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a b s t r a c t

Flavylium compounds suffer in aqueous solution the nucleophilic addition of water at moderately acidic
pH values (hydration reaction). The hydration is possible in two positions, namely at position 2, form-
ing hemiketal B2, and at position 4, forming hemiketal B4. B2 can subsequently evolve to give the
cis- and trans-chalcone species. At the present work the network of chemical reactions involving the
naphthoflavylium compound in aqueous solution was studied by means pH jumps, stopped flow, contin-
eywords:
hotochromism
emiketals
ultistate systems
aphthoflavylium

uous irradiation and flash photolysis. The equilibrium and rate constants of the system were calculated
through a mathematical model. The species B4 has a kinetic effect similar to the one observed for the
quinoidal base (for flavylium dyes bearing acidic groups), i.e. B4 is a kinetic product retarding the rate
of equilibration. Flash photolysis experiments in comparison with reverse pH jumps results show that
the appearance of the flavylium ion is faster in the photochemical-induced process than in the thermal

onal p
halcones one, suggesting an additi
of the trans-chalcone.

. Introduction

The network of chemical reactions involving anthocyanins and
elated compounds has been shown to exhibit versatile applica-
ions [1–3]. Anthocyanins are the ubiquitous colorants used by
ature to obtain most of the red and blue colors in flowers and fruits

4]. Flavylium compounds are synthetic analogues of anthocyanins
nd present in aqueous solution the same general network of chem-
cal reactions (Scheme 1) [5]. Flavylium ion (AH+) is the most stable
pecies in acidic solutions but when the pH is increased, the sys-
em evolves to a network of interconnected species. An important
ifference with anthocyanins, is that the trans-chalcone (Ct) is the
ost stable species at moderately acidic and neutral pH values.

his form has the interesting property of photoisomerizing to the
is-chalcone (Cc) that at the appropriate pH value can then evolve
o AH+ or its quinoidal base (A), the most colorful species in the
etwork. This photoreaction is reversible and the system reverts
ack to Ct in the dark. Therefore, both pH and light can be used for
roducing AH+ and/or A from Ct in a reversible way. Due to these

nteresting properties flavylium compounds have been claimed as

fficient photochromic systems [3] as well as models for optical
emories and switches [6,7] the main factor ruling the final appli-

ation being the magnitude of the cis-trans thermal barrier which
epends strongly on the substituents.

∗ Corresponding author. Tel.: +351 212948355; fax: +351 212948550.
E-mail address: fjp@dq.fct.unl.pt (F. Pina).

010-6030/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2011.03.002
hotochemical pathway (besides photoisomerization) after the excitation

© 2011 Elsevier B.V. All rights reserved.

The kinetics of the global process connecting AH+ and Ct can
be studied by means of pH jumps and flash photolysis experi-
ments. When solutions of AH+ (pH < 1) are submitted to a pH jump
to higher values, (direct pH jumps) the quinoidal base is the first
species to appear, because proton transfer to give A from AH+ is
by far the fastest process (at least five orders of magnitude) taking
place in the network. One peculiarity of the system is the fact that
at moderately acidic solutions A is a kinetic product that delays
the formation of the final products (essentially Ct). In other words,
A is not reactive (unless in basic solutions) towards Ct formation
because the hemiketal B2 results exclusively from the hydration of
AH+. This means that at higher final pH values of the direct pH jump
(pH > pKa) more A and less AH+ are formed and by consequence the
rate to reach the final equilibrium becomes slower. On the other
hand, direct pH jumps to lower pH’s (pH < pKa) results in more AH+

(at the limit no reaction takes place), lower concentration of Cc to
give Ct and the rate also decreases. The final result is a compro-
mise between these two contradictory effects, a bell shape curve,
Scheme 1 [8].

Regarding to the flash photolysis of Ct, three distinct kinetic pro-
cesses are detected: (i) the faster is the formation of Cc from Ct
that occurs during the flash, [9] (ii) the second is bi-exponential
and corresponds to the formation of AH+/A (depending on pH).

