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ABSTRACT: Phosphorescence from pyrene especially at room temperature is
uncommon. This emission was recorded utilizing a supramolecular organic host
and the effect due to the heavy atom. Poor intersystem crossing from S; to T},
small radiative rate constant from T, and large rate constant for oxygen quenching
hinder the phosphorescence of aromatic molecules at room temperature in
solution. In this study, these limitations are overcome by encapsulating a pyrene
molecule within a water-soluble capsule (octa acid, OA) and purging with xenon.
While OA suppressed oxygen quenching, xenon enabled the intersystem crossing
from S; to T, and radiative process from T, to S, through the well-known heavy
atom effect. The close interaction facilitated between the pyrene and the heavy
atom perturber xenon in the three-component supramolecular assembly (OA,
pyrene, and xenon) resulted in phosphorescence from pyrene. Computational
modeling and NMR studies supported the postulate that pyrene and more than

one molecule of xenon are present within a confined space of the OA capsule.

Bl INTRODUCTION

Recent upsurge' ~° in “up-conversion”, a process prompted by
triplet—triplet annihilation,” has led to exploring new methods
in enhancing the generation of molecules in their triplet states
(T,) at room temperature in solution.*™° Though the theory
of the “heavy atom effect”, one of the well-known methods to
enhance triplet yields of aromatics in solution due to Kasha
and his co-workers is well understood,'” ™" and its usefulness
in inducing phosphorescence in isotropic solution is limited
due to quenching of the triplets by dissolved oxygen. However,
the value of the heavy atom effect has been established in
supramolecular assemblies (micelles, cyclodextrins, zeolites,
and silica),”’ ™" which by confining the aromatic guest
molecules and protecting their excited state from the quencher
oxygen >’ also bring the heavy atom (or ion) closer to elicit
room temperature phosphorescence of the guest aromatic
molecule. Unlike T1*, the heavy atom valued for bringing about
phosphorescence at room temperature from supramolecular
encapsulated guests including in the recent example with an
organic cavitand and pyrene as the host and guest,
respectively,” and heavy atom xenon, soluble in isotropic
solvents,*® has attracted little attention.*’ Although xenon’s
effect on intersystem crossing (S; to T; and T, to Sp) is well
documented,**~*° very few publications mention about xenon-
induced phosphorescence in solution at room temperature.
The continued interest’ on room-temperature phosphores-
cence'” employing supramolecular assemblies motivated us to
examine the process using octa acid (OA, Figure 1b)***” as the
host and xenon and TI" as the heavy atom perturbers. In
addition, our interest in energy, electron, and spin transfer
across the OA capsular wall*”>” prompted us to explore the
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possibility of singlet—triplet spin perturbation by heavy atoms
under similar circumstances.”~>*

Recently, we demonstrated that the phosphorescence from
thioketones at room temperature in solution could be
enhanced by confining them within an octa acid capsule.*’
Such confinement suppressed the prevalent self-quenching of
the excited thioketone by a ground state thioketone of the
same kind, which is a major cause for lack of phosphorescence
from thioketones.”" Given that aromatic molecules have poor
S, to T; intersystem crossing and T, to S, radiative rate
constants and the triplets are quenched by oxygen at the
diffusion-controlled rate, we wished to explore the value of the
OA capsule in bringing out the phosphorescence from these
molecules.”” We envisioned that the OA capsular assembly
would keep the quencher oxygen away and heavy atoms such
as xenon and TI" present in solution would enhance the rates
of S; to T, intersystem crossing and T, to S, radiative
processes. In this report, the results of our study focused on
enhancing phosphorescence from pyrene, a model for aromatic
molecules, in aqueous solution by employing supramolecular
and heavy atom strategies are discussed. We chose pyrene
because it can be solubilized in a buffer solution by the
cavitand OA.**** Also such a host—guest assembly does not
phosphoresce in aqueous solution at room temperature even
when it is saturated with nitrogen. To our surprise, when the
solution of py@OA, (1:2 capsule) was saturated with xenon,
phosphorescence from pyrene was observed. On the other
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Figure 1. (a) '"H NMR (500 MHz) spectra of (i) OA(1 mM) in 10 mM Na,B,0, buffer/D,0, (ii) py@OA ([OA] = 1 mM), [py] = 0.25 mM),
(iii) py@OA ([OA] = 1 mM), [py] = 0.5 mM), (iv) py-d;;@OA ([OA] = 1 mM), [py-d;o] = 0.5 mM), and (v) py in DMSO-d6. “*” indicates the
bound guest proton peak, and “green circle solid”, “pink diamond solid”, “black triangle up solid” represent the residual water, HOD, and DMSO,

respectively. (b) Chemical structure of host (OA) and guest (py).

