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Abstract

This work describes the organofunctionalization and a complementary characterization and application of an
octakis(3-chloropropyl)octasilsesquioxane (1) with 4-Amino-5-Phenyl-4H-[1,2,4]-Triazole-3-Thiol (2). The functionalized
silsesquioxane (3) was characterized by nuclear magnetic resonance, X-ray diffraction, transmission electron microscopy
and thermogravimetric analysis. After functionalized, the silsesquioxane can interact with copper chloride and subsequently
with potassium hexacyanoferrate (III) (4). The hybrid composite formed (4) was characterized by FT-IR and
diffuse reflectance. The compound 4 included into a work graphite paste electrode (20% w/w) was examined for
chronoamperometric determination of L-Dopamine. The modified graphite paste electrode with compound 4 showed a linear
response from 2.5x 107> at 4.0x10™* mol L~!. The modified graphite paste electrode with 4 showed a detection limit of
2.08x 10~ mol L~! with a relative standard deviation of +2% (n = 3) and amperometric sensitivity of 0.136 A mol L1

Keywords Silsesquioxanes - Synthesis - Triazole - Characterization - Chronoamperometry - L-Dopamine

1 Introduction

Octakis(3-chloropropyl)octasilsesquioxanes are a family of
compounds with general formula (RSiO;s),. The cage
compounds (RSiOj5),, where R is an organic or inor-
ganic group with n = 6, 8, 10 or 12, are a versatile class
of building blocks units for the synthesis of new mate-
rials. In particular, much interest has been paid to cubic
Ty octakis(3-chloropropyl)octasilsesquioxane (R—SiOj 5)g,
consisting of a rigid, crystalline silica-like core that is per-
fectly defined spatially (0.5-0.7 nm) and that can be linked
covalently to eight R groups [1-3]. These nano-building
blocks can be functionalized with a variety of organic
compounds [4-6].
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Due to the highly symmetrical three-dimensional nature
of their nucleus, chloropropyl-T8 are good precursors
for the production of hybrid organic-inorganic materials
[7-12]. Hybrid organic-inorganic molecules like polyhe-
dral oligomeric octakis(3-chloropropyl) octasilsesquioxane
(chloropropyl-T8) can serve as precursors of several mate-
rials for distinct applications, such as optics, electronics,
engineering and biosciences.

There are various companies and universities cur-
rently researching new materials using octakis(3-chloro-
propyl)octasilsesquioxanes (chloropropyl-T8) owing to its
diverse properties, and which has contributed to a sub-
stantial increase in the number of patents and publications
related to these materials. Such exponential increase in
the number of researchers, publications, government incen-
tive programs and industrial efforts conducting research on
chloropropyl-T8 has resulted in these nanomaterials rep-
resenting great potential in the field of nanoscience and
nanotechnology [13].

Chloropropyl-T8 can be synthesized in several ways,
depending on the nature of their precursor reagents, and the
main reactions can be divided into two groups.

The first group includes the reactions that give rise
to new Si-O-Si bonds with subsequent formation of
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other polyhedral. The second group of reactions includes
processes that only involve variations in the structure and
composition of substituent groups at the silicon atom,
without affecting the silicon-oxygen skeleton of the mole-
cule [14].

The most commonly used synthesis method is the
hydrolytic condensation of its precursor monomer RSiX3,
as described in Eq. 1:

nRSiX; + 1.5nH,0 — (RSiO;s5)n + 3 nHX (1)

Where R is a chemically stable substituent group such as
methyl, phenyl or vinyl and X is a highly reactive substituent
group, such as Cl, OH or OR [14-19]. The hydrolytic conden-
sation consists of two steps, in which the first is the hydroly-
sis of monosilane to give the corresponding trisilanol. This
reaction is generally fast. The second step is the condensa-
tion of the trisilanol formed, this process has several steps
involving the formation of various intermediate structures
to ultimately produce different species and structures of
octakis(3-chloropropyl)octasilsesquioxane [19].