In some cases it is not possible to separate these two pro-
cesses if one is much slower than the other because the former
becomes the rate determining step, (iii) finally the photoproducts
AH+/A revert back to Ct with a rate that follows the bell shape
curve.

dx.doi.org/10.1016/j.jphotochem.2011.03.002
http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:fjp@dq.fct.unl.pt
dx.doi.org/10.1016/j.jphotochem.2011.03.002
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In the case of flavylium compounds, where no hydroxyl (or
ther acid) substituent is present, formation of another species, B4,
Scheme 2) resulting from hydration at position 4 of the flavylium
ation, has been reported [10,11].

For flavylium compounds bearing the hydroxyl substituent, the
ydration at position 4 is slower than proton transfer to give A and

ormation of B4 usually is not significant if the quinoidal base is
ormed. The point is: while the hemiketal B2 is effective in the for-

ation of Cc and by consequence Ct, the species B4 is also (like
) a kinetic product that retards the formation of the equilibrium
roducts. On this basis a bell shape curve for the dependence of
he rate constant to reach the equilibrium as a function of pH is
lso predicted. Many years ago McClelland in a seminal paper,
eported the formation of B4 in the case of flavylium itself, 4′-
ethoxyflavylium and 4′-methylflavylium [10]. However, these

avylium derivatives (in particular the 4′-methoxy) have a very
igh cis–trans isomerization barrier that allows A, AH+, B2, B4 and
c to reach a pseudo-equilibrium prior to the isomerization.

Recently it was reported that 4′-hydroxynaphthoflavylium fol-
ows the same sequence of chemical reactions firmly established for
avylium derivatives (Scheme 1), exhibiting also photochromism
5]. The objective of this work is to investigate the role played by the
pecies B4 in the case of the compound naphthoflavylium, [12,13]
here a low thermal barrier is expected, Scheme 3.

. Results and discussion

The spectral variations taken 30 s after a pH jump from stock
olutions of AH+ at pH < 1 to higher pH values is presented in Fig. 1A.

nspection of this figure shows the disappearance of the flavylium
ation to give absorptions in the UV that are compatible with for-
ation of B4, B2 and Cc [14,15]. Equilibrated solutions after 4 h,

ig. 1B, show the characteristic pattern of an equilibrium between
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Scheme 2.
e flash photolysis; (©) direct pH jumps.

AH+ (�max = 449 nm) and essentially Ct (�max = 397 nm). At higher
pH values the equilibrium between Ct and its deprotonated form
Ct− (�max = 485 nm) takes place, Fig. 1C.

The sequence of reactions shown in Schemes 1 and 3 can be
accounted for by the following set of elementary Eqs. (1)–(6)

AH+ + 2H2O � B4 + H3O+ Kh4 Hydration (1)

AH+ + 2H2O � B2 + H3O+ Kh2 Hydration (2)

B2 � Cc Kt Tautomerization (3)

Cc � Ct Ki Isomerization (4)

Eqs. (1)–(4) can be substituted by a single acid–base equilibrium

AH+ + H2O � CB + H3O+ K ′
a = [CB][H3O+]

[AH+]
(5)

K ′
a = Kh4 + Kh2 + Kh2Kt + Kh2KtKi [CB] = [B4] + [B2] + [Cc] + [Ct](6

In basic medium the following equilibrium also takes place

Ct � Ct− +H+ KCt/Ct
− = 9.13 Acid–base (7)

Considering that the hydrations and the tautomerization are
faster enough to neglect the formation of Ct after 30 s the follow-
ing relations, Eqs. (8) and (9), can be obtained from the fittings of
Fig. 1A and B, respectively

Kˆ
a = Kh2 + Kh4 + Kh2Kt = 10−2.65 (8)

′ −1.6
Ka = Kh2 + Kh4 + Kh2Kt + Kh2KtKi = 10 (9)

allowing to calculate

Kh2KtKi = 0.023 (10)