hand, the heavy cation TI" that is established to induce
phosphorescence from aromatics included in micelles, zeolites,
and cavitands failed to induce phosphorescence from OA-
encapsulated pyrene. The results with these heavy atoms (ion)
perturbers discussed below bring out the distinct value (and
limitation) of the heavy atom technique with the aromatic@
OA, supramolecular assembly.

B EXPERIMENTAL SECTION

Materials and Methods. The host octa acid was
synthesized following the published procedure. Pyrene was
recrystallized with ethanol and used in the study. Deuterated
pyrene was purchased from MSD Isotopes. 'H NMR spectra
were recorded at room temperature under aerated conditions
on a Bruker 500 MHz NMR. Steady-state fluorescence spectra
were recorded using an Edinburgh FS920CDT fluorimeter and
time-resolved measurements were carried out on an Edinburgh
FL900CDT spectrometer.

General Procedure for Guest Binding Studies Probed
by NMR. A D,0 stock solution (600 uL) of the host OA (1
mM) and sodium borate buffer (10 mM) taken in an NMR
tube was titrated with the guest by sequential addition of 0.25
equiv of guest (2.5 uL of a 60 mM solution in DMSO-dg). The
complexation was achieved by sonicating the NMR tube for
about S min. The 1:2 complex was achieved with S uL of the
guest solution to 600 uL of OA. 'H NMR spectra were
recorded after purging with Xe gas for 10 min.

129Xe NMR Experiments. ??Xe NMR experiments were
performed on a Bruker Avance III-HD 400 MHz spectrometer
(110.73 MHz) using a S mm Prodigy (liquid Nitrogen based)
board band Cryoprobe. The spectra were collected using a 500
ppm spectral width, centered at —5275 ppm. Chemical shifts
were reported with respect to XeOF, and calculated by
Topshim 3.6.1 from the deuterium lock frequency and no
further reference. FID acquisition times of 0.5 s were collected
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with either 6 or 20s relaxation delay and the sample
temperature was regulated at 25 °C. The samples were
prepared by first sonicating for 20 min the solution of the Py@
OA complex prepared as mentioned above prior to 5 min
bubbling with Xe gas (Matheson Gas, 99.999%) and
pressurized to 2 atm of Xe and the tubes were sealed (J-
Young valves).

Fluorescence and Phosphorescence Measurements.
A stock solution of S M pyrene was prepared by adding S uL
of solution (2 mM pyrene in methanol) to 2 mL of borate
buffer solution. To the solution, OA was slowly added (0—25
uM) from a stock solution of 1 mM in borate buffer and
corresponding spectra were recorded. The py@OA, complex
was purged with Xe gas for 10 min and the emission spectra
were recorded for room-temperature phosphorescence. Sim-
ilarly, thallium nitrate (100 mM stock solution) was also
gradually added to the py@OA, complex and corresponding
emission spectra were recorded.

