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In our previous work we demonstrated an unusual crystallite aggregate in which the crystallites correlate in
crystallographic orientation and form a fractal pattern with strong anisotropy (Wang, M.; et al.Phys. ReV.
Lett. 1998,80, 3089. Liu, X. Y.; et al.J. Cryst. Growth2000,208, 687.). Yet it remains unanswered why
each crystallite appears with specific orientation and obeys a strict order. Here we report an in-depth study
of the origin of the long-range correlation of the crystallographic orientations in the aggregate investigated
by means of micro-X-ray-diffraction, atomic force microscopy, and in-situ optical observation. The experimental
data suggest that the topographic regularity of the aggregate arises from the consecutive rotation of the
crystallographic orientation in the nucleation-mediated growth. This effect may occur when nucleation takes
place in a region with inhomogeneous surface tension, and may help us to understand the long-range ordering
effect in aggregating crystallites.

I. Introduction

Self-organization of microstructures in the interfacial growth
has been intensively studied in the past decades.1-7 Ordered
structures can be spontaneously generated in the interfacial
growth by stress-induced instability. When a crystalline layer
is coherently adsorbed on a substrate with different lattice
parameters, the mismatch energy is high and the system tends
to escape to a state with lower energy. Instead of generating
defects, such as misfit dislocations,6 the strained film can be
relaxed by surface deformation,1,6 where periodic hills and
valleys are induced on the surface. In some cases the film may
even split into separated clusters.8 This stress release mechanism
was first predicted by Asaro and Tiller,9 and systematically
studied by Grinfield.10 Up to now, most studies of the stress-
induced instability concentrate on two-dimensional systems,
such as thin films. The stress-induced instability should occur
in other systems as well. In crystallization, spontaneous align-
ment of crystallites and hence ordered aggregation of crystallites
have been observed, yet the mechanism remains unclear. One
example is the spherulite growth, in which crystallites are
continuously twisted or titled. Spherulite growth appears very
often in the solidification of polymers11-13 and certain inorganic
materials.14-16 Another example is the aggregation of NH4Cl
crystallites in agarose gel, where the orientation of each
crystallite is closely correlated. Ultimately the branches with
regular zigzagged microscopic features are formed.17,18 Strom
et al.19 point out that two types of zigzagged branches with
different crystallite orientations exist. In one case the octahedron
{111} is the primary face, whereas in the other case, the
hexahedron{100} dominates. The hexahedron{100} and

octahedron{111} have comparable energy, so they have equal
probability of occurrence. Moreover, the aggregate with spatial
periodic roughening transition on the surface has been ob-
served,20 and such a transition can be attributed to the regular
change of crystallographic orientation of the crystallites. It is
therefore interesting to find out how these regular structures
develop and why they are generated.

In this article we discuss the origin of the long-range
correlation of the crystallographic orientations in aggregating
crystallite on bases of the data of micro-X-ray-diffraction, atomic
force microscopy and in situ optical microscopy. By analyzing
these data, we suggest that the regularity of the topography of
the aggregate originate from the consecutive rotation of the
crystallographic orientation in a nucleation-mediated layered
growth. This effect has never been reported before and could
be helpful to understand the long-range ordering effect in many
cases of crystallization.

II. Experimental Method

The experiments were carried out in a thin layer of agarose
gel containing NH4Cl, sandwiched between two carefully
cleaned glass plates. The separation of the glass plates was kept
100µm for all runs. The gel was prepared by dissolving agarose
(Merck) into ultrapure water (resistivity 18.7 MΩ‚cm). The
concentration of agarose was 0.25 wt %. NH4Cl was added into
the agarose solution, and the concentration of NH4Cl was kept
at 4.0 wt %. The solution was filled into the space between the
two glass plates. The compact gel was formed by cooling. The
growth cell was then placed in a chamber with dry environment.
Supersaturation, the driving force for crystallization, was
generated by evaporating water in the agarose gel through the
edges of the glass plates. In this experiment water evaporation
was not accurately controlled. Nevertheless, it was a slow
process, especially when a shell of NH4Cl and agarose gel was
formed along the edge of the glass plates.17,18,20Since the typical
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duration for in situ optical observation was usually between 10
and 30 min, which was much shorter comparing with the whole
evaporation process (typically 15 to 30 h), the driving force for
crystallization can be regarded as a constant during the time of
observation. The aggregation process was observed in situ by
an optical microscope (Orthoplan-pol, Leitz, Germany) with a
charge-coupled device (CCD) video system. The aggregate was
further analyzed ex situ by means of micro-X-ray-diffraction
with the white light from synchrotron radiation (BSRF, Beijing,
China), and with an atomic force microscope (Nanoscope IIIa,
Digital Instruments, Santa Barbara, CA).