O

Hemiketal

B4

H OH

O

Naphthoflavylium

AH+

+

Scheme 3.
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Fig. 1. (A) Spectral variations of the compound (4.4 × 10−5 M) taken circa 30 s after a pH jump from stock solutions of flavylium cation at pH = 0.6 in a mixture of ethanol:water
(1:1); (B) equilibrated solutions (4 h), 5.0 × 10−5 M; (C) titration of the trans-chalcone (3.3 × 10−5 M).
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ig. 2. Spectral variations upon direct pH jumps of naphthoflavylium, 3.3 × 10−5 M
B); rate constants of the direct pH jumps as function of pH (�) together with those

.1. Direct pH jumps

Direct pH jumps have been carried out from stock solutions at
H = 0.6 in a mixture of ethanol:water (1:1) to higher pH values,
ig. 2 reporting those to 1.35 (A) and 3.08 (B).

As shown in Fig. 2 the final equilibrium corresponds to the dis-
ppearance of AH+ to give Ct, their relative amounts occurring
ccording to the observed pK ′

a = 1.60. Representation of the rate
onstants of this process as a function of pH gives a bell shape
urve similar to those previously reported for flavylium compounds
ith small cis–trans isomerization barriers and bearing a hydroxyl

ubstituent. In other words, B4 behaves similarly to A, being a
inetic product that retards the rate to reach the equilibrium at
igher pH values, resulting in a bell shape curve as reported in
ig. 2C. The fitting of Fig. 2C was achieved by means of a math-
matical procedure summarized in supplementary material [16].
n this fitting the constants obtained from the flash photolysis and

everse pH jumps experiments, see below, have been also taken
nto account. The equilibrium and rate constants are reported in
ables 1 and 2, respectively. In Table 2 the tautomerization values
btained through reverse pH jumps and flash photolysis, see below,
re included.

able 1
quilibrium constants. Estimated error 20% unless other value is pointed out.

pK ′
a pKˆ

a Kh2 (M−1) Kh4 (M−1) Kt Ki

1.60 ± 0.10 2.65 ± 0.10 6.5 × 10−4 2.0 × 10−4 1.9 22.2
stock solutions at pH = 0.6 in a mixture of ethanol:water (1:1) to 1.35 (A) and 3.08
thermal recovery after a flash photolysis (©), see below (C).

2.2. Flash photolysis experiments: evidence for the formation of
B4

Usually it is difficult to obtain spectral evidence for the for-
mation of the transient species B4, because its absorption band
occurs in the UV range and is overlapped by the absorption of
the other species. However, B4 can be detected by its influence
on the kinetics of AH+ formation in flash photolysis experiments.
It has been widely reported that trans-chalcone photoisomerizes
to give the cis analog [3,6,17] which can spontaneously form AH+

at appropriate pH values. The traces of the absorption monitored
immediately after the flash at 449 nm (AH+ absorption) and 397 nm
(Ct absorption) are represented respectively in Fig. 3A and B. The
first process, taking place during the flash, is the bleaching due
to the consummation of Ct to give Cc, which not show signifi-
cant absorbance at these wavelengths (see Fig. 1A). At 449 nm the
flavylium presents its absorption maximum but the trans-chalcone
also absorbs (εAH+/εCt = 16.4), its contribution becoming significant
because at this pH value Ct is higher than 90% of the overall species.
The second process is attributed to the appearance of flavylium
cation through the tautomerization of Cc to give B2 followed by
the de-hydration of B2 and consequent AH+ formation. This pro-
cess occurs with a rate constant 1.15 s−1 and is detected not only

at 449 but also at 397 nm, because the flavylium ion absorbs at the
absorption maximum of Ct (εCt/εAH+ = 1.9). The third and fourth
kinetics correspond the disappearance of the AH+ absorption. The
third, 0.87 s−1, can be explained only if AH+ disappears to give B4,
while the fourth is the usual back reaction of the photochromic
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Table 2
Rate constants. Estimated error 20%.

kh2 (s−1) k−h2 (M−1 s−1) kh4 (s−1) k−h4 (M−1 s−1) kt (s−1) k−t (s−1) ki (s−1) k−i (s−1)

