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A small flip-angle pulse direct polarization is the simplest method commonly used to quantify various
compositions in many materials applications. This method sacrifices the sensitivity per scan in exchange
for rapid repeating of data acquisition for signal accumulation. In addition, the resulting spectrum often
encounters artifacts from background signals from probe components and/or from acoustic rings leading
to a distorted baseline, especially in low-c nuclei and wideline NMR. In this work, a multi-acquisition
scheme is proposed to boost the sensitivity per scan and at the same time effectively suppress these arti-
facts. Here, an adiabatic inversion pulse is first applied in order to bring the magnetization from the +z to
�z axis and then a small flip-angle pulse excitation is used before the data acquisition. Right after the first
acquisition, the adiabatic inversion pulse is applied again to flip the magnetization back to the +z axis.
The second data acquisition takes place after another small flip-angle pulse excitation. The difference
between the two consecutive acquisitions cancels out any artifacts, while the wanted signals are accumu-
lated. This acquisition process can be repeated many times before going into next scan. Therefore, by
acquiring the signals multiple times in a single scan the sensitivity is improved. A mixture sample of
flufenamic acid and 3,5-difluorobenzoic acid and a titanium silicate sample have been used to demon-
strate the advantages of this newly proposed method.

� 2018 Elsevier Inc. All rights reserved.
1. Introduction

The simplest polarization scheme in nuclear magnetic reso-
nance (NMR) is to apply a single excitation pulse to flip the magne-
tization away from its equilibrium state in the longitudinal
direction (+z axis), as illustrated in Fig. 1a. The projection of the
tilted magnetization onto the horizontal plane (the xy plane) gen-
erates transverse magnetization which is detected by the receiver.
Since all resonances respond uniformly to the flip-angle of the
excitation pulse (assuming that the B1 field across a sample coil
generated by the radiofrequency (RF) pulse is uniform), quantifica-
tion becomes straightforward in such a direct polarization. Nowa-
days, direct polarization is still commonly used in many materials
applications such as catalysts/zeolites, batteries, silicates, etc. [1–
7], where either no abundant spin is available in the lattice of
the materials to be a source for uniform polarization enhancement
or it is crucial to quantify various compositions. It has been known
that the maximum signals in this direct polarization scheme are
achieved by a 90� pulse, which directly brings the magnetization
along the longitudinal direction into the transverse plane for detec-
tion. In such 90� pulse excitation experiments, the recycle delay
between scans is required to be about five times of the spin-
lattice relaxation time (T1) so that the magnetization could go back
to its equilibrium state and thus this polarization scheme can be
repeated for signal accumulation in order to improve the signal-
to-noise ratio (SNR) and to obtain the quantitative information.
However, when T1 is long, although this 90� pulse excitation gives
rise to a maximum signal per scan, it cannot produce a maximum
SNR per time unit due to the long recycle delay. In fact, the so-
called Ernst-angle pulse excitation [8,9], where the flip-angle and
the recycle delay are compromised depending on the T1 value,
yields the optimal sensitivity per time unit. However, for systems
where there exist multiple resonances having a large range of T1
values, such a compromise cannot provide an accurate quantifica-
tion. For a better quantification, a small flip-angle pulse excitation
should always be used due to the following two reasons. (1) A
shorter pulse length in general has a broader and more uniform
excitation bandwidth in the frequency domain, thus resonances
in a very large spectral width could be uniformly polarized [10].
Especially for quadrupolar nuclei, a small flip-angle pulse provides
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Fig. 1. Pulse sequences used for direct polarization NMR experiments with small
flip-angle pulses. The solid rectangles represent hard pulses, while the open shaped
pulses stand for adiabatic 180� inversion. The excitation pulse has a flip-angle a
with a phase /. Between scans is the recycle delay d1. (a) Single small flip-angle
pulse excitation, where / is (x, �x, y, �y) and the corresponding phase for the
receiver is (x, �x, y, �y). (b) Small flip-angle pulse excitation followed by spin-echo
refocusing. The phase cycle is listed as / (x, �x, y, �y) and the receiver (x,�x, �y, y).
(c) Multi-acquisition scheme, where the phase / is (x, �x, y, �y) and the first
receiver phase of (�x, x, �y, y) and the second receiver phase of (x, �x, y, �y). N is
the number of loops for repeating these two acquisitions.
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a uniform nutation for a large range of quadrupolar interactions
[11], which is extremely useful to quantify various species having
different quadrupolar coupling constants. (2) The projection of the
magnetization along the longitudinal direction after a small flip-
angle pulse excitation is very close to its respective equilibrium
state and thus could relax back the equilibrium state in a relatively
shorter time. However, with a small flip-angle pulse excitation,
SNR per scan is low. In addition, as the single-pulse excitation
polarizes all signals within the range of the magnetic field gener-
ated by the RF pulse, including possible background signals from
the probe components outside the sample coil. Moreover, the
deadtime ringdown effects, which arise from acoustic rings of the
RF pulse right before the receiver opening, often cause a wiggling
or distorted baseline in the observed spectra [12], particularly in
low-c nuclei and wideline NMR. These background signals and
the wiggling baseline are usually existed in single-pulse excitation
spectra. A question to answer is whether or not we can boost the
SNR per scan while remaining the advantages of the small flip-
angle pulse excitation, and at the same time to suppress those arti-
facts from these background signals and the deadtime ringdown
effects in direct polarization experiments. This query provided
the main impetus for the present undertaking.

