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Excited-State Behavior and Photoionization of 1,8-Acridinedione Dyes in
Micelles—Comparison with NADH Oxidation

Chellappan Selvaraju’® and Perumal Ramamurthy** !

Abstract: The photophysics and photo-
chemistry of 1,8-acridinedione dyes,
which are analogues of reduced
nicotinamide adenine dinucleotide
(NADH), are studied in anionic and
cationic micelles. Acridinedione dyes
(ADDs) are solubilized in micelles at
the micelle-water interface and are in
equilibrium between the aqueous and
micellar phase. The binding of the
ADDs with micelles is attributed to hy-
drophobic interactions and the binding
constants are determined with steady-

tron. The solvated electron reacts with
the ADD to give an anion radical. In
anionic micelles, the yield of the solvat-
ed electron increases because of the ef-
ficient separation of the cation radical
and the electron. Cation radicals de-
rived from the photooxidation of
ADDs are involved in keto—enol tauto-
merization. Under acidic conditions, an
enol radical cation of the acridinedione
dye is formed from the keto form of
the cation radical by intramolecular hy-
drogen atom transfer. In cationic mi-

the electron cannot escape from the
micelle and recombination of the
cation radical and the electron results
in the formation of a triplet state. For
the first time, a solvated electron is ob-
served in the laser flash photolysis of
ADDs in anionic micelles. The photo-
ionization of ADDs depends on the ex-
citation wavelength and is biphotonic
at 355nm and monophotonic at
248 nm. From the results with this
NADH model compound, the sequen-
tial electron—proton—electron transfer

state and time-resolved techniques.
Nanosecond laser flash photolysis stud-
ies are carried out in aqueous, anionic,
and cationic micellar solutions. The
ADD undergoes photoionization in the
excited state to give a solvated elec-

radical ions

Introduction

Reduced nicotinamide adenine dinucleotide (NADH) plays
a vital role as the electron source in the reduction of oxygen
in the respiratory chain."! The biological activity of oxidized
nicotinamide adenine dinucleotide (NAD*) and NADH is
based on the ability of the nicotinamide group to undergo a
reversible oxidation—-reduction reaction. The mechanisms of
the conversion of NADH into NAD* and of the reverse re-
action have been studied extensively in coenzymes as well
as in synthetic analogues during the last two decades.’ The
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celles, due to electrostatic attraction,
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oxidation of NADH is confirmed and
the nature of the intermediates in-
volved in the oxidation is unraveled;
these intermediates are found to
depend on the pH value of the
medium.

cofactor

issue of whether the conversion involves a one-step hydride
transfer® or a stepwise electron—proton—electron transfer'l
has been studied extensively. An NADH radical cation
formed as an intermediate in the photooxidation of NADH
is confirmation of the sequential electron—proton—electron
transfer mechanism. Evidence to support the operation of
such a mechanism during thermal, photochemical, and elec-
trochemical oxidation of NADH and its analogues has been
reported.”! Photoinduced electron transfer reactions of
NADH model compounds with various one-electron oxi-
dants have been reported.”

Acridinedione dyes (ADDs; for example, 1 and 2) have
been developed recently as a family of efficient laser dyes!”!

ADD 1 R=H

ADD 2 R=CH3
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and these dyes have structural similarity with NADH. These
dyes have been shown to mimic NADH analogues to a
great extent because of their tricyclic structure, which is ca-
pable of protecting the enamine moiety.®) Drugs such as ni-
fedipine, nimoldipine, and nisoldipine fall into this class and
have many applications in medicine, for example, as calcium
antagonists, antihypertensive agents, and antiinflammatory
drugs.”) These dyes can function as both electron donors
and acceptors and their electrochemical,'” photophysical,'!!
and excited-state reactions™?! in homogeneous solution have
been investigated.

Photoionization also plays an important role in biological
processes; a good example is light interaction in chloroplasts
during photosynthesis.'¥ The photoionization of NADH de-
rivatives has been investigated with respect to the biological
process.'¥ Both monophotonic and biphotonic photoioniza-
tion of NADH has been reported.™

A micelle can serve as a structural and functional model
for complex bioaggregates, including proteins and biomem-
branes."” The unique and different photophysical properties
observed in micelles are due to a number of factors, such as
solute distribution, mobility, conformational restraints, and
the local electrical field. Within a distance of a few nanome-
ters, the microscopic dielectric constant varies from 2 to
80 Debye units and the microviscocity changes by an order
of magnitude. These factors give rise to some fascinating di-
mensions for photoinduced processes, both chemical and
physical, that occur in the micelle.'”) Micelles are recognized
as a good means of compartmentalizing solutes and they in-
crease the ion yield by preventing the back electron transfer
of the ion pair. In particular, the micellar system strongly
promotes the photoionization of many aromatic mole-
cules.'®*l We report here the photophysics and photochem-
istry of the acridinedione dyes in aqueous medium and in
anionic and cationic micelles; this study includes photoioni-
zation of the dyes. We also report the role of the pH value
in the mechanistic pathway of oxidation of the acridinedione
dyes, a role that can be extended to NADH oxidation.

