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bstract

The network of chemical reactions of the compound 4′-methoxyflavylium was studied in the presence of SDS micelles, using stopped-flow,
V–vis absorption and flash photolysis techniques. The results were compared with analogous experiments carried out in water. The large
tabilization of the flavylium cation onto the micelles was proven to be due to an increase in the rate of the dehydration reaction, rather than a
ecrease of the hydration reaction; the cis–trans isomerisation of the chalcone was not affected by the micelles. It is shown that SDS micelles can
e considered as an external stimulus capable of changing the system from one state to another.

2006 Elsevier B.V. All rights reserved.
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. Introduction

The design and construction of molecular-level electronic
evices, mimicking the functions performed by macroscopic
lectronic components is of great interest in the emerging field
f nanotechnology [1–8]. In this context, the investigation of
olecules that can exist in two forms, interconvertible by an

xternal input (switching), is of fundamental importance not
nly for basic studies, but also for innovative applications [5–9].
ypical examples of such molecules are the photochromic com-
ounds where light has the role of the switching input [4b–9].
ery important are also the systems capable of existing in more

han two forms (multistate) and that can be interconverted by
ore than one type of external stimuli (multifunctional) [10–14].

t is well known that flavylium-type ions, which have basically
he chemical structure of natural anthocyanins [15] can undergo
ultiple structural transformations in aqueous solution that can
e driven by light excitation and pH changes [16–21]. We have
nvestigated the thermal and photochemical reactions of sev-
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ral flavylium ions, emphasizing the multistate/multifunctional
haracter of the chemistry of these compounds [22–34]. In par-
icular, we have shown that flavylium-type systems with a large
inetic barrier for the isomerisation reaction (either forward or
ackward) can perform write-lock–read–unlock–erase cycles
30] thus exhibiting the properties required by optical mem-
ry devices with multiple storage and non-destructive readout
apacity.

Among the various synthetic flavylium salts, 4′-methoxy-
avylium ion was probably the first whose chemical and
hotochemical behaviour was carefully investigated. In 1980,
cClelland and Gedge, [18] by using pH-jump techniques,

dentified seven species that can be mutually interconverted
epending on the experimental conditions (Fig. 1). This multi-
tate system was able to perform write-lock–read–unlock–erase
ycles [23], and was also explored in the mimicry of some
lementary properties of neurons [24].

To extend our knowledge on this system, we investigate and
eport here the results on the effect of sodium dodecylsulfate
SDS) micelles on the pH and light induced interconversion of

he 4′-methoxyflavylium cation and its neutral forms. It is shown
hat micelles can be considered as a third external stimulus
besides light excitation and pH jump) capable of changing the
tate of this multistate/multifunctional molecular-level system.

mailto:fjp@dq.fct.unl.pt
mailto:mmaestri@ciam.unibo.it
dx.doi.org/10.1016/j.jphotochem.2006.07.001
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Fig. 1. Species present in aqueous solutions of 4′-methoxyflavylium.

. Results and discussion

.1. Aqueous solution

Fig. 1 shows the species originated upon dissolution of 4′-
ethoxyflavylium perchlorate in aqueous solution as well as the

eversible processes connecting them [18,23].
The complex network of species of Fig. 1 can be accounted

or by the set of equilibria defined in Eqs. (1)–(7):

H+ + 2H2O
kh�
k−h

B2 + H3O+, Kh (1)

H+ + 2H2O
k4
h�

k4
−h

B4 + H3O+, K4
h (2)

2
kt�
k−t

Cc, Kt (3)

c
ki�
k−i

Ct, Ki (4)

H+ + OH−kOH
h�

kOH
−h

B2, KOH
h (5)

c + H2O
kac�
k−ac

Cc− + H3O+, Kac (6)

t + H2O
kat�
k−at

Ct− + H3O+, Kat (7)

he flavylium cation AH+ is the stable form in strongly acidic
olutions. In moderately acidic or neutral solutions, the thermo-
ynamically stable form is the neutral trans-chalcone species,
t, which is formed from AH+ through the two intermediate
ompounds B2 and Cc. B2 is a hemiketal species, obtained by
ydration at position 2 of the flavylium cation (Eq. (1)), and
c is a cis-chalcone, formed from the hemiketal B2 through a

automeric process (Eq. (3)). The AH+ form can also hydrate in

e
l
(

otobiology A: Chemistry 185 (2007) 383–390

osition 4 to give the B4 species (Eq. (2)). At the equilibrium,
his process leads to the formation of very small amounts of B4
always less than 1% of B2) and can thus be neglected. How-
ver, the analysis of the kinetic processes should account for the
ransient formation of this species.