The spin-echo pulse sequence, as shown in Fig. 1b, is the sim-
plest scheme to suppress the background signals as well as the
deadtime ringdown effects. As the data acquisition takes place
after a relatively long refocusing delay, any deadtime ringdown
effects will be diminished completely. However, the advantages
of the small flip-angle pulse excitation cannot be maintained any-
more in such spin-echo experiments, because the recycle delay in
the experiments has to be five times of the longest T1 value in all
resonances, which will be demonstrated in next section. It was
found that in single 90� pulse NMR experiments, the artifacts can
be effectively removed [12] by running two experiments one after
another without any delay in between, as the first experiment con-
tains the wanted signals as well as the unwanted signals (including
background signals and the deadtime ringdown effects), while the
second experiment acquires only the unwanted signals, at an
expense of lowering the SNR by �40%. Cross polarization (CP)
[13] is another good example for suppressing the deadtime ring-
down 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-
tion [14]. 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. This is because the sign of the cross-
polarized signals of the dilute spin can be altered by shifting the
phase of the 1H 90� pulse before the CP contact time by 180� that
the observed signals of the dilute spin are accumulated in the two
scans and the baseline distortion and the background signals from
the probe components are effectively suppressing. Here, a new
scheme is designed in a similar way to cancel the background sig-
nals and the deadtime ringdown effects.

Again, in solid-state CP experiments, a single contact time, dur-
ing which the spin-lock fields for an abundant spin (such as 1H)
and a dilute spin fulfill the Hartmann-Hahn condition, achieves
the polarization transfer from 1H to the dilute spin. Since the recy-
cle delay for the CP experiments is governed by the 1H T1 value,
rather than the T1 values of the dilute spin, repeated contacts
between 1H and the dilute spin could be used to transfer the 1H
magnetization to the dilute spin multiple times so as to further
enhance the signals, in case that the proton spin-lattice relaxation
time in the rotating frame (T1q) is long enough [13,15]. In this
paper, the long spin-lattice relaxation time in the laboratory frame
is utilized in a similar way to design a new pulse sequence scheme
in order to repeat the signal acquisition multiple times for improv-
ing the sensitivity per scan in direct polarization experiments with
small flip-angle pulse excitation. A simple vector model will be
used to demonstrate the sensitivity enhancement and at the same
time to effectively suppress those background signals and the dead
time ringdown effects. A mixture of flufenamic acid and 3,5-
diflurobenzoic acid samples and a porous titanium silicate sample
will be used to illustrate the advantages of this new scheme.
2. Methodology

