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In the framework of supramolecular chemistry, synthetic
flavylium salts can be envisaged as molecular systems that
exist in different forms (multistate), which can be intercon-
verted by different external stimuli (multifunctional).!
Herein we explore a new dimension brought by ionic liquids
to flavylium chemistry.

Room-temperature ionic liquids are thermally stable salts
constituted by an organic cation and either an organic or
inorganic anion. These liquids, unlike traditional inorganic
molten salts, present a high degree of asymmetry that inhibits
crystallization at room temperatures. They are air- and water-
stable, exhibit a nonmeasurable vapor pressure, and solvate a
variety of organic and inorganic compounds. For these
reasons ionic liquids are emerging as alternative green
solvents, that is, as reaction media in many transformations
including catalysis,” biocatalysis,®) and separation pro-
cesses.

In Scheme 1 the complex network of chemical reactions in
which the compound 4',7-dihydroxyflavylium is involved is
represented.’! We selected this particular flavylium salt,
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Scheme 1. Network of reactions involving 4',7-dihydroxyflavylium in water.
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because: 1) it is stable over the whole pH range, 2) it exhibits
a variety of colored species, which are easily identified and
therefore a useful sensor to the “naked eye” in the ionic
liquids, and 3) its thermal and photochemical behavior was
previously characterized in water.”™")

In acidic water, five species of this compound can be
distinguised: the flavylium cation (AH'); the quinoidal
neutral base (A) formed upon deprotonation of AH™; the
hemiketal (B) obtained by hydration of AH™; the cis-chalcone
(Ce) resulting from tautomerization of B; and the trans-
chalcone (Ct) owing to the isomerization of Cc. However, B
and Cc are short-lived, transient species whose absorption
spectra have not been observed experimentally.””! In basic
water, ionized quinoidal base (A™) and ionized trans-chal-
cones (Ct~ and Ct"), obtained by deprotonation of the
hydroxy groups, are found in equilibrium or as transient
species.

The pH-dependent mole-fraction distribution of the
species reported in Scheme 1 are represented in Figure 1, at
equilibrium (red solid lines, bottom color bars), or as transient
forms obtained immediately upon a pH stimulus (blue dotted
lines, top color bars). From these data, it can be concluded
that equilibrated solutions of 4',7-dihydroxyflavylium are
yellow at pH <2, slightly orange-brown at pH 4-8, pale
brown-pink at around pH 9, and orange at pH > 11. On the
other hand, immediately upon a “direct” pH jump from pH 1
(yellow AH*) to pH 6 or pH 10, A (orange-brown) and A~
(pink), respectively, are formed (Figure 1a). In the case of
“reverse” pH jumps, from ~pH 12 (orange Ct°), the
transient species Ct~ (pale yellow) and Ct (colorless) can be
detected (Figure 1b). In all pH jumps, the final equilibrium is

Ct ct ct”

colorless

pale yellow orange

reached after several minutes, depending on pH and temper-
ature.

The photochemistry of 4',7-dihydroxyflavylium in water is
based on the efficient trans—cis photoisomerization of the
chalcone.®™” In a typical photochemical experiment, a
solution previously equilibrated in the pH range 3-6 and
containing ~90% Ct and ~10% A is irradiated. Depending
on the specific pH value, the formation of AH™ (yellow) or A
(orange-brown) is observed. However, these species sponta-
neously revert back to the initial equilibrium concentrations;
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Figure 1. Mole-fraction distribution of the several species of 4',7-dihy-
droxyflavylium in water, and color bars representing the corresponding
color of the solution; a) pH jumps from pH 1 (yellow AH™) to less
acidic or basic pH values lead to transient mole-fraction distributions
immediately after the jump (blue dotted lines and top color bar) that
evolve in time to reach a thermodynamic equilibrium (red solid lines
and bottom color bar); b) “reverse” pH jumps from pH 12 (orange
Ct*") to less basic or acidic solutions lead to transient mole-fraction
distributions immediately after the jump (blue dotted lines and top
color bar) that evolve in time to reach a thermodynamic equilibrium
(red solid lines and bottom color bar).