Cc and Ct can be thermally equilibrated (Eq. (4)) or photo-
hemically interconverted. Moreover, the Cc and Ct forms can
ndergo deprotonation to give the respective monoanions (Eqs.
6) and (7), respectively) which, being cis/trans isomers, can in
rinciple be also interconverted by light excitation.

The interesting feature of these systems is that the AH+ and
2 forms can be reversibly interconverted by pH changes (Eq.

1)), [16–19] whereas Cc and Ct (often also Cc− and Ct−) can
e interconverted photochemically [20–34]. Since the B2 and
c forms are in tautomeric equilibrium (Eq. (3)), it follows that
H and light stimulations can be used to cause interconversion
mong all the species interconnected by the very intricate series
f chemical reactions shown in Fig. 1.

As shown previously [35,36] the mole fraction of the acidic
orm AH+ can be obtained from Eq. (8):

[AH+]

C0
= α = [H+]

[H+] + K′
a

(8)

here C0 is the total concentration and K′
a is given by Eq. (9)

when Eq. (2) is ignored):

′
a = Kh + KhKt + KhKtKi (9)

q. (8) accounts for the complex equilibria described by Eqs.
1), (3) and (4) in terms of a single acid–base equilibrium (Eq.
10)), between the acidic species AH+ and a conjugated base CB
aving a concentration equal to the sum of the concentrations of
2, Cc and Ct, and a mole fraction given by Eq. (10) [36]:

H+ � CB + H+, K′
a (10)

[CB]

C0
= [B2] + [Cc] + [Ct]

C0
= β = K′

a

[H+] + K′
a

= 1 − α

(11)

he individual expressions of the mole fractions of each compo-
ent of CB can be easily calculated [36]; if the pH is sufficiently
igh to consider all the compounds in the form of CB (β = 1),
he relationships shown in Eq. (12) apply:

[B2]

C0
= Kh

K′
a
,

[Cc]

C0
= KhKt

K′
a

,
[Ct]
C0

= KhKtKi

K′
a

(12)

he global constant K′
a (defined in Eq. (9)) can be experimen-

ally determined following the decrease of the absorbance of the
avylium cation (e.g., the mole fraction of AH+) as a function
f pH. The remaining constants can be calculated measuring the
ole fraction of each component of CB at the equilibrium, when
H+ is no longer present. This is not a trivial task, and in most

ases NMR techniques must be used associated with pH jumps.

A useful approach is to consider the existence of a pseudo-

quilibrium state, which is attained when all the species equi-
ibrate, prior to the formation of the trans-chalcone, Ct, Eq.
13). This approach is valid whenever a thermal barrier between
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ig. 2. Mole fraction distribution of the various species originated by the 4′-
ethoxyflavylium salt in aqueous solution at 25 ◦C as a function of pH, imme-

iately after dissolution (- - -) and after final equilibration (—).

he cis, and trans chalcones occurs, as is the case with 4′-
ethoxyflavylium [18,23]. It is easy to show that in this case

he pseudo-equilibrium constant is given by Eq. (14), and that
ts determination can also be obtained following the absorbance
ecrease of the flavylium cation as a function of pH, in these
recise conditions [36]:

H+ � B2 + Cc + H+, K̂a (13)

ˆ a = Kh + KhKt (14)

cClelland and Gedge determined the thermodynamic and the
inetic constants of almost all the processes involved in the neu-
ral and acidic region [18]. Suitable elaboration [23] of the results
btained by McClelland and Gedge [18] leads to the plot of Fig. 2
hat shows the mole fraction distribution of the various species
n aqueous solution at 25 ◦C as a function of pH at both the
seudo-equilibrium and the final thermodynamic equilibrium.

