Micelle effect on ground and excited state proton transfer reactions
involving the 4-methyl-7-hydroxyflavylium cation

Fernando Pina,** Maria Jodo Melo,* Sérgio Alves,” Roberto Ballardini,” Mauro Maestri** and

Paolo Passaniti®

@ Departamento de Quimica, Centro de Quimica Fina e Biotecnologia, Universidade Nova de
Lisboa, 2825 Monte de Caparica, Portugal. E-mail: fip@dq.fct.unl.pt

b Istituto FRAE-CNR, Via Gobetti 101, 40129 Bologna, Italy

¢ Dipartimento di Chimica “G. Ciamician”, Universita di Bologna, via Selmi 2, 40126 Bologna

Italy. E-mail : mmaestri@ciam.unibo.it

Received (in Montpellier, France) 7th December 2000, Accepted 28th February 2001
First published as an Advance Article on the web 10th April 2001

In aqueous solution, the 4-methyl-7-hydroxyflavylium ion (AH *) undergoes a ground state dissociation reaction to
form the quinoidal base A and, when excited, an efficient excited state proton transfer (ESPT) leading to *A. The
effect of micelles on the ground and excited state proton transfer reactions has been investigated. As far as the
acid—base properties of the ground state system are concerned, negatively charged SDS micelles stabilize the acidic
form AH™, while the positively charged CTAB and, to a lesser extent, the neutral Triton X 100 micelles destabilize
AH*. Moreover, the neutral form A exhibits a strong decrease in molar absorption coefficient that cannot be
explained by electrostatic reasons only, suggesting that specific interactions of A with the hydrophobic part of the
surfactants may play some role. Even the excited state dissociation constant (K¥) is affected by the micelles, and the
pK is positively or negatively shifted with respect to that in water by negatively or positively charged micelles,
respectively. It was also observed that the excited states can be intrinsically affected by the micelles. In particular,
the excited AH™* is not only stabilized by the negative SDS micelle, but also exhibits a luminescence lifetime longer
than that in water, most probably because of the electrostatic interaction exerted on it by the negative charge of the

micelles.
Aqueous solutions of cetyltrimethylammonium bromide
(CTAB), polyoxyethylene(10)isooctylphenylether  (Triton

X-100) and sodium dodecyl sulfate (SDS) give rise to micelles
when their concentration is greater than their respective criti-
cal micellar concentration (CMC).! The effect of micelles on
the acid-base, ground state equilibrium of dyes is well docu-
mented. Indeed, in an elegant set of experiments on the fluo-
rescence of aminocoumarin and hydroxycoumarin located at
the surface of micelles, Fernandez and Fromherz? discovered
that the acid dissociation constants are profoundly affected
(shifted) in the presence of micelles. The magnitude and direc-
tion of ApK, were related to the charge of the micelle
(negative and positive shifts, respectively, for positively and
negatively charged micelles). In the case of neutral micelles,
the observed negative shift was attributed to a decrease in the
polarity at the micelle surface. Similar shifts of pK, (positive
or negative depending on the surface charge of the micelle)
were recently observed in the acid dissociation of the 4'-
hydroxyflavylium cation in CTAB, Triton X and SDS micel-
les.® Such similar behavior suggests that even the flavylium
species tends to be located at the micelle interface.

Maganita et al.* recently observed that in SDS micelles, the
pH domain of the red color of the cationic form of Malvin,
the natural anthocyanin, is shifted to higher pH values.

Ground state pK,’s are commonly obtained either by UV-
visible absorption spectroscopy or luminescence measure-
ments. The luminescence technique has certain advantages
over absorption spectroscopy but does require some care,
since it leads to results identical to those obtained by absorp-
tion spectroscopy only if the excited state proton transfer
(ESPT) process does not occur. ESPT is a well known
phenomenon®-® that consists of reversible, adiabatic transfer

DOI: 10.1039/b009818n

of a proton involving an excited acid and its excited conjugate
base. Being new chemical species, excited states may exhibit,
among other properties, acidity constants (largely) different
from those of the parent ground state compounds.>—*