Fig. 1c shows the pulse sequence used to acquire the signals
multiple times in direct polarization experiments with small flip-
angle pulse excitation. In the beginning, an adiabatic inversion
pulse [16–18] is applied to flip the magnetization from +z to �z
direction. After a short delay, a small flip-angle pulse is applied
to flip the magnetization away from the �z axis, followed by first
data acquisition. At the end of the acquisition, the adiabatic inver-
sion pulse is applied again to bring the magnetization back to +z
axis. The same small flip-angle pulse (including its phase) is used
to bring the magnetization off the longitudinal direction from the
+z axis for acquisition. The phase of the receiver for the second data
acquisition is shifted by 180� as compared to the first data acquisi-
tion. These two acquisitions can be repeated for N times before
going onto the next scan. Since the pulses (the adiabatic inversion
pulse and the small flip-angle pulse) before the two acquisitions
are identical while the receiver has an opposite phase for the
two acquisitions, the probe ringdown effects should be completely
canceled in the two consecutive acquisitions.

In order to have a better picture for this multi-acquisition
scheme, we use the schematics of the vector presentation, shown
in Fig. 2, to explain how the wanted signals from the sample region
in the sample coil are enhanced while the background signals from
outside the sample coil are suppressed. It is known that an applied
RF pulse generates a strong and uniform B1 field in the sample coil
resulting in a flip-angle a, while such a very same RF pulse pro-
vides a much weaker and inhomogeneous B1 field outside the sam-
ple coil. As shown in Fig. 2a, when a small flip-angle pulse is
applied in Fig. 1a, the wanted magnetization Ms

Zð0Þ for the signals
from inside the sample coil (in blue) is flipped by a from the +z

axis, but the unwanted background signals Mb
Zð0Þ in red from out-

side the sample coil are just slightly tilted away from the +z axis.
The observed signals Sobs will be the projections of both Ms

Zð0Þ
and Mb

Zð0Þ onto the xy plane after these tilts:



Fig. 2. Schematics of the respective vector presentations in the pulse sequences shown in Fig. 1. Here Ms
Zð0Þ in blue and Mb

Zð0Þ in red represent the magnetizations of the
signals from inside the sample coil and the background signals from outside the sample coil, respectively. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Sobs ¼ MS
Zð0Þ sinðaÞ þMb

Zð0Þ sinðcÞ; ð1Þ

where c stands for the flip-angle that is experienced by the back-
ground signals from outside the sample coil, which should be much
smaller than a. Since both of them are polarized coherently by the
excitation pulse, they will be accumulated with repeated acquisi-
tions. Therefore, the background signals always coexist with the
sample signals in the direct polarization NMR experiments. In some
cases, the background signals could be much stronger, depending
on the materials used in the probe, than the sample signals, making
it very difficult to analyze the observed spectra. It is thus always
preferable to suppress the background signals. After the acquisition,
the signal component in the xy plane relaxes to zero, while the lon-
gitudinal component, which is Ms

Zð0Þ cosðaÞ, remains. When a is
small, this longitudinal component is very close to the equilibrium
value of Ms

Zð0Þ. Therefore, it required a much shorter time for this
remaining component to relax back to its equilibrium. In other
word, the recycle delay can be short to repeat the acquisition for
signal accumulation.

The simplest method to suppress the background signals as well
as the deadtime ringdown effects is the spin-echo pulse sequence,
as shown in Fig. 1b. This is due to the fact that the background sig-
nals do not experience the same 180� refocusing pulse as those sig-
nals from inside the sample coil, as shown in Fig. 2b, so that they
are completely canceled out after the phase cycling. However, for
the wanted signals, the longitudinal componentMs

Zð0Þ cosðaÞ along
the +z axis after the small flip-angle pulse is inverted by the 180�
refocusing pulse to the �z axis. Therefore, the recycle delay should
allow the longitudinal component �Ms

Zð0Þ cosðaÞ to relax back to
the equilibrium value of Ms

Zð0Þ. For standard spin-echo experi-
ments when a is 90� for maximum signals per acquisition, the
recovery begins from zero to the equilibrium. Therefore, when
using a small flip-angle pulse in the spin-echo experiments, it is
anticipated that the recycle delay used should be even longer than
using a 90� pulse. An additional 180� pulse applied at the echo
position could flip the magnetization from the �z back to +z axis,
so as to maintain the advantage of using a short recycle delay in
the small flip-angle pulse experiment. But only one acquisition is
performed in each scan.

