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H I G H L I G H T S

• Zeolitic Imidazolate Framework-7
(ZIF7) !lms have been fabricated by a
supersonic cold-spraying method.

• Crystalline structures of the supersoni-
cally sprayed ZIF7 !lm can be con-
trolled by adjusting the nylon content.

• Supersonic spraying technique is versa-
tile, it can be used to fabricate ZIF7
phase-I, -II, and -III.

• Inclusion of 6 wt% of nylon improves
framework mechanical stability,
preventing phase changes upon high-
energy impact.
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The deposition of sodalite zeolitic imidazolate framework-7 (ZIF7) !lms by a supersonic cold-spraying technique
was successfully accomplished for the!rst time. The high-speed impact of supersonic cold spraying increased the
monodispersity of the ZIF7 crystalline structure. However, the intensity of the structural change decreased with
increasing the amount of nylon in the ZIF7 suspension. Mitigating phase changes in ZIF7 occurred by the impact
dampening conferred by the polymeric nature of nylon, which preserved the original three-dimensional crystal-
line structure of ZIF7. The inclusion of N,N-dimethylformamide (DMF) in a nylon–ZIF7 suspension improved the
dispersion of ZIF7 nanoparticles, which in turn eliminated the dampening effect from the nylon and recovered
the distinctivemonodispersity arising from the high-speed impact. This characteristic was observed at all impact
speeds for ZIF7 suspensions containing DMF.We show that high-rate cold spraying of ZIF7 particles can be com-
binedwith nylon and other pressure-transmittingmedia to control the formation of three distinctive phases. The
unique capability to tune the crystalline structure of ZIF7 allows customization of the !lm functionality for spe-
ci!c applications.
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1. Introduction

Zeolitic imidazolate frameworks (ZIFs) are three-dimensional (3D)
assemblies of metal ions and imidazole-based organic ligands, whose
porous open frameworks mimic those of (inorganic) aluminosilicate ze-
olites. The crystal structure of ZIFs is analogous to that of zeolites because
of the bond-angle resemblance between metal–linker–metal bonds and
Si–O–Si linkages, both ofwhich subtend angles of 145° [1]. The combina-
tion of metal and organic linkers in ZIFs yields porous materials with
high surface areas and tunable functionalities, along with a good combi-
nation of thermal and chemical stability [2]. Thus, they can potentially be
used in different practical applications such as sensors, catalysts, adsor-
bents, matrix !llers, membranes, and drug delivery [3–5].

Zinc 2-benzimidazolate (ZIF7) is formed by linking benzimidazolate
(bIm) anions to divalent Zn2+ cations. First discovered by Huang et al.
[6], ZIF7 has a sodalite topology with hexagonal symmetry [7]. It is dis-
tinct from Zinc 2-methylimidazole (ZIF8), which also adopts a sodalite
topology, because of the presence of a phenyl group in the bIm ligand
of ZIF7 [8,9]. The pore window size of ZIF7 is 0.30–0.35 nm, thus
allowing access of CO2 molecules over N2 and showing high selectivity
for CO2 [10]. ZIF7 is capable of CO2 separation fromNO2 [10] at relatively
low pressures and temperatures and from alkanes/alkenes through a
gate-opening process [11]. ZIFs display structural "exibility because of
their weaker coordination bonds. The mechanical properties of ZIFs
(Young'smodulus, hardness, and bulkmodulus) [12] are approximately
one order of magnitude lower than those of inorganic zeolites [13]. Be-
cause of the "exibility of the framework, ZIFs can undergo structural
transformations or phase changes under high pressures or tempera-
tures, as well as after the adsorption of gas molecules. Aguado et al.
[14] and Zhao et al. [15] described the large- to narrow-pore transfor-
mation of ZIF7 by gas adsorption induced by temperature and pressure,
respectively. Wharmby et al. [16] recently reported the porous-to-
dense phase transition of desolvated ZIF4. The phase transition in ZIF4
is due to the rotation of imidazolate linkers, which causes volumetric
contraction of pores. The collective lattice dynamics (THz vibrations)
and softmodes present in ZIF7 can also cause gate-opening phenomena
and triggermechanical instability, causing shear-induced structural col-
lapse and framework amorphization [17].