We have shown recently that synthetic flavylium salts
undergo excited state proton transfer processes;!! this process
is particularly efficient in the case of the 4-methyl-7-
hydroxyflavylium!! cation, being one of the most efficient
among those reported in the literature.>~*! The strong ESPT
effect makes this compound a useful tool in investigating the
effect of micelles on the acid—base properties of excited states,
reported in this study along with the properties of the ground
state. Our findings are discussed in the framework of the theo-
retical model developed by Weller.%-°

CHj3
4-Methyl-7-hydroxyflavylium cation

Results and discussion

Aqueous solutions

Before discussing the micelle effect on the ground and excited
state behavior of the 4-methyl-7-hydroxyflavylium cation, it is
relevant and instructive to recall the principal properties of
this system® starting from the properties of flavylium com-
pounds. Synthetic flavylium ions can undergo structural trans-
formations that involve several species connected by a set of
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Scheme 1 Structural transformations of flavylium-type compounds, exemplified with the 7-hydroxyflavylium cation.

equilibria that can be displaced by pH changes and by light
excitation!>7!® as illustrated in Scheme 1 for the 7-
hydroxyflavylium cation. These species include the flavylium
cation AH™*, the quinoidal base A formed subsequent to a
proton transfer reaction from the flavylium cation to a water
molecule, the hemiacetal form B2 obtained by hydration of
the flavylium cation in the 2 position, the cis-chalcone species
Cc formed from the hemiacetal B2 through a tautomeric
process and the trans-chalcone form Ct resulting from the
isomerization of cis-chalcone.

In neutral and acidic media, the hydration reaction of the
4-methyl-7-hydroxyflavylium cation, which leads to the hemi-
acetal form, B2, does not take place, thereby simplifying the
reaction scheme that is now restricted to the sole proton
transfer reaction leading to the quinoidal base [eqn. (1)].1¢

AH" + H,0=A + H,0" (1)

The pK, of this reaction in water at 25 °C was found to be 4.4
by absorption spectroscopy.!! The acidic form displayed an
emission only at pH’s well below 4.4. That is, the emission
from the basic form is obtained even when the acidic form is
selectively excited, as it is the unique species present. This is
typical behavior of systems in which an ESPT process occurs.
A theoretical model,® developed in the framework of the
Weller theory® and based on Scheme 2, can be used for the
treatment of ESPT phenomena. In the scheme, I, is the light
absorbed by the acidic species, k; is the rate constant of the
fluorescence emission of the acidic species, k. is the sum of the
rate constants for the remaining excited state processes that
P
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Scheme 2 Schematic representation of the ground and excited state
processes taking place in the 4-methyl-7-hydroxyflavylium system.

deactivate the *AH™* excited state. For the basic species, the
equivalent symbols are labelled with a ’.

According to this approach, an ESPT can be explained on
the basis of two parameters, namely #% and pKZ, [eqn. (2) and

)
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where ., [Te4 = 1/(k. + k{)] and Tupy [Tean+ = 1/(k, + k)] are
the lifetimes of the excited basic and acidic species, respec-
tively. #% (the proton transfer efficiency) represents the yield of
formation of the excited base from the excited acid, and K¥, is
the apparent (experimentally measurable) acidity constant of
*AH*, which depends on the acidity constants (K¥) of the
excited state and on the ratio of the lifetimes of the acidic and
basic excited species. These quantities can be experimentally
determined by means of titrations plots as shown previously.®
The pattern of the emission intensities of the acidic and basic
species vs. pH displays two inflection points separated by a
plateau. In our case, the first inflection point is related to
pK},, the plateau to n% and the second inflection point to
pK,. For more details see ref. 9. In the case of the 4-methyl-7-
hydroxyflavylium cation, n¥ = 0.93 and pK¥, = ca. —1.'!

To complete the previously reported data in aqueous solu-
tions, we have here measured the lifetimes of the two species
(0.11 and 0.18 ns for the acidic and basic species, respectively).
These lifetimes, used in eqn. (2) and (3), permitted the evalu-
ation of k¥, k* , and K. The measured and calculated param-
eters are reported in Table 1.