It can be seen that the thermodynamically stable form in the
H range 2–8 is the trans-chalcone, Ct, which, at higher pH
alues, is transformed into its anion, Ct− (Fig. 2, solid lines).
n strongly acidic solutions, AH+ becomes thermodynamically
table; however, Ct can hardly be converted to AH+ because of
he very large activation barrier (93 kJ mol−1, pH 4.0, 30–65 ◦C
emperature range) [23] involving isomerisation of Ct to the
ntermediate compound Cc. Furthermore, a solution of AH+ is
table for several days at room temperature below pH 3. Under
uch conditions, a very large kinetic barrier prevents conversion
f AH+ to the thermodynamically stable Ct form via B2 and
pecies. At higher pH values, however, AH+ is very reactive
18,23]. For example, starting from an aqueous solution of AH+

t 25 ◦C and pH 1, a pH jump to pH 4.29 leads within a few
econds to a pseudo-equilibrium consisting of 50% AH+, 33.2%
2, 0.3% B4 and 16.5% Cc (Fig. 2, dashed lines). A much

lower reaction follows (half-life 19.7 h), resulting in complete
onversion to the thermodynamically stable form Ct.

We have recently [23] studied the photochemical behaviour
f the 4′-methoxyflavylium ion and we have found that the Ct
nd Cc forms are photochemically reactive and that the effect

f irradiation (either continuous or pulsed) depends on the pH
f the solution. In particular, continuous irradiation of aqueous
olutions of Ct at pH 1.0 with 365 nm light converts Ct into AH+,
ithout formation of measurable amounts of other products. At

2

m
s

ig. 3. Absorption spectra of the three main species originated by the 4′-
ethoxyflavylium salt in acidic conditions.

H 1.0, no back reaction takes place and irradiation with 434 nm
ight, corresponding to the maximum of the absorption band of
H+ (Fig. 3) causes no effect.
Irradiation of Ct at pH 4.0 leads to a mixture AH+, Cc and

2, but some thermal back reaction back to Ct was observed. At
his pH, the rate of the back reaction is temperature dependent.
t pH 7.0, in agreement with the data shown in Fig. 2, irradiation
f Ct shows the formation of the pseudo-equilibrated mixture of
pen-closed, Cc and B forms. The thermal back reaction is fast,
nd complete disappearance of Ct cannot be observed. Flash
xcitation [23] of aqueous solutions of Ct at 25 ◦C causes the
isappearance of Ct, and the formation of Cc; then, depending
n pH, as Fig. 2 shows, Cc equilibrates with B2 (4 < pH < 8)
r leads to AH+ through B2 (pH ≤ 2), or gives an equilibrated
ixture of the three forms AH+, Cc and B (2 < pH < 5). The

ates of AH+ and B formation can be thus determined by means
f the proper transient spectroscopy. Finally, at pH > 3 the back
eaction follows, turning the system to its initial situation (Ct
orm).

.2. Effect of SDS micelles

Sodium dodecyl sulphate (SDS) gives rise to micelles when
ts concentration is higher than a critical value [37]. We have
nvestigated the thermal and photochemical reactions of 4′-

ethoxyflavylium ion (ca. 5 × 10−5 M) in the presence of such
icelles ([SDS] = 0.1 M) and we have found that they pro-

oundly affect the thermodynamic and kinetic parameters of the
ystem.

The absorption spectra of the four main species in acidic
edia (namely AH+, B2, Cc and Ct) in SDS are practi-

ally identical to the absorption spectra of the same forms
n pure water (Fig. 3). Among these species, only the 4′-
ethoxyflavylium cation is strongly colored (λmax = 449 nm,
= 42,000 M−l cm−1). The red-shift of the first singlet of AH+,
n going from water (435 nm) to SDS is indicative of incorpo-
ation of the cationic chromophore into the anionic detergent
icelles [38–40].
.2.1. Steady state measurements
Fig. 4 shows the UV–vis absorption spectra of 4′-

ethoxyfiavulium in SDS solutions at different pH values. The
pectra were run immediately after a pH jump from a stock solu-
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ig. 4. Spectral changes of 2.4 × 10−5 M 4′-methoxyflavylium perchlorate in 0
fter the pH jump. pH values: 2.74, 3.51, 4.78, 5.09, 5.36, 5.73, 6.28, 7.14, 7.89

ion at pH 1.0 to various acidic or neutral pH values (Fig. 4A)
nd 7 days later (Fig. 4B).