Fig. 2c shows the vector presentation in the pulse sequence of
Fig. 1c. At the beginning, the magnetization Ms

Zð0Þ (in blue) for
the signals from inside the sample coil are inverted from the +z
to �z axis by the adiabatic inversion pulse, while the background

signals Mb
Zð0Þ (in red) from outside the sample coil remain in the

+z axis due to a much weaker B1 field they could experience. Thus,
with the assumption of no magnetization loss due to the 180� adi-
abatic inversion, after a small flip-angle pulse, the first observed
signals should be

Sobsð1Þ ¼ �MS
Zð0Þ sinðaÞ þMb

Zð0Þ sinðcÞ: ð2Þ
At the end of the first acquisition, the adiabatic inversion pulse

flips the longitudinal component �Ms
Zð0Þ cosðaÞ back to the +z axis.

Similarly, a small flip-angle pulse tilts this component away from
the +z axis for detection in the second acquisition:

Sobsð2Þ ¼ MS
Zð0Þ cosðaÞ sinðaÞ þMb

Zð0Þ sinðcÞ: ð3Þ
Therefore, the difference between these two consecutive acqui-

sitions removes the background signals while sums up the signals
from inside the sample coil:

Sobs ¼ Sobsð2Þ � Sobsð1Þ ¼ MS
Zð0Þ sinðaÞ½1þ cosðaÞ�: ð4Þ

By comparing with Eq. (1), we notice that the observed signals
are enhanced by a factor of ½1þ cosðaÞ� and the background signals



Fig. 3. 19F MAS spectra of the FFA and FBA mixture using different pulse sequences
with small flip-angle pulse, as shown in Fig. 1. (a) Direct polarization; (b) spin-echo
with s = 25 ls (a spinning period); (c) multi-acquisition with s = 1 ms and N = 1. In
these experiments, the excitation pulse with a flip-angle of a = 30� was used, and
the recycle delay d1 was set to 3.0 s.
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are canceled. It is to note that at the end of the second acquisition,
the signal magnetization becomes Ms

Zð0Þ cos2ðaÞ along the +z axis,
which remains close to the equilibrium value when a is small, thus
requires a shorter time to relax back to the equilibrium state. On
the other hand, this orientation of the magnetizations is the same
as the initial one, thus these two consecutive acquisitions can be
repeated for many times to further enhance the observed signals.
After repeating N times, the total signals observed should be

SNobs ¼ MS
Zð0Þ sinðaÞ½1þ cosðaÞ�

XN

i¼1

cos2i�2ðaÞ: ð5Þ

Consequently, the sensitivity enhancement factor e after the Nth

loop in the multi-acquisition scheme over the single small flip-
angle pulse excitation becomes:

e ¼ SNobs
MS

Zð0Þ sinðaÞ
ffiffiffiffiffiffiffi
2N

p ¼ ½1þ cosðaÞ�
XN

i¼1

cos2i�2ðaÞ=
ffiffiffiffiffiffiffi
2N

p
; ð6Þ

where a factor of
ffiffiffiffiffiffiffi
2N

p
comes from the noise contributions in a total

of 2N acquisitions [19]. While at the end of the Nth loop, the mag-
netization along the longitudinal direction (+z axis) becomes
Ms

Zð0Þ cos2NðaÞ. The recycle delay d1 should be used to bring this
magnetization back to the equilibrium.

3. Experimental

Flufenamic acid (FFA) and 3,5-difluorobenzoic acid (FBA) were
purchased from Sigma-Aldrich and used without further purifica-
tion. These two samples were physically mixed and packed into
a 1.3 mm rotor. All 19F NMR experiments were carried out on a
Bruker Avance 600 MHz NMR spectrometer operating at the reso-
nance frequency of 564.68 MHz for 19F using a Bruker HX 1.3 mm
MAS probe, in which the 1H channel was tuned to 19F. The sample
spinning rate was controlled by a Bruker pneumatic MAS unit at
40 kHz ± 10 Hz. The 19F 90� pulse length was calibrated to be 2.7
ls and the corresponding power level was used for all hard pulses
and adiabatic inversion pulses. The pulse duration of 50 ls was
used for the adiabatic inversion, whose waveform was achieved
by using a 15% apodized amplitude and 60 kHz chirp frequency
sweep [16,17]. In all 19F experiments, 64 scans were used to accu-
mulate the signals. The 19F chemical shift for FFA was set to �61.5
ppm for reference.

