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Probing

Interactions of y-Alumina with Water via

Multinuclear Solid-State NMR Spectroscopy

Li Shen*”® Yang Wang*” Jia-Huan Du,” Kuizhi Chen," Zhiye Lin,” Yujie Wen,”
lvan Hung, Zhehong Gan,"” and Luming Peng*"

Interactions of y-alumina with water are important in control-
ling its structure and catalytic properties. We apply solid-state
multinuclear NMR spectroscopy to investigate these interac-
tions by monitoring 'H and O spectra in real-time. Surface-
selective detection is made possible by adsorbing '"O-enriched
water on y-alumina nanorods. Structural evolution on the
surface was selectively probed by 'H/'’O double resonance
NMR and Al NMR at ultrahigh 35.2 T magnetic field. Formation
of hydroxyl species on the surface of nanorods is rapid upon
the exposure of water, which involves low coordinated
aluminum ions with doubly bridging and isolated hydroxyl
species being generated first. Fast exchange occurs between
oxygen atoms in the water molecules and bare surface sites,
indicating high reactivity of these oxygen species. These results
provide new insights into the structure and dynamics on the
surface of y-alumina and the methods applied here can be
extended to study the interaction of other oxides with water.

Due to its low cost!” high surface activity and large surface
area,” y-alumina has become one of the most important
catalytic materials, both as the industrial catalysts and catalytic
supports.”! Since the surface structure of y-alumina determines
its catalytic properties, detailed structural information is
required in order to further improve the performances of the
catalyst. In particular, the nature and concentrations of hydroxyl
sites on the surface play a crucial role.””” Therefore, the surface
structure of y-alumina and the hydration/dehydration process
have been extensively studied by using a variety of techniques,
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including  vibrational  spectroscopies,”  solid-state NMR
spectroscopy,” temperature-programmed desorption,”
calorimetry,® as well as theoretical calculations.*™® Despite
these efforts, the understanding of surface structures, inter-
actions and properties of y-alumina is still incomplete, due to
the their complex nature."

Solid-state NMR spectroscopy is a versatile tool that can
provide both nuclear specific and quantitative local structural
information and dynamics of solids at atomic level."" It is also
well suited for investigating surfaces of oxides where the
reactive activities take place, given the short range order
present on the surface. Previous studies of y-alumina based on
ZAl or O NMR spectroscopy gave little surface structural
information, because most of the Al ions are in the bulk part
of the material which dominate the Al NMR spectra. In
addition, O NMR studies require expensive isotopic enrich-
ment at high temperature prior to the measurement due to the
low natural abundance of O (0.037%) and this process is
usually not surface-selective, either. Therefore, most of NMR
studies focus on 'H, which uniquely originate from the surface
as hydroxyl groups and / or adsorbed water. Consequently,
surface-selection can be achieved by correlating other nuclei
with surface 'H species."” Surface-selective 7O labelling is also
able to assist surface-selection for O NMR studies of oxides,"”
however, few results have been reported on alumina.™
Recently developed dynamic nuclear polarization (DNP) techni-
ques enable NMR studies of surfaces of materials with high
sensitivity."” For example, Al DNP NMR can select the surface
of y-alumina,®*'® while 7O 1D/2D NMR studies can be achieved
on non-enriched silica samples and 70 2D/3D NMR investiga-
tions can be performed on O-enriched silica-alumina with the
help of DNP.'”" However, DNP NMR experiments are performed
at very low temperatures that may not be compatible with
time-resolved spectroscopic investigations of interactions of
water and oxides. To the best of our knowledge, real-time/in-
situ studies of water interactions on y-alumina surfaces have
not been conducted by NMR spectroscopy, which should
provide vital information in the application of the y-alumina
based catalysts, since water is almost always present in catalytic
processes.