III. Results and Discussion

The aggregate branch may consist of crystallites with either
hexahedron{100} or octahedron{111} as dominant faces. Here
we focus on the case in which hexahedron{100} dominant.
The aggregate of NH4Cl crystallites is illustrated in Figure 1a,
which is fractal-like. Despite the ramified feature on a large
scale, microscopically each branch possesses a deterministic
zigzagged feature (Figure 1b). It seems that the diffusion field
decides which branch will grow forward and which one will
stay behind (screening effect). The average growth rate of the
aggregate depends on the supersaturation. For the pattern shown
in Figure 1a, the typical growth rate is of the order of 2µm/s.
The diffusion coefficient in the gel system is of the order of 1
× 10-6 cm2/s. It follows that the thickness of the concentration
boundary layer, which is the characteristic length of the diffusion
field, is of the order of 50µm. Indeed we can find in Figure
1a,b that no regularity can be identified among the branches
above the scale of about 50 microns. We expect that beyond
this length scale the diffusive instability controls the branch
morphology and is responsible for the formation of the ramified
fractal-like patterns.

Figure 1c shows the detailed morphology of the zigzagged
branch observed with AFM. Two types of crystallites can be
identified. One is pyramid-like, and is marked byAi (i ) 1, 2,
3, and 4). The crystallitesAi are connected by the other type of
crystallites,Bi (i ) 1, 2, and 3), which are elongated. The
alternating appearance of the crystallitesAi andBi eventually
generates the regularly zigzagged branches shown in Figure 1b.
The development of aggregate branch observed with an optical
microscope is illustrated in Figure 2. As that will be shown
later, the crystallite size depends on the driving force of
crystallization. To obtain a sufficiently large crystallite for clear
optical observation, we carried out the experiment with lower
supersaturation. As illustrated in Figure 2a,b, one of the corners
of anA-type crystallite grows faster and becomes cusp. Selection
of the specific corner is decided by the local concentration field.
As the tip of the branch grows further, gradually it broadens
and develops into the crystalliteA′, which is a mirror image of
A (Figure 2e-g). The previous cusp ofA turns into an elongated
crystallite (typeB). As demonstrated in Figure 2d-f, one of
the corners ofA′ grows faster and is sharpened. A new cusp is
generated eventually, and evolves into a newB-type crystallite.
In the meantime the direction of branch growth deviates for
about 60°. By repeating this process a zigzagged branch is
formed. Figure 2e-h shows that the lower right part of the
crystallite A′ grows much slower than its upper left part.
Consequently, the corner in the upper left part ofA′ sharpens
much faster. The difference in the growth rate of the same
crystallite along two equivalent crystallographic directions may
be due to the inhomogeneous distribution of the concentration
field around the crystallite. The nutrient transfer to the lower
right part ofA′ is screened by the neighboring branches.

It is interesting to note that the crystallites in the zigzagged
branch actually originate from the same ancestor. As indicated
by the dark arrows in Figure 2d-g, when the crystalliteA′
becomes sufficiently large, a ditch appears and finally separates
the crystalliteA′ with crystallite B. The similar process takes
place in the elongation of the upper left part of the crystallite

Figure 1. (a) The optical micrograph of the crystallite aggregate of
NH4Cl. On a large scale the aggregate is random and ramified. The
bar represents 100µm. (b) Each branch in the fractal-like aggregate
consists of a regularly zigzagged structure. The bar represents 50µm.
(c) The AFM micrograph of the zigzagged branch, in which two types
of crystallitesAi andBi (i ) 1, 2, 3, ...) can be identified. These two
type of crystallites appear alternatively.
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A′, as marked by the white arrows in Figure 2f-h. In other
words, repeated processes of corner sharpening and crystallite
breaking as the branch extends exist.