Results and Discussion

Absorption and fluorescence: The absorption spectra of
ADD 1 were measured in water and with various concentra-
tions of surfactant. The critical micellar concentrations
(CMCs) of sodium dodecylsulfate (SDS) and cetyltri-
methylammonium bromide (CTAB) micelles are 8.2 and
0.92 mm, respectively.””) Below the CMC, there is no change
in the intensity of the absorption peak of ADD 1 at 390 nm
with either SDS or CTAB. Above the CMC, the absorbance
decreases as the concentration of the surfactant increases,
with a simultaneous shift in the absorption maximum to-
wards the blue region; these changes are most rapid at the
CMC. The long-wavelength absorption maximum depends
on the solvent polarity and is assigned to intramolecular
charge transfer."!! The absorption maxima of ADD 1 in mi-
celles and in various homogeneous solvents with different
polarities are listed in Table 1. With decreasing solvent po-
larity the absorption maximum is blue shifted and there is a
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Table 1. Absorption and fluorescence maxima and fluorescence quantum
yield of ADD 1 in various solvents.

Solvent Absorption Fluorescence ¢ E(30)
Amas [nm] (¢ [M"'em™"]) Aoy [nm]

water 396 (9823) 470 045 63.1
methanol 378 (9332) 456 091 554
acetonitrile 370 (8912) 444 0.90 45.6
acetone 370 (8128) 441 088 422
dichloromethane 370 (7762) 440 0.90 40.7
chloroform 372 438 092 39.1
ethyl acetate 370 437 0.89 38.1
SDS 392 (9009) 462 074 -
CTAB 390 (9152) 463 071 -

decrease in the molar extinction coefficient. The blue shift
of the absorption maximum and the decrease in the molar
extinction coefficient observed in the micelles are similar to
this solvent effect. This indicates that the ADDs are trans-
ferred from the bulk aqueous to the less polar micellar envi-
ronment.

The effect of surfactant concentration on the emission
spectrum of the ADD 1 is shown in Figure 1. Below the
CMC, there is no change in the emission intensity and emis-
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Figure 1. Emission spectrum of ADD 1 in water with SDS concentrations
of a)0, b)84x107%, ¢)9.8x107%, d)0.011, €)0.014, f)0.017, g)0.021,
h) 0.0634, and i) 0.11m. Inset: Plot of f/(1—f) against concentration of
SDS for ADD 1.

sion maximum of the dye on excitation at a isosbestic point
(378 nm). As the concentration of surfactant increases
above the CMC, the fluorescence intensity is enhanced and
there is a blue shift in the emission maximum. The fluores-
cence maxima and emission quantum yields of ADD 1 in
micelles and in various homogeneous solvents with different
polarities are listed in Table 1. The polarity-dependent emis-
sion maximum confirms the charge-transfer character of the
S, state. The fluorescence enhancement of several dyes in
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micelles has been reported.?'?! Chouchiang and Lukton
reported the fluorescence enhancement of 2-(p-toluidinyl)-
naphthalene-6-sulfonate (TNS) in SDS micelles, an enhance-
ment due to the interaction between the micelles and the
TNS. The fluorescence enhancement of cyanine and rhoda-
mine dyes in micelles has also been reported.”” These dyes
undergo aggregation in aqueous solution and, due to this,
they have lower fluorescence quantum yields in homogene-
ous solvents. The fluorescence enhancement of these cya-
nine and rhodamine dyes in micelles is due to the preven-
tion of aggregation of the dyes. The aggregation of ADDs in
homogeneous solvents is not possible because these dyes are
nonplanar; with increasing concentration of the ADD, we
do not observe any new peak in the absorption and emission
spectra. The fluorescence enhancement of ADD molecules
by micelles is not due to the prevention of aggregation proc-
esses observed with the cyanine and rhodamine dyes.