In this study, solid-state NMR of #Al, 'H and "0, which
provides complementary information, was applied to study the
interaction of y-alumina nanorods with water. By adding '"O-
enriched water to the sample packed in the NMR rotor and
acquiring time-resolved spectra right after the rotor was spun,
the surface structure evolution and the interaction with water
can be investigated in real-time.
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The XRD pattern of the product of thermally treated
boehmite colloidal particles shows that all the diffraction peaks
can be indexed to y-alumina (Figure S1). The irregular rod-like
morphology of the sample is revealed by high-resolution
transmission electron microscope (HRTEM) image (Figure S2).
The surface area and the average pore size of the y-alumina
nanorods are determined as 238 m?-g~' and 5.7 nm, respec-
tively (Figure S3).

Similar XRD pattern of y-alumina nanorods with water
added is observed compared to the dehydrated sample (Fig-
ure S1), indicating that the interaction of water with y-alumina
can hardly be investigated with XRD. This is not surprising
because XRD is a long-range order technique and the surface
structure change upon water exposure is only expected to be
probed by techniques that are sensitive to local structure, such
as solid-state NMR spectroscopy.

Al MAS NMR spectroscopy was first applied to study the
interaction of water with vy-alumina nanorods. The NMR
spectrum of dehydrated alumina nanorods obtained at 9.4 T
shows two strong peaks with maximum intensity at 63 and
7 ppm, which can be assigned to 4- and 6-coordinated Al ions,
respectively (Figure S4a). The resonance due to 6-coordinated
Al ions has a much stronger intensity than the 4-coordinated Al,
in agreement with the uneven distribution of Al ions between
tetrahedral and octahedral sites observed by Lee et al."® These
two peaks overlap at approx. 25 ppm, thus the presence of 5-
coordinated Al ions cannot be excluded.®@ Time-resolved ¥Al
MAS NMR data of alumina with water at room temperature
shows that the resonant frequencies of the two major peaks
owing to 4- and 6-coordinated Al ions remain the same and no
additional peak can be observed with the increase of exposure
time of water (Figure S4b). The intensities of these peaks vary
only slightly with increasing exposure time to water. Further-
more, there is a distribution on the size of ¥Al quadrupolar
coupling constant (Co).”? Definitive conclusions can hardly be
made at this point due to the relatively poor resolution at a
medium external magnetic field.

In order to increase the spectral resolution and distinguish
the Al ions with different coordination numbers, Al MAS NMR
spectra of both dehydrated and hydrated alumina were
collected at an ultrahigh field of 35.2T using the Series-
Connected-Hybrid magnet at the National High Magnetic Field
Laboratory of the U. S.'" With the reduction of quadrupole
broadening, three peaks at approx. 71, 34 and 12 ppm can be
observed for both samples, which can be readily assigned to 4-,
5- and 6-coordinated Al ions, respectively (Figure 1 and Fig-
ure S5). The concentration of OH on the surface is expected to
be 2-3 OH-nm™ according to the thermal treatment temper-
ature, therefore, 3-coordinated Al species, which have the
strongest Lewis acidity, should be completely hydroxylated and
cannot be observed here.”** The middle frequency peak is
very weak compared to the other two peaks, indicating a much
lower concentration of 5-coordinated Al ions than 4- and 6-
coordinated Al species. Previous reports have shown that the
majority of 5-coordinated Al ions are on the surface of v-
alumina while 4- and 6-coordinated Al ions are both in the
surface and the bulk part of the material.****'¥ Since all the Al
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Figure 1. Al MAS NMR spectra of dehydrated y-alumina nanorods and vy-
alumina nanorods with H,O at 35.2 T. Only isotropic peaks are labelled, and
all the other peaks are spinning sidebands. Spinning rate: 18 kHz.

species are observed in Al MAS NMR (except those associated
with extremely large Cos thus exceedingly broad linewidths),*
and the surface is only a very small fraction of the whole
material, even for nanorods with a diameter of around 10 nm in
this study (Figure S2), such differences in peak intensities are
expected. The relative intensities of Al ions with different
coordination numbers vary between the two samples at 35.2 T.
The estimated fractions of 4- and 5-coordinated Al ions in
hydrated y-alumina nanorods are smaller than the dehydrated
alumina sample (Figure S6 and Table S1).

