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Hygroscopy-induced nanoparticle reshuffling in
ionic-gold-residue-stabilized gold suprananoparticles

lonic precursors play a role in the generation of nanoparticles
and influence their properties. The excess gold ions facilitate
the formation of ultra-small gold nanoparticles and the further
assembly of these small nanoparticles into suprananoparticles.
The hygroscopic Au(lll) residues in the suprananoparticles
absorb moisture to form a micro-water pool and, subsequently,
the nanoparticles are able to reshuffle to larger nanoparticles,
which is used to detect the water content in organic solvents.
Our results indicate that nanoparticle precursors may introduce
additional characteristics and significantly change the properties
of nanostructures.
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Polyethyleneimine (PEI)-stabilized gold nanoparticles were used as a model to understand the roles of ionic
precursors in the formation of nanoparticles and the impact of their presence on the nanoparticle
properties. The low availability of elemental gold and the stabilization of the just-generated gold
nanoparticles by the excess gold ions contributed to the production of ultra-small nearly neutral gold
nanoparticles, resulting in properties significantly different from those prepared by conventional
methods. The cross-linking between gold ions/PEl/nanoparticles further led to the assembly of these
small gold nanoparticles into suprananoparticles that were stable in water. The hygroscopic Au(i)
residues in the suprananoparticles absorbed moisture to form a micro-water pool and the nanoparticles
in the new aqueous solution reshuffled to generate larger nanoparticles, leading to significant changes in
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Introduction

Stabilization of nanoparticles is usually achieved by either
charging the nanoparticle surface (electrostatic stabilization) or
capping the nanoparticle surface with ligands (steric stabiliza-
tion). Because organic capping ligands can also be used to tune
the size, morphology, and chemical reactivity of nanoparticles
during the nanoparticle formation process, attention has
largely focused on how organic molecules influence the growth
of nanoparticles."” However, the roles of ionic precursors and
the influence of their presence in the reaction mixture on their
properties have been mostly overlooked. In the absence of
external stabilizers, these ions may appear on the surface of the
just-formed nanoparticles, which suppresses further agglom-
eration of nanoparticles to larger particles. Even though the
repulsion among the charged nanoparticles occurs, there is
a balance between the electrostatic repulsion and van der Waals
attraction among these nanoparticles, resulting in the possible
self-assembly of these nanoparticles into supraparticles.® Gold
nanoparticles are excellent species for investigating the impact
of the ion residue in the reaction solution in the synthesis and
properties of gold nanoparticles owing to their good stability
and characteristic photophysical properties.* Here, we found
that gold ions restricted the growth of gold nanoparticles,
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method for the detection of water content in organic solvents.

resulting in the formation of cluster-like small nanoparticle-
aggregates (suprananoparticles). Moreover, the presence of gold
ions in the solid state of the nanoparticles not only stabilized
the gold nanoparticles, but they also acted as desiccants to
absorb water molecules. The latter led to the formation of
a nanoparticle suspension and induced the reshuffling of the
nanoparticles, leading to a significant change in their
morphology and photophysical properties.

