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An Ice-Structuring Mechanism

for Zirconium Acetate

Sylvain Deville’, Céline Viazzif, Christian Guizard

Laboratoire de Synthese et Fonctionnalisation des Céramiques, UMR3080
CNRS/Saint-Gobain, Cavaillon, France

Abstract

The control of ice nucleation and growth is critical in many natural and engineering
situations. Yet, very few compounds are able to interact directly with the surface of
ice crystals. Ice-structuring proteins, found in certain fishes, plants and insects, bind
to the surface of ice, thereby controlling their growth. We recently revealed the ice-
structuring properties of zirconium acetate which are similar to those of ice-structuring
proteins. Being a salt, and therefore different from the proteins having ice-structuring
properties, its ice-structuring mechanism remains unelucidated. Here we investigate
this ice-structuring mechanism through the role of the concentration of zirconium ace-
tate and of the ice crystal growth velocity. We then explore other compounds present-
ing similar functional groups (acetate, hydroxyl, or carboxylic groups). Based on these
results, we propose that zirconium acetate adopts a hydroxy-bridged polymer structure
which can bind to the surface of the ice crystals through hydrogen bonding, thereby
slowing down ice crystal growth.

Introduction

Very few compounds are able to interact directly with ice, due to the very subtle
structural differences between water molecules and the ice surface. Yet, such interac-
tion is often critical in many natural or engineering phenomena, to prevent, restrict or
control ice growth. Compounds known in biology as antifreeze proteins are currently
found in certain living organisms (fishes, plants, insects) where their interaction with
the ice crystals prevents fatal freezing-induced damage '. This ensures survival at low
temperature and provides an evolutionary advantage. Understanding the exact mech-
anism by which they prevent or control the growth of ice crystals is still a major

challenge in biology.

Classical antifreeze proteins exhibit three characteristic behaviors, (1) thermal hyste-
resis (from a non-colligative reduction in the freezing point, thus the name antifreeze),

(2) ice recrystallization inhibition, and (3) ice structuring (change in the morphology
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of ice crystals). This has led to alternative names such as thermal hysteresis proteins
and ice structuring proteins (ISPs)??, to identify groups of proteins that may not ex-
hibit all three of these properties.

The current explanation is that ISPs bind to a specific family of crystals planes thereby
restricting their growth and resulting in facetted ice crystal growth. An anchored clath-
rate mechanism has been recently proposed * for the binding.

The control of ice crystal growth is also of interest for problems as diverse as texture
control in frozen food and deserts 5, cryopreservation of cells and tissues, cryosurgery
adjuvants, and materials engineering %®. Inspired by ISPs, ice-structuring compounds
have been developed as a cheaper and more convenient alternative. Among the struc-
tural requirements are the presence of hydrophobic and hydrophilic regions in the
structure, long range order, and the absence of charged functional groups °. Such com-
pounds are currently commercially available and used, although they are still less effi-
cient than ISPs. All ISPs discovered to date are long organic macromolecules, often
with an amphiphilic structures.

We recently revealed how a radically different compound, zirconium acetate (ZRA),
exhibits ice-structuring properties similar to that of ISPs '°. ZRA is a metallic salt, and
salts were not known to exhibit such properties. The ice-structuring properties of ZRA
suggest that it somehow interacts directly with the ice crystals at the atomic level. The
presence of additional compounds (binder, dispersant) or particles is not required to
observe the ice-structuring properties.

In materials science, the growth morphologies of ice crystals can be used to control the
pore morphologies in ice-templated materials, where the pores are a replica of the ice
crystals . Generally, the growth behavior is dependent on a number of process param-
eters, such as the suspension viscosity and pH ') the particle concentration, the zeta
potential *!* and the growth velocity of the ice crystals . Additives can be incorpo-
rated to modify these characteristics, although their influence is mostly unpredictable
and dependent, to some extent, on the suspension and ceramic powder properties *.

We take advantage of the ice templating effect to investigate the ice-structuring mech-
anism by which ZRA controls ice crystal growth. We explore the influence of ZRA
concentration and ice crystal growth velocity. We then assess whether other compounds
presenting similar functional groups —acetate, hydroxyl and carboxylic groups— exhibit
the same properties. Based on these results, we propose an ice-structuring mechanism
similar to that of ISPs.



