTFE module, kept
in 80 °C oven for 24 h to evaporate the solvent, and cured at 140 °C
for 18 h by carefully increasing the temperature.

170-enriched 3,3'-phenoxy-dipropyl glutarate (labeled as '’0-
PDG) was synthesized for liquid-state !0 NMR experiment.
2.15¢g 3-bromo-1-phenoxypropane, 0.396g '7O-glutaric acid,
0.828 g K,CO3, 0.1 g tetrabutylammonium bromide (TBAB), and
5 mL CH3CN were mixed together and refluxed under 110 °C for
44 h. After evaporation of the solvent, the crude product was puri-
fied by column chromatography (hexane: ethyl acetate =50:1 to
20:1 v/v).

The metal organic framework [(CH3),NH;]Mg(HCOO); (labeled
as Mg-MOF) sample was prepared using the method similar to
the one described in the literature [28] with some minor modifica-
tions [29]. A 23 mL solution of 50 vol% dimethylformamide (DMF)
in nanopure water into which 85.0 mM MgCl, and 2 uM MnCl,
(0.002%) were dissolved was sealed in a 35 mL pressure vessel.
The pressure vessel was then heated to 140 °C for two days, then
allowed to cool to room temperature. Once cool, the supernatant
was decanted. Single crystals were obtained by slowly evaporating
the solution in a 10-dram glass vial with a 1-inch diameter.

The adamantane sample was packed into a 4-mm Bruker MAS
rotor and used for 'H NMR experiments, while the sodium sulfate
and sodium chloride were physically mixed (at 20:1 ratio by
weight) and packed into a 4-mm Bruker MAS rotor for 22Na NMR
experiments. Both 'H and 2>Na NMR measurements were per-
formed on a Bruker Avance 600 MHz NMR spectrometer operating
at the 'H and 23Na Larmor frequencies of 600.13 and 158.75 MHz,
respectively. The sample spinning rate was controlled by a Bruker
pneumatic MAS unit at 12 kHz + 3 Hz. The 'H 180° pulse length
was calibrated to be 8.25 pus. 16 scans were used to accumulate
the signals with a recycle delay of 5s. The 2>Na 180° pulse length
was calibrated to be 7.25 ps by monitoring the signal of NaCl that
possesses null electric field gradient due to the symmetric struc-
tural arrangement in the lattice. The NaCl signal was used for
chemical shift reference at O ppm. 2 scans were used for the SIP
excitation and 4 scans for the TRIP excitation, with a recycle delay
of 150s.

The TDDER vitrimer sample was packed into a 3.2 mm pencil
MAS rotor for 170 NMR measurements on an 800 MHz NMR spec-
trometer equipped with a Bruker NEO console where the 170 Lar-
mor frequency is 108.44 MHz. The sample spinning rate was
controlled by a Bruker pneumatic MAS III unit at 16 kHz + 3 Hz.
The 70 90° pulse length was calibrated to be 3.0 s using natural
abundance water, which was also used as a reference at 0 ppm. For
the measurements on the TDDER sample, 1.0 and 2.0 ps were used
as 90° and 180° pulse length. For the rotor-synchronized Hahn-
echo and TRIP experiments, 102,400 scans were used to accumu-
late the signals, while 10,240 scans were used for the SIP excita-
tion, with a recycle delay of 0.4 s. A total of two-rotor period (i.e.,
125 pus) was used in the rotor-synchronized Hahn-echo experi-
ment. The deadtime between the end of the RF pulse and the
beginning of the receiver opening was set to 5 ps in the SIP and
TRIP experiments.
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The Mg-MOF sample was packed into a 3.2 mm pencil rotor for
25Mg NMR measurements on an 800 MHz NMR spectrometer
equipped with a Bruker NEO console where the 2Mg Larmor fre-
quency is 48.95 MHz. The sample spinning rate was controlled
by a Bruker pneumatic MAS IIl unit at 16 kHz + 3 Hz. The Mg
90° pulse length was calibrated to be 6 pus using MgCl,-6H,0 pow-
der, purchased from Fisher Scientific. Different from the anhydrous
MgCl, that exhibits a large 2°Mg quadrupolar coupling [30], this
hydrous form does not show any second-order quadrupolar line-
broadening (c.f. Fig. ST in the Supporting Information) and thus
is used as a 2°Mg reference at 0 ppm. 102,400 scans were used
for signal averaging in both SIP and TRIP excitation schemes with
a recycle delay of 1s.