For NMR of quadrupolar nuclei, the center of gravity of the
central transition is shifted from the isotropic chemical shift to a
more negative frequency due to second-order quadrupolar
interaction, and this shift is the quadrupole induced shift
(QIS).2" Therefore, the larger the C,, the larger the QIS and the
more negative the observed shift. The calculated Cys for 4-
coordinated Al species in y-alumina decrease significantly from
20-28 MHz at 3 OH-nm™ (dehydrated) to 5-10 MHz at 12-15
OH-nm™? (hydrated).®”? According to these calculations, the
QISs should decrease significantly from 17-34 ppm to only 1-
4ppm at 352T27 The calculated chemical shifts for 4-
coordinated Al sites, on the other hand, are both in the range
of 60-80 ppm before and after hydration.®@ Based on these
calculations, the centers of gravity of the peaks owing to 4-
coordinated Al should shift to much higher frequencies. For
example, some signals arising from 4-coordinated Al species in
the dehydrated sample overlap with the signal (~34 ppm)
assigned to 5-coordinated Al ions, and these signals should
resonate at close to 60-80 ppm in the hydrated sample.
Therefore, the effects of hydration on the Cys of 4-coordianted
Al should cause the peak assigned to 4- and 5-coordinated Al
to appear increasing and decreasing in intensity after hydration,
respectively. Similar analysis can be performed on 5- and 6-
coordinated Al ions. 5-coordinated Al species are associated
with medium sized Cys which are not very different before (15-
18 MHz) and after hydration (13 MHz) based on calculations,*”
and thus the QISs decrease from 10-14 ppm to 7 ppm.”® These
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decreases of QISs after hydration are much smaller than the
case for 4-coordinated Al, thus hydration is expected to cause
the peak assigned to 5-and 6-coordinated Al to appear only
slightly increasing and decreasing in intensity, respectively. 6-
coordinated Al species always have relatively small Cys (5-
10 MHz) on different water coverages and should be associated
with narrow linewidths, therefore, all of 6-coordinated Al
species should be observed at 352T before and after
hydration.

Therefore, the fraction of 4-coordinated Al species should
increase if only the change in Cgs is effective. The opposite
observation suggests that 4-coordinated Al ions are converted
to higher coordination Al ions (possibly 5-coordinated Al
ions).”" Similarly, 5-coordinated Al species are converted to 6-
coordinated Al sites, which was also suggested by previous
calculation study.”” Based on these observations, lower coordi-
nated Al species (4- and 5-coordinated Al) are likely to be
converted to Al ions with higher coordination numbers after
the adsorption of water (Figure 1). However, the exact fractions
of the Al ions on the surface converted can hardly be obtained,
because of the large impacts of Css, which have a wide
distribution and vary before and after hydration process, on the
observed NMR spectral intensity. Again, the differences
between the Al NMR spectra (Figure 1) are small because the
surface Al ions are only a very small fraction of total Al species
and surface selective observation can only be achieved by using
other structural probes only on the surface, such as 'H and 7O,
which have low concentrations in the bulk part of y-alumina
materials.

The surface structure and interactions were then explored
with 'H MAS NMR spectroscopy. Three peaks at 2.0, 0.9 and
—0.1 ppm arising from different hydroxyl species on the surface
of y-alumina nanorods can be observed in 'H MAS NMR
spectrum of the dehydrated sample (Figure 2a). Previous
reports show that the chemical shifts are dependent on the
number of Al ion connected to the hydroxyl groups.'*'" The
signals (2.0 and 0.9 ppm) with higher frequencies can be
assigned to two types of doubly bridging hydroxyl groups (u*-
OH), while the lower frequency resonance (—0.1 ppm) should
arise from an isolated hydroxyl group (u'-OH). The triply
bridging hydroxyl groups (i*-OH) are expected to resonate at
around 4.3 ppm,"¥ however, the spectral intensity is very small
at such frequencies, indicating a very low concentration of this
type of hydroxyl species in the dehydrated y-alumina nanorods.