0.85 1300 0.55 2800 0.19(0.89)a 0.1(0.47)a 0.01 4.5 × 10−4

a From flash.
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ig. 3. Flash photolysis traces of a solution of the compound at pH = 3.57, followed
he flavylium absorption (C).

ystem returning to the equilibrium (that follows the bell shape
urve in Fig. 2C). In other words, two types of pseudo equilibria
re formed: (i) one involving Cc, B2 and AH+ (second kinetic pro-
ess) and the other between Cc, B2, AH+ and B4 (corresponding to
he third process). From this point the system reverts back to Ct.
his interpretation is clearly corroborated by means of the experi-
ents of Fig. 3C. The formation of B4 is dependent on its pKh4 and

s reliable to occur at higher pH values [10].
In Fig. 4 the rate constants of the kinetic process that can be

onitored immediately after the flash are represented. As shown
y McClelland and Gedge the tautomerization reaction is catalized
y H+ as well as by OH− [10]. This process can be the rate deter-
ining step of the global kinetics at low pH values, because the
ydration due to its strong dependence on the proton concentra-
ion becomes very fast. In other words, after formation of Cc by
he action of the flash, ring closure reaction of Cc to give B2 (k−t)
ecomes the controlling step of the bi-exponential process men-

ig. 4. Rate constants of the faster process observed after the flash as a function of
H (�). Rate constants of the reverse pH jumps (©).
flavylium absorption (A); trans-chalcone absorption (B); at different pH values at

tioned above (tautomerization/de-hydration), because at low pH
values B2 reacts much faster to give AH+. Fitting was achieved
according to Eq. (11), allowing to conclude that k−t = 0.47 s−1. The
other values of Eq. (11) take into account the catalytic effect
of acid and base. These values compare with 42 M−1 s−1 and
9.4 × 1010 M−1 s−1 reported by McClelland for the flavylium ion.

kobs(Tautomerization − flash) = 0.47 + 100[H+] + 4 × 1010[OH−](1

The other limit situation occurs at higher pH values. At a cer-
tain point the hydration becomes the rate determining step of the
process and the fitting is achieved with Eq. (12)

kobs(Hydration − flash) = 0.85 + 1300[H+] (12)

2.3. Reverse pH Jumps

In the context of this work, reverse pH jumps are defined
as the absorption traces obtained after a sequence of an initial
pH jump from equilibrated solutions at pH = 0.6 in a mixture of
ethanol:water to higher pH values, immediately followed by a
pH jump back to acid (before formation of significant amounts of
Ct). The objective of these studies is to get information about the
pseudo-equilibrium that is formed (in a direct pH jump) before
formation of Ct. Regarding the reverse pH jump from pH = 3.02
to pH = 1.42, Fig. 5A, it was observed an initial absorption (mon-
itored at 450 nm) corresponding to 32% of the total flavylium as
expected for a solution that was in a pseudo-equilibrium (pKˆ

a =
2.65) between AH+ by one side and B2, B4 and Cc, by the other. The
faster kinetic process is the formation of AH+, from B2 and B4, and
the second kinetic process is the formation of more AH+ from Cc
through B2. In Fig. 5B, the initial pH of the reverse pH jump was
6.45 and in this case no initial AH+ was observed, as expected. The

amplitudes of the traces are proportional to the amounts of B2+B4
in comparison with Cc, Eq. (13).

[Cc]
[B2] + [B4]

= 1.43 (13)
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(16) reflects the fraction of flavylium cation that is formed upon
photo-induced reaction of Ct. In other words, after the irradiation
Cc equilibrates with B2, B4 and AH+ before reverting back to Ct
through the thermal recovery process of the photochromic system,
see Scheme 5.
Fig. 5. Reverse pH jumps from solutions at pH = 3

The rate constants of the faster process in the case of the reverse
H jumps should follow Eq. (14)

obs = kh2 + kh4 + k−h2[H+] + k−h4[H+] (14)

The values for the hydration constant predicted by Eq. (14) on
he basis of the data from Table 2, are 157 s−1 and 81 s−1, respec-
ively in reasonable agreement with the experimental values.