To find out why the aggregation follows such regularity, and
how the crystallographic orientation evolves during crystalliza-
tion, we carried out micro-X-ray-diffraction (MXRD) with the
white light from the synchrotron radiation. The light spot was
20× 20µm2 in size, and an optical microscope helped to direct
the beam to the exact sites where we intended to investigate. A
sensitive, high-resolution image plate recording system (Fujitsu
BASS2500) was used to record the diffraction pattern. Both
the image plate and the glass substrate with crystallite aggregate
on it were perpendicular to the X-ray beam. The image plate
was placed 130 mm behind the sample, so it recorded the small
angle diffraction of the crystallites. Figure 3a schematically
shows the sites on the zigzagged branch where the experiments
of MXRD were carried out. Figure 3b-d shows the experi-
mentally recorded diffraction pattern at sites 1, 2, and 3,
respectively. It can be seen that many diffraction spots are
elongated. It should be pointed out that the thickness of the
crystallite in the aggregate is about 3µm, and the width is about
15 µm in average, which are determined by atomic force

microscopy and optical microscopy. According to the Scherrer
formula,21 the angular width of the diffraction spots can be
expressed as

whereK is the Scherrer factor, a constant related to the crystallite
size and the shape. In most casesK can be taken as 1.T is the
thickness of the crystallite;λ is the wavelength of the X-ray
and θ is the diffraction angle determined by Bragg equation.
For the small angle diffraction cosθ equals approximately to
1. It follows that the angular width of the diffraction spots will
be of the order of 0.04 mRod. By taking the separation of the
sample and the image plate (130 mm) into account, immediately
we get the spread of the diffraction spots as 5µm. Whereas the
elongation of the diffraction spots shown in Figure 3b-d is of
the order of several millimeters, which is about 3 orders of
magnitude larger than that induced by the size effect. Therefore,
we conclude that the elongation of diffraction spots is unlikely
to be related to crystallite size. Instead, it implies that each
crystallite is no longer monocrystalline, i.e., the crystallographic

Figure 2. The optical micrographs illustrating the growing process of the zigzagged branch. The bar stands for 100µm. The digits on each frame
stand for minutes and seconds, respectively.

Figure 3. The microstructure of the zigzag branch studied by micro-diffraction with white light X-ray from synchrotron radiation. (a) Schematic
showing the three sites where micro-diffractions have been carried out. (b-d) The Laue diffraction pattern at sites 1-3, respectively. (e-g) Illustration
of the computer simulated diffraction patterns. One may easily find the correspondence between experimental measurements (b-d) and computer
simulations (e-g). Comparing the diffraction spots in (c) and (d) (or (f) and (g)), one may easily find that the deviation of the crystallographic
orientation at site 2 and site 3 is much smaller than that at site 1 and site 2, suggesting that site 2 and site 3 may locate on the same piece of
crystallite (typeB in Figure 1c).

â ) Kλ
Tcosθ

(1)
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orientation changes continuously for a few degrees within each
crystallite. In other words, the crystallite has been bent along a
certain direction. As that will be shown later, it has been
observed that the crystallite develops with the mode of layer-
by-layer growth. Suppose each layer changes its orientation
slightly with respect to the neighboring one, we compile a
computer program to simulate the pattern of Laue diffraction.
In the simulation we only consider the kinematical diffraction
of X-ray. The distribution of the wavelength of X-ray and the
crystallographic data of NH4Cl crystal are known. We let the
computer change the initial crystallite orientation and the axis
of slice rotation, and compare the simulated diffraction pattern
with the experimental data.22 Since both the initial orientation
of the crystallite and the axis of rotation contribute to the final
diffraction pattern, the generated diffraction pattern is numerous.
Yet after searching all the possible combinations with the
assistance of computer, we find that there is only one case that
agrees perfectly well with the experimental data. Figure 3e-g
demonstrates a group of simulated diffraction patterns, which
are almost identical to those illustrated in Figure 3b-d. It is
noteworthy that in Figure 3e-g not all the spots elongate
radially, which is consistent with the experimental observation.
By analyzing the diffraction data we know that [111] of the
crystallite at sites 1, 2, and 3 point to the direction (0.12, 0.12,
0.98), (0.45, 0.14, 0.88), and (0.52, 0.096, 0.85), respectively.23