As in the structure of the octakis(3-chloropropyl)
octasilsesquioxanes there are highly reactive groups (1) such
as Cl, OH or OR, they can be modified by a nucleophilic
substitution process by inserting any organic/inorganic
group of interest [7, 15]. The reactivity of the X groups (1)
decreases in the following order: Cl > OH > OCOR > OR
[16].

Thus, the octakis(3-chloropropyl)octasilsesquioxane
containing the chlorine element at their ends, can be
easily modified by this process known as functionalized
organic/inorganic process, which is formed depending on
new materials with different properties and applications [7].

Through this process the functionalized octakis(3-
chloropropyl)octasilsesquioxane have some properties
enhanced, such as improved thermal and mechanical resis-
tance, without affecting its characteristics [8, 20-22], and
also increased adsorption capacity of metal ions in solution
[23-29], thus the use of this procedure can generate types of
octakis(3-chloropropyl)octasilsesquioxanes (chloropropyl-
T8) with different properties and applications. They are
also used as catalysts [7, 28], dendritic precursors [7, 29],
polymer precursors [30], biocompatible materials, and as
precursors for developing liquid crystals [31], homoge-
neous and heterogeneous catalysis [28, 32], electroactive
films [33], additives [34, 35], antibacterials and biocides
[36], and are also used in thin films and coatings for various
applications, including nanocomposites [37—40].

However Electroanalytical field has few studies on mod-
ified octakis(3-chloropropyl)octasilsesquioxanes as sub-
strates, acting as electron mediators or electrochemical
Sensors.

We present a characterization and thermal behavior of
2. A preliminary characterization (FI-IR) and a rigorous
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electrochemical study have been performed and published
recently [41]. The compound 2 possesses S—C-N linkages
and exhibits potential active sites for metal ions that may
also be biologically active just like some other amine-
and thione-substituted trizoles [42]. Thus the compound
3 will behavior as a chelanting agent of Cu®* ions and
compound 4 can provide a good electron shuttle between the
substrate (i.e. enzyme) and the electrode [41]. In addition,
the presence of octakis(3-chloropropyl)octasilsesquioxane,
which is an electron acceptor [33, 41] can provide a
synergistic effect stabilizing microenvironment around the
substrate. After rigorous characterization by voltammetry
[41], the composite was tested in the chronoamperometric
determination of L-Dopamine.

2 Experimental
2.1 Reagents and Solutions

Chemical reagents such as 3-chloropropyliltriethoxysilane,
hydrochloric acid, 4-Amino-5-Phenyl-4H-[1,2,4]-Triazole-
3-Thiol (99%) (2), potassium Hexacyanoferrate (III), L-
Dopamine, potassium chloride, sodium hydroxide and all
solvents were purchased commercially and all were of
analytical grade (Sigma-Aldrich, Merck, Vetec) and were
used as obtained. Supporting electrolytes solutions were
prepared using Milli-Q water. The 0.1 mol L~! of NaOH
and HCI solutions were used to adjust the hidrogenionic
concentrations.

2.2 Synthesis
of octakis(3-chloropropyl)octasilsesquioxane (1)

The synthesis of octakis(3-chloropropyl)octasilsesquioxane
(1) was followed according to the literature [36, 41].

Into round bottom flask, 800 mL of methanol, 27
mL of hydrochloric acid (HCl) and 43 mL of 3-
chloropropyliltriethoxysilane were added and the system
was kept under constant stirring at room temperature for
6 weeks. The, octakis(3-chloropropyl)octasilsesquioxane
(1) was separated by filtration in a sintered plate funnel,
yielding a white solid, which was then oven dried at
120 °C for 4 hours (yield of 35%). Figure 1 illustrates a
representative scheme of this synthesis.