The spectral changes in the presence of SDS micelles
re qualitatively similar but quantitatively different from the
ehaviour in pure water. A higher pH is needed to obtain a
omplete conversion of AH+ into B and Cc (immediately after
he pH jump) or Ct (after 7 days in the dark). The spectral
hanges of the bands at 450 nm (AH+ disappearance, Fig. 4A)
r 350 nm (Ct formation, Fig. 4B) allow to plot the two insets of
ig. 4, whose fittings give, respectively, the pseudo-equilibrium
onstant, K̂a = 7.9 × 10−7, and the final equilibrium constant,
′
a = 1.3 × 10−5, to be compared with the analogous higher

alues 5.1 × 10−5 and 0.26 in pure water (see Table 1) [18].
These results are consistent with the data previously reported

or other flavylium salts (natural [38,41] or synthetic [28,39])
s well as for other similarly charged systems [42]. In all cases,
ositive �pK′

a (i.e., a decrease of the equilibrium constant of
q. (10)) were found on going from water to negatively charged

icelles. This behaviour was explained on the basis of the main

ocalization of the positively charged flavylium ion (AH+) on the
egatively charged surface of the micelles where a concomitant
referential localisation of protons, with an effective concen-

able 1
hermodynamic and kinetic constants for 4′-methoxyflavilium perchlorate in
.1 M SDS and in water; T = 25 ◦C

SDSa H2Ob

′
a (1.3 ± 0.2) × 10−5 0.26 (1.8 × 10−3)c

ˆ a (7.93 ± 0.9) × 10−7 5.1 × 10−5

h (M) (5.10 ± 0.05) × 10−7 3.4 × 10−5

t 0.54 ± 0.04 0.5

i 44 ± 7 1.5 × 104 (ca. 100)c

h (s−1) 0.36 ± 0.04 0.47

−h (M−1 s−1) (7.0 ± 0.04) × 105 1.4 × 104

4
h

(s−1) 0.16 ± 0.01 0.23
H
t (M−1 s−1) 500 ± 25 39
OH
t (M−1 s−1) (5.0 ± 0.3) × 108 2 × 1010

i (s−1) (10 ± 1) × 10−5 5.8 × 10−5

−i (s−1) (2.0 ± 0.3) × 10−6 (5.9 × 10−7)c

a This work.
b Ref. [18].
c Based on a more realistic estimation of Ki, from Ref. [32].
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DS solutions vs. pH, qt 25 ◦C; (A) immediately after the pH jump; (B) 7 days

ration higher than that in the bulk, leads to a stabilization of
H+.
A fact to emphasize on these results, however, is the value

f �pK′
a = +4.3 which is higher than the expected on the

asis of previous results (usually �pK′
a ∼ +2) [28,30,38–42].

possible explanation for this finding may be found on an over-
stimation of this equilibrium constant in water by McClelland
nd Gedge [18]. They obtained their value based on an upper
imit of 0.02% for the Cc (or B) concentration present at the final
quilibrium with Ct. This value, however, has large uncertainty
ue to the high energetic barrier to cis–trans isomerisation [23].

more realistic estimation [32] of Ki leads to �pK′
a ∼ +2.1,

n accordance with the values observed in similar systems.

.2.2. Transient spectroscopy

.2.2.1. The direct and reverse pH jumps and flash photolysis.
o study the effect of SDS on the kinetic parameters of the sys-

em, we performed a stopped-flow analysis of pH jumps either
rom stocked solutions at pH 1.0 to less acidic or basic pH values
r from freshly prepared solutions at pH 8.0 to acidic pH values
reverse pH jumps).

From the steady state measurements (Fig. 4) it is clear that
hile in direct pH jumps (from 1 to higher pH’s) the conversion
f AH+ to B and Cc is expected to be observed, in the reverse pH
ump experiments (from 8.0 to lower pH’s), the conversion of the
seudo-equilibrated mixture of B2 and Cc to AH+ is monitored
note that in this last case the experiments are carried out with
o presence of Ct, since its formation would require more time
wing to the existence of the thermal barrier in the cis–trans
somerisation).