The orientation of the coordinate system is indicated in Figure
3. By carrying out systematic X-ray diffractions, we conclude
that crystalliteAi in Figure 1c initially contacts the substrate
roughly with (111). When the crystallite develops, the orientation
of the newly grown parts rotates with [110] as axis, which lies
on a plane parallel to the substrate and is perpendicular to the
direction of branch development. This growth behavior persists,
hence the face touching the substrate changes continuously. At
site Bi, the bottom surface becomes roughly (110) and the
advancing direction becomes [100]. From the symmetry of the
crystallites in the aggregate branch and the X-ray diffraction
presented in Figure 3, we can infer the evolution of the
crystallographic orientation over the whole aggregate branch.
Suppose during the growth ofBi, its rotation axis remains [110],
and keeps in the plane parallel to the substrate and is
perpendicular to the direction of branch development. As the
branch develops further, the bottom face of the crystallite on
the tip of the branch changes back to one of the equivalent (1h1h1h)
and the crystallite turns out to beAi+1, a mirror image ofAi.
This picture is in excellent agreement with the morphological
observations of the optical microscopy and atomic force
microscopy.

Our previous studies have shown that the crystallites of NH4-
Cl grow on the glass substrate by nucleating at the concave
corner of the crystallite and the substrate.17-20 The heteroge-
neous nucleation at the concave corner acts as the step source.
During this nucleation-mediated growth, the substrate is actually
inhomogeneous: one edge of the concave corner is the crystal
terrace, whereas the other one is the glass substrate. As we
presented in a separate paper,20 once an embryo of nucleus
appears at the concave corner, the asymmetric surface tension
tends to deform the embryo. So the orientation of the nucleus
is slightly rotated. This effect maintains as long as the
crystallization is promoted by the nucleation-mediated layered
growth. Eventually the crystallographic orientation of each layer
deviates. The evidence of the corner-assisted growth has been
achieved by atomic force microscopy and is shown in Figure
4, where the whole crystallite of typeB and parts of a crystallite
of type A can be identified. It is clear that the steps originate

from the concave corner of the crystallite facet and the substrate.
Figure 4 supports our previous argument that the crystallization
is carried out by layer-by-layer growth, and successive nucle-
ation at the concave corner contributes as the step source.

The theory of periodic bond chain (PBC) has been developed
to predict the crystal morphology.24,25According to this theory
the PBC is defined as a chain with strong bonds, or bonds in
the first coordination sphere, between the growth units. Those
layers containing two or more PBCs are defined as F faces or
flat faces. S face or stepped face is a slice that contains only
one PBC; K face or kinked face stands for a slice that does not
contain PBC at all. It is known that the point group of NH4Cl
is Pm3hm, and NH4

+ and Cl- are located at (0,0,0) and (1/2,1/
2,1/2), respectively. NH4Cl has strong bonds in〈100〉 , 〈110〉 ,
and〈111〉 . Accordingly the F slices of NH4Cl are{100}, {110},
and{111}. {100} and{111} faces are nonpolar ones, and{110}
face is polar. In a polar solvent, such as water, the polar F slice
seems to be suppressed.19 Therefore{100} and{111} faces are
most easily observed in aqueous-solution-grown NH4Cl crys-
tallites. To illustrate how the crystallographic orientation changes
during the growth, we schematically plot the evolution of the
crystallographic orientation over a zigzagged branch based on
the results of MXRD and PBC theory, as shown in Figure 5.
Suppose{100} is the dominant face. At siteR of Figure 5, the
crystallite contacts the substrate with (1h1h1h), with the top face
of the crystallite being (111) and the side faces (100), (010),
and (001). In addition to{100} and (111), (111h), (11h1), and
(1h11) also exist. Yet according to ref 26,{111} tend to be small
since〈111〉 is the fast growing direction.27 As shown in Figure
5, at siteR the crystallite elongates along one of its corners
(this situation is similar to that shown in Figure 2a-b, and is
decided by the local concentration field). The crystallographic
orientation of each grown layer rotates slightly with respect to
axis [11h0]. As indicated in Figure 5, when the growth front
reaches siteâ, the crystallographic orientation of the newborn
layer has rotated for 35° (i.e., from (111)-up to (110)-up).
Meanwhile, the two side faces of the elongated crystallite
become (100) and (010). The rotation continues as the crystallite
grows further. At siteR′, (111h) becomes the top face ([111h] is
normal to the substrate). Meanwhile the face on the growth front
becomes (001h), which develops much slowly than{111}.
Thereafter the fast growth takes place along [11h1h] (or [1h11h])