Computational Procedure. The three-dimensional struc-
ture of OA was obtained from our previous work® and pyrene
was modeled using the GaussView program. Both OA and
pyrene were optimized without any geometrical constraint at
the B3LYP*°/6-31g(d)®” level using the Gaussian 09
program.®® They were parameterized using the generalized
Amber force field (GAFF) utilizing the antechamber program,
an inbuilt tool in the AMBER software package.”” The
parameters for xenon were obtained from a previous work by
Goharshadi and Abbaspour.”” To obtain the initial binding
poses of pyrene inside the OA capsule, molecular docking was
performed using the Autodock Vinal.5.6 software.”' In this
procedure, the size of the grid was chosen to cover the entire
OA and the spacing was kept to 1.00 A, a standard value for
Autodock Vina. The molecular dynamics (MD) simulations of
OA with a guest molecule were performed using the
GROMACS4.5.6"” program. The starting structures were
placed in a cubic box with dimensions of 60 X 60 X 60 A
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Figure 2. Changes in I;/I; value. (a) Emission spectra of py in borate buffer (black) after OA added (red); (b) Emission spectra of py@OA,
complex before Xe purged (red) and after Xe purged (blue); (c) Emission spectra of py@OA, complex before thallium addition (black) and after

thallium added (red).

and filled with explicit TIP3P water molecules.”” The shortest
distance from the surface of the OA to the edge of the box was
1.0 nm. Electrostatic interactions were calculated using the
particle mesh Ewald method,”* and a cutoff at 1.2 nm was used
for both van der Waals and Coulombic interactions. Charge
neutrality was maintained by adding an appropriate number of
sodium ions. The OA—guest complexes were energy
minimized for 3000 steps by the steepest descent method,
which resulted in the formation of the starting structure for
MD simulations. The simulations were carried out with a
constant number of particles (N), pressure (P), and temper-
ature (T) (NPT ensemble). The SETTLE” algorithm was
used to constrain the bond length and angle of the water
molecules, and LINCS”® algorithm was employed to constrain
the bond lengths of the OA and guest molecule. For all the
systems, a 100 ns production run was performed. The MD
trajectories were computed for each model with a time step of
2 fs. To obtain the most representative structures of the OA—
guest complex, a cluster analysis was performed. Finally,
Yasara,”” VMD,”® and Chimera”’ programs were used for the
analysis of the MD trajectories and preparation of figures.

B RESULTS AND DISCUSSION

OA is established to form a closed capsule with aromatic
molecules as guests.”*" As expected, OA encapsulates one
molecule of pyrene to form a 1:2 capsule. "H NMR spectra of
pure OA, pyrene, and the pyrene@OA, presented in Figure la
and Figures S1 and S2 (Supporting Information) confirm the
inclusion of pyrene within OA. The several new signals due to
OA (Figure la-ii) that appear upon initial addition of pyrene
to a borate buffer solution of OA are assigned to free and
complexed OA. Further addition of pyrene (1 equiv of pyrene
to 2 equiv of OA) resulted in the disappearance of signals due
to free OA. The fact that no free signals due to OA were seen
following the addition of half an equivalent of pyrene suggested
that it formed a 1:2 capsule with OA. The measured diffusion
constant for the pyrene—OA complex of 1.4 X 107 cm?/s by
DOSY experiments (Table S1)*° relative the free OA’s of 1.8 X
107% cm?/s confirms the complex to be a 1:2 capsule. Signals
due to pyrene (starred peaks in Figure la-iii) were assigned
based on the COSY spectrum (Figure S3). Further, the use of
perdeuterated pyrene as the guest confirmed the assignments.
In spectrum of Figure la-iv, as expected no signals due to the
guest were seen when perdeuterated pyrene was the guest,
although that due to the OA capsule had the same chemical
shifts as in the case of the pyrene—OA complex. We believe the
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pyrene molecule to be located in the middle region of the
capsule (Figure S4b), which is confirmed by NOESY spectra
(Figure S4a), where the H; hydrogens of pyrene and Hy
hydrogens of OA appear to be near. The structure of this
complex derived from molecular dynamics (MD) simulations
is consistent with this inference (Figure S4c). In this structure,
pyrene interacts with the walls of OA through both CH—x
(~2.8 A) and 7—r interactions (~3.5 A).