The changes in the absorbance at 449 nm versus time at five
ifferent final pH values, resulting from reverse pH jumps, are
hown in Fig. 5. For pH ≥ 4.1, the curves exhibit a double expo-
ential behaviour. The fastest component of these decays is
he dehydration reaction which directly converts the B2 species
resent at the pseudo-equilibrium at pH 8 into AH+, while the
lowest one shows the conversion of the Cc species (also present

t the pseudo-equilibrium at pH 8), into B2 followed by fast for-
ation of AH+. At the more acidic pH values (1.5 ≤ pH ≤ 3.3),

he decays are better fitted with one exponential meaning that
ur experimental conditions hardly allow detection of the fastest
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Fig. 5. Absorbance changes at 449 nm of 0.1 M SDS solutions of 2.4 × 10−5 M
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photolysis measurements (full circles), the rate determining step
for AH+ formation is the tautomerisation process, by the reasons
reported above. On the other hand, at basic pH values, the black
-methoxyflavylium perchlorate vs. time after a reverse pH jump from 8.0 to
ve different lower pH values; all the solutions were kept only a few minutes at
H 8.0 to avoid the presence of Ct; T = 25 ◦C.

rocess in this pH range. At each pH value, fitting of the data
ith one or the sum of two exponentials allowed to evalu-

te the kinetic constants of the two processes (see Fig. 7 and
upplementary material).

The curves of Fig. 5 also provide thermodynamic infor-
ation besides the kinetic one. In fact, looking at the curves
here the two processes are well separated in time, the ratio
etween the initial and the final (residual) absorbance recovery
t 449 nm corresponds to the ratio between the concentrations
f B2 and Cc present at the pseudo equilibrium at pH 8.0. It
s thus possible to evaluate the equilibrium constant of reaction
2), Kt = [Cc]/[B2] = 0.54. Using this value, the values of K̂a and
′
a obtained from the data in Fig. 4, and Eqs. (9) and (14), the

alues of Kh = 5.1 × 10−7 and Ki = 44 could be obtained. Table 1
eports these values as well as those obtained in water, [18,23,32]
or comparison purposes.

Assuming the value of Ki ≈ 100 in water [23,32] as dis-
ussed above, it can be concluded that both the tautomerisation
nd the isomerisation equilibrium constants are not significantly
ffected by the SDS micelles. In contrast, the hydration reac-
ion is strongly affected by the presence of these micelles (Kh
ecreases ca. two orders of magnitude). This can be interpreted
y the effective concentration of protons in the surface of the
icelle, i.e., the product k−h [H+] should increase in the pres-

nce of the SDS.
We have shown previously [22] that flash photolysis (ca. 0.1 s

ime resolution) in the slowest process can complement the infor-
ation obtained by stopped-flow measurements. Flashes on a

olution of Ct in the presence of 0.1 M SDS (prepared from a
table stock solution of Ct−) at the desired pH, cause absorbance
hanges compatible with the formation of AH+, Fig. 6. Since
2 is not present in the equilibrated solution, its direct (and

ast) dehydration to form AH+ is not possible; AH+ can only

e formed upon dehydration of the B2 species, which is formed
t the expenses of the Cc species. This last species is obtained
n the photochemical isomerisation of Ct occurred during the
ime of the flash. Therefore, the rate determining step for the

F
a
b
(

ig. 6. Absorption changes at 449 nm of 4′-methoxyflavylium in 0.1 M SDS at
H 6.28 vs. time after a flash of white light; T = 25 ◦C.

hotochemical formation of AH+ is the tautomerisation pro-
ess that converts Cc into B2 and, the related kinetic constant
as to be compared with the kinetic constant resulting from the
low process in the stopped-flow experiments upon reverse pH
umps. Stopped-flow and flash photolysis results obtained by pH
umps (direct and reverse) and photochemical measurements are
eported in Fig. 7.