The liquid-state 70 NMR experiments were performed on a
Bruker Avance III 400 MHz NMR spectrometer with 170 Larmor fre-
quency of 54.24 MHz. The 70 90° pulse length was calibrated to be
40 ps, and DE was set to 10 ps. 3000 scans were used for both SIP
and TRIP excitation schemes to accumulate the signal of 1’0-PDG
with a recycle delay of 0.4 s.

3. Results and discussion

It is well known that, for spin-1/2, with the assumption that the
B, field generated by the RF pulse is much stronger than any inter-
nal spin interaction, the projected signal intensity in the xy plane
in the SIP excitation (Fig. 1a) follows a sine wave with respect to
the pulse length tp:

Sobs = SiN(27v17,) (1)

The RF flip-angle is defined as 6 = v;71,, where v; is the ampli-
tude of the RF pulse. Therefore, for spin-1/2, v; represents the
nutation frequency of the polarized signal under the RF pulse.
Fig. 2a shows the 'H spectra of adamantane at different t, using
the SIP excitation as in Fig. 1a. Clearly, in addition to the adaman-
tane peaks (the centerband appearing at 1.63 ppm and its first
sidebands at 21.8 and —18.5 ppm), there exists a very broad signal
along the baseline (the enlarged baseline is shown in the inset).
While the adamantane 'H signals reach the maximum when
T, =4.25 ps (i.e.,, 6=90°) as described by Eq. (1), the broad signal
gains its intensity as T, increases. In other words, the broad signal
arises from materials outside the sample coil. Although those

(a) 0 =90°
0 =60°

0 =120°

0 = 150°

1 s 1

50 0 -50 50 O -50 50 O -50 50 O -50 50 O -50 50 O -50
d(pm)  S(ppm)  d(ppm)  S(ppm) 3 (ppm) 3 (ppm)

Fig.2. 'H spectra of adamantane from a 4-mm Bruker MAS probe at different t,
using (a) single-pulse and (b) triple-pulse excitation schemes.
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materials experience a much weaker RF field than the adamantane
sample inside the sample coil, their 'H signal should still be polar-
ized by the RF pulse generated inside the sample coil, resulting in
the so-called background signals.

Fig. 1b shows the TRIP excitation scheme, where three pulses
having different phases are applied one after another. A minimal
of four scans is required to ensure the cancellation of the acoustic
ringing effects by alternating the receiver phase while keeping the
phase ¢5 of the 3rd RF pulse unchanged. Fig. 2b shows the 'H spec-
tra of adamantane at different t, using the TRIP excitation. Differ-
ent from Fig. 2a, the adamantane 'H resonances are almost
invisible when t,=0.5 pus (6 ~ 10°) but become as intense as in
Fig. 2a when 1, = 4.25 ps (6 = 90°), while the broad signal observed
in Fig. 2a is no longer visible in all spectra (the enlarged baseline is
shown in the inset). In other words, the background signal is effec-
tively suppressed with the TRIP scheme. As indicated in Fig. 2 and
in the superimposed spectra (c.f. Fig.S2 in Supporting Information),
there is no difference in the signal-to-noise ratio between the TRIP
and SIP schemes when 6 = 90°.

Fig. 1c shows the simple vector model in the first two scans of
the phase cycling for the first two pulses in the TRIP scheme, the
red magnetization representing the vector motion for the first scan,
while the purple one for the second scan. Clearly, after the two
pulses the magnetization along the z-axis remains fully in the first
scan, but is scaled by cos(20) in the second scan. Any magnetiza-
tion remaining in the xy plane will be canceled in the third and
fourth scans. Thus, a minimal of four scans is required to make sure
that only the magnetization along the z-axis is effectively prepared
before the third pulse. As in the standard SIP scheme, the third
pulse brings the magnetization along the z-axis to the xy plane
for detection. It is obvious that, in every two scans, the magnetiza-
tion difference along the z-axis (represented by the green) (be-
cause of the phase alternation for the receiver) between the first
and second scans is observed. Therefore, the projected signal inten-
sity per scan in the Xy plane in the TRIP excitation can be written
as:

Sobs = SiN(27V1T,) [1 — cos(4mv1T,)] /2. 2)

Clearly, the TRIP excitation implies an additional 0-dependent
scaling to the traditional SIP excitation profile (i.e,
[1 — cos(4mv,7,)]/2). Fig. 3 shows the plots of the observed center-
band 'H signal of adamantane as a function of the RF flip-angle 6
using the SIP and TIP excitations. It is obvious that when 6 = 90°,
there is virtually no difference in the observed signal intensity with
the SIP and TIP schemes, as verified in Fig. S2. Even at 6 = 80°, the
observed signal intensity is 95.6% of that at 6 = 90°. With the recent
probe technology development, the RF homogeneity across the
sample region inside the sample coil has been greatly improved.
An applied RF pulse generates a strong and uniform B; field inside
the sample coil, but the same RF pulse provides a much weaker and
inhomogeneous B; field outside the sample coil. Therefore, the
sample inside the coil should experience a uniform B field, such
that they can be fully polarized by the SIP and TIP excitations.

When 6 is small, the observed signal is significantly reduced
using TRIP, as opposed to SIP. For instance, when 0 = 20°, 34% of
the signal remains in the SIP excitation, while only 4% of the signal
is polarized by the TRIP excitation, about a factor of 8 reduction.
When 0 =10°, 17% of the signal is polarized by the SIP excitation,
but only 0.5% by the TRIP excitation, reducing by a factor of 34.
Therefore, the TRIP excitation can significantly suppress the back-
ground signals from the materials outside the sample coil that
experience only a small fraction of the RF flip-angle generated in
the sample coil.

For low-y nuclei such as 70, their resonance frequencies are
rather low, such that there exists a notorious acoustic ringing from
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Fig.3. Profiles of the observed 'H centerband signal intensity as a function of the RF
flip-angle using (red open circle) single-pulse and (blue open square) triple-pulse
excitation schemes. The red and blue lines are drawn respectively using Eqs. (1) and
(2). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

the RF pulses, resulting in a severely distorted baseline in their 70
NMR spectra, especially at lower fields. Fig. 4 shows the 70 solu-
tion NMR spectra of the '0-PDG sample using the SIP and TRIP
excitation schemes. Clearly, the severely distorted baseline due
to the acoustic ringing effects is observed in the SIP-excited spec-
trum (c.f. Fig. 4a), but completely suppressed in the TRIP-excited
spectrum (c.f. Fig. 4b).

So far, it has been demonstrated that the TRIP excitation scheme
efficiently suppresses the background signals and eliminates the
acoustic ringing effects in both solid-state and solution NMR
experiments. Another question to answer is whether or not it is
applicable to quadrupolar nuclei in solids. For half-integer
quadrupolar nuclei, the nutation under the RF pulse is highly
dependent upon the ratio of v4/vq, where v; and v, represent the
RF amplitude and the quadrupolar frequency, respectively. How-
ever, the RF excitation can be simplified under these two extreme
cases [31,32]: (i) vi/vq > 0. In this case, the RF pulse is non-
selective and excites all transitions according to the nutation fre-
quency vy, as described in Eq. (1); (ii) vi/vq < 0. In such a case,

(a)

(b)

L} L L] * L) * L) ¥ L] g L) * L) - L] v
1000 800 600 400 200 0 -200  -400
70 Chemical Shift (ppm)

Figd4. '70 liquid-state NMR spectra of the '70-PDG using various excitation
schemes at 50 °C. (a) SIP; (b) TRIP. The asterisks indicate the solvent signal from
the deuterated DMSO.



F. Wang, S.K. Ramakrishna, P. Sun et al.

the RF pulse selects only the central transition with a nutation fre-
quency of (I +1/2) v, where I is the spin quantum number. There-
fore, for the central transition, the TRIP excitation profile can be
simply modified from Eq. (2):

S_obs = sin <2n [I + %} W 'z:p> {1 — cos <4n [I + %} W rp> }/2 (3)