While the hydration process seems to be similar within exper-
mental error in the pH jumps and flash photolysis experiments,
he same does not occur for the tautomerization. The second and
lower process of the reverse pH jumps is controlled by the tau-
omerization reaction: B2 and B4 at the pseudo-equilibrium are
onsumed during the first kinetics and the extra flavylium formed
n the slower process takes place from Cc through B2, and should
e also controlled by k-t. However the fitting is achieved by Eq. (15).

obs = 0.1 + 8[H+] + 4 × 1010[H+] (15)

Fig. 5 shows that the tautomerization process (the rate deter-
ining step at higher proton concentrations) is not the same when

avylium is obtained after a light flash or through a reverse pH
ump. It is worth mentioning that the value obtained for k−t by

eans of the latter is in good agreement with the value reported
reviously for 4-hydroxynaphthoflavylium [5].

According to the experimental data the photochemical pro-
ess is faster than the thermal one. This can be explained only if
he photochemical process takes place through a different path-
ay. The question is which intermediate(s) are involved in this
rocess. Scheme 4 shows some additional processes that could
ccur together with photoisomerization in acidic medium. One
ossibility could be the formation of the trans-enol that would iso-
erize easily to the cis-enol and lead to B2. However, this pathway
ould imply a slow keto-enol tautomerization in the cis species,
hich in principle is not expected. One possible alternative is the

ormation of a diene intermediate I through a sigmatropic hydro-
en shift induced by light. A similar structure was proposed by
everal authors in the framework of chromene photochemistry
18–21]. This intermediate could subsequently cyclize as shown

n Scheme 4. Moreover, it is worth pointing out that this additional
athway is only participating in one way, i.e. to form AH+, and it

s not active during the thermal recovery to Ct because, as men-
ioned above, the thermal recovery is in agreement with the rate

easured in the direct pH jumps.
pH = 1.42 (A) and from pH = 6.45 to pH = 1.71 (B).

2.4. Continuous irradiations

The photochromic behavior of the system was studied by
means of continuous irradiation. Equilibrated solutions of the trans-
chalcone at moderately acidic pH values were irradiated at 397 nm
leading to the (reversible) formation of flavylium cation. The quan-
tum yields of the photochemical process are represented in Fig. 6
and are in agreement with Eq. (16), which assumes that the pseudo-
equilibrium involving AH+, B2, Cc and B4 is achieved after the
excitation of Ct.

˚ = ˚0
[H+]

[H+] + Kˆ
a

(16)

Fitting of Eq. (16) was achieved for ˚0 = 0.125 and pKˆ
a = 2.65

in perfect agreement with the pseudo-equilibrium constant. Eq.
Fig. 6. Quantum yields for flavylium formation �irr = 397 nm. I0 = 2.9 × 10−7 Einstein
min−1.
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Scheme 4.
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.5. Fluorescence emission

The fluorescence emission spectrum of the flavylium cation is
hown in Fig. 7A. Representation of the emission as a function of
H leads to a curve that inflects at higher pH values as the pK ′

a,

0

1

700600500400300

A

Wavelength (nm)

I(a.u.)

A

Fig. 7. Normalized excitation and emission spectra for AH+
pH=0

5.
as expected for a system without excited state proton transfer. The
fluorescence emission curves are coincident with those obtained by
UV–vis absorption. At lower pH values the quenching of the fluores-
cence takes place due to proton quenching, a phenomenon reported
by Weller [22] and Harris and Selinger [23] many years ago, Fig. 7B.
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43.532.521.510.50
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(A) and fluorescence quenching depending on pH (B).
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The fitting of the data in Fig. 7B was obtained by the following
xpression:

= 2.2
1 + 12[H+]

× [H+]

[H+] + 10−1.65
(17)

here I is the observed fluorescence intensity and 2.2 the fluores-
ence intensity in the absence of the quencher (H+).

In Eq. (17) the first term is equivalent to the Stern–Volmer
xpression and the second is the mole fraction distribution of the
avylium cation. On this basis the Stern–Volmer constant is equal
o 12 M−1.

