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In aqueous solution the 4∞-hydroxyflavylium ion (AH+) can be interconverted into several different neutral forms
by light excitation and/or pH changes. All the observed processes are fully reversible and accompanied by strong
changes in absorption and emission spectra. This system exhibits properties required by optical memory devices
with multiple storage in two different memory levels and non-destructive readout capacity through a write–
lock–read–unlock–erase cycle. The effect of micelles on the pH and light induced interconversion of AH+ and its
neutral forms has been investigated. Negatively charged sodium dodecyl sulfate micelles stabilize AH+ , whereas the
positively charged cetyltrimethylammonium bromide and neutral polyoxyethylene(10) isooctyl phenyl ether (Triton
X-100) micelles stabilize the uncharged (basic) forms. Besides affecting the molar fraction distribution of the
various species, the presence of micelles also influences their interconversion rates. Addition of micelles can
therefore be considered as a third external stimulus (besides light excitation and pH jump) capable of changing the
state of this multistate/multifunctional molecular-level system. Particularly interesting is the possibility to change the
autolock pH of the photochromic reaction by addition of micelles.

readout capacity through a write–lock–read–unlock–eraseIntroduction
cycle.25 We report here the results of an investigation on the

Current computers are based on sets of components (wires, effect of micelles on the pH and light induced interconversion
switches, transistors, etc.) constructed by the ‘top down’ of AH+ and its neutral forms. It is shown that micelles can
approach. This approach, however, has arrived close to its be considered as a third external stimulus (besides light
intrinsic limitations. A necessary condition for further miniatu- excitation and pH jump) capable of changing the state of this
rization to increase the power of information processing and multistate/multifunctional molecular-level system.
computation is the ‘bottom up’ construction of molecular-
level components able to perform the functions needed (chemi-

Results and discussioncal computer).1,2 The possibility that future computers may
be based on solution instead of on solid-state systems should Aqueous solution
also be taken into consideration.3 In this context, the design

Before discussing the micelle effect on the structural transform-and construction of molecular-level systems capable of existing
ations of 4∞-hydroxyflavylium ion (AH+ , Scheme 1), it isin different forms that can be interconverted by external stimuli
necessary to recall the main properties of this system.25 Inis a topic of great interest not only for basic studies, but also
aqueous solution AH+ is thermodynamically stable only atfor innovative applications.1–12
pH<1.0. The behaviour of the system after a pH jump fromMolecules that can exist in two forms, interconvertible by
pH<1.0 to less acidic or neutral media is governed by twoan external input, have been extensively investigated. Typical
pseudoequilibria and a thermodynamic equilibrium, sche-examples of such molecules are the photochromic compounds
matically shown in eqns. (1)–(3),where the input causing the switching between the two forms

is light.12 Much less attention has been devoted to systems AH+ =A+H+ pK1=5.53 at 25 °C (1)
capable of existing in more than two forms (multistate) and

AH+ =A+B+Cc+H+ pK2=4.4 at 25 °C (2)that can be interconverted by more than one type of external
stimulus (multifunctional ).13,14 It is well known that flavylium-

AH+ =Ct+H+ pK3=1.9 at 60 °C (3)type ions, which have basically the chemical structure as
natural anthocyanins,15 can undergo multiple structural trans- which are achieved in very different timescales. The first
formations in aqueous solution.16–21 In the case of 4∞- pseudoequilibrium (1) is due to a proton transfer reaction
hydroxyflavylium ion the most important species involved are involving the flavylium cation and its quinoidal base A. This
shown in Scheme 1. All the observed processes are reversible process occurs in the submillisecond timescale and its kinetics
and accompanied by strong changes in absorption and emis- can only be measured by very fast techniques, such as tempera-
sion spectra. We have recently investigated the thermal and ture jumps. The second pseudoequilibrium (2), which is
photochemical reactions of several flavylium ions and have attained on the timescale of minutes, is generally controlled
emphasized the multistate/multifunctional character of the by the hydration reaction that leads from AH+ to B (+Cc).
chemistry of these compounds.22–28 In particular, we have The thermodynamic equilibrium (3) is reached only after a
shown that the 4∞-hydroxyflavylium ion (AH+) exhibits long time (from several minutes to days depending on tempera-
properties required by optical memory devices with multiple ture and pH ) and leads to the stable (in neutral or slightly

acidic solutions) Ct form.storage in two different memory levels and non-destructive
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Scheme 1 Structural transformations of the 4∞-hydroxyflavylium ion. Only the most important forms are shown.