Figure 1. Influence of ZRA concentration on the pores morphology. The black regions
(pores) are replicas of the ice structure. Scale bar 50 um. The respective concentrations
(in g.1! of Zr) are a: 0, b: 4.5 g1, ¢: 9 gI', d: 18 g1, e : 45 g1, f: 180 g.I', g : 271
g.I', h : 453 g.I't. Cooling rate 5°C.min™.

Experimental methods

The following compounds were bought from Sigma-Aldrich (St. Louis, MO, USA): zir-
conium acetate, zirconium acetate hydroxide, Pluronic F-127, pentaerythritol, D-sor-
bitol, xylitol, dextrin, beta-lactose, D-quinic acid, myo-inositol, acetic acid and propa-
noic acid. Yttrium and barium acetate were bought from Alfa-Aesar (Ward Hill, MA,
USA). The pH of the suspension was adjusted using addition of two different acids
(HCI or HNQOs) and two different bases (NaOH or KOH), to rule out the possible
influence of the ionic species. The suspension preparation, freezing and freeze-drying
methods, briefly summarized here, are identical to that of reference 10.

The suspensions are prepared by mixing the ceramic powder or the polymer in aqueous
suspension, the zirconium acetate and the binder in distilled water. Experiments are
carried out with yttria-stabilized zirconia (TZ8Y, Tosoh, Japan) as a powder. The
zirconium acetate tested, is commercially available (Sigma-Aldrich, St. Louis, MO,
USA). The amount of zirconium acetate in the suspension corresponds to a concentra-
tion of zirconium provided by the zirconium acetate (g/L). Zirconium acetate is first
mixed with distilled water. The solid loading of the suspension is 55wt%. The binder
is then added, preferably after having been dissolved in water, and the ceramic powder
is finally added. The suspension is then ball-milled for 10 hours.



The suspension is poured into a PTFE mould and cooled from the bottom, using a
liquid-nitrogen cooled copper rod. The cooling rates are adjusted through a thermocou-
ple and a ring heater placed around the copper rod. Details of the experimental setup
can be found in previous papers, such as reference 14,17. This setup provides a fine
control of the ice growth velocity, along the temperature gradient direction. Once freez-
ing is completed, the samples are freeze-dried for at least 48 hrs in a commercial freeze-
dryer to ensure a complete removal of the ice crystals. A binder removal step is per-
formed with the following cycle: temperature rise at a rate of 600°C/h up to 500°C,
steady stage of 1 hour at 500°C, temperature decrease to room temperature. Ceramic
samples are densified by a high temperature sintering treatment, with a temperature
rise at a rate of 600°C/h up to 1350°C, steady stage of 3 hours at 1350°C, temperature
decrease at a rate of 600°C/h to room temperature. Samples are cut, perpendicular to
the direction of the temperature gradient, using a low-speed diamond saw, and cleaned
in an ultrasound bath to remove the debris. SEM observations were performed using
either a TM1000 from Hitachi or a Nova NanoSEM 230 from FEI.

Results and discussion

In the following sections, the reader should keep in mind that the pores are a replica
of the ice crystals. The templating of ice crystals is thus used to investigate the mor-
phology and characteristics of the ice crystals.

This process has already proved to be extremely consistent and robust. Provided that
the formulation of the suspension is the same, using the same cooling setup and cooling
rate yield structures with the same morphology. No variations of morphology are found
across samples obtained in the same conditions. This consistency is obtained because
of the equilibrium conditions obtained during the unidirectional solidification®. After
the initial nucleation and growth stages (transient regime)®; a stable equilibrium re-
gime is obtained. This approach is very different to the ones usually used in the inves-
tigation of ice-structuring properties of ISPs, where nucleation and growth of ice is
carefully controlled and isolated, single crystals are observed.