4. Results and discussion

Fig. 3a shows the 19F MAS NMR spectrum of the FFA and FBA
mixture sample. The narrower resonance at �61.5 ppm belongs
to the �CF3 in FFA, while the broader signal at �108 ppm comes
from the two fluorine sites in FBA. Since this 1.3 mm Bruker MAS
probe was not designed for 19F observations, there exist 19F back-
ground signals from the probe components, which could be seen
clearly when using an empty rotor (spectrum not shown). Such
19F background signals are reflected in the baseline and still visible
in Fig. 3a, even though the sample signals are strong. The T1 values
for FFA and FBA were measured to be 3.11 and 3.07 s, respectively,
in separate experiments (spectra not shown). Since a small flip-
angle (a = 30�) pulse was used, a shorter recycle delay of 3 s was
enough to accumulate the signals. However, when the spin-echo
sequence was used, the obtained signals were about 30% weaker
than that obtained by using the single small flip-angle pulse, as
indicated in Fig. 3b, although the background signals were sup-
pressed. This is due to the short recycle delay used in the spin-
echo experiments. As discussed earlier, for the spin-echo experi-
ments, the recycle delay used has to be about five times of the T1
values.
Fig. 3c shows the spectrum recorded by using the multi-
acquisition scheme (with N = 1). It can be clearly seen from the
spectrum that the signal intensities increase by �70% in compar-
ison with that in Fig. 3a in the same total experimental time, while
the background signals are completely suppressed with no base-
line distortion. When the number of loop increased, the observed
signal intensities increased further without increasing the total
experimental time. As indicated in Table 1, when N = 4, the
observed signal intensities increase by a factor of 4. Fig. 4 shows
the 19F signals obtained using the pulse sequences in Fig. 1a and
c. Clearly, the signal intensities steadily increase as more data
acquisitions are used in the multi-acquisition scheme. However,
it is expected that more noise would also be recorded with more
data acquisitions. Therefore, SNR would become lower when the
gain in signal intensities is less than the increase in the noise level.

Since the relative signal intensities between FFA and FBA
obtained by using Fig. 1c with different loop number N and differ-
ent flip-angle a are the same as that by using Fig. 1a, due to their
similar T1 value, Table 1 lists only the signal intensity for the peak
at �61.5 ppm from FFA obtained by Fig. 1c, as normalized to that
signal acquired by Fig. 1a. When the flip-angle a was 30� and
20�, the experimentally obtained SNR reached its maximum of
�142% when N = 3. While at a smaller flip-angle a at 10�, the
experimentally obtained SNR reached the maximum of �187%
when N = 5. On the other hand, the calculated e from Eq. (6) sug-
gest a maximal of 180% for a = 30�, of 243% at N = 5 for a = 20�,
and of 293% at N = 5 for a = 10�. The calculated e’s are always larger
than the experimentally measured ones, but they seem to have a
similar dependence with the number of loops. It is worth to note
that Eq. (6) is based on the assumption that there is no magnetiza-
tion loss during the adiabatic inversion. In practice, the inversion
can hardly be perfect. The more inversion pulses are applied, the
more magnetization is lost, which would lead to a larger calculated
e than the observed one. Another reason for the discrepancy is the
recycle delay used for magnetization recovery. The recycle delay d1



Table 1
The 19F NMR signal intensity of FFA obtained in the multi-acquisition scheme as compared to that in the one pulse excitation.

a Multi-acquisition scheme

N = 1 N = 2 N = 3 N = 4 N = 5

30� Signal Intensity 1.69 2.78 3.52 4.05 n/a
SNR 1.20 1.39 1.43 1.43 n/a
Calculated e 1.32 1.63 1.76 1.80 1.80