An important characteristic of the structural changes of the
4∞-hydroxyflavylium ion is the presence of a large kinetic
barrier that makes difficult the thermal cis–trans isomerization
reaction between Cc and Ct . This is the reason why it is
possible to obtain pseudo-stable solutions far from the thermo-
dynamic equilibrium. For example, Ct can be stored in the
dark at pH 2 and room temperature for a long period of time.
The situation can be visualized using an energy level diagram
such as that shown in Fig. 1. At pH 0, AH+ is the thermo-
dynamically stable species. Upon a jump to pH 5.5 equal
quantities of AH+ and A are present. Then, a pseudoequilib-
rium state is reached involving the species AH+ , A, Cc and B,
eqn. (2). On a longer timescale, the thermodynamic equilib-
rium of all the species is attained with formation of Ct , eqn. Fig. 2 Molar fraction distribution of the various species in aqueous
(3). The pH dependent molar fraction distributions of the five solution at 25 °C as a function of pH for the 4∞-hydroxyflavylium ion.
species in the thermodynamic equilibrium (solid lines) and in Solid lines refer to the species obtained at the thermodynamic equilib-

rium. Dashed lines refer to the pseudoequilibrium reached in thethe pseudoequilibrium (dashed lines) states are shown in Fig. 2.
minute timescale.Another important property is that irradiation of the

thermodynamically equilibrated system [eqn. (3)] at pH>3,
where the almost exclusive component is Ct, leads to Cc and therefore gives rise to the pseudoequilibrium described by eqn.

(2). With reference to Fig. 2, we can say that light excitation
changes the molar fraction distribution from the solid lines to
the dotted lines.

Since the Ct and Cc forms can be interconverted by means
of light excitation, a write–lock–read–unlock–erase cycle can
be performed starting from Ct, as in Scheme 2.25 The writing
step is carried out by irradiation of the Ct species, for example

Fig. 1 Energy level diagram for the species involved in the pH jump
and flash-photolysis experiments carried out on the 4∞-

Scheme 2 Write–lock–read–unlock–erase cycle starting from the Cthydroxyflavylium ion. The ratio between the molar fractions of Ccand B is ca. 151. For simplicity these two species are represented by form of the 4∞-hydroxyflavylium compound. For simplicity the B form,
which is in a ca. 151 molar ratio with Cc , is not shown.the same energy level.

2266 J. Mater. Chem., 1999, 9, 2265–2269



at pH 7, giving rise to Cc and B (these two species are in fast a similarity suggests that the flavylium species tend to be
located at the micelle surface.equilibrium and in an approximate 151 molar ratio). As

mentioned above, in the case of the 4∞-hydroxyflavylium ion More recently, Maçanita et al.31 observed that in SDS
micelles the pH domain of the red color of the flavyliumthere is a large kinetic barrier that prevents the thermal, back

isomerization reaction (this is not the case for other flavylium cation of the natural anthocyanin Malvin is shifted to higher
pH values.ions).28 In spite of its thermal stability, Cc cannot be optically

detected without being destroyed because the photoisomeriz- Fig. 3 shows the molar fraction distribution of the various
species in the presence of CTAB micelles. Comparison withation reaction is reversible. In order to overcome this difficulty,

it is necessary to transform Cc (and B) into AH+ . This locking Fig. 2 shows that the pH domain of all the species is shifted
to more acidic regions. It can also be noticed that the molarstep can be performed by a pH jump to a more acidic medium

(Scheme 2). When the initial pH is sufficiently low, the system fraction distribution of the species involved in eqn. (2) is
modified, with a significant decrease in the concentration ofundergoes autolocking. Since AH+ is stable under light exci-

tation the system can then be read without being erased. When the quinoidal base A. Under such conditions, a write–lock–
read–unlock–erase cycle can again be performed, but withnecessary, the system can be unlocked by a jump to higher pH

values, with formation of Cc and B, and finally erased by light different characteristics compared with the system in the
absence of CTAB micelles. In particular, the autolock pH inor high temperature.

From the kinetic viewpoint, writing (by flash photolysis) is the presence of CTAB micelles is 1.9, and at this pH 25% of
the species at thermodynamic equilibrium are already presenta fast process, locking and unlocking occur in the second

timescale, and thermal erasing requires days even at high as AH+ , so that only 75% conversion of Ct can take place. In
the presence of Triton X micelles a quite similar behavior istemperature (hours at the autolock pH ).