Effect of micelles on the ground state molecule

The absorption spectra of the 4-methyl-7-hydroxyflavylium
cation recorded at various pH’s in the presence of the CTAB,
Triton X100 and SDS micelles are illustrated in Fig. 1. From
the decrease in the values of the absorbance maxima of the
acidic species reported in the three plots of this figure it is

Table 1 Ground and excited state parameters of the acid—base equilibrium of 4-methyl-7-hydroxyflavylium cation®

Medium pK," Mea® pKx¢ kxe/s™1 k* f/s7t pK*?¢
CTAB 2.25 0.95 0.05

Triton X 33 0.7 —1.2 2 x 10t° ca. 10° ca. —1.3
SDS 6.5 0.54 0.3 2 x 10° 2 x 101° 1.0
Water 4.4 0.93 ca. —1 1 x 10t 8 x 10° —1.14

¢ Aqueous solution at 25°C. ® Ground state pK, of eqn. (1). ¢ Yield of formation of the excited base, *A, from the excited acid, *AH* (proton
transfer efficiency, see Scheme 2). ¢ Apparent pK, for the dissociation equilibrium of the excited *AH*. ¢ Reaction rate constant for the deproton-
ation of the excited acidic form. / Reaction rate constant for the protonation of the excited basic form. ¢ pK, of the dissociation equilibrium of

*AH™*.
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Fig. 1 Absorption spectra of the 4-methyl-7-hydroxyflavylium cation

2.5 x 107° M as a function of pH in (a) CTAB, pH: 7.1, 5.0, 4.5, 4.0,

3.5, 3,0, 2.5, 1.5, 0.0; (b) Triton X 100, pH: 7.5, 4.9, 4.4, 3.8, 3.5, 3.0, 2.5,

2.0, 1.6,1.0,0.5; (c) SDS, pH: 8.2,7.9, 7.5, 7.1, 6.6, 6.2, 5.7, 5.3, 4.8, 4.2,

3.6,3.1.

possible to obtain Fig. 2, which shows the change in the molar
fraction distribution of AH™ as a function of pH in the three
different environments. The best fit of these curves gave the
pK, values for eqn. (1) in the three different micelles collected
in Table 1.

The results show that the equilibrium shown in eqn. (1) is
strongly affected by the micelle type in the sense that the posi-

305

10

Fig. 2 Molar fraction distribution (x) of the acidic form of the 4-
methyl-7-hydroxyflavylium ion at 25°C in CTAB (pK, = 2.25), Triton
X100 (pK, = 3.3), SDS (pK, = 6.5) and water (pK, = 4.4, dashed line).

tively charged CTAB, and to a lesser extent the neutral Triton
X micelles, destabilize AH*, decreasing its pK, with respect to
that exhibited in water, whereas the negatively charged SDS
micelles stabilize AH™, displacing its pK, to higher pH com-
pared to H,O. The observed effects are consistent with the
results reported earlier for similar systems®3 and indicate that
the AH" form tends to be located in the bulk water in the
case of positively charged or neutral micelles and close to the
surface when the micelles are negatively charged. Moreover,
the absorption spectrum of the basic species A is strongly
influenced by the presence of the micelle; besides a small red
shift, a decrease in the molar extinction coefficient of the
lowest energy band was observed in all cases.!” The effect on
the molar extinction coefficient (decrease) increases on going
from the negatively charged SDS to the neutral Triton X to
the positively charged CTAB (see Table 2). In contrast, the
absorption spectrum of the acidic form (AH') is slightly
affected by the nature of the micelle, showing only a small red
shift of the absorption maximum in all cases (see Table 2). The
strong decrease in the molar extinction coefficient of the basic
species in the positively charged CTAB, and to a minor extent
in the neutral Triton X micelle, suggests a strong interaction
between the basic species and the CTAB and Triton X micel-
les; on the contrary, the interaction with the negatively
charged SDS micelles is less important (Table 2). These results
seem to indicate that electrostatic interactions are important
in the stabilization or destabilization of charged species and
their position with respect to the charged suface of the micel-
les, but cannot explain the effect on the spectroscopic proper-
ties, such as the absorption spectrum, of the uncharged species
A. Thus, the decrease observed in the absorption spectrum of
A seems also to be due to specific interactions between the
uncharged species and the hydrophobic chains of the sur-
factants, suggesting that the basic species A can penetrate the
hydrophobic part of the micelles. This conclusion is supported
by the observation that the shape of the absorption spectrum
of a solution of A in n-octane, obtained by extraction from a
water solution at pH 6.0, closely resembles that of A in 0.05 M
CTAB at pH 6.0.