Fig. 5 shows the nutation profiles of the central transitions for
half-integer quadrupolar nuclei under the TRIP scheme. Clearly,
due to the difference in their nutation frequencies, the signals that
fulfill the condition of v¢/vq > 0 could be easily identified by sup-
pressing those signals from v;/vq < 0. For instance, for spin-3/2
nuclei, when v;1,=90°, the maximum signals are polarized for
V1/Vq > 0 and the null signals are achieved for v;/vq < 0. When
V1T, = 45°, the maximum signals are polarized for v;/vq < 0 and
the signals for vq/vq < 0 remain at 70% using the SIP scheme
(red solid-line), as opposed to 25% using the TRIP scheme (red
dashed-line). As an example, Fig. 6 shows the 2>Na NMR spectra
of the NaCl/Na,SO, mixture using SIP and TRIP excitation schemes.
Since NaCl does not possess the electric field gradient (EFG) due to
its symmetric structural arrangement in the lattice, it belongs to
the case of vq/vq > 0. While sodium in Na,SO,4 exhibits a large
Vg, fulfilling the condition of v;/vq < 0 and thus showing a charac-
teristic second-order quadrupolar lineshape in the spectra. It is
clear that when tj, = 2.0 ps (i.e., v1T, ~ 45°), the relative NaCl signal
intensity is greatly reduced when using the TRIP scheme as com-
pared to the SIP scheme. It is worth noting that the second-order
quadrupolar lineshape of the >Na MAS spectra from Na,SO, is
not sensitive to the pulse flip-angles (c.f., Fig. S3 in the Supporting
Information). When t, =4.0 ps (v1Tp ~ 90°), only the NaCl signal
remains, while the Na,SO, signal is suppressed since the 2>Na cen-
tral transition experiences a 180° flip-angle as indicated in Fig. 6b
and 6e. An interesting feature in Fig. 3 lies at 6 = 180°. For the SIP
excitation, there exists a single zero-crossing at 6 = 180°, meaning
that the inversion is extremely sensitive to the RF inhomogeneity
as well as the offset effect, which can be used to precisely calibrate
the pulse flip-angle. But in the TRIP profile, even at 6 = 170°, the

o
© o

Normalized Ecitation Intensity
S
o

O 30 60 9 120 150 180
o}
vt ()

Fig.5. Nutation profiles of the central transitions for half-integer quadrupolar
nuclei under the TRIP scheme. The spin-3/2, 5/2, and 7/2 nuclei are represented by
green, purple, and blue lines, respectively. While the red lines refer to the nutation
profiles of the signal in case of v4/vq > 0 under SIP (solid-line) and TRIP (dashed-
line). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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a b C
(@ NaCl ®)  |Nac (©
Na,SO,
Na,SO,
T T T T T T T T T T T T
0 -10 -20 ppm 0 -10 -20 ppm 0 -10 -20 ppm
(d) (e) ®
NaCl
NaCl Na,SO, Na,SO,
(I) —1|0 —éo plzpm 0I —‘||0 —éO ;‘)pm 6 —%0 —éO ;I)pm

Fig.6. >Na NMR spectra of the NaCl/Na,SO, mixture using SIP (red: a - c) and TRIP
(green: d - f) excitation schemes. (a and d) T, = 2.0 ps; (b and e) t, = 4.0 ps; (c and f)
difference between the spectra t,=1.58 and 5.75 ps. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

observed signal is almost zero. In other words, the zero-crossing
is not sensitive to the RF inhomogeneity and the offset effect.
Clearly, the Na,SO,4 signal is better suppressed in Fig. 6e than in
Fig. 6b. For spectral editing purpose, the difference between the
signals at t,=1.58 ps (i.e, viTp~36°) and t,=5.75ps (ie,
V1T, ~ 130°) allows for a complete suppression of the NaCl signal.
However, for I = 5/2, the selection of the signals for v;/vq < 0 could
not be achieved by such a difference spectroscopy, but it may be
accomplished by using the TRIP scheme. As indicated by the purple
line in Fig. 5, for spin-5/2 nuclei, the signals for v;/vq < 0 reach
their maximum polarization when v;t,=30° While this flip-
angle polarizes only 12.5% of the signals for v;/vq > 0. In other
words, the signals for vi/vq > 0 are equivalent to the background
signals as they experience a small flip-angle and thus could be
attenuated by using the TRIP excitation scheme, especially for
higher I. Specific applications along this direction are currently
underway.