2.3 Preparation of octakis(3-
chloropropyl)octasilsesquioxane

with 4-Amino-5-Phenyl-4H-[1,2,4]-Triazole-3-Thiol -
3)

The organofunctionalization of octakis(3-chloropropyl)octa-
silsesquioxane (1) was performed in a 3-neck flask of 500
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Fig. 1 Preparation of octakis(3-
chloropropyl)octasilsesquioxane
(1) and (b)
organofunctionalization of
octakis(3-
chloropropyl)octasilsesquioxane
(1) with the modifying agent
4-Amino-5-Phenyl-4H-[1,2,4]-
Triazole-3-Thiol
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mL containing 9.7 mmol of 1, 8.7x1072 mol of 2 and
approximately 200 mL of dimethylformamide (DMF). The
mixture was refluxed at 160 °C with constant stirring for 48
hours. Then the solid plate was separated in a sintered funnel
(10 um) and washed in a soxhlet system with DMF for 48
hours [34]. The material was oven dried 100 °C for 4 hours
and called as 3 (yield 93%) (Fig. 1b). Figure 1 illustrates
the scheme of organofunctionalization process of 1 with 2.
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2.4 Reaction of Copper (Il) and Hexacyanoferrate
with Compound 3 - (4)

The composite was prepared as described in literature [41]:
1.0 g of 3 was added in 25 mL of a 1.0 mmol L™! solution
of copper chloride. After the mixture stirred for 60 minutes
at room temperature, the solid was then filtered and washed
with deionized water. The material resulting from this first
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step was oven dried at 70 °C. In the second step, the material
resulting in first step, was added in 25 mL of a 1.0 mmol
L~! solution of potassium hexacyanoferrate (III), and the
mixture was stirred for 60 minutes at room temperature
and then the solid was thoroughly filtered, washed with
deionized water and dried at 70 °C. The materials resulting
from this step were described by 4.

2.5 Characterization Measurements

The electronic spectra (UV-Vis) were obtained with Guided
wave model 260 spectrophotometer. All solid-state analyses
of 2Si (59.5 MHz) and '3C-NMR (754 MHz) were
recorded on a Varian INOVA 300 spectrometer. The
characterization by X-Ray diffraction was done using a
Siemens D 5000 diffractometer with CuKe (1 1.5406 A
radiation). The microstructure (TEM) was observed by
microscope Philips brand - CM200. The thermal analysis
was carried out using SDT 2960 and SDT Q600 from TA
Instruments.

2.6 Confection of Modified Graphite Paste Electrode

The modified graphite paste electrodes were prepared by
mixing the modified octakis(3-chloropropyl)octasilses-
quioxane with graphite powder (20% w/w) and nujol oil
[42]. The MGPE was packed into an electrode body, con-
sisting of a glass tube of i.d. 4 mm and height of 14 cm,
containing graphite paste equipped with a copper wire serv-
ing as an external electrical contact. The external surface of
the electrode was smoothed on soft paper to produce a new
surface.

3 Techniques
3.1 Diffuse Reflectance (UV-Vis)

The diffuse reflectance spectra of the bulk solid binuclear
complex were recorded between 350 and 800 nm on
a Guided Wave model 260 spectrophotometer, using a
tungsten-halogen lamp as the radiation source, and detectors
of Si and Ge.

3.2 Nuclear Magnetic Resonance Analyses (NMR)

All solid-state analyses of 2°Si (59.5 MHz) and '3C-
NMR (75.4 MHz) were recorded on a Varian INOVA
300 spectrometer. The samples were packed in zirconia
rotors and spun at the magic angle at 4500Hz, a relaxation
delay of 10.0 and 6.0 s for 2°Si and '3C respectively. All
chemical shifts are reported in parts per million ppm (§)
with reference to external tetramethylsilane (TMS).

@ Springer

3.3 X-ray Diffraction (XRD)

The X ray diffraction patterns (XRD) were obtained using
a Siemens D 5000 diffractometer with CuKa (A 1.5406
A radiation), submitted to 40 kV, 30 mA, 0.05° s~! and
exposed to radiation from 5 up to 80° (26).