Figure 4. AFM view of a crystallite of typeB in the zigzagged branch.
One may find that the steps initiated from the concave corners of the
crystallite facet and the substrate.
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(Figure 5). This process corresponds to that shown in Figure
2d-e. It should be emphasized that although several separate
polyhedrons are drawn in Figure 5, they are only the guides of
the eyes to illustrate how the crystallographic orientation evolves
during crystallization.

The above analysis is further supported by in situ observation
of the growing process of the zigzagged branch. In the early
stage of the sharpening of the tip of crystalliteA (Figure 2a),
the orientation of the growth front is nearly〈111〉 , whereas in
Figure 2f, the growth front along the original growth direction
becomes〈100〉 . This difference may lead to a clear change of
the interfacial growth rate. We trace the growing tip of a
zigzagged branch as a function of time. During the elongation
of the crystallite tip (process 1 in the insert of Figure 6), the
growth rate of the tip first increases and then decreases (as
illustrated by curve 1 in Figure 6), which corresponds to the
gradual sharpening, and then broadening of the growth front.
Before the growth along this direction stops completely, corner
sharpening along the other direction (process 2 in Figure 6)
starts. Curve 2 in Figure 6 shows that the growth rate increases
gradually first, and then decreases. We expect that the decelera-
tion of the interfacial growth is associated with the change
of the crystallographic orientation of the growth front from
nearly (111) to roughly (100). Before process 2 stops completely,
one of the corners of the front-most crystallite starts to grow
(process 3 in Figure 6) with an increasing growth rate (curve 3
in Figure 6).

As illustrated by the arrows in Figure 2, the separated
crystallites in the zigzagged branch are actually generated by
repeated formation of ditches on the branch. Within a crystallite
the crystallographic orientation changes continuously, as indi-
cated in Figure 3. As a result, stress is generated in the
crystallite. Meanwhile a stress-induced interfacial instability may
occur to the crystallite surface.1,6 It has been reported that a
nominally flat surface profile of an elastically stressed solid can
rapidly evolve into a cusped surface with smooth tops and deep
crack-like grooves by surface diffusion.7 The characteristic
length of the surface pattern can be estimated bykmax, the upper
limit of the linearly unstable wavevector. Similar to conventional

Mullins-Sekerka instability,1,28,29 which takes place at long
wavelength and is driven by diffusion, here the instability is
induced by stress.1,9,10 Suppose the crystal is subjected to an
uniaxial stress, and the strain isεxx, it follows that the critical
unstable wavelength can be expressed as

whereE is the Young’s modulus of the material,σ is the Poisson
coefficient, andγ is the surface tension of growing interface.
The strainεxx is estimated as follows. The elongation of the
diffraction spots as that shown in Figure 3 indicates that within
each crystallite the crystallographic orientation has been con-
tinuously changed for two to three degrees. Taking the length
of the crystallite as 30µm and the thickness of the crystallite
as 2µm, it follows that the strain inside the crystallite is of the
order of 1.5× 10-3. This value, together with other material
parameters of NH4Cl,30 yields λ0 ) 45 µm according to the
above equation. This means that when the size of a crystallite
reachesλ0, its top surface will be unstable and wrinkles may
develop to separate the crystallite.20 The crystallite size will be
of the order ofλ0/2, which is consistent with our experimental
observations.