the process takes only several minutes. More information on
the kinetics of the reaction network can be achieved by flash
photolysis.*”! When the Ct species is submitted to a pulse of
light, its absorption is bleached during the lifetime of the
flash, but partial recovery of the absorbance occurs on a
timescale of seconds. These results clearly indicate the lack of
thermal barrier between the two chalcone species. On the
other hand, the absorption of AH* (or A) species increases,
indicating that not all the photoproducts (Ce) revert back to
Ct, but some go forward to form AH" (or A) (Scheme 1). The
process is complete when photochemically produced AH* (or
A) reverts spontaneously to Ct (timescale of minutes at room
temperature at pH 3.5-5.5; see Figure 3S in the Supporting
Information).

In a typical “optical memory”, the write step consists of
the use of light to irradiate the Ct species, which should give
the AH" (or A) form, whose color formation is the output of
the system, its signal. To read this signal, a wavelength at
which Ct does not absorb must be used, which can easily be
selected as the flavylium species exhibits a red-shifted
absorption band relative to the chalcones and is photochemi-
cally stable. The existence of a cis—trans thermal barrier that
prevents the back reaction is required for the operation of
such an “optical memory”, otherwise the written information
is erased before it can be read. The erasing of the “memory”
and preparation for a new cycle can be achieved by a pH jump
to basic medium, leading to C#~, followed by a “reverse” pH
jump to regain the Ct species. Some synthetic flavylium salts,
namely those with a single substituent such as an hydroxy or
methoxy group in the 4’ position, exhibit these properties in
water and have been used as models for “optical memories”.!"
The lack of the cis—trans isomerization barrier of 4')7-
dihydroxyflavylium in aqueous solutions immediately
excludes this compound for these purposes.
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When aqueous solutions of 4',7-dihydroxyflavylium are
combined with the ionic liquid 1-n-butyl-3-methylimidazo-
lium hexaflurophosphate ([bmim][PF;]), the two solutions are
not miscible, and several interesting phenomena take place.
Figure 2 describes one sequence of steps that allows a
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Figure 2. a) 1-n-Butyl-3-methylimidazolium hexafluorophosphate,
[bmim][PF6] (lower phase), 4',7-dihydroxyflavylium perchlorate in

0.01 M HCl, AH" species (upper phase); b) after moderate shaking, A
species (lower phase); c) after vigorous shaking, AH" species (lower
phase); d) after making the aqueous phase alkaline (pH 12) with mini-
mum shaking, A~ (lower phase), Ct*~ (upper phase); e) after moderate
shaking; f) after vigorous shaking, Ct*~ species (upper phase); g) after
reacidification of the aqueous phase and vigorous shaking, Ct species
(lower phase); h) after irradiation of the ionic-liquid phase at 366 nm,
AH? species.

description of a write-read—erase cycle and provides informa-
tion on the ionic-liquid properties. In a typical experiment, an
aqueous solution of 4',7-dihydroxyflavylium perchlorate (2 x
107°m, 2 mL) at pH 1.0 was added to the ionic liquid (2 mL).
Moderate shaking leads to the dissolution of all the flavylium
cation in the ionic liquid in its orange-brown quinoidal base
form, A. However, after shaking vigorously for approximately
1 minute, the bottom ionic-liquid solution becomes yellow,
indicating that A was protonated to form the AH' species.

The flavylium cation, AH*, dissolved in the ionic liquid is
the starting and finishing point of the proposed cycle.
Figures 2d, e, and f show three stages obtained upon a jump
from pH1 to pH12 in the aqueous phase. The final
equilibrium in this step is obtained with the C#~ species
completely dissolved in the aqueous phase (Figure 2 f). The
next step of the cycle consists of a pH jump in the aqueous
phase back to pH 1, followed by vigorous mixing of the two
phases. This procedure allows the Ct species formed in the
aqueous phase to dissolve completely in the ionic liquid. The
equilibrium species at this pH value (AH') is formed at a slow
rate, (after 1 hour at 40°C, less than 2% of flavylium cation
was formed) showing that, in contrast to the behavior in
water, the Ct species in the ionic liquid exhibits a very large
kinetic barrier that prevents rapid cis—trans isomerization, a
requirement for a “memory” model.