In the pH range 1 < pH < 5 of Fig. 7, the reverse pH jumps
how a faster process (open squares) followed by a slower one
open circles). The observed rate constants represented by the
pen squares should be assigned to the dehydration/hydration
rocesses while the open circles to the closure/opening of the
yrylium ring (tautomerisation). In which concerns the flash
ig. 7. pH dependence of the observed rate constants for tautomerisation (©
nd �) and hydration/dehydration (� and �); the rate constants were obtained
y flash photolysis (�), and by stopped-flow experiments upon direct pH jumps
�) and reverse pH jumps (� and ©); T = 25 ◦C.



3 nd Photobiology A: Chemistry 185 (2007) 383–390

s
t

t
t
w
w
a
s
r
e
p
t
b
c
i
p
w
n
a
[
w
p
s
h

t
o
4
s
1
d
i
l
G
k
i
k
[
r
c
o
o
s
t
t
(
o
t
m
r
a
o

2
t
s

F
a
(

o
t
t
b
t
K
a
o
a
E
o
i
o
c
a
d
p

c
t
d
i
e
c
[

a
t
i
t
A
b
a

88 A.J. Parola et al. / Journal of Photochemistry a

quares have been previously [18,23] attributed to the attack of
he hydroxide to position 2 of the flavylium.

In Fig. 7, the open and black circles that correspond to the tau-
omerisation reaction rate constants, obtained respectively from
he stopped-flow and flash photolysis experiments, can be fitted
ith the following equation: 0.3 + 500 [H+] + 5 ×108 [OH−]. In
ater, McClelland and Gedge, for the same compound, obtained
similar expression: 0.46 + 39 [H+] + 2 × 1010 [OH−] [18]. As

hown by McClelland and Gedge [18] the independent term cor-
esponds to the rate constant k−t, because in the stopped-flow
xperiments upon reverse pH jumps (from a higher pH to lower
H value), B2 is not accumulated (it leads rapidly to AH+) and
hus no significant reversibility occurs (k−t + kt ≈ k−t). On this
asis, the rate constant kt can be measured from the equilibrium
onstant Kt, see Table 1. When values obtained in water and
n SDS solutions are compared, the following observations are
ertinent: (i) the observed rate constant for tautomerisation, as
ell as the tautomerisation equilibrium constant, are practically
ot affected by the presence of the micelles; (ii) in contrast, the
cidic and basic catalysis, i.e., the terms depending on [H+] and
OH−], are quite affected, the acidic catalysis being increased,
hile the basic catalysis decreases. These results can be inter-
reted again by the effective concentration of protons on the
urface of the micelle, and the consequent decrease on effective
ydroxide concentration.

In a similar way, the rate constants due to the hydra-
ion reaction, represented in Fig. 7 by the black and
pen squares, can be fitted by the following equation:
.4 + 7 × 105 [H+] + 3 × 104 [OH−]. In this case, the expres-
ion obtained by McClelland and Gedge for water was:
.38 + 1.38 × 104 [H+] + 1.8 × 105 [OH−] [18]. The indepen-
ent term is the sum of the contributions of the rate constants
nvolved in the equilibrium leading to B2, as well as the one
eading to B4. In other words, as shown by McClelland and
edge, the value 1.38 obtained in water is basically the sum of

h (Eq. (1)) to give B2 and k4
h (Eq. (2)) leading to B4. Taking

nto account that the equilibrium constant Kh = kh/k−h is already
nown (see above) as well as the fact that the term dependent on
H+] should be assigned to k−h, it is possible to obtain all of these
ate constants, see Table 1. Inspection of this table permits to con-
lude that the great effect of the SDS micelles in the decreasing
f the hydration equilibrium constant of 4′-methoxyflavylium
ccurs in the dehydration reaction, since the hydration is only
lightly affected. Once more, the effect of the proton concen-
ration on the micelle surface can explain this result, as well as
he decrease of the hydroxylation reaction on going from water
1.8 × 105 M−1 s−1) to SDS micelles (3 × 104 M−1 s−1). On the
ther hand, the formation of B4, k4

h, is very much increased in
he presence of micelles. This suggests that the flavylium cation

ay seat on the micelle surface with the oxygen of the pyrylium
ing pointing to the inner space of the micelle, thus rendering
ttack to position 4 less sterically hindered relative to the attack
n position 2.
.2.2.2. The cis–trans isomerisation. In neutral aqueous solu-
ions, McClelland and Gedge observed a cis–trans isomeri-
ation constant equal to 1.95 × 10−5 s−1 [18]. The actual

a
w
t
o

ig. 8. Mole fraction distribution of the several species of 4′-methoxyflavylium
s a function of pH in water (traced lines) and in the presence of 0.1 M SDS
solid lines), at 25 ◦C.