The crystal morphology of metal–organic frameworks (MOFs) can
be controlled by selecting particular synthesis conditions or processing
routes. For example, Low et al. [18] demonstrated that a crystal–to–
crystal phase transformation occurred when ZIF-L crystals were trans-
formed to ZIF8 crystals under different solvents and heating processes.
This transformation is called a topotactic phase transition, in which a
crystalline material undergoes structural changes but the !nal phase is
related to the initial crystal structure by similar crystallography or
orientation.

Synthesizing ZIF7 as !lms or membranes on porous Al2O3 or poly-
mer-based membranes [19] makes such !lms attractive for sensing,
adsorption, and gas separation applications [3,20,21]. For the fabri-
cation of ZIF membranes and !lms, the main approaches used are di-
rect synthesis and secondary growth methods. However, very few
methods have been reported for the deposition of ZIF7 !lms [22].
Melgar et al. [1] deposited ZIF7 !lms by an electrospraying technique
on an Al2O3 substrate and observed the formation of ZnO when the
substrate temperature was maintained at 160 °C. Peng et al. [23] re-
ported the fabrication of ZIF7 molecular sieve nanosheets that were
exfoliated by wet ball milling; the membranes were then deposited
on porous!-Al2O3 substrates. The preparedmembranes were subse-
quently used for H2 gas permeance and selectivity. However, these
methods are not easily scalable for use in commercial production
and industry.

Herein, we report for the !rst time the use of cold spraying, a fast
and highly scalable method, for the deposition of ZIF7 !lms [24,25].
In the cold-spraying technique, particles are injected into a super-
sonic gas stream and accelerated to supersonic velocities [26,27].
These high-velocity particles collide with the substrate with sub-
stantial kinetic impact energy, resulting in strong adhesion of the
particles to the substrate. This is a high-rate coatingmethodwith ap-
paratus details discussed in an earlier report [28]. The goal of this in-
vestigation was to study the in"uence of cold-spray impact pressure
and the effects of different solvents on the structural properties of
ZIF7. We have discovered distinctive changes in the crystalline structure
upon supersonic impact of ZIF7 particles, with and without the applica-
tion of nylon and N,N–dimethylformamide (DMF) in the suspension
precursor.

Fig. 1. Graphical illustration of the supersonic cold-spraying ZIF7 process.
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2. Experimental methodology

2.1. Precursor suspensions

ZIF7 nanoparticles were suspended in various solvents and sprayed
onto a copper substrate via supersonic cold spraying. Three different
sets of colloidal solutions were prepared, each using 1 g of ZIF7 powder.
The!rst suspensionwas ZIF7 in 50mL of isopropyl alcohol (IPA), denot-
ed as I–ZIF7. In the second suspension, various concentrations (1 and
6 wt%) of nylon–6 were added to the I–ZIF7 solution, denoted as N–
ZIF7. To improve the dispersion of the ZIF7 nanoparticles, 10 mL of
DMF was added to the N–ZIF7 solution, denoted as D–ZIF7. These
three types of suspensions were sonicated (Pronextech, South Korea)
for 2 min to achieve homogeneous dispersions of ZIF7 nanoparticles in
the solutions prior to cold spraying.

2.2. Supersonic cold spraying

The ZIF7 !lms were deposited by means of a supersonic spray-coat-
ing system (also known as the cold-spray method), as shown in the
schematic in Fig. 1, by using ZIF7 powder (particle sizes of 100–
150 nm). A typical cold-spray system consists of a gas tank, gas heater,
supersonic nozzle, ultrasonic atomizer, syringe pump, and X–Y transla-
tion stage [29].