Influence of zirconium acetate concentration

Pore morphology is extremely dependent on the concentration of ZRA in solution.
Without ZRA, the pores exhibit a convoluted structure, highly dendritic and with a
significant surface roughness (fig. 1a). Such dendritic structure is similar to that already
reported in the literature. Above a concentration threshold (18 g.1")(fig. 1d), faceted
pores are obtained, as reported previouslyl0. Faceting occurs over a large range of
concentration above the threshold and increasing the concentration has little effect
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over the porous structure (fig. 1d, le and 1f). Faceting progressively degrades when
the ZRA concentration is very high, greater than 200 g.I' (fig. 1g and 1h).

A low concentration of ZRA (9 g.I''), below the concentration threshold required for
faceting (18 g.I'!), impacts the pores morphology and provides additional clues on the
ice crystal structuring mechanism which are discussed in the next section. The pore
structure is dramatically different from that obtained without ZRA. Just below the
threshold (fig. 1c), the pores exhibit a dual structure: some faceting can be observed
on the outer part of the pores, while the inside reveals a spiral-like structure.

v F 4
Figure 2. Influence of ice crystal growth velocity (a) >20°C min™, (b) 15°C min (c)
5°C min? (d) 2°C min*! (e) 0.5°C min? (f) 0.2°C min'. Scale bar (a-c) 50 pm (d-f)
150 pm. Concentration: 18 g.I'* ZRA.

Figure 3. Structural features below the faceting threshold, for very slow crystal growth
rate. The suspension was maintained at -5°C to obtain a very slow growth rate. Fea-
tures typical of a spiral growth mode, seen from top (a) and from aside (b). Scale bars:
(a) 50 pm, (b) 250 pm. Concentration: 18 g.I"" ZRA.



Influence of ice crystal growth velocity

The ice growth velocity, resulting from the imposed cooling rate and temperature gra-
dient, has a dramatic effect on the pores, and yields different morphologies. Faceting
is found for cooling rate lower than 15°C min™. For fast cooling —15°C min"'-, honey-
comb-like structures are obtained with homogeneous, hexagonal pores of a few microm-
eters (fig. 2b). Decreasing the cooling rate to 5°C min™ triggers elongated growth of
the faceted pores along one direction (fig. 2c). In cross-sections perpendicular to the
solidification direction, the thickness of the pores remains essentially constant, while
their length increases. Further decrease of the cooling rate to 2°C min™ or below yields
faceted microstructures with heterogeneous pore size (fig. 2d-2f). Conversely, increasing
the cooling rate to above 20°C min™ yields microstructures with pores exhibiting fac-
eted surfaces on their outer part and spiral features in their inner part (fig. 2a), a
behavior similar to that observed when the ZRA concentration is near the faceting
threshold. Adjacent and opposed growth spirals, possibly due to pairs of dislocation,
can be observed in figure 2a.

Growth mode

Local observations (fig. 3) reveal details about this spiral structure. Such structures
are typical of a spiral growth mode which occurs around a screw dislocation or in the
presence of instabilities of the crystal edge relative to the crystal surface which also
lead to hopper morphologies®. In addition, we observe that the outside of the crystal
—~hence, the inside of the ceramic spiral—- is facetted, while small dendritic features can
be observed along the spirals (fig. 3b), a situation that can be found when the driving
force is the greatest along the edges or corners of the crystal. This is possibly another
indication that the ZRA is modifying the growth driving force, a behavior similar to
that of ice-structuring proteins.

The progressive degradation of the faceting at high ZRA concentration (fig. 1g and 1h)
can be understood as a modification of the solvent. ZRA is provided in acetic acid
solution. For high ZRA concentration, the solvent is not pure water anymore, but a
mix of water, acetic acid and ZRA. It is thus possible that new phases are formed in
this system, though we have no knowledge of the corresponding phase diagram. The
crystals formed could thus be crystals of a phase comprising water and acetic acid, and
eventually ZRA in some form. The crystal structure is likely not hexagonal anymore,
explaining the loss of the facetted structure. The role of acetic acid and compounds
with similar functional groups is further explored later in this paper.
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Figure 4. Schematic relationships between crystal growth rate and driving force, and
corresponding crystal morphologies for rough (continuous growth) and smooth (hopper
and polyhedral) morphologies. After .