Fig. 7 shows the 70 NMR spectra of the TDDER vitrimer by
using different excitation schemes. Vitrimers, as a new class of
polymer materials with exchangeable covalent bonds as dynamic
cross-links, have been envisioned to serve as fascinating functional
materials with reprocessibility, self-healing ability, as well as
shape memory property.[33] Since the pioneering work of vit-
rimers by Leibler and coworkers [34], various state-of-the-art vit-
rimers have been developed to explore new exchange reactions
and extend their applications in various industrial fields. The topol-
ogy rearrangement of vitrimers can be achieved at an elevated
temperature when the associative bond exchange is activated
beyond the topology freezing transition temperature, thus allow-
ing the network to fast relax stresses and flow [33,35], leading to
efficient reprocessing and recycling without loss of network integ-
rity. As a thermally triggered associative exchange reaction, trans-
esterification reaction has been demonstrated as a robust and
convenient choice for dynamic epoxy resin vitrimers, which plays
a key role in controlling the function and properties of these mate-
rials. However, such a unique dynamic behavior observed in the
vitrimers is not fully understood yet, especially on a molecular
level. Therefore, highly sensitive 17O detection at specific sites in
the exchangeable ester bond could gain deep insights into the
transesterification reaction in vitrimers. !0 is a low- y nuclei with
I=5/2, whose vq is generally large and thus the extreme condition
of v1/vq < 0 could be easily fulfilled. The acoustic ringing effects
are very significant, as indicated in Fig. 7a, where the baseline is
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Fig.7. 70 MAS NMR spectra of the TDDER vitrimer using various excitation
schemes. (a) SIP; (b) rotor-synchronized Hahn-echo; (c) TRIP. The arrows indicate
the positions of the 70 resonances in the severely distorted baseline. The spectra
shown in (b) and (c) are normalized. The asterisks indicate the spinning sidebands.

severely distorted so that the signal at 325 ppm is barely identified
while the signal at 115 ppm simply becomes invisible. With the
rotor-synchronized Hahn-echo, the acoustic ringing effects are
effectively eliminated such that the 70 resonances at 325 and
115 ppm that are respectively assigned to the C=0 and C—OH
groups can be clearly observed with a good baseline (c.f. Fig. 7b).
Similarly, as shown in Fig. 7c, the TRIP scheme also sufficiently
suppresses the acoustic ringing effects and at the same time
enhances the 70 signals by a factor of two, as compared to the
rotor-synchronized Hahn-echo spectrum in Fig. 7b. Although intro-
ducing a time-dependent amplitude modulation with phase-
alternating unequal pulses could enhance the central transition
by up to 40% [36], it does not appear to be the case for TRIP. We
believe that such an enhancement (~200%) is mainly the result
of without using any 180° inversion pulse in the TRIP scheme, as
opposed to the spin-echo experiment that is subject to the 180°
inversion efficiency in quadrupolar nuclei. [37] The signals at
325 ppm and 115 ppm should be assigned to 70O for C=0 and
C—OH groups, respectively. Actually, two tautomers of GA-'’0
are produced as a result of concerted double-hydrogen hopping
dynamics within each dimer, leading to two 70-labelled sites in
the enriched sample.[38] These two 70 sites will be stabilized
without tautomerism after GA-'”0 cured into the crosslinked vit-
rimer network, result into two 70 resonances at 325 and 115 ppm.

Another example lies in Mg NMR. Mg is a quadrupolar
nucleus with a nuclear spin I=5/2, low-gyromagnetic ratio of
2.60 MHz/T. Such a low resonance frequency often induces a long
acoustic ringing, resulting in a severely distorted baseline in the
NMR spectrum. Fig. 8(a and b) shows the 2?Mg NMR MAS spectra
of the Mg-MOF sample using the different excitation schemes. This
material belongs to the class of multiferroic compounds that exhi-
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Fig.8. 2°Mg MAS NMR spectra recorded on the 800 MHz NMR spectrometer where
the 2°Mg Larmor frequency is 48.95 MHz. (a) Mg-MOF using SIP; (b) Mg-MOF using
TRIP; (c) Mg(OH), using TRIP with the RAPT enhancement. The RAPT irradiation
consisted of 10 pairs of Gaussian pulses (10 ps duration and +300 kHz offset). 2048
scans were used for signal averaging with a recycle delay of 1 s.