The prepared precursorwas pumped by a syringe pump (KDS LEGA-
TO 210, Sercrim Lab. Tech. South Korea) toward the nozzle via an ultra-
sonic liquid processor (VCS134ATFT, Sonic & Materials, Inc., USA). The
feed solution (sol) was discharged in an undifferentiated, supersonic
air stream through the nozzle, which accelerated the sol toward the
substrate; a uniform coating was generated by means of four cycles of
depositionwith a substrate area coverage of 15 cm2/min. The operating
air pressure (P0) was varied from 2 to 7 bar (200 to 700 kPa) and the
heater temperature (T0) for the air was varied from 150 to 450 °C. The
ZIF7 nanoparticles gained high kinetic energy from the hot compressed
air blown through the supersonic nozzle, which yielded well-adhered,
compact ZIF7 !lms on the substrates. The ZIF7 !lms were coated onto
copper substrates with an average thickness of ca. 20 "m.

2.3. Materials characterization

The structural phase transformations of ZIF7 were studied using an
X–ray diffractometer (Rigaku, SmartLab) using Cu K! radiation for
2!=5° to 40°. The surfacemorphology and surface roughness of the de-
posited !lms were determined using a high-resolution scanning elec-
tron microscope (HR–SEM, S–5000, Hitachi Co., Japan) at 15 kV and an
atomic force microscope (AFM, XE–100, Park Systems, Korea), respec-
tively. Raman spectroscopy was performed using a confocal Raman

spectrometer (NRS-3100) with a laser source of 532 nm. The thermal
stability of the !lms was measured using a thermogravimetric analyzer
(TGA, Q–500, TA Instruments, USA). For TGA, the sample of ~2–3 mg in
mass was held in a platinum pan under N2 atmosphere using a heating
rate of 10 °C/min.

3. Results and discussion

The crystal structures of the cold-sprayed ZIF7 powder and ZIF7
!lms with varying concentrations of nylon (0, 1, and 6 wt%) are identi-
!ed by X-ray diffraction (XRD), as shown in Fig. 2. The XRD pattern of
the pristine as-synthesized ZIF7 powder exhibits characteristic peaks
at 2! = 7.15, 7.65, 10.31, 12.09, 13.03, 15.37, 16.25, 18.64, 19.60,
21.10, 23, and 26°, corresponding to the speci!c Miller indices shown
in Fig. 2, which con!rm that the powder is ZIF7 Phase I [11,15,30,31].
The nylon used in the solvent and !lms was deposited at P0 = 2 bar
(200 kPa) and T0 = 250 °C. Without the nylon content, the IPA solvent
is expected to evaporate because of the high temperature and pressure;
the high-speed impact of ZIF7 on the substrate thus transforms the
powder to a different phase. This phase shows an intense peak at
2! = 9.6°, which matches the ZIF7 Phase III reported by Zhao et al.
[15]. ZIF7 Phase III features a two-dimensional (2D) layered architec-
ture, which is signi!cantly denser and more stable [32] compared
with the porous structure of Phase I. Peng et al. [23] applied ball milling
to ZIF7 nanoparticles and suggested that the 3D phase III was trans-
formed to a 2D structure by the breaking of coordination bonds in the
six-membered rings of ZIF7, thereby leaving a framework containing
only four-membered rings. They described this resultant phase as the
2D stacking of ZIF7 layers along the (002)-oriented c-axis. Indeed, this
delamination process occurred because of the lower-energy impact de-
formation caused by the wet ball milling of ZIF7, performed for nano-
sheet exfoliation. In the current study, it is proposed that the high-
velocity mechanical impact facilitates the aforementioned 3D-to-2D
framework conversion. We reasoned that a combination of shear and
compressive stresses arising from the high-velocity impact causes the
formation of ZIF7 Phase III, as evidenced by the strongly textured !lm
with (002) facets corresponding to the very distinct 2! peak at 9.6°
(Fig. 2).

When the nylon concentration in the precursor suspension is 1 wt%,
the phase changes from polycrystalline ZIF7 (Phase I) to mixed-phase
ZIF7 (Phase II), which shows peaks at 2! = 9.6 and 10.31°, along with
other peaks matching those of Phase I in ZIF7, which resemble those
of the pure powder. These mixed-phase peaks of ZIF7 are consistent
with the peaks of ZIF7 Phase II reported by Zhao et al. [15], who applied
thermal heating at 427 °C to yield the phase change. When the concen-
tration of nylon is increased to 6 wt%, phase I is preserved, as con!rmed
by the Bragg peak at 7.5°. These results may arise from the nylon acting

Fig. 2. XRD patterns showing the effect of nylon concentration from 0 to 6 wt% on !lm
crystal structures.