The evolution of the pore morphology with the ZRA concentration or growth velocity
is reminiscent of the usual relationships between crystal growth rate and driving force
reflecting an evolution of the interface morphology from rough to smooth (fig. 4) and
therefore a change of the growth regime or of the rate-controlling process. Dendritic
(figure 1), polyhedral (figures 1d and le) and hopper (figure 3) structures are observed.

The concentration of ZRA and the cooling rate thus have a similar effect on the crystal
growth regime. Although the relationship between growth rate and driving force (un-
dercooling) is well-known in crystal growth, the mechanism controlling the undercool-
ing in presence of ZRA is still unknown. The evolution from a rough to a smooth
interface implies a change of rate-controlling process. Rough interfaces occur when the
diffusion of molecules or atoms to the growth surface is the rate-controlling process.
For smooth interfaces, the adsorption of atoms or molecules at the surface is the rate-
controlling process. Adsorption of zirconium acetate could thus explain the current
observation. The functional groups of zirconium acetate should thus play a critical role

in the ice-structuring mechanism.

Assessing the role of functional groups

Zirconium acetate is a compound radically different from the known ice structuring
compounds. We investigated the role of the functional groups to assess their influence
on the ice structuring mechanism. The ZRA used in this study is provided in an acetic
acid solution; three kinds of functional groups are thus present. We tested compounds



respectively acetate, hydroxyl and carboxyl groups, these groups being present, respec-
tively, in ZRA and acetic acid (fig. 5). All compounds were tested in a large concen-
tration range, 1-20 wt.% and in the pH range 2-8.

The closest compound to ZRA is probably zirconium propionate, but is insoluble in
water and thus could not be tested. Zirconium hydroxyl acetate has also a very similar
structure to zirconium acetate, and it does not induce any faceting (fig. 6¢). Neither
do acetates such as yttrium acetate or barium acetate (fig. 6a and 6b). We investigated
the role of carboxyl groups with acetic and propanoic acid. None of these compounds
induce any faceting (fig. 6d and 6Ge).

Some compounds with hydroxyl groups, such as polyols, are known antifreeze com-
pounds. Examples include D-sorbitol, xylitol or pentaerythritol. In addition, we also
tested dextrin, be-ta-lactose, D-quinic acid, myo-inositol, and a block copolymer (Plu-
ronic F-127). Faceted structures have not been obtained with any of these compounds
(fig. 6f to 6m). All polyols seem to have a similar effect (fig. 6g to 6m), yielding den-
dritic structures, similar to that obtained with sucrose in previous experiments 202,
The block copolymer is apparently the only one exhibiting an ice-structuring effect,
the corresponding structures having much smaller pores (fig. 6f), corresponding to
much small ice crystals. It might therefore effectively decrease the ice crystal growth

rate, though it does not induce any faceting of the ice crystals.

Influence of poly(vinyl alcohol)

PVA is routinely added in ceramic processing as a binder and was used here in the
processing of the samples. The antifreeze properties of non-peptide polymers, including
poly(vinyl alcohol) (PVA), poly(ethylene glycol) (PEG), poly(acryclic acid), poly(L-
hydroxyproline) or poly(L-histidine), have been investigated *°. They have been found
to exhibit some or all of the three antifreeze mechanisms of antifreeze proteins: recrys-
tallization inhibition of ice, thermal hysteresis, and ice crystal morphology control. The
role of PVA on the observed ice structuring properties must be carefully considered.
PVA is of particular interest, as it is the only non-peptide polymer that has been
reported to cause thermal hysteresis. In addition, dynamic ice structuring properties
have also been observed, with the growth of faceted crystals *. Being known for its
antifreeze properties, PVA has naturally been tested in ice templating. Although it has
been found to limit the growth of ice crystals, faceted ice-templated structures have
not been observed 3. Its ice-structuring properties appear therefore to be less prom-
inent than that of ZRA.



Salts, including acetates, have been reported to enhance the effects of these macromol-
ecules in binding to ice *', but do not have ice structuring activity on their own. Alt-
hough ZRA could therefore possibly increase the antifreeze activity of the binder (PVA
or PEG) used in ice-templating, ZRA was found to exhibit ice-structuring properties
on its own. No differences were observed when the binder was incorporated into the
suspension . Thus, the ice-structuring properties of ZRA cannot be explained by the
presence of PVA. The antifreeze properties of PVA can contribute to that of ZRA but

are not predominant.