bit both electric ordering (i.e., ferroelectricity) and magnetic order-
ing (ferromagnetism/antiferromagnetism) but its underlying
ferroelectric transition mechanism has not been fully understood
[29]. One of the important questions yet to be answered is the role
of the Mg ionic moiety in the transition mechanism. As indicated in
Fig. 8a, due to the acoustic ringing effects when using the SIP exci-
tation scheme, the spectral baseline is severely distorted such that
the lineshape of the signal as indicated by the arrow could not be
revealed. The TRIP excitation scheme effectively removes the
acoustic ringing effects resulting in a much better spectral baseline,
as indicated in Fig. 8b. From the zoomed spectrum, the observed
25Mg lineshape appears to be asymmetric. Our previous measure-
ments [29] indicated that above the phase transition temperature
(T. = 270 K) the 2°Mg peak is rather broad due to the slow hopping
of the organic dimethylammonium cation (DMA") in the MOF
framework. The asymmetric 2°Mg lineshape observed here with
the TRIP scheme may reflect such a slow motion. It is anticipated
that when the temperature goes up further and the DMA* motion
in the MOF framework is fast enough compared to the 2°Mg
quadrupolar coupling constant, the 2>Mg resonance might show
the characteristic second-order lineshape of the axially symmetric
EFG (i.e. the asymmetric parameter Mg = 0), similar to that shown
in Fig. 8c obtained from the Mg(OH), sample.

For quadrupolar nuclei, the sensitivity of the central transition
can often be enhanced via the irradiation of the satellite transitions
such as rotor assisted population transfer (RAPT) [39]. In this case,
the EASY schemes as proposed by Jaeger and Hemmann [13,14]
require a careful adjustment of the delay between the end of the
RAPT pulses and the beginning of the first 90° pulse in order to
improve the suppression of the acoustic ringing effects. However,
the TRIP scheme does not require additional care for suppressing
the acoustic ringing. As shown in Fig. 8c, the RAPT-enhanced
25Mg spectrum obtained without any delay between the end of
the Gaussian pulses and the beginning of the TRIP scheme shows
the excellent spectral baseline.
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4. Conclusion

It has been demonstrated that a TRIP excitation scheme pro-
vides an efficient way to simultaneously suppress the background
signals and eliminate the RF acoustic ringing effects. Different from
the difference spectroscopy proposed in the literature [13-16],
where the spectrum/FID containing only the unwanted signals
(i.e., the background signals and acoustic ringing) is obtained and
used to subtract it from the spectrum/FID containing both wanted
and unwanted signals, the TRIP excitation generates an additional
flip-angle dependent scaling to the traditional single-pulse excita-
tion profile in such a way that the scaling is close to one when the
flip-angle is close to 90° but becomes almost zero when the flip-
angle is small, while the acoustic ringing is cancelled through sub-
traction in any two consecutive scans by alternating the receiver
phase while keeping the phase of the pulse right before acquisition
the same. Since the probe materials from outside the sample coil
experience a very small fraction of the RF flip-angles that are gen-
erated inside the sample coil, the background signals are virtually
not polarized at all and thus the wanted signals can be accumu-
lated in every scan, rather than every other scan as in the differ-
ence spectroscopy [13-16] that increase the noise level by 141%.
Such a background suppression mechanism has been utilized in
the spin-echo based DEPTH sequences [17,26,27], but the TRIP
scheme simultaneously suppresses the background signals and
eliminates the acoustic ringing effects without using any echoes.
The feature without using 180° inversion makes it applicable to
quadrupolar nuclei, as opposed to the spin-echo based method
where the 180° pulse required in the echo sequences could become
rather insufficient for quadrupolar nuclei, thus resulting in a dra-
matic loss of signals. Moreover, the flip-angle dependent scaling
featured in the TRIP excitation scheme could be utilized in NMR
of half-integer quadrupolar nuclei to differentiate the central tran-
sitions having large quadrupolar couplings and the resonances
with very small quadrupolar couplings, based on the fact that the
former ones nutate (I + 1/2) times faster under the RF pulses. Such
a spectral editing could be very useful to simplify the spectra of
quadrupolar nuclei, especially at ultra-high fields where the char-
acteristic second-order lineshapes may become less noticeable. It
is anticipated that this triple-pulse excitation scheme offers an
opportunity to obtain NMR spectra free of baseline distortion in
direct polarization experiments in both solid-state and liquid-
state.
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