Fig. 3.XRDpatterns of the!lm crystal structures of the I–ZIF7precursor (without nylon) at
supersonic cold-spray pressures of 2–7 bar (200–700 kPa).
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as an intermolecular binder that lowers the impact pressure of ZIF7 by
forming a protective sac, thereby improving the overall mechanical sta-
bility of the nanoparticles, as explained in the next section. When the
nylon concentration is low, the ZIF7 particles collide with the substrate
at partial pressure; however, nylon still somewhat lowers the effect of
impact during particle-to-substrate collision, and thus the product ob-
tained appears to be mixed-phase ZIF7.

When dispersed in IPA without nylon, the ZIF7 particles undergo
structural transformations directly to Phase III, as shown in Fig. 3, show-
ing the importance of the impact pressure generated by supersonic cold
spraying. The intensity of the peak appearing at 9.6° at P0 = 2 bar
(200 kPa) systematically decreases with increasing pressure because
of the gradual loss of long-range order (crystallinity) in the ZIF7 struc-
ture. The poor crystallinity of ZIF7 is caused by the collapse of the

Fig. 4. XRD patterns of !lm crystal structures of D–ZIF7 with 6 wt% nylon at varying operating temperatures and pressures of (a) 2, (b) 3, (c) 4, and (d) 5 bar (200, 300, 400, and 500 kPa).

Fig. 5. Surface roughness from AFM images of the cold-sprayed !lms at various impact speeds controlled by the operating gas temperature (150 °C ! T0 ! 450 °C). The gas pressure was
!xed at P0 = 2 bar (200 kPa).
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framework from collisions of ZIF7 particles with the substrate at very
high impact velocities and elevated strain rates, which we suggest is
the result of the thermo-mechanical deformation that causes the struc-
tural collapse responsible for amorphization [33,34]. The particles
injected into the supersonic air stream coming through the de Laval con-
vergent–divergent nozzle attain velocities ranging from 300 to 500m/s
depending on the pressure and temperature [35]. Such high impact
pressures facilitate the adhesion of particles on the substrate, but they
also induce fracture in the particles, as mentioned in our previous
study [24].

We established that the use of DMF in the colloidal solution im-
proved the dispersion of the ZIF7 nanoparticles. The XRD patterns pre-
sented in Fig. 4 clearly reveal that including DMF in the N–ZIF7
suspensionminimizes the effect of nylon, thus suppressing the recovery
of the original XRD peaks of the pure ZIF7 powder. Phase III [15,23] is
con!rmed by the dominant peak appearing at 2! = 9.6°. Thus, it is
clear that DMF directly acts as a pressure-transmitting "uid. No signi!-
cant effect of IPA, nylon, or both is observed on the phase transforma-
tion, and thus the effect of high-speed pulverization of the supersonic
spray is dominant in causing the phase transformation. As compared
to I–ZIF7 in Fig. 3, the inclusion of nylon and DMF in the precursor sus-
pension also reduces the amorphization rate of ZIF7, both of which thus
improve the mechanical stability of the ZIF7 nanoparticle by enhancing
its structural resistance to pore collapse under impact stress.

Notably, the formation of ZnO indicates an increase in density. ZnO
formation is often induced when carbon degrades at high processing
temperatures, in which case the porous MOF structure begins to col-
lapse, forming a dense structure. Although supersonic cold spraying is
performed at high gas temperatures, all thermal energy is converted
into kinetic energy, and thus the static temperature near the substrate
is higher than room temperature. This low processing temperature

(thus the name supersonic “cold” spraying) prevents the formation of
ZnO.