Time-resolved 'H MAS NMR spectroscopy at room temper-
ature was used to follow the interactions of y-alumina nanorods
with water at different exposure time (Figure 2b). At a minimum
exposure time of 4 min, in addition to the peaks owing to
hydroxyl species, a sharp and intense signal arising from
physisorbed water molecules can be observed at 4.8 ppm. With
increasing time, the intensities of the peaks at 2.0, 0.9 and
—0.1 ppm increase rapidly, indicating the formation of more p>
OH and p'-OH species. The formation of hydroxyl species at a
very short exposure time (less than several minutes) demon-
strates that the surface of y-alumina nanorods is very reactive
with water, which is in agreement with the calculation results
on the (110) facets,**?" the predominantly exposed surface on
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Figure 2. (@) '"H MAS NMR spectrum of dehydrated y-alumina nanorods. (b)
Time-resolved 'H MAS NMR spectra of y-alumina nanorods with different
exposure time to water. The 1D spectrum shown on top corresponds to an
exposure time of 10 min. The background signals from the probe and the
empty rotor are removed. External magnetic field: 9.4 T; Spinning rate:

14 kHz.

y-alumina.”? The intense and sharp peak originated from free
water broadens gradually over time and the peak shifts to more
negative frequencies. The spectrum does not change much
after 2 h, indicating the change on the surface structure upon
water exposure mostly occur during this period of time. At this
time, the maximum of the major peak is at 4.5 ppm. According
to the shift, this resonance centered at 4.5 ppm is assigned to
chemisorbed water. It is also possible that some p*>-OH species
form, which resonate at 4.3 ppm,”? however, no definitive
conclusion can be made at this moment. A careful look shows
that the spectral intensity of the peak at 4.5 ppm increases with
time, presumably due to the relatively short recycle delay used
in the experiment and the much shorter longitudinal relaxation
time of the chemisorbed water than the physisorbed water. The
gradual change of the frequency may also be caused by rapid
exchange of protons between water and doubly bridging and
isolated hydroxyl groups, as the population of each species
varies during the process. Nevertheless, the change in the time-
resolved spectral intensities suggests that u>-OH and p'-OH
species are generated.

By using O-enriched water, real-time O MAS NMR
spectroscopy can also be applied to investigate the interaction
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of water with y-alumina at room temperature, even at a
medium magnetic field of 9.4 T (Figure 3). Since the 'O
concentration in non-enriched vy-alumina does not allow a
spectrum with reasonable signal noise ratio to be obtained at
this condition, all the signals come from "O-enriched water and
its resulting species. The spectra at short exposure times show a
sharp resonance at O0ppm along with a relatively broad
component at approx. —25 ppm, which can be tentatively
assigned to water and hydroxyl species, respectively. The latter
is broad presumably because of a relatively large quadrupolar
interaction of hydroxyl sites.*” The intensity of peak at 0 ppm
decreases over time, while the broad resonance centered at
around —25 ppm gradually becomes stronger. This change is
obvious even in the first 20 minutes, indicating that water can
be converted to hydroxyl groups rapidly. It can be understood
on the ground that O-water undergoes dissociative adsorption
on the low coordinated Al ions on the surface, generating
O-H groups, which was previously demonstrated with DFT
calculation studies.” It is also in agreement with the time-
resolved 'H MAS NMR results and Al MAS NMR data at 352 T
in this study.

70 MAS NMR spectrum was also acquired with a longer
water exposure time of 5 h. The data shows the intensity of the
relatively sharp resonance at 0 ppm attributed to water is
significantly reduced. There is not much change in the broad
resonance due to hydroxyl species, judging from the linewidth
and spectral intensity, compared to the spectrum of 2h
(Figure S7), which is also consistent with '"H NMR data. However,
two relative narrow peaks at 68 and 40 ppm emerge. The high
frequencies of these resonances suggest that they should arise
from bare oxygen sites in y-alumina.””