Results and discussion

To investigate the role of gold ions during the formation of gold
nanoparticles, the newly formed gold nanoparticles were stabi-
lized with a stabilizer that does not neutralize the charge of the
gold ions. Because the popular synthetic protocols of gold nano-
particles by citrate reduction in boiled water or borohydride
reduction in the presence of alkanethiol likely involve the charged
surface of the nanoparticles with a negative zeta potential, we
used polyethyleneimine (PEI) as the reducing and stabilizing
agent.>” PEI has been used as a positive-charge carrier attached to
gold nanoparticles for DNA/RNA delivery.® It has also been applied
as a reducing agent for the generation and simultaneous stabili-
zation of gold nanoparticles.”® In this report, gold nanoparticles
were generated from gold ions (AuCl,”, 0.34 mM) and PEI
(average M,, ~ 1200 Da, 0.24 mM) with a PEI/Au(mr) molar ratio of
1:1.4 in boiling water. The resulting gold nanoparticles were
stable, with the characteristic plasmonic absorption of gold
nanoparticles at 522 nm (Fig. 1A) and a narrow size distribution
centred at 11 nm in diameter (Fig. 2A and B and ESI Fig. S1Ef).
The properties of the above PEI-stabilized gold nanoparticles were
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Fig.1 Absorption and catalytic activity of gold nanoparticles prepared
at a PEI/Au molar ratio of 1:1.4, 1:10 and 1:40. (A) Absorption
spectra of the above gold nanoparticles. (B) Catalytic reduction of 4-
nitrophenol by these gold nanoparticles. Absorbance at the peak
position for 4-nitrophenol (400 nm) as a function of time in the
presence of the respective gold nanoparticles. In all cases, the
concentrations of 4-nitrophenol and borohydride were 4.3 x 10~° and
6.3x 1072 M, respectively. The concentration of the Au-based catalyst
was 3.4 x 107 M. Inset: photo of the solutions of the specific gold
nanoparticles.

not significantly different from those of gold nanoparticles
prepared by other methods. This was likely because all the gold
ions were reduced completely and consequently formed nano-
particles. When the above PEI concentration was gradually
decreased to a PEI/Au(m) molar ratio of 1:10, 1:17, and 1: 30
without altering the gold ion concentration during the reduction
process, an increasing number of nanoparticles fused to larger
nanoparticles to form gold-wire networks (1 : 10, Fig. 2C and D)
and irregularly shaped plates (1 : 17, Fig. 2E and F), and further to
form polygonal plates (1 : 30, Fig. 2G and H). The colour of these
nanoparticle solutions changed from vivid red to grey with
obvious formation of nanoparticle agglomerates as the gold ratio
increased (Fig. 1 and photo in Fig. 1B). The higher fusion rate
between the nanoparticles in the high gold (low PEI) content
solutions suggested that the surfaces of the gold nanoparticles
were not capped well with protection groups so that these gold
nanoparticles tended to grow larger to form gold nanoparticle
networks as well as polygonal plates.'®