The 3D AFM morphologies of D–ZIF7 !lms deposited at P0 = 2 bar
(200 kPa) at different temperatures are presented in Fig. 5. The peaks
and valleys in the AFM images are ascribed to random lateral ZIF7 stack-
ing. The !lms clearly show increasing surface roughness with decreas-
ing particle size, which is varied with variations in the high impact
energy of the supersonic cold spraying. The arithmetical mean rough-
ness values (Ra) determined from the AFM images are shown in Fig.
6(a). The roughness is increased with increasing air temperature,
whereas the ten-point median roughness (Rz) values are observed to
vary signi!cantly. Fig. 6(b) shows the surface areas of the uncoated cop-
per substrate and the !lms deposited at increasing temperatures and a
constant pressure of P0 = 2 bar (200 kPa), as measured using AFM
[28]. The surface area increases with increasing T0, which also increases
the impact velocity and pressure by converting the increased thermal
energy into increased kinetic energy. As a result, particle pulverization
increases with increasing T0.

Fig. 7 shows the SEM images of I–ZIF7 and N–ZIF7. For the I–ZIF7
!lm, the surface morphology shows small ZIF7 particles, with some
"at surfaces created by the high impact pressure of the cold spraying.
In the N–ZIF7 !lm, the surface morphology shows agglomerates com-
prising polycrystalline ZIF7 particles, as shown in Fig. 2. This is because
nylon acts as an intermolecular binder that mechanically stabilizes the
3D structure of Phase I ZIF7. The polymeric nylon provides a cushioning
effect that reduces the intensity of the pulverization process, as evident
in Fig. 7(b). The inset in Fig. 7(b) shows the cross-sectional view of the
uniform !lm.

Fig. 8 shows SEM images of cold-sprayed D–ZIF7 !lms on a copper
substrate at P0 = 2–5 bar (200–500 kPa) and different temperatures.
Cubic-shaped ZIF7 particles are clearly observed up to P0 = 3 bar

Fig. 6. (a) Surface roughness and (b) area of ZIF7 !lms for 150 °C ! T0 ! 450 °C. The gas pressure is !xed at P0 = 2 bar (200 kPa).

Fig. 7. SEM images of (a) I–ZIF7 and (b) N–ZIF7 !lms at a nylon concentration of 6 wt%, The inset shows the cross-sectional view of the !lm. The operating temperature and pressure are
T0 = 250 °C and P0 = 2 bar (200 kPa), respectively. DMF is not included in the precursor suspensions.
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(300 kPa). A thin layer of nylon and DMF covering the ZIF7 grains,
forming a stiff material, is observed in all SEM images. This stiff material
is melted, fractured, or both by the high impact energy of the particles.
However, the grains of ZIF7 observed in the SEM images of !lms depos-
ited at high air pressures and temperatures are fractured and "attened
by the impact pressure. The images clearly show the change in surface
microstructure with increasing gas pressure. Less porous and more ag-
glomerated surface microstructures are observed at an air pressure of
5 bar (500 kPa). Comparing the SEM image of D–ZIF7 at T0 = 250 °C
and P0 = 2 bar (200 kPa) in Fig. 8 with the N–ZIF7 image in Fig. 7(b),
the effect of DMF inclusion is clear. The particle impact speed in the
two cases is equal, because both !lms are acquired at the same operat-
ing temperature and pressure. As mentioned earlier, the surface mor-
phology is much rougher when using N–ZIF7 because of the
“cushioning” effect of nylon. When DMF is used, because of the im-
proved dispersion of the particles in the precursor suspension, the pul-
verization process upon particle impact is much more ef!cient,
resulting in a uniform surface morphology.

The Raman spectra of the ZIF7 !lms deposited from different solu-
tion con!gurations are presented in Fig. 9. The peaks correspond to dif-
ferent vibrations of the Zn–N lattice, benzene, and the imidazole ring. A

comparison of the ZIF7 Raman datawith the results reported by Zhao et
al. [15] shows that the peaks are in good agreement. Table 1 presents
the Raman frequencies and their respective band assignments. Howev-
er, after spray deposition, the intensity of the Zn\\N bond peak
weakens, which may be the result of mechanical straining of the com-
pliant ZnN4 tetrahedral coordination environment prevalent in ZIF
structures [36,37]. Fig. 9 shows that all Raman bands remain similar
and at constant frequencies, indicating that the chemical structure of
ZIF7 is unaffected.