The nature of the resonances observed was further studied
with 7O-"H REDOR NMR spectroscopy on the sample 24 h after
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Figure 3. Time-resolved 70O MAS NMR spectra of y-alumina nanorods with
water. The 1D spectrum shown on top corresponds to an exposure time of
10 min. External magnetic field: 9.4 T; Spinning rate: 14 kHz.
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adding water”’ The spectrum obtained without dipolar

recoupling shows a broad resonance with a maximum at
around —23 ppm (“Control” in Figure 4). No sharp component
at 0 ppm can be observed, indicating the complete conversion
of water to hydroxyl species. Even with a short dipolar
recoupling time of only 0.14 ms and a relatively fast spinning
speed of 14 kHz, the REDOR NMR spectral intensity of the peak
at —23 ppm decreases by about 65%, confirming this reso-
nance is associated with a very short O—H distance and can be
readily assigned to hydroxyl species (“Double resonance” in
Figure 4).'"132<%8 The spectrum with dephasing pulses clearly
shows two shoulders at 68 and 40 ppm, while these peaks are
less obvious in the control experiment and are not observed in
the difference spectrum, implying they can be ascribed to
oxygen species with a much longer O—H distance than the
hydroxyl species. Since no thermal treatment was applied to
the sample, the exchange of oxygen ions between the surface
and the bulk part of the sample is minimal and all the O NMR
signal observed should arise from surface oxygen ions. Accord-
ing to the resonant frequencies, these two shoulder resonances
at 68 and 40 ppm can now be assigned to bare 4- and 3-
coordinated O ions on the surface, which are associated with
much smaller quadrupolar interactions." Thus, there is ex-
change between the oxygen atom in the water molecule and
bare surface oxygen ion on y-alumina. These peaks are not very
obvious in the time-resolved 7O MAS NMR spectra in the first
hour at 94T (Figure 3), possibly because such exchange
process is slow and does not occur with short water exposure
time and / or the signal noise ratios at a medium magnetic field
is not great.

In order to increase the signal ratios and further investigate
this process, time-resolved O MAS NMR experiment, as well as
70O MAS NMR experiment of hydrated y-alumina nanorods were
also performed at higher external fields of 19.6 and 35.2T,

Double resonance

Difference

600 400 200 0 -200 -400 -600

17Q Shift / ppm

Figure 4. 7O-"H REDOR NMR spectra of y-alumina nanorods with water
added (more than 24 h after adding 5 pL water to 100 mg solid). External
magnetic field: 9.4 T; spinning rate: 14 kHz; irradiation time in the double
resonance experiment: 0.14 ms; v;('H): 80 kHz.
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respectively. Similar to the data obtained at 9.4T, a narrow
resonance at 0 ppm due to water along with a broad shoulder
centered at approx. 18 ppm, which should arise from hydroxyl
species, can be observed at 19.6 T (Figure S8). For the hydrated
sample, this shoulder arising from hydroxyl is much better
resolved at 35.2 T and is centered at approx. 26 ppm (Figure 5).
The observation of the hydroxyl groups at —25, 18 and 26 ppm
at 9.4, 19.6 and 35.2T, respectively, is consistent with the
estimations based on a quadrupolar coupling constant of about
5.0 MHz.2" A more closer look at the data in the high frequency
region shows that there is a weak but relatively narrow shoulder
(compared to the one due to hydroxyl sites) centered at
70.5 ppm even at a very short water exposure time of a few to
ten min. (Figure S9). 7O NMR data of hydrated sample obtained
at 352 T clearly shows a small peak centered at 74 ppm
(Figure 5). Only relatively small shifts to higher frequency can
be observed from 9.4 (68 ppm) to 19.6 T (70.5 ppm), to 352 T
(74 ppm), confirming that the peak is associated with a small
quadrupolar interaction and it can be assigned to bare 4-
coordinated O ions on the surface.'” Since the lower coordi-
nated sites should be more reactive, the signal due to 3-
coordinated O ions is expected at around 40-50 ppm, consider-
ing smaller quadrupolar induced shift at a higher external
magnetic field."¥ A shoulder at approx. 47 ppm, possibly due to
3-coordinated O ions, can be observed in the spectrum of
hydrated y-alumina at 35.2 T (Figure 5) while such signal is not
obvious for the time-resolved spectra at 19.6 T (Figure S8),
presumably due to the overlapping with the broad peak
attributed hydroxyl species, which is much closer to 40 ppm at
higher fields. Nonetheless, the observation of the peak at 68—
74 ppm (9.4, 19.6 and 35.2 T) shows that there is fast exchange
between the oxygen atom from water and bare surface oxygen
ions on y-alumina nanorods, indicating high reactivity of these
sites.