Knowledge of the effect of heavy atoms on the stability of
the pyrene@OA, capsule was necessary in going forward with
our study on the influence of these atoms on the emission of
the encapsulated guest. The capsule has been established to
partially open and close in a timescale of 5 ps and fully
disassemble and assemble in 2.7 s and the assembly’s interior
to be nonpolar (closer to benzene) with the help of fluorescent
probes.*>*'~** Consistent with the intensities of 1 and 3
vibrational bands (I,/I; ratio) of pyrene’s fluorescence spectra
being indicators of the surrounding polarity, the value within
the OA capsule has been reported to be 1.01, closer to that in
benzene.?* % We speculated the I;/I; ratio of ~1.0 of OA-
encapsulated pyrene to increase on exiting it or on exposure to
the aqueous exterior environment. With this in mind, the
fluorescence of the pyrene@OA, complex in the presence of
heavy atom perturbers TINO; and xenon was recorded. The
emission spectra of pyrene in borate buffer, in the presence of
OA (Figure 2a) and pyrene@OA, in the presence and absence
of Xe and TINO;, are presented in Figure 2b,c, respectively.
Expectedly, the I;/I; decreases from 1.88 in the buffer solution
to 0.96 upon addition of OA (Figure 2a and Figure SS),
shifting closer to that in benzene. This confirmed that the
pyrene is encapsulated within OA with a benzene-like
environment. The slight decrease in I;/I; from 0.96 to 0.90
on bubbling xenon into the solution suggested the surround-
ings of pyrene going even less polar than benzene. Although
this might be due to xenon co-occupying the capsule with
pyrene, it unequivocally indicated that xenon does not displace
pyrene from the OA capsule. On the other hand, Figure 2¢
suggests that the pyrene experiences a more polar environment
(the I,/I; changes from 0.96 to 1.25) upon addition of TINO;.
The 'H NMR and fluorescence spectra at various added
concentrations of TINO; are provided in Figure S6. Addition
of TINO; resulting in appearance of weak excimer emission
(Figure S6b inset) and a steady increase in the I;/I; ratio
(Figure S7) indicate increased exposure of pyrene to water
molecules. These observations lead us to propose that upon
addition of TINO;, the capsule opens up slowly to expose the
guest (pyrene) to the aqueous medium. The excimer formation
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Figure 3. (a) Emission spectra of py@OA, complex (red) and py@OA, + Xe purged for 10 min (blue) (4., = 337 nm); Phosphorescence spectra
around 580 to 650 nm of py@OA, observed (blue) after Xe purging were scaled up by 100 and shown in the figure. (py = [S uM], OA = [2§
uM]); (b) Time-resolved fluorescence decay of py@OA, complex (black) and py@OA, + Xe purged for 10 min (red).

a)

Figure 4. (a) MD simulated possible structures of encapsulation of Xe with OA; (b) The most representative structures of OA encapsulating
pyrene + one Xe atom and two Xe atoms obtained from MD simulations.
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Figure 5. (a) Partial '"H NMR (500 MHz) spectra of py@OA,: (i) aerated, (ii) after Xe purged, (iii) after N, purged, (iv) after Xe purged, and (v)
Py@OA, + Xe purged at 2 °C; “*” represents the bound pyrene protons. (b) Phosphorescence spectra of py@OA,: aerated (black), after N,

purged (blue), after Xe purged (red), and after O, purged (green).

suggests escaping of some molecules from the capsule and
aggregating in water. These results hinting that the capsule is
not stable in the presence of TINO; and is not surgprising based
on earlier results in the presence of excess NaCL"’ Consistent
with this conclusion, the '"H NMR signals become broader
with increased addition of TINO; (Figure S6a compare (i) and
(vi)). Thus, while the capsule is stable in the presence of heavy
atom xenon, it is not stable in the presence of heavy cation T1"
and no phosphorescence was observed in its presence as can be
seen in Figure S6b. We therefore focused our further studies
related to heavy atom-induced phosphorescence with Xe as the
perturber.