20� Signal Intensity 1.69 2.79 3.49 4.00 4.36
SNR 1.20 1.40 1.42 1.41 1.39
Calculated e 1.37 1.83 2.11 2.30 2.43

10� Signal Intensity 1.85 3.25 4.32 5.20 5.91
SNR 1.31 1.63 1.76 1.84 1.87
Calculated e 1.40 1.95 2.36 2.68 2.93

Note: All signal intensities were normalized to that obtained in the one pulse excitation with their respective flip-angle a. SNR is obtained by the observed signal intensity
divided by

ffiffiffiffiffiffiffi
2N

p
, while the calculated sensitivity enhancement factor e is based on Eq. (6) with the assumption of no magnetization loss during the adiabatic inversion pulses.

Fig. 4. Comparison of the 19F signals obtained using the pulse sequences in Fig. 1a and c at different flip-angle pulse. (Top) a = 10� and d1 = 1.0 s; (Bottom) a = 20� and d1 =
2.0 s. The first spectra in the left were obtained with a small flip-angle pulse in Fig. 1a and the other spectra were recorded using the multi-acquisition scheme in Fig. 1c with
different loop numbers.
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is supposed to bring the magnetization of Ms
Zð0Þ cos2NðaÞ after the

end of the Nth loop back to its equilibrium, which should depend on
the flip-angle a and the number of loops N. When a = 30�, after 3rd
loop, the remaining magnetization is scaled by cos6ð30�Þ = 0.423.
Therefore, the recycle delay of 3 s, which was calibrated using
the pulse sequence in Fig. 1a, would not be long enough to bring
this magnetization back to its equilibrium. Instead, this recycle
delay could only establish a pseudo-equilibrium state, which is less
than Ms

Zð0Þ. However, when the flip-angle a is small (e.g. 10�), the
remaining magnetization is scaled by cos6ð10�Þ = 0.9122, which
requires a much shorter time for the magnetization going back to
its equilibrium. In particular, for quantitative measurements in
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systems where T1 varies in a large range, caution to set up the
experimental conditions has to be taken, since both the loop num-
ber N and the pulse flip-angle a affect the remaining magnetization
position (i.e.Ms

Zð0Þ cos2NðaÞ) after the end of the Nth loop. For a bet-
ter quantification, the recycle delay has to be long enough to bring
the magnetization from Ms

Zð0Þ cos2NðaÞ back to equilibrium for all
T1 sites. In general, a smaller a would make cos2NðaÞ closer to 1
for better quantitative measurements. Therefore, it is anticipated
that this multi-acquisition scheme is particularly useful for a very
small flip-angle pulse excitation and with systems having very long
T1.

As an example, we use this multi-acquisition method to obtain
29Si NMR spectrum of a titanium silicate porous adsorbent, abbre-
viated as UPRM-5, developed by Hernandez-Maldonado and co-
workers [20–22]. This material exhibits a flexible framework that
produces a large surface area and, when decorated with strontium,
interactions to selectively capture CO2 in from gas mixtures in
superior amounts. Since the T1 of 29Si in silicates may be rather
long in certain cases (up to several thousand seconds) and differ
for different Si sites in the sample [23], a small flip-angle pulse
and a relatively long recycle delay are typically used in experi-
ments in order to obtain quantitative proportions of various struc-
turally distinct Si sites. Here, we used a 10� flip-angle pulse and a
recycle delay of 15 s to record the 29Si NMR spectra of the UPRM-5
sample on a Bruker Avance 600 MHz NMR spectrometer using a 4
mm Bruker double-resonance MAS probe. 256 scans were used to
accumulate the signals with a total experimental time of�1 h in all
measurements. Fig. 5 shows the 29Si MAS NMR spectra of the
UPRM-5 sample at room temperature using different experimental
schemes. The spectra shows two resonances at �93 and �97 ppm,
corresponding to Si(2Si,2Tioct) and Si(2Si,1Tisemi-oct) silicon envi-
rons, respectively, indicating a mix of five- and six-coordinated
titanium atoms in the coordinate framework [24]. Fig. 5a shows
the 29Si MAS spectrum of the UPRM-5 sample obtained with the
Fig. 5. 29Si MAS NMR spectra of the UPRM-5 sample by using the small flip-angle pulse e
were recorded at room temperature on a Bruker Avance 600 MHz NMR spectrometer usin
were used to accumulate the signals with a recycle delay of 15 s using a flip-angle of
waveform was achieved by using a 15% apodized amplitude and 40 kHz chirp freque
processing. The chemical shift was referenced to 4,4-dimethy-4-silapentanesulfonate so
small flip-angle (a = 10�) direct polarization scheme in Fig. 1a,
from which the SNR of 16.8 was measured for the peak at �93
ppm. It can also be noticed from the spectrum that the baseline
was slightly distorted due to the deadtime ringdown effects. When
using the multi-acquisition scheme, as shown in Fig. 5b-d, the sen-
sitivity steadily improves as the number of loops increases, but the
relative intensities between the two peaks remain the same as in
Fig. 5a. The measured SNR from the spectrum was 24.6, 30.4, and
35.4 when N was set to 2, 4, and 8, respectively, which increased
by 146%, 181%, and 211%, respectively, as compared to the spec-
trum in Fig. 5a, using the same total experimental time. In addition,
the deadtime ringdown effects appear to be suppressed effectively
in the multi-acquisition scheme and the spectra from Fig. 5b-d do
not show any baseline distortion.
5. Conclusion