3.4 Transmission Electron Microscopy (TEM)

The transmission electron microscopy was performed using
the microscope Philips brand - CM200, equipped with pole
piece that allows to obtain high resolution images. It is
operated at an accelerating voltage of 200 kV.

3.5 Thermogravimetric Analysis (TG-DTA)

The thermal analysis of the samples was carried out using
two equipments — SDT 2960 from TA Instruments and
SDT Q600 from TA Instruments. The thermogravimetric
curves were obtained using approximately 6 mg samples
placed in alumina crucibles and subjected to a controlled
air temperature program and nitrogen flow of 100 mL
min~!, with a heating rate of 10 °C min~!. The sample
analysis was performed at the temperature interval 25 °C
to 1200 °C. As 1 contains chlorine in its composition,
it releases chlorine gas when heated, which reacts with
the crucible; therefore, it was subjected to heating at
700 °C.

3.6 Electrochemical Measurements

For the amperometric determination of L-Dopamine was
employed a AUTOLAB PGSTAT potentiostat with a
platinum wire as the auxiliary electrode, Ag/AgCls,.) as
reference electrode and graphite paste electrode as work
electrode. The measurements were carried out at 25 °C. In
tests using chronoamperometry method, and after testing
different potential to define the constant potential to be
applied in these studies (0.71 V), 6 aliquots (30 uL) L-
Dopamine (0.1 mol L™!) were added to the electrochemical
cell under strong stirring.

4 Results and Discussion

4.1 Nuclear Magnetic Resonance of '3C and 2°Si
(NMR)

The spectra of 2°Si and '3C NMR of octakis(3-
chloropropyl)octasilsesquioxane (1) are represented by
Fig. 2a and b, respectively. The spectrum of 2Si NMR
(Fig. 2a) of [CI(CH2)3]3SigO12 (1) showed a resonance
at -67.38 ppm. This evidences the formation of the cubic
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Fig.2 NMR spectrum in the
solid state of the compound 1: a a %
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structure of silsesquioxane with symmetrical O-Si-O bonds,
as described in the literature [7, 18, 43].

The spectrum NMR '3C (Fig. 2b) shows three resonances
attributed to three carbons of the propyl groups (o-
10.57, B-23.82 and y-48.02 ppm). These carbons are
attributed as follows: « CH,CH»Si, 8 CH>,CH>CH; and
y CICH,CH; of the propyl group. These results clearly
indicate the successful synthesis of octakis(3-chloropropyl)
octasilsesquioxane [7, 18, 43].

Figure 3 illustrates the NMR 2°Si spectra in the solid state
of compound 3. The spectrum shows, as expected, only one
resonance at -68,13 ppm corresponding to silicon (Si-O-Si)
[7, 18]. The peak at 68.93 ppm is assigned to RSi(OSi)3,

T4 signal. This result can affirm that the cubic structure of
silsesquioxane (1) was kept after organofunctionalization.

Figure 4 shows the '3C NMR spectrum of the solid
to 3. It was observed eight resonance peaks, which are
discriminated in the structure of the ligand molecule,
inserted in Fig. 4. The chemical shifts observed at 9.98;
23.49 and 34.62 ppm were assigned to the « carbon
(CH,-CH-CH;-Si), B (CH2-CH,-CH»-Si) and y (CHjz-
CH,-CH>-Si) of the propyl group of S, respectively. The
shift in ppm 51.11 (x was assigned to carbon N-NH-CH>-
binder.

The existence of the peak at 34.62 ppm (y) is a strong
evidence that not all terminals of the peripheral carbons
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Fig.3 2°Si NMR spectrum in
the solid state of the compound 2
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of 1 groups were actually functionalized. The chemical
shifts observed at 128.96 and 151.94 ppm were assigned
to the carbons of the phenyl group (a, b, ¢, d) and
chemical shift at 156.52 and 162.58 ppm were assigned
to the carbons e and f, respectively (see inserted structure
in Fig. 4).