Bagdasarian and Shahinyan reported the association of
dye molecules on the micellar surface and this affects the
absorption and fluorescence characteristics of the dyes. The
fluorescence enhancement of ADDs in micelles was ana-
lyzed by the Benesi-Hildebrand equation [Eq. (1)],*) where
K is the equilibrium constant, [M] is the concentration of
micelles, and [, I', and I are the fluorescence intensity of
ADD in the absence of micelles, the fluorescence intensity
of bound ADD, and the measured fluorescence intensity, re-
spectively.

11 1 ,
I—1 I,-T' " K({I,—I)[M] @

The dependence of 1/[,—I on the reciprocal concentration
of micelles was found to be linear, a fact that indicates 1:1
binding. This confirms the absence of dimer formation on
the surface of the micelle. Moreover, the absence of a new
peak in the absorption and emission spectra excludes dimer
formation of the acridinedione dyes.

The increase in the fluorescence intensity of intramolecu-
lar-charge-transfer emissions of ADD 1 and the correspond-
ing blue shift of the emission maximum in micelles with re-
spect to the results obtained with pure water are accounted
for by the following reasons.

1) During the formation of micellar aggregates the ADD
molecules are transferred from the highly polar aqueous
phase to the less polar micellar environment. It is known
that the excited singlet state of ADDs is more polar
than the singlet ground state, a fact that is obvious from
the dipole-moment data of these dyes. Experimentally
observed dipole moments of the ground and excited
states of ADDs are approximately 1.9 and 3.2 D, respec-
tively."! Therefore, the S, state becomes less stabilized
than the corresponding ground state in the less polar
Stern layer of the micelles. As a result, the energy gap
between the S; and S, states increases and there is conse-
quently a shift in the emission maximum towards the
blue region. The fluorescence spectral shift can be used
to determine the polarity of the ADD binding site in mi-
celles. A calibration curve was constructed by plotting

Chem. Eur. J. 2004, 10, 2253 -2262 www.chemeurj.org

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

the emission wavenumber against the polarity parame-
ter, the E(30) value. This allowed us to estimate the
E1(30) values of the ADD binding sites as 57.5 and 59
for SDS and CTAB, respectively. On comparing these
values with those of alkanes, like hexane (31), and water
(63), it can be determined that the ADD is located nei-
ther in the core nor in the aqueous phase but is located
at the micelle-water interface.

2) The fluorescence intensity enhancement in micelles is
due to inhibition of radiationless decay by the micellar
aggregates. This may be reasoned out in terms of rigidi-
zation of the ADDs in the local environment encoun-
tered in the micelle.””

3) In aqueous solution, the strong hydrogen-bonding inter-
actions of water molecules with the dye induces nonra-
diative relaxation and therefore a decrease in the fluo-
rescence quantum yield is observed.”!. In micelles,
ADD molecules are transferred from the hydrophilic
aqueous phase to a hydrophobic micellar environment,
which minimizes the hydrogen-bonding interactions be-
tween the ADD and water. This minimization of hydro-
gen-bonding interactions causes the diminution of radia-
tionless relaxations (induced by hydrogen-bonding inter-
actions) of the ADD, with a resultant enhancement of
intramolecular-charge-transfer emission intensity in the
micellar environment.

Fluorescence lifetimes: Fluorescence lifetimes of the ADDs
were recorded in water and in different concentrations of
SDS and CTAB solution. Below the CMC, all the dyes ex-
hibit single exponential fluorescence decay with a lifetime
of around 4-4.5 ns in water. Above the CMC, the fluores-
cence decay of the dyes does not obey a single exponential
fit but instead follows a biexponential fit according to Equa-
tion (2), where I(¢) is intensity at time ¢, A; and A, are the
preexponential factors, and 7, and 7, are fluorescence life-
times. The emission decay profile of ADD 1 monitored at
470 nm and with different SDS concentrations is shown in
Figure 2.
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Figure 2. Fluorescence decay of ADD 1 in water with SDS concentrations
of a) 0, b) 8.4x107%, ¢) 9.8x107%, d) 0.011, €) 0.014, and f) 0.11 m.
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In aqueous micellar solution, three possible locations,
namely, the hydrophobic core, the bulk water, and the Stern
layer, are available for the dyes. The biexponential behavior
in the presence of micelles suggests that the ADDs are pres-
ent in two different environments, in one of which the fluo-
rescence decay of the ADDs has a shorter lifetime (4.2 ns)
while in the other it has a longer lifetime (7.8 ns). The short-
er lifetime is the same as the fluorescence lifetime of ADDs
in water. The longer lifetime is assigned to the ADD mole-
cules bound to the micelles. The biexponential analyses of
ADDs in the presence of different concentrations of surfac-
tant were carried out by fixing 7, as the lifetime of the dyes
in water. The fluorescence lifetime data of ADD 1 are com-
piled in Table 2. With increasing surfactant concentration,
the relative amplitude of fluorescence from the aqueous por-
tion (B;) decreases whereas the relative amplitude of fluo-
rescence from the micelle portion (B,) increases (Table 2).
This confirms that the ADD is in equilibrium between these
two environments.