Effect of micelles on the excited state properties

CTAB micelles. As noted earlier, the absorption spectrum
of the acidic form of the 4-methyl-7-hydroxyflavylium salt (pH
1.0) is unaffected by the presence of the CTAB micelles,
whereas the absorption spectrum of the basic form (pH 6.0) in
0.05 M CTAB shows a slight red shift and a large decrease of
the molar absorption coefficient of the lowest energy band
[Fig. 1(a)], compared with that in water.!! In parallel with the
UV-visible absorption spectrum, the emission spectrum
recorded at pH 6.0 also appears to be affected by the presence
of CTAB micelles (Fig. 3), showing a slight red shift and a
strong decrease in intensity in comparison with the same spec-
trum in water.

Measurement of the relative emission quantum yields in the
absence and presence of CTAB micelles at pH 6.0 shows that
they are identical within experimental error. The large differ-
ence in intensity between the two fluorescence spectra is due
only to a decrease in the molar extinction coefficient of the

Table 2 Ground state parameters of the species involved in the acid—base equilibrium of 4-methyl-7-hydroxyflavylium cation at 25°C

Acidic species

Basic species

Medium 2%/nm gM~!tcem™! A*/nm gM~!tcem! K,?

CTAB 419 27000 477 3200 56 x 1073
Triton X 417 27000 473 6000 50 x 1074
SDS 426 27000 476 17300 32x 1077
Water 416 27000 470 19500 40 x 1073

¢ Wavelength of the lowest energy absorption maximum. ® Equilibrium constant of eqn. (1).
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Fig. 3 Fluorescence emission spectra of the 4-methyl-7-hydroxy-
flavylium cation (pH 6.0, 2.5 x 1075 M, A,,, = 460 nm) in (a) water
and (b) 0.05 M CTAB.

exc

ground state basic species. Consequently, we conclude that the
CTAB micelle does not have an appreciable effect on the
excited state properties of the basic form at pH 6.0 of this
flavylium compound, even though the microenvironment sur-
rounding this species seems very different from that in pure
water (see absorption results). A slightly different emission life-
time is also found in this medium relative to that in water
(0.22 and 0.18 ns, respectively).

Even at pH 1.0, the fluorescence spectrum is not affected by
the presence of the CTAB micelles and the same holds for the
emission lifetime, which is almost identical to that in water
(0.17 vs. 0.18 ns). This result implies that both the absorbing
(AH™) and the emitting (A) species are located in the bulk
water, far away from the micelles. This behavior can easily be
explained by considering that: (i) the electrostatic repulsion
keeps the excited *AH™* molecule far away from the positively
charged surface of the micelles, (ii) the *A species is formed in
the same place by a simple proton ejection, and (iii) the radi-
ative deactivation of the *A species is so fast (hundreds of
picoseconds) that it occurs before any diffusion toward the
micelle takes place.

As in pure water, the emission spectrum of the acidic species
AH? in CTAB micelles can only be obtained in a highly
acidic medium (e.g., 2.4 M HC], formal pH —0.38). The fluo-
rescence lifetime of the *AH™ species at this pH is 0.12 ns. As
displayed in Fig. 4, although the absorption spectra recorded
in water and in highly acidic medium are practically identical
(see Table 2), the intensity of the fluorescence band of the
acidic form at ca. 500 nm is significantly greater than the
emission band obtained in water. This behavior suggests a
possible interaction between the *AH™* species and the micel-
lar environment that stabilizes the excited acidic form. This
effect resembles the one caused by negative SDS micelles on
the ground state molecule and is probably due to the high
concentration of Cl~ ions (2.4 M), which cover the positively
charged surface of the CTAB micelle. The resulting negative
layer likely exerts an electrostatic attraction on *AH™ with a
consequent decrease in its excited state dissociation constant
(positive shift of the pK¥). In agreement with this explanation
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Fig. 4 Fluorescence emission spectra of the 4-methyl-7-hydroxy-

flavylium compound in acidic media (HCl=24 M; pH —0.38,
2.5 x 107% M, A, . = 460 nm) in (a) water and (b) 0.05 M CTAB.

exc
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is the observation that in a highly concentrated salt medium
(24 M Nacl), the chloride ions have the same effect on the
emission spectrum of the 4-methyl-7-hydroxyflavylium cation.