These assignments were established from ligand chem-
ical shifts observed through solid state 1>C NMR as illus-
trated in Fig. 5.

Figure 5 illustrates the ligand solid state '*C NMR
solid, and the observed changes are strong evidence that
functionalization has occurred through the triazole group

(N-NH-CH3-), because the chemical shift is profoundly
dependent on its electronic environment [44—46].

4.2 X-Ray diffraction (XRD)

The X-Ray diffraction of 1, 2 and 3 are illustrated in Fig. 6.
The 1 and 2 (Fig. 6a, b) were characterized by a large
number of reflections, indicating that 1 and 2 exhibit a
highly crystalline substance due to its regular structure.
After the functionalization this crystallinity was low
(Fig. 6¢) and two broad peaks centered at 26 = 11.6° and
20.7° were observed, characteristic of the hybrid materials.

Fig.4 '3C NMR spectrum in
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Fig.5 '3C NMR spectrum in
the solid state of the compound 2
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4.3 Transmission Electron Microscopy (TEM)

Figure 7 shows the transmission electron microscopic
images of compounds 1 and 3 Fig. 7a and 7c, respectively.
It was observed through TEM (in agreement with the
SEM) cubic (Fig. 7a) and spherical (Fig. 7c) particles
with nanometric dimensions were observed for 1 and 2,

respectively. TEM revealed to 1 also a low crystallinity with
standard X-ray diffraction with a very diffuse amorphous
halo center, as shown in Fig. 7b. After functionalization, the
topography has been drastically modified and central halo
performed more amorphous (Fig. 7d). The final morphology
is a dispersion of spherical chloropropyl-T8-rich domains
produced by a typical nucleation-growth process [47]. This

Fig.6 X-ray diffractograms
ofal,b2andc3
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Fig.7 Photomicrographs
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fact was in agreement with the XRD data shown for the 1
and 3.

4.4 Thermogravimetric Analysis TG — DTA

The thermogram of 1 in nitrogen atmosphere (Fig. 8a)
showed two mass loss phases. The first stage was from 350 to
450 °C (68%) and the second was from 450 to 650 °C (7%)
attributed to the oxidation of organic matter [48, 49] and
the decomposition of residual groups SiCH; [50-52] in the
sample. The residue was 25% and based mainly on silica.

The thermogram of 2 (Fig. 8b) showed two mass loss
stages, the first from 100 to 300 °C (47%) attributed to
the release of physically adsorbed water (5%) and loss
of organic matter (42%), resulting in its degradation. The
second stage was from 300 to 700 °C (50%), which can
also be attributed to oxidation of the organic matter (phenyl,
triazole groups of compound 2) (Table 1).

Table 1 Thermogravimetric Analysis of SS, APhTT and SA

Materials Temperature (°C) Weight Loss (%) Interpretation

SS 350 - 450 68 Organic matter
450 — 650 7 Groups SiCH»
APhTT  100-300 47 Water and organic
matter
300 - 700 50 Phenyl and triazole
groups
SA 100 — 420 36 Water and propyl,
phenyl and triazole
groups
420 - 800 25 Groups SiCH»
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The thermogram of 3 (Fig. 8c) showed practically two
mass loss stages the first at 100-420 °C (36%) where
(3%) attributed to physically adsorbed water loss of the
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Fig. 8 Thermogram of compounds a 1 under a N, atmosphere, b 2
under a Ny atmosphere and ¢ 3 under a N, atmosphere
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Fig.9 UV-Vis spectrum of: a 4
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sample and 33% was attributed to the cleavage of C-C
or C-Si bonds. In the 420-800 °C temperature range the
second mass loss stage (25%) was observed, attributed to
decomposition of residual groups SiCHj. In this case the
residue of 39% and based mainly on silica. Additionally, it
was observed that the materials 1 and 3 had some thermal
stability up to temperatures of around 350 °C.