Binding constants: The binding constants of ADD mole-
cules with anionic and cationic micelles (SDS and CTAB)
were determined by using both steady-state and time-re-
solved fluorescence techniques.

Steady-state fluorescence technique:*” In the steady-state
fluorescence technique, change in the fluorescence intensity
of the ADD with surfactant concentration was used to de-
termine the binding constants. Consider the equilibrium
shown in Equation (3). The equilibrium constant for this re-
action, K, is given by Equation (4), where [D,] and [D,,] are
the substrate (dye) concentrations in the aqueous phase and
in the micellar phase, respectively. [S,,] is the molar concen-
tration of surfactant in the form of micelles and is equal to
the total surfactant concentration minus CMC in the ab-
sence of dye.

D,+S,=D, (3)
D)
Ks = D5 )

The total dye and surfactant concentrations, [D,] and [S/],
are given by Equations (5) and (6). In the presence of ADD
dye the total surfactant concentration in the form of the
micelle is the sum of the surfactant concentration in the
form of the micelles with ADD [Dm] and without ADD
[Sm].

(D] = [D.] + [Dn] )
S = [Sw] + D] + CMC (6)

The fraction of the dye associated with the micelle, f
[Eq. (7)], can be expressed by Equation (8), where I, I,, and
I, are the fluorescence intensities at an intermediate con-
centration of surfactant, in aqueous solution, and when the
ADD is completely solubilized (that is, at 0.1m surfactant
concentration), respectively.

D]
f =0 )
= 0

By combining Equations (4)—(8), we get Equation (9).

L= K(s1-DIn-K.oMC ©)

By making the approximations that [D,]<[S,] and [S]>
CMC, Equation (9) can be reduced to Equation (10), where
K is the binding constant and N is the aggregation number.
The plot of f/l1—f against [S] gives a straight line, (Figure 1,
inset) and the binding constant is calculated from the slope.

f
7~ K[S/] (10)
Slope = g

Time-resolved fluorescence technique: In presence of mi-
celles, the fluorescence decay of ADDs is biexponential
with lifetimes of 7; and 7, and amplitudes of A; and A,. The
binding constant is calculated from the amplitude by using
Equation (11), where [M] is the concentration of micelles as
given by Equation (12).

A

A_Z = K[M] (11)
Table 2. Lifetime data for ADD 1. !
[SDS] [m] Lifetime [ns] Preexponential factor Relative amplitude [SJ —CMC v

7 7 A, A, B, B, M| =—=F— (12)
0.00 4.42 - - - 100 -
-3

Vs M v e e ined from the slope of the
0.0141 442 7.80 0344 0512 27.52 7243 Plot of AJJA, against [M]. The
0.0169 442 7.82 0.238 0.612 18.02 81.98 binding constants  obtained
0.0211 4.42 7.85 0.163 0.674 12.03 87.97 from the time-resolved fluores-
0.0282 4.42 7.79 0.122 0.719 8.75 91.25 cence technique are in close
0.0634 4.42 7.82 0.050 0.806 3.39 96.61 .

agreement with the values ob-
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tained by using steady-state fluorescence measurements and
are compiled in Table 3.

Electrostatic and hydrophobic interactions are responsible
for binding of the solute with the micelles. Depending upon
the nature of the solute and micelles the binding involves
one or both of these interactions. The binding of a solute to

Table 3. Binding constants for ADDs with micelles.

Dye Binding constant [x107°M™']
SDS CTAB
steady-state  time-resolved  steady-state  time-resolved
ADD1 182+0.1 17.7+£0.3 41+02 45+0.1
ADD2 86.8+2 90.3+0.2 22.6+0.5 232402

an ionic micelle is electrostatic when the strength of the in-
teraction is determined by the charge density of the solute.
In contrast, the binding of the solute with the micelles is hy-
drophobic when the strength of the binding is determined
by the tendency of the solute to reduce its interaction with
aqueous dipole. The binding of inorganic ions such as Ag*,
Cu*, and Ni* with SDS micelles®?*” is purely electrostatic
and does not involve any covalent interactions with the sul-
fate groups on the micellar surface. The binding constants of
aromatic hydrocarbons like benzene, anthracene, and
pyrene are in the range 4x10°-2x10°m™" and correlate with
the hydrophobicity of the solutes.”