The emission spectrum of pyrene@OA, in borate buffer
under aerated and Xe-saturated conditions is presented in
Figure 3. These spectra bring out two important points: (a)
The capsule remains closed during the excited S; lifetime of
pyrene; the I,/1; ratio is unaffected by the presence of xenon.
(b) Importantly, pyrene exhibiting no phosphorescence in
aerated buffer solution does phosphoresce in Xe-saturated
solution (>575 nm). Comparison of the spectra in Xe-
saturated buffer (without OA) and cyclohexane (Figure S8)
with that of pyrene@OA, in buffer (Figure 3a) suggests that
Xe is effective as the heavy atom perturber inducing
phosphorescence only when pyrene is within the OA capsule.
Besides, this study such an effect of Xe on phosphorescence is
only known in zeolites at 77 K and none in solution.” Xe’s
impact on S, to T, intersystem crossing in aromatics and
enones has been documented.**~*****¢ This phosphorescence
is observed only from pyrene@OA, suggested that the
perturber Xe and the emitter pyrene must be close to each
other. Xe being ineffective in solution but effective in bringing
about phosphorescence in solid zeolites indicated the need for
the emitter and Xe to be close proximity for a longer time. OA
seems to bring the two molecules closer and keep them
together for the time required for spin—orbit perturbation to
operate. Computational modeling and Xe NMR experiments
were conducted to probe the location of Xe in a buffer solution
containing the host OA.

Feasibility of inclusion of Xe within a number of hosts
dissolved either in organic solvents or in water has been
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confirmed through Xe NMR experiments.”” "' The internal
volume of the empty OA capsule was estimated to be 1002 A?
by first filling it with dummy beads and then calculating their
total volume using the YASARA program.”” Since the volume
of the Xe atom is 42 A’ we expected several Xe atoms would
be included within the OA capsule. Sequential addition of Xe
atoms with the help of the data from modeling of Xe—OA
interactions by placing a Xe atom inside the OA capsule
(Figure 4a) showed that the OA capsule can occupy up to five
Xe atoms. The addition of the sixth Xe atom led to one of
these atoms to exit the capsule that opened up. In all these
complexes, Xe atoms weakly interacted by maintaining a
distance of 4.0—5.5 A with each other and 3—4 A with the
walls of OA. It is noteworthy that these MD simulations did
not reveal the most stable structure. We did not pursue the
complexation of OA with Xe further as it was beyond our goal
of the effect of Xe on pyrene’s emission. To obtain
experimental evidence for the inclusion of Xe within the OA
capsule, Xe NMR spectra of the buffer solutions with and
without Xe were recorded (Figure S9). We interpret the sharp
signal in the absence of OA in D,O that shifted downfield and
broadened in its presence to be indicative of multiple xenon
atoms occupying the OA capsule. Further experiments are
required to confirm the conclusion.

To gain an understanding of the mechanism of xenon’s
effect on the emission of encapsulated pyrene, it is important
to know its location in the presence of OA and pyrene. In
principle, Xe could be either in water, not adjacent to pyrene,
or within the OA capsule along with pyrene. Once again, we
resorted to computational modeling to probe whether there is
enough space for both Xe and pyrene within the OA capsule.
MD simulations suggested that one or two Xe atoms can co-
occupy a capsule with pyrene (Figure 4b). In the Xe,.py@OA,
complex, the Xe atom was located 3.0 A away from pyrene. As
shown in Figure S9 and Figure 4a, it is along the long axis of
the capsule with the OA—py and OA—Xe distances being 3.0
and 2.9 A, respectively. This weak Xe—py interaction can
polarize the py molecule. On the other hand, in the Xe,.py@
OA, complex, the second Xe atom occupies the equatorial
position with respect to the pyrene ring (3.7 A). Such an
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orientation results in weaker interaction between pyrene and
the two Xe atoms (3.4 and 3.7 A; Figure S9). The crowding of
the capsule in the presence of the two Xe atoms pushes the
pyrene closer to the walls of OA, that is, 2.5 A. A comparison
of the complexation energy of these molecules shows that
Xe,.py@OA, is 34.0 kcal/mol more stable than the Xe.py@
OA, complex. This energy was calculated by subtracting the
energies of the bound complexes and their unbound
constituents, that is, AE, = Ex. 000 — (Eoa + Exe + Epy)
and AE, = Expe0ar — (Exepy@onz + Exe)- Based on IR
spectroscopic measurements and quantum chemical calcu-
lations, the existence of weak interactions between xenon and
aromatic molecules such as toluene and p-cresol has been
speculated.” Thus, the possibility of weak interaction between
pyrene and Xe is not unprecedented. Such types of weak
interactions between the capsular wall that is predominantly
aromatic and Xe would favor Xe to reside within the OA
capsule rather than in water. A clue to the Xe residing within
the OA capsule along with pyrene came from the Xe NMR
spectrum (Figure S10). The Xe NMR signal was significantly
different from that of Xe in water in the absence and presence
of OA. While the signal was broad in OA, it was sharper in the
buffer solution containing py@OA,. At the same time, it was
downfield shifted to that in pure water. We tentatively ascribe
this to Xe being present within OA along with pyrene.