It has been demonstrated that a multi-acquisition scheme pro-
vides an efficient way to boost the sensitivity per scan and at the
same time to suppress the background signals and baseline distor-
tion in direct polarization NMR experiments using small flip-angle
pulses. Similar multi-acquisitions have been developed in solid-
state NMR. For instance, the multi-contact CP experiments
[13,15] utilize a relatively long spin-lattice relaxation time in the
rotating frame (T1q) from an abundant spin (e.g. 1H) to make mul-
tiple CP contact between the abundant spin and the dilute spin
being observed, such that the dilute spin is polarized and detected
multiple times within a scan. While in echo-train acquisition
experiments [25–29], which take advantages of long spin-spin
relaxation time (T2), multiple acquisitions take place repeatedly
when the signals are refocused to enhance the sensitivity. In this
newly proposed multi-acquisition scheme, the magnetization from
samples inside a sample coil is inverted repeatedly between the �z
and +z axis due to a long spin-lattice relaxation time (T1), providing
xcitation (a) in Fig. 1a and the multi-acquisition scheme (b-d) in Fig. 1c. The spectra
g a 4 mm Bruker HX MAS NMR probe. The spinning rate was 8 kHz ± 3 Hz. 256 scans
a = 10�. The pulse duration of 100 ls was used for the adiabatic inversion, whose
ncy sweep. An exponential window function of LB = 50 Hz was used for the data
dium (DSS) at 0 ppm. The measured SNRs are indicated in the spectra.
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a mechanism to alter the sign of the sample signals being observed,
so that the subtraction adds up the wanted signals multiple times
that come from between the magnetization from the �z and +z
axis, while suppresses those unwanted background signals from
outside the sample coil as well as the deadtime ringdown effects,
which are not subjected to the alternation between the �z and
+z axis. It is to note that this method highly depends on the perfor-
mance of the inversion pulse prior to the small flip-angle pulses.
For spin-1/2 nuclei, such an adiabatic inversion between the +z
and �z directions is quite effective. But for quadrupolar nuclei,
the inversion may be complicated in systems where a large range
of quadrupolar coupling constants exist [30]. Compared to the
CPMG-like echo approaches, this would have great advantages
for NMR measurements in systems where a total echo cannot be
used due to short T2 values or inability to refocus all interactions.
This new method is particularly useful for spin-1/2 nuclei in mate-
rials applications at higher fields and lower temperatures, where
the spin-lattice relaxation time could become very long due to
highly restricted motions associated with the materials. Therefore,
it is anticipated that this new multi-acquisition method offers an
opportunity to obtain quantitative proportions of various struc-
turally distinct sites with improved sensitivity in the materials
application at high field NMR and at low temperature such as
under DNP conditions.
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