It is known that ionic liquids based on the imidazolium
cation (im) have an organized layer-by-layer structure and are
not an ensemble of statistical aggregates of anions and
cations.” In line with reported strong interactions between
ionic liquids and solutes capable of m—m, n—m, or hydrogen
bonding,“**! a strong interaction of the Ct form with the ionic
liquid is expected. The large kinetic barrier of cis—trans
isomerization in the ionic liquid can be explained by this more
rigid and stable distribution of Ct in the ionic liquid that needs
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to be disrupted during the thermal isomerization owing to the
formation of less-planar intermediates, as well as by the large
viscosity of the ionic liquid.

The spectral variations that occur upon steady-state
irradiation at 365 nm of the Ct species dissolved in the ionic
liquid are qualitatively similar to those previously reported
for the 4’,7-dihydroxyflavylium in pure water (see Supporting
Information).!*” Flash photolysis measurements are reported
in Figure 3. Two processes that follow the light pulse were
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Figure 3. Flash photolysis of the Ct species in the ionic liquid, mea-
sured at: a) 360 nm (Ct absorption); b) 475 nm (AH*/A absorption).

identified. The first corresponds to the bleaching of the
solution at 360 nm, which occurs during the lifetime of the
flash. This process can be assigned to the cis—trans isomer-
ization. The second process is the formation of AH* from Ce
(k=0.5s"") clearly shown by the increasing absorption at
475 nm. According to the traces in Figure 3, neither recovery
of the Ct absorption (Figure 3a) nor a decrease in AH*
absorption (Figure 3b) was observed, confirming the exis-
tence of the thermal barrier.!"”)

In conclusion, the following write-read—erase cycle can be
proposed:'l 1) the write step consists of the irradiation of the
Ct species dissolved in the ionic liquid, with formation of
flavylium cation, AH*; 2) the information thus obtained can
be read at a wavelength at which the AH* (or A) absorbs but
the Ct species does not, e.g. 475 nm; 3) to erase the system and
prepare it for a new cycle, a sequence of operations need to be
carried out: a jump to pH 12 and vigorous shaking to extract
the compound from the ionic liquid into water in its Ct*~
form, followed by a second jump back to pH 1.0 and vigorous
shaking to dissolve the Ct species in the ionic liquid
(Scheme 2).
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Scheme 2. \Write—read—erase cycle of 4',7-dihydroxyflavylium in a bipha-
sic water/[bmim][PF6] system.
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The advantage of the present cycle is that no significant
mass variation occurs in the ionic liquid. Moreover, the top
aqueous solutions or even the synthetic flavylium salt can be
removed from the ionic liquid and substituted if necessary.
Tonic liquids extend the possibility of using synthetic flavy-
lium salts that lack a Ct—Cec thermal barrier, e.g. 4',7-
dihydroxyflavylium, as models for “optical memories”.

Received: October 21, 2003 [Z53131]

Keywords: ionic liquids - molecular switches - optical memory -
photochemistry

www.angewandte.de

[1] a) F. Pina, M. Maestri, V. Balzani, Handbook of Photochemistry
and Photobiology, Vol. 3, American Scientific Publication,
Research Triangle Park, 2003, chap. 9, pp. 411-449; b) F. Pina,
M. J. Melo, M. Maestri, R. Ballardini, V. Balzani, J. Am. Chem.
Soc. 1997, 119, 5556 -5561; c) F. Pina, A. Roque, M. J. Melo, M.
Maestri, L. Belladelli, V. Balzani, Chem. Eur. J. 1998, 4, 1184 -
1191; d) F. Pina, M. J. Melo, M. Maestri, P. Passaniti, V. Balzani,
J. Am. Chem. Soc. 2000, 122, 4496-4498; e) A. Roque, C.
Lodeiro, F. Pina, M. Maestri, S. Dumas, P. Passaniti, V. Balzani, J.
Am. Chem. Soc. 2003, 125, 987-994.

a) S. V. Dzyuba, R. A. Bartsch, Angew. Chem. 2003, 115, 158—

160; Angew. Chem. Int. Ed. 2003, 42,148 -150; b) K. R. Seddon,

Nat. Mater. 2003, 2, 1; c¢)J. H. DavisJr. , P. A. Fox, Chem.