As we have seen above, in the write–lock–read–unlock–erase observed.
In the case of the negatively charged SDS micelles, the pHcycle autolocking takes place when an appropriate pH value

is chosen. The most suitable pH value for autolocking results domain of all the species is shifted to higher values (Fig. 4).
The molar fraction distribution of the quinoidal base A at thefrom a compromise between the needs to have the largest

amount of Ct at the thermodynamic equilibrium described by basic plateau is much higher than in water. The autolock pH
is around 5.5, and the maximum conversion of Ct is ca. 90%.eqn. (1), and the largest amount of AH+ in the pseudoequilib-

rium described by eqn. (2). This is the pH where the solid line
representing the molar fraction of Ct crosses the dotted line Steady state irradiation. Fig. 5 shows the spectral variations

observed upon continuous irradiation of an aqueous solutionrepresenting the molar fraction of AH+ (pH 3.1, Fig. 2).
of the Ct form of 4∞-hydroxyflavylium ion with 365 nm light
in the presence of CTAB micelles at the autolock pH valueEffect of micelles
(1.9). As in the case of solutions not containing micelles,25

Molar fraction distribution. It is well known that in aqueous the decrease of the Ct absorption band with lmax=350 nm is
solution cetyltrimethylammonium bromide (CTAB), polyoxy- accompanied by an increase of the AH+ absorption band with
ethylene(10) isooctyl phenyl ether (Triton X-100), and sodium

lmax=436 nm. For the other two micelles the qualitative
dodecyl sulfate (SDS) give rise to micelles when their concen- behaviour at the autolock pH value is quite similar. The values
tration is higher than a critical value.29 We have investigated
the thermal and photochemical reactions of 4∞-
hydroxyflavylium ion (5×10−5 M) in the presence of such
micelles (5×10−2 M) and found that they profoundly affect
the thermodynamic and kinetic parameters of the system.

The pK values for the equilibria (1)–(3) in the absence and
in the presence of micelles are gathered in Table 1. The three
equilibria refer to the acid dissociation of AH+ to yield neutral
species. The results obtained show that: (i) the negatively
charged SDS micelles stabilize AH+ ; (ii) the positively charged
CTAB, and to a minor extent, the neutral Triton X micelles
destabilize AH+ ; (iii) the effect of a micelle on the three
equilibria is qualitatively the same, but quantitatively different.

The observed effect is consistent with the results reported
for similar systems. For example, in an elegant set of experi-

Fig. 3 Molar fraction distribution of the various species in CTABments Fernández and Fromherz30 studied the fluorescence of micelles solution at 25 °C as a function of pH for the 4∞-
aminocoumarin and hydroxycoumarin located at the surface hydroxyflavylium ion. Details as in Fig. 2.
of micelles and found that the magnitude and direction of the
DpKa values were related to the charge of the micelle (negative
and positive shift, respectively, for positively and negatively
charged micelles). They also observed a negative shift in the
case of neutral micelles and attributed it to the reduction of
the polarity at the micelle surface. The DpKa values they
reported are similar to those obtained for our systems. Such

Table 1 Effect of micelles on the equilibria involving 4∞-
hydroxyflavylium, eqns. (1)–(3)a

CTAB Triton X-100 Water SDS

pKI 3.1 3.7 5.5 6.7
pKII 2.2 2.8 4.4 6.4
pKIII 1.3 2.0 1.9b 3.9 Fig. 4 Molar fraction distribution of the various species in SDS

micelles solution at 25 °C as a function of pH for the 4∞-aAqueous solution at 25 °C, unless otherwise noted. bAt 60 °C.
hydroxyflavylium ion. Details as in Fig. 2.
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order kinetics with the same rate constant at 310 and 450 nm.
It corresponds to the disappearance of Cc and B (which exhibit
a moderate absorption at 310 nm) with formation of AH+
(lmax=436 nm).