However, when the gold concentration was further increased
to a PEI/Au(m) molar ratio of 1:40, the gold nanoparticle
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solution became light yellow (Fig. 1B inset) and the character-
istic plasmonic absorption of gold nanoparticles disappeared
(Fig. 1A). Such an abrupt transition in their optical properties
was due to a change in the nature of the nanoparticles. The TEM
and SEM images of the high-gold-content gold nanoparticles at
a lower resolution indicated that the gold nanoparticles were
large with an average diameter of 40.8 nm (Fig. 2I, K and L).
However, these “large nanoparticles” were spherical clusters
(suprananoparticles) composed of many ultra-small gold
nanoparticles that had an average diameter of 2.4 nm (Fig. 2]
and L). This was in line with the fact that the plasmonic
absorption (~520 nm) of nanoparticles less than 3 nm in
diameter vanishes." The 368 nm absorption in the absorption
spectra was quite rarely assigned to the absorption of gold
nanoparticles, but could be more likely ascribed to the
absorption of the oxidized PEI*? or Au,,”" clusters (m > n) that
either stayed on the surface of the gold nanoparticles or to the
nanoparticle per se.® Further increasing the gold content to
1:50 or 1:60 in the above gold nanoparticle production
protocol resulted in similar suprananoparticles to those
observed at the 1:40 molar ratio (ESI Fig. S1}). Because the
formation of the suprananoparticles might be due to the dew-
etting process during the TEM sample preparation,™ we exam-
ined their hydrodynamic radii with dynamic light scattering
(DLS). The DLS results showed that there were four major
components with a hydrodynamic diameter of 12 4 2, 107 £ 16,
1010 + 340, and 24 100 £+ 3600 nm (ESI Fig. S2%); they were
assigned to the free tiny gold nanoparticles, the supra-
nanoparticles, larger aggregates of these suprananoparticles or
polygonal plates, and agglomerates of these nanoparticles,
respectively. This indicates that the suprananoparticles already
formed before they were cast onto the TEM grids. The zeta
potential of these suprananoparticles was only 0.4 mV, whereas
the small gold nanoparticles had a zeta potential of 13 mV. Due
to the nearly neutral surface of the nanoparticles that resulted
in weaker repulsion but stronger van der Waals attraction
among these nanoparticles, these nanoparticles tended to form
aggregates. Moreover, the hydrogen-bonding between the PEI
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Fig. 2 Dependence of the gold nanoparticle generation on the PEI/Au(il) molar ratio. TEM images of gold nanoparticles at a PEI/Au(i) ratio of
1:14(A,B),1:10(C,D),1:17(E, F),1: 30 (G, H) and 1: 40 (I, J); SEM image (K) and size distribution (L) of nanoparticles at a PEI/Au(m) ratio of
1:40. The TEM images in the lower row were obtained at a higher resolution compared to those in the upper row. The gold concentration was
kept at 3.4 x 10~* M. Scale bar: 100 nm (A, C, E, G, |, and K) and 20 nm (B, D, F, H, and J).
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networks and the coordinate bonding between the amino
groups on the polymer chain and the gold ions also contributed
to the formation of suprananoparticles.">*® These gold supra-
nanoparticles showed a similar catalytic activity for the reduc-
tion of 4-nitrophenol to 4-aminophenol to the small
nanoparticles (1 :1.4), but much better than the large nano-
particles (1:10).""** As shown in Fig. 1B, the characteristic
absorption of 4-nitrophenol (400 nm) decreased faster upon the
catalysis by the small gold nanoparticles (1:1.4) and supra-
nanoparticles (1 :40), compared to that by the large nano-
particles (1:10). This suggests that the networks inside the
suprananoparticles were quite permeable so that small mole-
cules could diffuse into the core. Given the nanoparticle size of
2.4 nm in diameter, the pore in the spherical cluster (supra-
nanoparticles) is about 2 nm in diameter, which allows the
entry of small molecules into the inner part of the supra-
nanoparticles. However, these suprananoparticles only illus-
trated moderate colloidal stability, fusing into larger
nanoparticles within a day and then exhibiting the character-
istic 520 nm absorption of gold nanoparticles (Fig. 3A and B).
This was likely due to the lower charge density on the surface of
these suprananoparticles. It has been reported that a higher
sodium chloride concentration decreases the intra-chain
repulsion of the PEI owing to the salt-screening effect and
subsequently induces the contraction of the PEI chain." This
may lower the levels of chain extension as well as the cross-
linking between inter-PEI chains through hydrogen-bonding,
and then causes the breakdown of the inter-PEI networks.
Consequently, the suprananoparticles may disassemble in the
presence of sodium chloride. As expected, no supra-
nanoparticles were detected by TEM after the addition of
sodium chloride (150 mM) to the suprananoparticle solution,
but no change in its absorption spectrum was observed (Fig. 3C
and D). Instead, the sodium chloride significantly delayed the
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Fig. 3 Colloidal stability of the gold suprananoparticles prepared at
a PEI/Au(in) molar ratio of 1: 40. Time-dependent absorption spectra
(A) and TEM image of the suprananoparticles after 27 h in water (B).
Same sample but in the presence of sodium chloride (150 mM). Time-
dependent absorption spectra (C) did not show the occurrence of the
plasmonic absorption of the large gold nanoparticles at 520 nm.
However, the TEM image of the solution after 48 h in water (D) did not
show any suprananoparticles but ultra-small nanoparticles. Scale bar,
20 nm.
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transformation of the small nanoparticles into larger gold
nanoparticles, as seen in the absorption spectra (Fig. 3C).