Structure and ice-structuring mechanism of ice structuring com-

pounds

ZRA seems to exhibit strong functional similarities to ice- structuring compounds. To
better understand the ice-structuring mechanism on ZRA, we briefly review the current
understanding of ISPs. ISPs control the growth of the ice crystals at the atomic level.
Some commercially available ice-structuring compounds can prevent or slow down the
growth of the ice crystals, used particularly in food engineering®=¢, but their action
does not seem to be as specific as ISPs. Although a wide variety of ISPs have been
found to date, they all share some similarities such as common moieties and functional
groups. These long macromolecules comprise amphiphilic groups. In some cases, alter-
nation of hydrophilic and hydrophobic groups is observed. The conformation of ISPs
often matches the structural periodicity of particular crystallographic planes of the ice
crystals 3. A close contact between the surface of the ice crystals and the ISPs is thus
possible, enhancing Van der Waals interactions. Various mechanisms have been pro-
posed based on these observations. In particular, it has been proposed that the match-
ing of the protein to the ice surface prevents or slows down the incorporation of water

1,38,39

molecules at the surface of the ice crystals in a manner similar to particles in front

1. Depending on their structure, ISPs can interact with a

of a solidifying interface
variety of ice’s crystallographic planes. In some cases, growth is favoured along the c—
axis, while other compounds yield the opposite behaviour. In all cases, the ISPs form

an ice-interacting network effectively slowing down crystal growth.

Ice-structuring mechanism of zirconium acetate

Comparisons between ISPs and ZRA can be drawn to understand the ice-structuring
properties of ZRA. First, they share some similarities. The moieties of ZRA are similar
to those of some ISPs due to the presence of amphiphilic groups. The structure and
conformation of the compound is nevertheless critical for the ice-structuring mecha-
nism, as the experimental results obtained with the alternative compounds sharing
similar functional groups did not reveal ice structuring properties. It is thus clear,
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Figure 5. Investigated compounds. The stars indicate compounds known to have some
antifreeze activity.

although not surprising, that moieties alone without a periodicity of their location along
the compound cannot induce ice structuring. Both ZRA and ISPs require a minimum
concentration below which no ice structuring properties are observed. A kinetic effect
is also observed where ice-structuring properties disappear when the ice crystal growth
velocity exceeds a threshold. Faceted growth is observed in both cases, likely implying
control at the atomic level. With unidirectional solidification, the c-axis aligns along
the temperature gradient 10 similar to the behaviour of some ISPs where growth along
the c-axis is favoured.

ZRA is used in very different applications. In materials processing, besides its influence
on the viscosity of the suspension *' or its use as a precursor of zirconium ** in sol-gel
or catalysis applications, it is also used as a depletion induced stabilizer of colloidal
suspension * including carbon nanotubes suspensions *!. Since ZRA is controlling the
growth of ice crystals without any other additives or particles '°, the depletion proper-
ties cannot account for its ice-structuring properties. It is also used for waterproofing
> and flame retardant treatment ‘¢, in particular in paper and textiles applications, for
cross-linking between textile substrates and films of water-repellent compounds.

Zirconium acetate solution is believed to contain neutral species. We believe that under
the conditions where ZRA exhibit ice-structuring properties, it adopts the structure of
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a hydroxy-bridged polymer *"* that can be anchored to the surface of the ice crystals
via hydrogen bonds (figure 7). Our experimental observations during ice templating
can thus be explained by the proposed ice-structuring mechanism. A minimum concen-
tration of ZRA is required to ensure a minimal coverage of the ice surface. The disap-
pearance of ice-structuring properties at high crystal growth velocities could be under-
stood by kinetic considerations. A certain time is required for the adsorption to be
effective, and thus cannot occur if the crystals are growing too fast.

v-‘?'?"?u =

Figure 6. Assessing the role of acetate groups (a) 2 wt.% yttrium acetate (b) 6 wt.%
barium acetate (c) 5 wt.% zirconium hydroxyl acetate. (d) 1.5 wt.% acetic acid, (e)
1.8 wt.% propanoic acid, (f) Pluronic F-127; 5 wt.% of (g) D-sorbitol (h) xylitol (i)
pentaerythritol (j) dextrin (k) beta-lactose (1) D-quinic acid (m) myo-inositol . Scale
bar a-f 50 pm, (g) 250 pm (h-j) 100 pm (k-1) 250 pm (m) 150 pm.
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Two different binding mechanisms can be considered for the hydroxy-bridged polymer
structures, depending on whether hydrogen bonds are formed or not.