ZII)O . 1&0 I 1(;0 ' 5|0 ' (IJ -EIO
0 Shift/ ppm

I — 1
-100 -150 -200

Figure 5. 7O MAS NMR spectrum of y-alumina nanorods with water. External

magnetic field: 35.2 T; Spinning rate: 16 kHz.
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In summary, the interaction of y-alumina nanorods with
water was investigated with ?Al, 'H and O solid state NMR
spectroscopy. To the best of our knowledge, this study is the
first report that applies time-resolved MAS NMR spectroscopy
and 7O NMR to gain insights into the surface structure change
of y-alumina upon water exposure. Although ¥Al MAS NMR
spectroscopy is not surface selective, the small differences in
the fractions of different Al signals in the sample before and
after water exposure obtained at an ultrahigh field suggest the
involvement of lower coordinated Al in the interaction. Both 'H
and 7O NMR spectroscopy provide direct surface structural
information. '"H NMR data clearly show formation of u?>-OH and
w'-OH hydroxyl species on the surface of y-alumina nanorods
upon exposure to water, which is confirmed with O NMR
results. 7O NMR data further suggest fast exchange between
oxygen atoms in the water molecules and bare surface sites.
The data obtained in this study shed light on the dynamics on
v-alumina surface and such methods can be readily extended
to investigate the interaction of other oxides with water.

Experimental Section

v-alumina nanorods were prepared by heating the boehmite
colloidal particles (Zhejiang Yuda Chemical Co., Ltd. China) at 823 K
for 12 h. The X-ray powder diffraction (XRD) data was obtained on a
Shimadzu XRD-6000 diffractometer using Cu Ko radiation (1=
1.5418 A) operating at 40 kV and 40 mA, with a scan step of 2° in
the 26 range from 20 to 80°. High-resolution transmission electron
microscopy (HRTEM) images were collected on a JEOL JEM-2100
instrument with an accelerating voltage of 200 kV. The Brunauer-
Emmett-Teller (BET) specific surface area was determined by
nitrogen adsorption at —196 °C using a Micromeritics Tristar 3020
apparatus. The pore size distribution was derived from the
desorption branch of the isotherm by the Barrett-Joyner-Halenda
(BJH) method. Solid state NMR experiments at 9.4 T were performed
using a Bruker Avance lll spectrometer and a 4.0 mm double
resonance probe. Solid state NMR data at 19.6 T were recorded
with a Bruker Avance NEO spectrometer with a 3.2 mm MAS probe.
Solid state NMR spectra at 35.2 T were collected using the series-
connected hybrid (SCH) magnet at the NHMFL, a Bruker Avance
NEO spectrometer equipped and a costume-made 3.2 mm MAS
probe. A single-pulse sequence was used in NMR data acquisition
except noted otherwise. The pulse widths for Al and 7O NMR are
short pulses corresponding /6. 'H, YAl and 7O chemical shifts
were externally referenced to adamantane, 0.1 M AI(NO,); aqueous
solution and H,0O at 1.91, 0.0 and 0.0 ppm, respectively. Recycle
delays of 1 and 0.1 s are used, for the spectra acquired at 9.4 T and
higher fields, respectively. Before the introduction of water, vy-
alumina nanorods were heated at 773 K for 12 h under vacuum. For
the real-time NMR studies at room temperature, typically, 100 mg
nanorod sample was first packed in a MAS rotor and spun at 14 to
20 kHz for a few minutes. After that, the rotor cap was removed
and 5 puL common or O-enriched water (70%, Cambridge Isotope
Laboratories, Inc.) was added in the center of rotor, where an empty
space was formed due to fast spinning. This amount of water on
the surface corresponds to a fully hydroxylated structure (12.0
OH-nm™2 on (110) surface).”” The rotor was then spun again for
NMR data acquisition after the rotor cap was put on tightly. The
time between adding water and the start of NMR data acquisition is
usually 2 to 4 min. Time-resolved 7O NMR spectra at 9.4 T were
collected every 4 min, while all other time-resolved NMR data were
recorded every 1 min.
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