Once the emission spectra of the basic and acidic forms in
CTAB are known, it is possible, by means of the previously
reported treatment,® to obtain the plot shown in Fig. 5, which
reports the normalized emission intensity of the two species as
a function of pH in 0.05 M CTAB. The best fit of the experi-
mental points (full lines) gives n% = 0.95 (defined by the
plateau) and pK}, = 0.05 (defined by the first inflection point
from the left).

Consideration of the results obtained in extremely acidic
media (2.4 M HCI) suggest that the value of 0.95 for 5% is
reasonable since it is determined by the plateau value in the
pH range 1-3 where the HCl concentration is still too low to
cause the observed C1™ effect. On the contrary, pK%, = 0.05 is
determined by the inflection point below pH 1, a pH where
the C1~ ion concentration is relatively high, so high as to
affect the acid—base equilibrium of the excited species. This
means that the actual value of pK¥, is less than 0.05 and most
probably also more negative than — 1, the value determined in
water.

The constancy of 5% indicates that the dissociation rate con-
stant (k¥) and the lifetime (t.sy+) of *AH™ are unchanged on
going from water to CTAB micelles, in agreement with what
was stated previously, that is AH' absorbs and then its
excited state dissociates to *A (95%) or emits (5%) in bulk
water. Thus, in these systems, almost all the fluorescence emis-
sion observed results from the *A species and, depending on
the proton concentration, the emitted light can be switched
from *A in the bulk solution and *A at the surface of (or
inside) the micelles. In fact, between pH 1 and 3 the emission
comes from excited *A species in the bulk water obtained
through deprotonation of the excited *AH™ in the bulk, while
for pH > 3, light is absorbed and emitted exclusively by the
basic species, which is located at the surface of (or inside) the
micelles.

Triton X 100 micelles. As shown earlier [Fig. 1(b), Table 2]
Triton X 100 affects the absorption spectra of the 4-methyl-7-
hydroxyflavylium compound. Although the absorption
spectra of the acidic form does not change, the basic form
exhibits a decrease in the molar absorption coefficients of the
lowest energy band that, even though to a lesser extent, resem-
bles that seen in CTAB solutions. These results suggest that:
(i) the acidic form AH™" is located in the bulk water, since it
does not interact with the micelles and (i) the basic form
strongly interacts with the micelles and consequently must be
located close to the surface (or inside the walls) of the Triton
X 100 micelles.

The emission spectra of the acidic (pH 1.0) and basic (pH
6.0) forms of the 4-methyl-7-hydroxyflavylium salt in Triton X

Inorm

Fig. 5 Normalized fluorescence emission (4., =456 nm) of the
acidic (@) and basic () forms of the 4-methyl-7-hydroxyflavylium
compound in the presence of 0.05 M CTAB. The best fit was achieved
for 7 = 0.95 and pK}, = 0.05. The curves in water (dashed lines) are
also reported for comparison purposes.



100 are very similar to those in CTAB media. The fluores-
cence lifetimes of the two species are 0.12 and 0.23 ns, respec-
tively. The luminescence behavior can be summarized in Fig.
6, which reports the normalized fluorescence emission of the
two species as a function of pH in 0.05 M Triton X 100. The
best fits of the experimental points (full lines) give % = 0.70
and pK#, = —1.2.

Inspection of Fig. 6 shows a decrease of % in Triton X
micelles with respect to water, due to a less efficient ESPT
phenomenon in the micelles than in water. This conclusion
can be mathematically drawn by using in eqn. (2) and (3) the
lifetime data measured in strongly acidic media in both Triton
X micelles and water. In fact, a value of 2 x 10'° s7! is
obtained for k*, which has to be compared with 1.1 x 10!
s~ 1 calculated in water. This indicates that some interaction
of *AH™ with the surfaces of the Triton X micelles must take
place. This is not as difficult as with CTAB micelles, because
in this case the surface of the micelle is not positively charged
and does not repel the AH* and *AH™" species. Concerning
the position of pK¥,, the relatively high error in this measure-
ment does not permit decisive conclusions or inferences to be
made.