The relative position of the hydrophilic and hydrophobic side is the outcome of two
factors: the strength of hydrogen bonds, and the hydrophobicity of the acetate group.
If the hydrophilic side is facing the ice surface (figure 7), hydrogen bonds are created
between the hydroxyl groups and the ice surface. Conversely if the hydrophobic side is
facing the ice, a more stable situation, hydrogen bonds can also be created between the
acetate groups and the ice surface. If the acetate anion was isolated, the dipole would
be stronger in acetate than in the hydroxyl group, and thus the hydrogen bonds would
be stronger for the acetate groups. However, in the polymer structure presented here,
the hydroxyl group is probably more polarized than the acetate, and thus we expect
the hydrogen bonding to ice to be more favorable with the hydroxyl group.

The second possible mechanism is a configuration similar to the binding of antifreeze
proteins to ice, where the hydrophobic side is facing the ice and the hydrophobic acetate
groups order water which are in turn anchored to the polymer structure by hydrogen
bonds4. It is nevertheless questionable whether such anchored clathrate binding mech-
anism is compatible with the structure of zirconium acetate. It would be an extraordi-
nary coincidence that the binding mechanism of ZRA and ISPs are the same, consid-
ering how different these compounds are.

As opposed to ISPs, the hydroxy-bridged structure of ZRA exhibits very limited flexi-
bility. The spacing between the hydroxyl groups should thus closely match that of the
oxygen at the surface of the ice crystals. A higher concentration is thus required for a
similar efficiency. If the anchored clathrate mechanism is acting, the acetate hydropho-
bic groups must organize the water in a structure that provides an excellent three-
dimensional match to the ice surface. Depending on the quality of the match, the

required concentration for a similar efficiency may vary.

Because it would prevent ZRA from approaching the ice surface, it is essential for this
mechanisms that the ice surface does not exhibit any surface charge. Like metal oxides,
ice exhibits an isoelectric point at a specific pH, and its surface is charged out of this
range. Compounds like ZRA, susceptible to surface interactions, should thus exist in a
suitable structure or conformation close the ice isoelectric point.
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Figure 7. Proposed ice-structuring mechanisms for the hydroxy-bridged polymer struc-
ture of zirconium acetate. Hydroxyl groups can be anchored to the surface of ice crys-
tals via hydrogen bonding, leaving the hydrophobic acetate group exposed to water.
The binding effectively slows down the incorporation of water molecules onto the crys-
tal surface.

Despite these similarities, the nature of the compounds is fundamentally different: ZRA
is a metallic salt, while ISPs are almost systematically long biomacromolecules with a
large molecular weight. This opens interesting perspectives for ZRA: its role in ice
nucleation, recrystallization and the possible existence of thermal hysteresis, which are
all characteristics of antifreeze proteins, has not been investigated so far. The anchoring
of zirconium acetate at the ice surface through hydrogen bonds, combined with the
non-colligative effects demonstrated previously, may induce a thermal hysteresis during
freeze-thaw cycles which should be verified experimentally.

Conclusions

We propose an ice-structuring mechanism for zirconium acetate which can explain its
ice-structuring properties similar to those of ice-structuring proteins. The proposed
mechanism is the anchoring of the hydroxy-bridged polymer structure onto the surface
of ice via hydrogen bonding of the hydroxyl group, leaving the hydrophobic acetate
groups exposed at the surface. This mechanism should effectively slow down the incor-
poration of water molecules onto the crystal surface, resulting in a smooth interface
and a facetted growth. The influence of zirconium acetate on ice nucleation, recrystal-
lization, and the possible existence of thermal hysteresis remains to be investigated.
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