Additional support for the above conclusion came from 'H
NMR spectra of py@OA, in the presence of air, Xe, and
nitrogen (Figure S). Signals due to OA that were relatively
sharp in an aerated medium (Figure 5i) became broader when
solution was saturated with Xe (Figure Sii). When the same
solution was bubbled with nitrogen, the signals became sharper
(Figure Siii). In this case, the xenon was displaced with
nitrogen and the solution must contain only the py@OA,
complex and nitrogen. Finally, when this solution was bubbled
with Xe again, the signals became broader similar to Figure Sii.
This change in spectra with alternate Xe and N, bubbling
reveals that the two gases are weakly held within the capsule
and could be easily exchanged. From these experiments, we
conclude that the 'H NMR spectrum is broader in the
presence of xenon. No changes in the positions of OA 'H
NMR signals suggest that although Xe can be displaced, the
encapsulated pyrene cannot be easily displaced through
bubbling with either xenon or nitrogen.

One could visualize the presence of at least four types of
complexes when buffer solution of py@OA, is saturated with
Xe: py@OA,, Xe@OA,, Xe.py@OA,, and Xe,.py@OA,.
Molecular modeling as illustrated in Figure 4b suggests that
one or two molecules of Xe can co-occupy a capsule containing
pyrene. As mentioned earlier, a comparison of the computed
binding energies of these structures predict that the Xe,.py@
OA, complex is more stable than the Xe.py@OA, complex. To
probe these possibilities, variable temperature 'H NMR spectra
were recorded between 25 and 2 °C (Figure Sv and Figure
S11). The signals at 25 °C were broad. As the temperature was
lowered, signals sharpened and several of them split into
multiple peaks. This is clearly seen in the spectrum displayed in
Figure 5v taken at 2 °C. We attribute this to the presence of
more than one type of py—Xe—OA complex. Such a possibility
is consistent with multiple exponential fluorescence decay of
py@OA, in the presence of Xe (Figure 3b and Table S2).
While the S, state of py@OA, in aerated buffer solution decays
with a single exponential decay with a lifetime of 359 ns
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(98.9%), in xenon saturated solution, it decayed with several
lifetimes of 326 ns (81.5%), 23 ns (14%), and 5.2 ns (4%).
Based on the 'H NMR variation with the gas saturating the
solution (Xe or N,), one would expect an effect on the
emission spectrum of encapsulated pyrene. As illustrated in
Figure Sb, no phosphorescence was observed from py@OA,
when the buffer solution was saturated with either air or
oxygen; with nitrogen bubbling, a very weak phosphorescence
could be recorded, which became stronger with Xe. The strong
phosphorescence observed only in the presence of Xe confirms
the heavy atom effect facilitated by supramolecular chemistry.

B CONCLUSIONS

In this study, we have established that phosphorescence from
pyrene at room temperature could be induced by copopulating
pyrene confined within a water-soluble organic capsule with a
heavy atom like xenon. Although both TINO; and xenon are
water-soluble, only the latter functions as a heavy atom under
our conditions as the former destabilizes the capsular assembly.
Computational modeling and NMR studies suggest that xenon
remains within the capsule along with the hydrophobic,
aromatic pyrene molecule. The observation that xenon is
ineffective in prompting phosphorescence when bubbled into a
solution of pyrene in water or cyclohexane that accentuates the
value of the host OA combined with the elegant supra-
molecular heavy atom technique in inducing phosphorescence
from aromatic molecules at room temperature. Further purging
the octa acid with xenon could open up opportunities to
examine the properties of clusters of xenon in a confined space.
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