SDS micelles. As noted earlier [Fig. 1(c), Table 2], the
absorption spectra of the acidic (pH 1.0) and basic (pH 8.0)
forms of the 4-methyl-7-hydroxyflavylium salt are slightly
dependent on the presence of the SDS micelles. This behavior
suggests that both species (AH" and A) weakly interact with
the negatively charged surfaces of the SDS micelles. While this
interaction is understandable for the acidic species due to its
positive charge, the interaction with the neutral basic form is
unexpected, even though the changes in the absorption spec-
trum are the smallest observed in the series CTAB, Triton X
and SDS micelles and may derive from specific interaction of
A with the hydrophobic chain of the surfactant (see discussion
of the ground state).

The fluorescence emission spectra of 4-methyl-7-hydroxy-
flavylium is strongly dependent on the concentration of SDS
micelles, as shown in Fig. 7. As this figure shows, at pH 2.3, it
is possible by simple addition of increasing amounts of SDS
to switch from the pure emission spectrum of the basic form A
to an emission spectrum mainly due to the acidic species
AH™. Tt is interesting to note that the switching occurs at
about the same concentration as the critical micellar concen-
tration (CMC) of the SDS micelle.! From this observation
two points emerge: (i) the effect on the luminescence of the
excited species is due to the micelle (actually to the charge of
their surface) and not to the single SDS molecule and (ii) the
luminescence intensity of the acidic species can be used to
monitor the formation of micelles. In fact, by plotting the
emission intensity of the acidic species vs. the SDS concentra-
tion (inset of Fig. 7) it is possible to obtain a measure of the
critical micellar concentration of SDS.

I norm

Fig. 6 Normalized fluorescence emission (4., =455 nm) of the
acidic (@) and basic () forms of 4-methyl-7-hydroxyflavylium com-
pound in the presence of 0.05 M Triton X 100. The best fit was
achieved for n§ = 0.70 and pK3, = —1.2. The curves in water (dashed
lines) are also reported for comparison purposes.
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Fig. 7 Fluorescence emission spectra (4., = 415 nm) of the 4-
methyl-7-hydroxyflavylium (2.5 x 10~ M) at pH 2.3 vs. SDS concen-
tration: [SDS] =0, 1, 3,4, 5,6, 7 and 8 x 1073 M. Inset: Emission
intensity at 495 nm as a function of SDS concentration.

The emission spectrum of 4-methyl-7-hydroxyflavylium ion
is also pH dependent; the emission data have been treated by
means of the previously reported model and the plot in Fig. 8,
showing the normalized emission intensities of the two species
(basic and acidic) as a function of pH in 0.05 M SDS, has been
obtained. The best fit of the experimental points gives 5% =
0.54 and pK}, = 0.3, which give, through eqn. (2) and (3), the
k¥, k* , and K values reported in Table 1.

All these values are different from those obtained in pure
water and show that the negatively charged surfaces of SDS
micelles stabilize the excited state of the positive acidic form
as they do with the ground state molecule. In other words, as
expected, both k, and k¥ decrease at the SDS micelle surface,
explaining the changes in #} and pK¥,.

Another point to highlight is the fact that, even in this
medium, there is the theoretical possibility of changing the site
of the emitting *A species by changing the pH of the solution.
The switching pH range (1-7) is greater in this case than in
CTAB solution (pH 1-3). Thus, in these systems at a pH
greater than 7, the light is absorbed and emitted exclusively by
the basic species located in a region where it weakly interacts
with the negative SDS micelle surfaces (micelle wall?). In the
pH range 2-6 the light is almost exclusively absorbed by the
acidic species AH™ while 50% of the emission comes from the
excited *AH™ and 50% from the excited *A species, obtained
through deprotonation of the excited *AH ™", both at the sur-
faces of the micelles. When the pH is lower than 1, the light is
absorbed and emitted exclusively by the acidic species located
at the surface of the micelles.