bserved rate constant should be divided by the mole frac-
ion of the Cc form (KhKt/K̂a = 0.33, Eq. (12)), leading
o a value of 5.9 × 10−5 s−1. In reality, this value should
e the sum of ki + k−i; and assuming our estimation for
he equilibrium constant Ki ≈ 100, [32] allows to calculate

i = 5.8 ×10−5 s−1, in accordance with the reported value,[18]
nd k−i = 5.9 × 10−7 s−1 In the presence of micelles, we
bserved a net isomerisation constant equal to 3.4 × 10−5 s−1

t pH 8.0, where flavylium cation does not interfere (β = 1,
q. (11)) and Ct is the final product, according to the shape
f the absorption spectra at the end of the experiment. Tak-
ng into account that the mole fraction of Cc in the presence
f SDS micelles is 0.35, the actual value of the global pro-
ess is 9.7 × 10−5 s−1 and by consequence ki = 1 × 10−4 s−1,
nd k−i = 2 × 10−6 s−1. In conclusion, the SDS micelles
o not significantly affect the cis–trans isomerisation
rocess.

The results obtained through this work permit to con-
lude that the largest effect observed on the stabilization of
he flavylium cation in the presence of SDS micelles is not
ue to the protection from hydration, but is a result of the
ncreasing rate of dehydration, in agreement with a similar
ffect previously reported by Maçanita and co-workers, in the
ase of malvidin-3-glucoside in the presence of SDS micelles
38].

The change in K′
a introduced by the addition of SDS to

queous solutions of 4′-methoxyflavylium can be explored in
he context of multistate/multifunctional systems [28,41]. Fig. 8
llustrates the use of micelles as an input, besides pH and light,
o move the system from one state of the network to another.
t pH 4, in the absence of micelles, the system is equili-
rated with ca. 90% of Ct. Addition of SDS in concentrations
bove CMC gives rise to a shift in the equilibrium where Ct

+
ccounts now for 10% of the mixture, the rest being AH ,
ith the appearance of the respective yellow colour. In prac-

ical terms, an effect similar to a pH jump from pH 4 to ≈2 is
bserved.
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. Experimental

4′-Methoxyflavylium perchlorate was prepared as reported in
he literature [43]. All experiments were carried out at 25 ◦C, in
.1 M sodium dodecyl sulfate aqueous solutions. The flavylium
alt had final concentrations in the range (1–5) × 10−5 M. The
H was adjusted by addition of HCl, NaOH or buffer, and was
easured in a Meterlab pHM240 pH meter from Radiometer
openhagen.

pH jumps were done by adding a certain volume of a stock
olution of the flavylium salt in 0.1 M HCl to a 10 cm3 flask
ontaining an equivalent amount of NaOH to neutralize the HCl,
cm3 of 0.2 M SDS, and 1 cm3 of 0.1 M universal buffer of
heorell and Stenhagen [44] at the desired final pH followed
y addition of water to the final volume. This defines the ionic
trength as 0.1 M (it is controlled by the NaCl concentration
esulting from the neutralization). Reverse pH jumps involved a
econd pH jump to a lower pH value, by addition of HCl.

UV–vis absorption spectra were recorded in a Shimadzu
V2501-PC spectrophotometer.
Flash photolysis experiments were carried out as described

n Ref. [22].
The stopped-flow experiments were collected in a SFM-300

pectrophotometer, controlled by a MPS-60 unit (Bio-Logic)
nd the data were collected by a TIDAS diode array (J&M),
ith wavelength range between 300 and 1100 nm, all connected

o a computer. The standard cuvette has an observation path
ength of 1 cm. For this experiments, the dead time of each shot
as previously determined to be 6.4 ms with a 7 mL/s flow rate.
The decays were fitted either manually using the Solver fea-

ure of the Excel or using predefined fitting equations of Origin®

.0 SR0 v.7.0220 for Windows.
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