The thermograms of the materials in air atmosphere
(results not shown here) showed a similar behavior as those
in nitrogen atmosphere, but this weight loss is attributed to
the cleavage of C-C or C-Si bonds. Comparatively, within

the experimental range, all the TGA curves of the materials
in nitrogen atmosphere were more thermally stable than one
in air atmosphere.

4.5 Application of Compound 3

As an example of the reactional versatility of the
hybrid composite to form bimetallic complexes, 3 was
firstly reacted with Cu?t, and then with potassium
hexacyanoferrate (III) to form (4), however the compound
4 was obtained in two stages (item 2.4) [41]. The success

V)

Fig. 10 Cyclic voltammograms 60.00
of graphite paste modified with
compound 4 (KCI, 20% w/w, v
=20mV s~!, 1.00 mol L™1)
40.00 +
20.00 +
<
3
-~ 0.00 —
-20.00
-40.00
-0.40

-0.20

r—r I =~ T ' T * 1 @& [T 't T +* 1
0.00 0.20 0.40 0.60

E/V vs Ag/AgCI
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of this synthesis was previously verified by FT-IR [41] and
then verified by diffuse reflectance. As illustrated by Fig.
9, the composite 3 showed only one absorption at 450 nm,
attributed to the interactions of the d-d type, but for 4 was
found a band of metal intervalence metal to metal charge
transfer (MMCT) at 700 nm [53].

The compound 4 was characterized by cyclic voltam-
metry as shown in Fig. 10. With the voltammogram
of 4 20% w/w), a redox pair (peak I) was observed
with a formal potential E¥ 071 V (v = 20
mV s_l; KCl 1.0 M), attributed to the redox process
Cul'Fe!'(CN)g/Cu'Fe (CN)¢ of the binuclear complex
formed on the material surface (3).

A rapid and direct application of hybrid composite
was tested in the chronoamperometric determination of
L-Dopamine. Figure 11 illustrates a chronoamperogram
obtained by adding of 6 aliquots (30 ulL) of L-Dopamine
(0.1 M) to the electrochemical cell under strong and
constant stirring. This technique was chosen in order to
evaluate the effect of diffusion of the drug to the surface of
the electrode where the electrochemical reactions occur.

The inserted graphic in Fig. 11 illustrates the analytical
curve used to determinate L- Dopamine using chronoamper-
ometry.

The modified electrode showed a linear response from
2.5%1073 to 4.0x10™* mol L~! with the corresponding
equation Y (A) = 6.18x 1077 +0.136 [L-Dopamine], and a
correlation coefficient of r* = 0.997. The method showed
a detection limit of 1.30x107> mol L~! with a relative
standard deviation of +4% (n = 3) and amperometric
sensitivity of 0.136 A mol L™!.
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Fig. 11 Chronoamperogram obtained by adding a of 6 aliquots (30
ulL) of L-Dopamine (0.1 M). Inserted Graphic: The analytical curve
used to determinate L-Dopamine using chronoamperogram (constant
potential of 0.71 V, 30 s time interval, KCI, 1.00 mol L, pH 7.00)
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5 Conclusion

The complementary study of NMR and diffuse reflectance in
the solid state together with XRD, SEM and TEM con-
firm that organofunctionalization of octakis(3-chloro-
propyl)octasilsesquioxane (1) with 4-Amino-5-Phenyl-4H-
[1,2,4]-Triazole-3-Thiol (2) was successfully carried out. It
was observed that the materials 1 and 3 had some ther-
mal stability up to temperatures of around 350 °C. The
novel material was tested with success in the determina-
tion of L-Dopamine using graphite paste electrode and
chronoamperometric technique. The electrode is chemical
and electrochemically stable, has low detection limit and is
suitable for determination of L-Dopamine. These nanostruc-
tured materials could be employed as starting reagent for
synthesis of hybrid compounds.
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