The excited state lifetimes support this behavior. In fact, in
SDS at pH 8.0 the luminescence decay is mono-exponential
and its lifetime (0.25 ns) is only slightly different from that in
pure water (0.17 ns). This small difference may reflect the dif-
ferent environments surrounding the emitting basic species in
the two cases. This is also in agreement with the small inter-
action between A and the negative surface of the micelle sug-
gested by the absorption experiments.

0.5

Inorm

Fig. 8 Normalized fluorescence emission (4., =450 nm) of the
acidic (@) and basic () forms of 4-methyl-7-hydroxyflavylium in the
presence of 0.05 M SDS. The best fit was achieved for #% = 0.54 and
pK3, = 0.3. The curves in water (dashed lines) are also reported for
comparison purposes.
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At pH — 0.3 the decay is also mono-exponential with a life-
time of 0.62 ns, attributed to the emission of the excited *AH*
species at the surface of the micelle. The large increase in the
lifetime of the acidic species in SDS with respect to that in
water (0.62 vs. 0.11 ns) suggests a strong perturbation of the
excited state properties of AH" due to the negatively charged
cloud of the micellar surface.

At pH 4 the luminescence decay is no longer mono-
exponential and a good fit of the data was achieved with two
lifetimes of 0.62 and 0.28 ns, attributed to the emission of the
excited *AH™ and *A species, respectively, both at the micel-
lar surface. The constancy (within experimental error) of the
excited state lifetime of *A upon changing the pH (and conse-
quently the emission site, see before) also suggests that the site
does not change much, indicating that the basic species A is
close to the surface (and weakly interacting with it, both in its
ground and excited states), whatever the pH.

Conclusion

We have investigated the effect of micelles on the acid-base
properties of ground and excited states of the 4-methyl-7-
hydroxyflavylium cation. It has been shown that both the acid
dissociation constants of the ground and excited states are
affected by the presence of micelles. As far as the ground state
system is concerned, negatively charged SDS micelles stabilize
AH™, while the positively charged CTAB and, to a lesser
extent the neutral Triton X 100 micelles, destabilize AH™*.
This effect is consistent with the results reported for similar
systems.?®> Nevertheless, the electrostatic interaction alone
cannot rationalize the whole behavior of the system and in
particular cannot explain why the wuncharged A species
exhibits a molar absorption coefficient dependent on the
micelle type. This further suggests that a more specific inter-
action between A and the hydrophobic chain of the micelles
may take place.

An effect qualitatively similar to that found for the acid-
base properties of the ground state is observed on the excited
state dissociation constant (K¥); pK¥ is positively or nega-
tively shifted with respect to that in water for negatively or
positively charged micelles, respectively. It was also observed
that the excited state species can be intrinsically affected by
the micelles. In particular, *AH™* is not only stabilized by the
SDS micelles but it also exhibits an excited state lifetime
longer than that in water, most probably because of the elec-
trostatic attraction exerted on it by the negative charge of the
micelles.

Experimental

4-Methyl-7-hydroxyflavylium chloride was prepared accord-
ing to a published procedure.!® The micelles were purchased
from Aldrich. All other chemicals used were of analytical
grade. The experiments were carried out in water at 25°C.
The pH of the solutions was adjusted by addition of HCl
(pH < 2) or Theorell-Stenhagen universal buffer and mea-
sured with a Metrohm 713 pH meter. Absorption spectra were
recorded on a Perkin-Elmer Lambda 6 spectrophotometer.
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Emission spectra were recorded on a Perkin-Flmer LS50
spectrofluorimeter (10 nm for the excitation and emission
bandwidths). Lifetimes were measured by means of a SPEX
Fluorolog-3 spectrofluorometer equipped with a Tau 3 phase-
modulated accessory (time resolution +20 ps).

References and notes

1 J. H. Fendler and E. J. Fendler, Catalysis in Micellar and Macro-
molecular Systems, Academic Press, New York, 1975.

2 M. Fernandez and P. Fromherz, J. Phys. Chem., 1977, 31, 1755.

A. Roque, F. Pina, S. Alves, R. Ballardini, M. Maestri and V.

Balzani, J. Mater. Chem., 1999, 9, 2265.