. Conclusion

The rate of the conversion between flavylium cation and trans-
halcone shows a bell shape curve as a function of pH. The effect of
4 formation is similar to the quinoidal base, being a kinetic product
hat retards the conversion of AH+ into Ct. An interesting feature
f this network of chemical reactions is the fact that the kinetics
f flavylium cation formation from Cc and B2 by a thermal pro-
ess (reverse pH jumps) is slower than upon absorption of a light
ash (flash photolysis). Finally, the thermodynamic energy level
iagram of the network of the present compound, Scheme 5, com-
ared with the one of 4′-hydroxynaphthoflavylium, [5] Scheme 1,
eflects the relative stabilization of flavylium cation in the last due
o the electron donor character of the hydroxyl substituent. The
act that naphthoflavylium compounds follow the same network of
hemical reactions of flavylium compounds, in particular exhibiting
hoto induced trans–cis isomerization, extends the number of com-
ounds possessing photochromism and the possibility of shifting
he color of the photoproduct to higher wavelengths.

. Experimental

.1. Synthesis

All reagents and solvents used were of analytical grade. The
MR spectra at 298.0 K were obtained on a Bruker AMX400
perating at 400.13 (1H) and 100 MHz (13C) and deuterated
olvents were used as an internal reference. Matrix-Assisted
aser Desorption/Ionization-Time-Of-Flight-Mass (MALDI-TOF-
S) analyses were performed with the positive reflector mode.

he apparatus used is a Voyager-DETM PROBiospectrometry Work-
tation model (Applied Biosytems) and data were analysed with
oyager V5.1 software. Naphthoflavylium tetrafluoroborate was
repared from 2-hydroxy-1-naphthaldehyde and acetophenone
sing the method developed by Katritzky et al. [24] which employs
n acidic mixture composed by acetic acid, acetic anhydride
nd HBF4 instead of the traditional gaseous HCl [12]. 1H RMN
400.13 MHz, 298.0 K, CD3OD/D2O(1:1), pD < 1) ı (ppm): 10.05 (1H,
, 3J = 9.2 Hz), 8.77–8.74 (2H, m), 8.72 (1H, d, 3J = 9.6 Hz), 8.44 (2H, d,
J = 7.6 Hz), 8.17 (1H, d, 3J = 9.2 Hz), 8.13 (1H, d, 3J = 8.0 Hz), 7.95 (1H,
, 3J = 7.4 Hz), 7.86–7.78 (2H, m), 7.74 (2H, t, 3J = 8.0, 4J = 7.6 Hz); 13C
MN (100 MHz, 298.0 K, CD3OD/D2O(1:1), pD < 1) ı (ppm): 173.05,
59.57, 151.92, 144.75, 137.98, 132.37, 132.22, 131.29, 131.09,
30.43, 129.06, 128.26, 124.47, 123.93, 117.90, 117.67; MS (MALDI-
OF): m/z (%): calcd for C19H13O+: 257.10; found: 257.15 (100).
.2. Measurements

Solutions were prepared using Millipore water and spectro-
opic ethanol. The solution pH was adjusted by addition of HCl,

[

hotobiology A: Chemistry 220 (2011) 4–10

NaOH and the universal buffer of Theorell and Stenhagen [25] and
was measured on a Metrohm 713 pH meter which has a com-
bined glass electrode. UV–vis absorption spectra were recorded on
a Varian-Cary 100 Bio spectrophotometer, a Varian-Cary 5000i or a
Shimadzu VC2501-PC. Flash photolysis experiments were carried
out as reported previously [8]. Reverse pH jumps experiments were
carried out on a SX20 stopped-flow spectrometer (Applied Pho-
tophysics). Photoexcitation in continuous irradiation experiments
were carried out using a Xe lamp (150 W, �irr = 397 nm) and the inci-
dent light intensity was measured by ferrioxalate actinometry [26].
Fluorescence spectra were acquired on a Jobin Yvon Spex, Fluorolog
FL3-22.
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