The PEI networks may contribute to the formation of nano-
particle clusters, but did not control the size of an individual
gold nanoparticle. With a PEI/HAuCl, mass ratio of 1:1 in
DMF, larger PEI molecules (M, ~ 25 kDa) stabilized and
encapsulated multiple gold nanoparticles in PEI polymer
shells.”® That reaction was equivalent to our protocol with a PEI/
Au molar ratio of 1 : 1.4. The sizes of the nanoparticles in these
two reactions were similar but there were two major differences.
(1) No obvious polymer shells were formed in our experiment
because the polymer chain used in our protocol was too short.>
(2) The resulting PEI suprastructure of gold nanoparticles in the
previous report was not stable in water. In our subsequent
experiments, with less PEI and more gold content, we success-
fully obtained stable suprananoparticles in aqueous solution.
The key to such an improvement was the excess of gold ions. As
the number of PEI molecules decreased, the reducing power of
PEI depleted, leading to the accumulation of Au(i) or Au(i) in
the solution. Usually, a metal cluster can be further stabilized by
capping the cluster with metal ions.* Partially charged Au®*
species have also been found on the surface of citrate-anion-
stabilized gold nanoparticles.”” Therefore, in our case, it was
more likely that these gold ions stayed on or even bonded to the
surface of the newly formed gold nanoparticles, which were
further stabilized by coordination with the amino groups on the
PEI chains,® resulting in thermodynamically stable nano-
particles. Both the low level of reduced elemental gold and the
outstanding stability of these ion-capping nanoparticles
contributed to the generation of these ultra-small nano-
particles, as shown in Fig. 2]. To verify the above hypothesis, the
XPS spectrum of the suprananoparticles was obtained. It clearly
showed that the suprananoparticles consisted of 90% elemental
gold, 5% Au(i), and 5% Au(um) (Fig. 4A). Meanwhile, the excess
gold ions formed complexes with PEI chains to build cross-
linked networks between these nanoparticles, resulting in gold
suprananoparticles with excellent stability in water.

Interestingly, the freeze-dried gold suprananoparticles for
the XPS test were light yellow powders. Once the powders were
re-suspended in water, the suprananoparticles were restored
without changes in their optical properties. However, such
powders were extremely sensitive to moisture in the air. When
exposed to air at a relative humidity of 50% at 25 °C, the yellow
powders changed to black within an hour but retained the
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Fig. 4 XPS spectra of the suprananoparticles prepared at a PEI/Au(in)
molar ratio of 1:40. More elemental gold was oxidized after the
colour of the lyophilised gold suprananoparticles turned from yellow
(A) to black (B).
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yellow colour in a desiccator for a month. It was highly possible
that gold nanoparticles consisting of the suprananoparticles
changed to larger nanoparticles because the freeze-dried gold
nanoparticles (PEI/Au(u) molar ratio of 1:1.4, 11 nm in
diameter) were also black, but it may be difficult for the solid
gold suprananoparticles to proceed through such a dramatic
change in the solid phase. However, the hygroscopic Au(u)
residues in the suprananoparticles may absorb moisture to
form a micro-water pool and subsequently the nanoparticles
freely defused to meet their counterparts (Scheme 1) and then
fused to larger nanoparticles. Such a phenomenon was recor-
ded with a camera on an optical microscope. Right after the
yellow powders were exposed to air on a coverslip, the yellow
powders had started to absorb moisture; the granules of gold
powders on the coverslip looked like they were surrounded by
a thin layer of liquid (Fig. 5A). Within 40 min, these gold
granules had merged into a liquid film (Fig. 5B) and then the
film became dark brown in 80 min (Fig. 5C). A detailed video
(Fig. 5E and ESI Video-11) showed that the granules absorbed
water, grew larger, and finally merged into a larger film in 300 s.
Meanwhile, the colour of the water pools became darker. Such
excellent hygroscopic capability was only exhibited by the
suprananoparticles. The black powder of the freeze-dried gold
nanoparticles (PEI/Au(m) molar ratio of 1:1.4, 11 nm in
diameter) did not change its morphology at all in two hours
when exposed to the above conditions (Fig. 5D and ESI Video-
2t). These images/videos were consistent with our previous
claim that the suprananoparticle powders absorbed water to
form a micro-water pool and then nanoparticle-reshuffling
occurred in the aqueous solution. Such reshuffling was
concentration-dependent. It was much slower in dilute aqueous
solution (taking place in 24 h) but much faster in the above
water pools. Moreover, the colour change of the gold species
was simply a consequence of the fusion of smaller nano-
particles to form larger ones (ESI Fig. S37), but was not because
of the generation of more nanoparticles. XPS of these black gold
powders suggests that more elemental gold was oxidized to Au(i)
(18%) and Au(ur) (11%), as shown in Fig. 4B. This shows that the