The efficiency of the writing step at the autolock pH value
depends on the photoisomerization quantum yield as well as
on the rate of conversion of Cc and B into AH+ . As mentioned
above, the presence of micelles increases the quantum yield in
all cases, whereas the rate of conversion of Cc and B into
AH+ depends on the specific system. The rate of the erasing
process is also slightly different for the various systems
(Table 2). In SDS we observe the highest writing and erasing
rates.Fig. 5 Spectral changes caused by continuous irradiation of an aque-

ous solutions of the Ct form of 4∞-hydroxyflavylium ion with 365 nm
light in the presence of CTAB micelles at the autolock pH value (1.9); Micelles as an input
[Ct]=5×10−5 M. The curves correspond to the following irradiation

Network of chemical processes. In a previous investigationtimes: 0; 0.25; 0.5; 0.75; 1; 1.5; 2; 3; 4; 5; 10 min.
we showed that interconversion of the various forms of the
system based on the 4∞-hydroxyflavylium ion can be governedof the quantum yield of the CtACc photoisomerization reac-
by two different external inputs, namely light excitation andtion at the autolock pH value for the solutions containing
changes in pH. The results obtained in this study show thatmicelles is about twice that obtained in the absence of micelles
the state of the system can also be changed by another external(Table 2).
stimulus, namely addition of micelles. This adds a new dimen-
sion to the already complex network of processes25 that canKinetic effects. Table 2 shows the effect of micelles on the
be obtained with this system. For example, starting from a Ctrate constants of the write and erase processes at the autolock
solution at pH 5.5, besides the previously described write–pH value. As far as the writing step is concerned the four
lock–read–unlock–erase cycle, an alternative cycle can besystems exhibit the same qualitative behavior, illustrated in
designed based on addition of SDS micelles and exploiting theFig. 6 for a solution containing CTAB micelles. After flash
autolocking and thermal erasing processes of this systemexcitation of Ct two absorbance changes can be detected. The
(Scheme 3).first one, observed only at 310 nm where Ct shows a strong

From the viewpoint of logic operations,6,26,32,33 it can beabsorption band, is finished during the lifetime of the flash
noticed that starting from Ct at pH 5.5 and taking the forma-(several microseconds). It corresponds to the formation of Cc tion of the AH+ absorption at 436 or 450 nm as an output,and B at the expense of Ct. No flavylium cation is formed in
the ‘truth’ table for the effect of the three inputs (pH jump tothis step. The second process takes place according to first
1.0, addition of SDS, light excitation) shows a peculiar
(Table 3) pattern corresponding to an OR function which is

Table 2 Kinetic effect of micelles at the auto-lock pHa activated only in the presence of the third input (enabled OR).

Autolock kwrite/ 105 kerase/pH W b s−1 c s−1 d Conclusion
CTAB 1.9 0.08 0.09 12.0 We have investigated the effect of micelles on pH and light
Triton X-100 2.4 0.10 0.06 8.3 induced processes that can be observed for the 4∞-
SDS 5.5 0.09 2.3e 18.0 hydroxyflavylium ion. It has been shown that both the thermo-Water 3.2 0.04 0.7 7.8

dynamic and kinetic parameters of these processes are affected
aAqueous solution at 25 °C. bQuantum yield of the C

t
�C

c
photoiso- by the presence of micelles. In particular, negatively charged

merization reaction. cRate constant of the ‘writing’ reaction (SDS) and positively charged (CTAB) micelles have theC
c
(B)�AH+. dRate constant of the ‘erasing’ reaction AH+�C

t
at

opposite effect on the acid/base equilibria present in this60 °C. eIn the flash photolysis detection limit.

Scheme 3 Write–lock–read–unlock–erase cycles starting from the Ctform at pH 5.5. Left-hand side: light and pH jump inputs in the
Fig. 6 Changes in absorbance observed after flash light excitation of absence of micelles. This part is equivalent to the cycle in Scheme 2.

Right-hand side: light input at the autolocking pH in the presence ofan aqueous Ct (5×10−5 M) solution containing CTAB micelles.
(a) Absorbance increase at 450 nm; (b) absorbance decrease at 310 nm. SDS micelles.
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Table 3 Logic behaviour of the system starting from C
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at pH 5.5 9 A. P. de Silva, H. Q. N. Gunaratne, T. Gunnlaugsson,
A. J. M. Huxley, C. P. McCoy, J. T. Rademacher and T. E. Rice,
Chem. Rev., 1997, 97, 1515.Inputs

10 V. Balzani, A. Credi and F. Scandola, Chim. Ind. (Milan), 1997,
79, 751.I II III Output

pH jump�1 SDS micelle hn (365 nm) A (450 nm) 11 Chemosensors for Ion and Molecular Recognition, eds.
A. W. Czarnik and J.-P. Desvergne, Kluwer, Dordrecht, 1997.

12 Photochromism—Molecules and Systems, eds. H. Dürr and1 0 0 0
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