It is noteworthy that even though the crystallite size varies
for different driving forces of crystallization, the number of
crystallites within each period remains unchanged. Experiments
show that crystallite size decreases rapidly by increasing the
equivalent driving force of crystallization. Meanwhile, the
average growth rate of the aggregate increases, as shown in
Figure 7. When the crystallite grows faster, we expect that the
rotation of the crystallographic orientation becomes more rapid.
This means that the stress will be increased more quickly. Hence
the crystallite becomes smaller in size. Indeed this tendency
has been experimentally observed, as illustrated in Figure 7. If
the driving force for the crystallization becomes so high that
nucleation occurs everywhere, then we expect that the regularity
among the crystallites will disappear.

Figure 5. Schematic diagram to show how the crystallographic
orientation evolves in the branch. The aggregate grows in the direction
from R to R′, and the crystallographic orientation rotates continuously
with the axis shown in the picture. Note that the polyhedrons in the
picture are merely the guide of eyes to illustrate the crystallographic
orientation at each site. They are not necessarily connected to the real
morphology of the units in the aggregate branch.

Figure 6. The growth rate of the front-most tip measured as a function
of time. Curve 1 corresponds to a process as that shown in Figure 2a-e
(or, process 1 in the inset). The growth along this direction decelerates
gradually. Before it ceases completely, the growth along the other
direction starts by sharpening the crystallite corner, as that shown in
Figure 2f (or the process 2 in the inset). The growth rate of the front-
most tip along this direction is shown by curve 2, which increases first
and decreases thereafter. The decreasing of the growth rate in curve 2
again corresponds to the faceting of the growth front. Curve 3
corresponds to the sharpening of the crystallite corner along the other
direction (the process 3 in the inset). The change of the growth rate
may be due to the change of the crystallographic orientation at the
growth front.

λ0 ) 2π
Kmax

)
πγ(1 - σ2)

Eεxx
2

(2)
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The role of nucleation on growth pattern has been studied
before. Some concepts, such as nucleation-limited aggregation,31

heterogeneous 2D nucleation-induced instability,32 and self-
epitaxial nucleation33 have been proposed. However,concerning
the formation of zigzag branch, previous studies are still not
satisfactory in explaining why the structural matching prescrip-
tions of the octahedral and hexahedral modifications should be
different. Or more specifically, why in the aggregate the
hexahedral modification occurs via (211)T (2h1h1h), whereas the
octahedral modification takes place via (011h) T (1h02).17,19The
experimental observations presented in this article provide
unambiguous evidence that the zigzagged branch is, as a matter
of fact, generated by the consecutive rotation of crystallographic
orientations, which eventually contributes to the long-range
morphological and orientational orders in the aggregate. It is
indicated clearly that both the axis of rotation and the crystal-
lographic faces contacting the substrate decide the final mor-
phology of the aggregate. If a crystallite initially contacts the
substrate with its{001} face and rotates with [110] as axis,
periodic roughening transitions as that reported in ref 20 appears.
If, however, the crystallite initially contacts the substrate with
(111), and rotates with〈110〉 as the axis, a regularly zigzagged
branch developing along〈11h0〉 as we report in this article will
be observed.

IV. Conclusion

In this article the long-range correlation of the crystallographic
orientations in aggregating crystallites of NH4Cl has been
studied by analyzing the data of micro-X-ray-diffraction, atomic
force microscopy, and in situ interfacial growth processes. The
experiments indicate that there exists a consecutive rotation of
crystallographic orientation in each crystallite, which may be
responsible for the morphological regularity of the aggregate
branches. The continuous change of the crystallographic orienta-
tion in crystallization may root from the deformation of the
embryo of the nucleus by inhomogeneous surface/interface
tensions. We suggest that the phenomena reported here have
general interest for the nucleation-mediated growth and would
help to understand the long-range ordering effect in aggregating
crystallites.
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Figure 7. The average size of crystallite and the average growth rate
of the aggregate branch measured as a function of the equivalent driving
force of crystallization. By increasing the driving force, the crystallite
size decreases and the branch growth rate increases. In our experiment
the driving force is controlled by evaporating water in the agarose gel.
The evaporation rate is adjusted by the flow of dried nitrogen gas. The
driving force increases when the nitrogen flux is high. In this figure
we use the nitrogen flux flowing through the growth cell to represent
the driving force of crystallization.
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