ultra-small ~ gold nanoparticles are relatively less
ve =
v v i
Ruam) . PEL/ A
'Y Ultra-small
/‘;‘i‘ M NPs fusing to
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;\.‘//J ‘
supran::::)article + ’.“
Ayt *«U

Micro-water-pool

Y

Moisture

Scheme 1 Schematic showing hygroscopy-induced nanoparticle
reshuffling. Gold ions in the suprananoparticles absorb moisture to
form a micro-water-pool in which suprananoparticles reshuffle to
form larger nanoparticles.
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Fig. 5 Hygroscopic effect of the suprananoparticles. Photos of
lyophilised suprananoparticles on a glass coverslip taken by using
a colour camera in situ (A), after 40 min (B) and after 80 min (C) from an
eyepiece of a microscope with a 20x objective under white light
irradiation. They showed that the gold granules immersed in the newly
formed water pool and the yellow gold species become dark brown.
Such a process was recorded with a CCD camera on the same
microscope, as shown in the screenshots of the video clip (E). The
numbers in (E) stand for the time in seconds the lyophilised supra-
nanoparticles were exposed to air. A photo of the lyophilised large gold
nanoparticles (PEI/Au(in) molar ratio of 1 : 1.4), taken 2 h after exposure
to air showing no hygroscopic effect (D). Scale bar: 35 um.

thermodynamically stable.”* While they were oxidized, these
gold nanoparticles merged into larger gold nanoparticles that
displayed different photophysical properties. The Au 4f;,
binding energy for the Au(0) component in the supra-
nanoparticles was 83.9 eV, 0.1 eV shifted from that of gold foil
(84.0 eV).>® Upon aggregation, the gold suprananoparticles grew
larger and their binding energy decreased to 83.2 eV, in line
with the fact that the larger the gold nanoparticles, the lower the
binding energy.? It is possible that the Au” binds to the surface
of the gold nanoparticle with a binding energy of 84.5 eV for
Au(i), lower than the expected value of 85.2 €V for Au” ions.?2%
The Au 4f,, binding energy for the Au(i) component in the
suprananoparticles was 84.6 eV, suggesting the possible
bonding between Au" and the gold nanoparticles. However, we
cannot exclude the possible presence of organometallic Au(i) in
the gold suprananoparticles.

The sensitivity of the gold suprananoparticles to moisture
inspired us to apply the suprananoparticle as a water indicator.
The main methods for water content detection in organic
solvents have been based on an impedance tester,*® spectrom-
etry,”>*® chromatography,® and electrochemistry.®> Our
approach may be an alternative to the above methods and
presented a fast and straightforward detection of water content
in organic solvents. Alcohols in which the suprananoparticles
can dissolve should be avoided. The yellow suprananoparticle
powders can be immersed in most organic solvents such as
toluene, chloroform, acetonitrile and cyclohexane, in which the
suprananoparticles were insoluble. The water in the solvent was
extracted to the suprananoparticles, which formed water pools
and subsequently the suprananoparticles reshuffled to generate

This journal is © The Royal Society of Chemistry 2019
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large and black gold nanoparticles. As shown in Fig. 6A, the gold
suprananoparticles detected as low as 0.01% water content in
toluene within an hour, which is among the best detection
limits reported. The higher the water concentration, the darker
the gold suprananoparticles became. This method could be fast
as well. The change in the colour of the gold suprananoparticles
could be observed 20 min after the immersion of the gold
suprananoparticles in the solvent (Fig. 6B). Moreover, the gold
suprananoparticles can be a sensitive marker in solvents: no
water in the solvent, no change in the colour. Once water
dissolves in the solvent, the colour of the gold supra-
nanoparticles will change to black. We are still working on
minimizing the gold used for water detection while maximizing
the signal from the optical change of the nanoparticles.