Commun. 2003, 1209-1212; d) H. Zhao, S. V. Malhotra, Aldri-

chimica Acta 2002, 35, 75-83; e) J. F. Brennecke, E. J. Maginn,

AIChE J. 2001, 47, 2384 -2389; f) J. Dupont, C. S. Consorti, J.

Spencer, J. Braz. Chem. Soc. 2000, 11, 337-344; g) P. Wasser-

scheid, W. Keim, Angew. Chem. 2000, 112, 3926 -3945; Angew.

Chem. Int. Ed. 2000, 39, 3772-3789; h) T. Welton, Chem. Rev.

1999, 99, 2071 -2083.

[3] a)J. Dupont, R. F. de Souza, P. A. Z. Suarez, Chem. Rev. 2002,

102, 3667-3692; b) R. Sheldon, Chem. Commun. 2001, 2399 -

2407; ¢) C. M. Gordon, Appl. Catal. A 2001, 222, 101-117.

a) J. D. Holbrey, A. E. Visser, S. K. Spear, W. M. Reichert, R. P.

Swatloski, G. A. Broker, R. D. Rogers, Green. Chem. 2003, 5,

129-135;b) E. D. Bates, R. D. Mayton, I. Ntai, J. H. Davis, Jr., J.

Am. Chem. Soc. 2002, 124, 926-927; c) L. C. Branco, J. G.

Crespo, C. A. M. Afonso, Angew. Chem. 2002, 41, 2895-2897,

Angew. Chem. Int. Ed. 2002, 41, 2771-2773; d) L. C. Branco,

J. G. Crespo, C. A. M. Afonso, Chem. Eur. J. 2002, 8,3865—3871;

e) T. Schifer, C. M. Rodrigues, C. A. M. Afonso, J. G. Crespo,

Chem. Commun. 2001, 1622-1623; f) A. G. Fadeev, M. M.

Meagher, Chem. Commun. 2001, 295—-296.

[5] F. Pina, L. Benedito, M. J. Melo, A.J. Parola, J. C. Lima, A. L.
Maganita, An. Quim. Int. Ed. 1977, 93, 111-118.

[6] M. Maestri, R. Ballardini, F. Pina, M. J. Melo, J. Chem. Educ.
1997, 74, 1314 -1316.

[7] F. Pina, M. J. Melo, R. Ballardini, L. Flamigni, M. Maestri, New
J. Chem. 1997, 21, 969 -976.

[8] a)J.-F. Huang, P--Y. Chen, 1.-W. Sun, S. P. Wang, Inorg. Chim.
Acta 2001, 320, 7-11; b)J. Dupont, P. A.Z. Suarez, R. F.
De Souza, R. A. Burrow, J.-P. Kintzinger, Chem. Eur. J. 2000,
6, 2377-2381; c) P. Bonhote, A.-P. Dias, N. Papageorgiou, K.
Kalyanasundaram, M. Gritzel, Inorg. Chem. 1996, 35, 1168 -
1178; d) J. Fuller, R. T. Carlin, H. C. De Long, D. Haworth, J.
Chem. Soc. Chem. Commun. 1994, 299 —300.

[9] J. L. Anderson, J. Ding, T. Welton, D. W. Armstrong, J. Am.
Chem. Soc. 2002, 124, 14247 -14254.

[10] Compare with Figure 3S in the Supporting Information.

[11] An identical cycle was performed with [bmim][NTf,] (Tf= tri-
fluoromethanesulfonyl). In this case, the ionic-liquid phase is
more turbid, thus making spectrophotometric measurements
difficult.

2

—

(4

—_—

© 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Chemie

1553


http://www.angewandte.de