The TGA data shown in Fig. 10 indirectly indicates the role of DMF in
the collapse and retention of the crystal structure. Note that the D–ZIF7
!lm does not include nylon, in order to elucidate the effect of DMF
alone. The thermal stability testing of the pure ZIF7 powder and the
D–ZIF7 !lm by TGA is performed under N2 gas at a heating rate of
10 °C/min. Fig. 10 shows three gradual steps in the weight loss of the
D–ZIF7 !lm at 25 °C and 800 °C. Approximately 5% weight loss is ob-
served between 25 °C and 300 °C by the removal of moisture and
trapped alcohol. A weight loss of 35% is observed between 300 °C and
630 °C from the removal of DMF. The weight loss observed between
630 °C and 800 °C indicates the thermal decomposition of the structural
framework of ZIF7, associated with the decomposition of the organic
linkers. For the pure ZIF7 powder, 70% residue remains. However, for
theD–ZIF7!lm, the remaining residue is 42%. This difference in retained
residue is because of the structural change of the !lm caused by the
high-speed impact.

Fig. 8. SEM images showing the effect of impact speed on the surface morphology of D–ZIF7 !lms. The gas temperature and pressure varied in the range of 150 °C ! T0 ! 450 °C and 2 bar
(200 kPa) ! P0 ! 5 bar (500 kPa), respectively.

Fig. 9.Raman spectra of ZIF7!lmswith nylon and DMF. The pressure and temperature are
!xed at P0 = 2 bar (200 kPa) and T0 = 250 °C, respectively.

Table 1
Raman frequency and band assignment.

Frequency [cm"1] Band assignment

140 Zn–N
551 Stretching of benzene & imidazole ring
554 Stretching of benzene & imidazole ring
650 Torsion of imidazole ring
773 Bending of benzene & imidazole ring
1007 Bending of benzene ring
1268 Bending of benzene & imidazole C\\H
1351 Stretching of C\\N
1573 Bending of N\\H
2900–3050 Stretching of C\\H in benzene
3050–3150 Stretching of C\\H in imidazole
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The mechanism of phase transition due to cold spraying is summa-
rized in Scheme 1. The ZIF7 structure (Phase I) shows negligible phase
change at a nylon concentration of 6 wt%, as con!rmed by XRD. For a
lower nylon concentration, i.e., 1wt%, the ZIF7 particles hit the substrate
with partial pressure because a small amount of nylon in the solution re-
duces the collision impact of the particles on the substrate, forming ZIF7
Phase II,where PXRDdata indicate that themajority of the six- and four-
membered rings of ZIF7 aremechanically strained or stretched, but like-
ly only some of the framework bonds break. When only IPA solvent is
used, the solvent evaporates under the high temperature and pressure
of the supersonic air"ow, and ZIF7 particles collide with the substrate
at very high speed and energy, forming Phase III by the delamination
of the 3D structure to the 2D ZIF7 structure. The transformation from
3D to 2D frameworks occurs by the breakage of coordination bonds in

the six-membered ZIF7 ring and the formation of four-membered
rings, as explained by Peng et al. [23]. Our results demonstrate that
nylon acts as an ef!cient intermolecular binder that lowers the impact
pressure of sprayed ZIF7, thereby improving the mechanical stability
of the porous framework and avoiding unwanted phase changes.

4. Conclusion

The microstructure of ZIF7 powder underwent a phase transforma-
tion frompolycrystalline and porous to crystalline and dense by the pul-
verization of particles into a 2D phase because of the high-speed impact
of the powder by supersonic cold spraying. By tuning the crystal struc-
ture of ZIF7 via supersonic spraying, customized !lms can be fabricated
to meet the needs of various applications. This is the !rst successful at-
tempt to deposit ZIF7 !lms by a scalable supersonic spraying method,
and the structural response of ZIF7 to high-pressure impact is evident.
The inclusion of 6 wt% of nylon in the precursor solvent caused the de-
position of ZIF7 !lms with the original polycrystalline structure, similar
to that of the pure powder. The absence of nylon caused a phase trans-
formation in the sprayed !lm.
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Scheme 1. The change in the crystalline structure of the supersonically sprayed ZIF7 !lms with varying nylon concentration.

Fig. 10. Thermogravimetric analysis of pure ZIF7 powder and D–ZIF !lm without nylon.
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