Experimental
Synthesis of PEI-AuNPs at a PEI/Au(m) molar ratio of 1: x

PEI solution (2.4 mM, 840/x uL) was added dropwise into pre-
heated gold(m) chloride trihydrate solution (0.34 mM, 6 mL)
with stirring in the dark for 5 min at 75 °C. After cooling down
for 60 min in the dark, (600-840/x) pL PEI stock solution (2.4
mM) was added, followed by stirring for 1 h in the dark.

Comparison of catalytic ability

The concentrations of each component were maintained
throughout except where indicated. In a quartz cuvette (10 mm),
DI water (1 mL), catalyst (0.3 mM, 1 mL) and 4-nitrophenol
stock solution (30 pL) were mixed. Sodium borohydride stock
solution (50 pL) for 4-nitrophenol reduction was then added to
the mixture, followed by a quick shake of the cuvette. The
absorption spectra were then recorded on a SCINCO S-4100
Scan UV-visible spectrophotometer at room temperature.

The reduction was visualized by the disappearance of the 400
nm peak of 4-nitrophenol and the appearance of a new peak at
300 nm for 4-aminophenol. We observed the kinetics of the

min
ol

30 min
[ (;S-p.'r..,. ¥

Fig. 6 Detection of water content in toluene with lyophilised gold
suprananoparticles. (A) Photos of the suprananoparticles 60 min after
they were immersed in toluene in the presence of 0.001%, 0.01%,
0.02% and 0.05% of water. The upper row shows magnified images of
the samples in the lower row. (B) Photos of the sample in (A) (0.02%)
taken in situ, 20 min, 30 min and 40 min after immersion in toluene.
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reaction by recording the change in the absorbance of the 4-
nitrophenolate ions at 400 nm.

Size distribution of nanoparticles

The diameter of the nanoparticles in the TEM/SEM images was
measured with Image]J, in which a line was drawn across the
distance of interest and Analyze/Measure was applied. The
“length” in the result report was the diameter of the gold
nanoparticles. The diameters of the gold nanoparticles and
suprananoparticles in the TEM/SEM images were respectively
measured randomly. At least 500 suprananoparticles were
processed.

Detection of water content in organic solvents

A glass vial containing the freeze-dried gold nanoparticles was
filled with organic solvents with known water contents. The cap
of the vial was then closed tightly.

Conclusions

In summary, nanoparticles fused to form larger nanoparticles
to form gold-wire networks and irregularly shaped plates, and
further to form polygonal plates as the reducing capability of
PEI decreased for the production of PEI-stabilized gold nano-
particles. However, as the reducing power of PEI was depleted at
a PEI/Au molar ratio of 1 : 40, suprananoparticles consisting of
ultra-small gold nanoparticles were generated. The low level of
elemental gold and the stabilization of gold nanoparticles by
the excess gold ions contributed to the production of ultra-small
nearly neutral gold nanoparticles whereas the cross-linking
between gold ions/PEI/nanoparticles further led to the assembly
of these small gold nanoparticles into suprananoparticles that
were stable in water. The suprananoparticles showed excellent
catalytic activity for the reduction of 4-nitrophenol, suggesting
that substrates could permeate through the suprananoparticle
network. Such suprananoparticles could be stored stably in
a dry place after lyophilisation. The hygroscopic Au(u) residues
in the suprananoparticle solid absorbed moisture to form
a micro-water pool and subsequently the nanoparticles in the
new aqueous solution reshuffled to larger nanoparticles,
leading to a colour change of the solid from yellow to black. We
formulated the material into a fast, sensitive and straightfor-
ward tool to detect the water content in organic solvents. Our
results indicated that ionic precursors may play an important
role in the formation and stabilization of nanoparticles. More-
over, the ionic residues, regardless of whether they are a part of
the nanostructure or impurities, may introduce further char-
acteristics and significantly change the properties of the
nanostructure.
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