4 A. L. Maganita, to be published.

5 (a) K. Weber, Z. Phys. Chem. B, 1931, 15, 18; (b) T. Forster, Z.
Elektrochem., 1950, 54, 42; (c) T. Forster, Pure Appl. Chem., 1970,
24, 443.

6 (a) A. Weller, Z. Elektrochem., 1952, 56, 662; (b) A. Weller, Z.
Elektrochem., 1954, 58, 849; (c) A. Weller, Z. Phys. Chem., Neue
Folge, 1958, 15, 438; (d) A. Weller, Z. Phys. Chem. Neue Folge,
1958, 17, 224; (e) A. Weller, Prog. React. Kinet., 1961, 1, 189.

7 (a)J. F. Ireland and P. A. H. Wyatt, Adv. Phys. Org. Chem., 1976,
12, 131; (b) S. G. Schulman and R. J. Sturgeon, Anal. Chim. Acta,
1977, 93, 239; (c¢) I. Yu. Martynov, A. B. Demyashkevich, B. M.
Uzhinov and M. G. Kuzmin, Russ. Chem. Rev., 1977, 46, 1; (d) B.
K. Harris and K. Selinger, J. Phys. Chem., 1980, 84, 1366; (e) R.
N. Kelly and S. G. Schulman, in Molecular Luminescence Spec-
troscopy, ed. S. G. Schulman, Wiley, New York, 1985, p. 461; (f)
H. Shizuka, Acc. Chem. Res., 1985, 18, 141; (g9) S. P. Webb, L. A.
Philips, S. W. Yeh, L. M. Tolbert and J. H. Clark, J. Phys. Chem.,
1986, 90, 5154.

8 (a) G. W. Robinson, J. Phys. Chem., 1991, 95, 10386; (b) P. Wan
and D. Shukla, Chem. Rev., 1993, 93, 571; (c) L. G. Arnaut and S.
J. Formosinho, J. Photochem. Photobiol. A: Chem., 1993, 75, 21.

9 M. J. Melo, M. A. Bernardo, E. Melo and F. Pina, J. Chem. Soc.,
Faraday Trans., 1996, 92, 957.

10 (a) D. Huppert, L. M. Tolbert and L. Samaniego, J. Phys. Chem.,
1997, 101, 4602; (b) E. Bardez, 1. Devol, B. Larrey and B. Valeur,
J. Phys. Chem. B, 1997, 95, 7786.

11 F. Pina, M. J. Melo, M. H. Santos, J. C. Lima, I. Abreu, R. Bal-
lardini and M. Maestri, New J. Chem., 1998, 22, 1093.

12 (a) R. Brouillard and J. E. Dubois, J. Am. Chem. Soc., 1977, 99,
1359; (b) R. Brouillard and J. Delaporte, J. Am. Chem. Soc., 1977,
99, 8461.

13 (a) R. A. McClelland and S. Gedge, J. Am. Chem. Soc., 1980, 102,
5838; (b) R. A. McClelland and G. H. McGall, J. Org. Chem.,
1982, 47, 3730.

14 (a) G. Haucke, P. Czerney, D. Steen, W. Rettig and H. Hartmann,
Ber. Bunsen-Ges. Phys. Chem., 1993, 97, 561; (b) R. Matsushima,
H. Mizuno and A. Kajiura, Bull. Chem. Soc. Jpn., 1994, 67, 1762.

15 (a) F. Pina, M. J. Melo, M. Maestri, R. Ballardini and V. Balzani,
J. Am. Chem. Soc., 1997, 119, 5556; (b) F. Pina, M. Maestri and
V. Balzani, Chem. Commun., 1999, 107.

16 In basic media, some hydration reaction takes place; at pH 11.0
ca. 40% of A is converted to B2 and Ce. Some decomposition
was also observed (ca. 20%).

17 In basic media the decrease in intensity of the lowest energy
absorption band of A (477 nm) is also due to the occurrence, to
some extent, of the hydration reaction that leads to B2, etc.
Although the hydration reaction seems favoured in CTAB com-
pared to water, due to an accumulation of OH™ at the positive
surface of the micelles, its contribution to the absorbance
decrease at 477 nm is almost negligible at pH 6.0.

18 C. Michaelis and R. Wizinger, Helv. Chim. Acta, 1951, 34, 1761.

w