ADD molecules are neutral and electrostatic interactions
in the binding of ADDs with micelles are ruled out. The
binding of these dyes is mainly attributed to hydrophobic in-
teractions of the ADDs with the micelles. ADD 2 has a
higher binding constant than ADD 1 in both types of mi-
celle (SDS and CTAB). The additional methyl groups pres-
ent at positions 3 and 6 of ADD 2 make it more hydropho-
bic and it binds strongly with micelles. From the fluores-
cence studies, it can be determined that the polarity of the
ADD binding site in SDS is less than that in CTAB, that is,
the ADD is solubilized in a more hydrophobic environment
in SDS than in CTAB.

Laser flash photolysis of ADDs: The transient absorption
spectrum of the ADDs in water with laser excitation at
355 nm shows maxima in the regions around 470 and
650 nm. The transient absorption spectra of ADD 1 in water
is shown in Figure 3c. The transient decay observed above
600 nm has a short-lived component and a long-lived com-
ponent. The short-lived decay is quenched by N,O while the
long-lived decay is unaffected by N,O. Oxygen quenches the
long-lived decay observed at 650 nm, while the 470 nm tran-
sient is not affected by oxygen. It is known that O, quenches
the triplet state of the molecule and N,O reacts with the sol-
vated electron. The above observations lead to the conclu-
sion that the 650 nm transient is due to triplet—triplet ab-
sorption®™ of ADD and the short-lived component observed
above 600 nm (Figure 3b) is due to a hydrated electron. The
hydrated electron reacts with the ADD and an anion radical
is formed. The 470 nm transient absorption is assigned as
anion-radical absorption which is in agreement with the
findings of Mohan et al.*!]
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Figure 3. Transient decay monitored at a) 470 and b) 650 nm. c) Transient
absorption spectrum of ADD 1 in water, recorded after 1 us. In each
case, trace 1 was measured with argon saturation and trace 2 was meas-
ured with N,O saturation.

The transient absorption spectrum obtained from 355 nm
laser flash photolysis of ADD 1 in 0.1m SDS also shows
transient maxima in the 470 and 650 nm regions (Figure 4d).
These maxima are similar to those observed in water and
are assigned to anion-radical and triplet-triplet absorption,
respectively. In SDS, the transient decay observed above
600 nm also exhibits two decay components, similar to those
observed in water. The absorption of the short-lived decay
component is more intense in SDS than in water. The short-
lived decay disappears in the presence of N,O and is as-
signed to a hydrated electron, which is expected to have ab-
sorption in the region of 500-750 nm.’” The decay of the
hydrated electron at 720 nm is shown in Figure 4c.

In the presence of anionic micelles, the solvated electron
absorbance and lifetime increase with an increase in the
SDS concentration. In SDS, the electron exits from the mi-
celles into the aqueous phase due to the electrostatic repul-
sion but the cation radical is strongly bound with the mi-
celles due to the electrostatic attraction. The inhibition of
the back reaction caused by the electrostatic barrier at the
micelle-water interface enhances the yield and lifetime of
the solvated electron. One route of decay of the electron is
through reaction with the ground state of the ADD mole-
cule. The observation of the anion-radical transient at
470 nm in SDS indicates the occurrence of the reaction of a
hydrated electron with the ADD. The rate of decay and ab-
sorbance of the hydrated electron increases with increase in
the concentration of ADD molecules and is represented in
Figure 5. The decay of the hydrated electron is analyzed by
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Figure 4. Transient decay monitored at a) 470, b) 650, and c) 720 nm.
d) Transient absorption spectrum of ADD 1 in 0.1 M SDS, recorded after
1 ps. In each case, trace 1 was measured with argon saturation and trace 2
was measured with N,O saturation.
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Figure 5. Plot of pseudo-first-order rate constant of hydrated electron
decay at 720 nm against concentration of ADD 1. Inset: Decay of the hy-
drated electron with a) 4.5x1075,b) 9x10°, and ¢) 3.6 x10"*mM ADD 1.

pseudo-first-order kinetics and from the plot; the bimolecu-
lar rate constant for the reaction of ADD with the electron
is calculated to be 1.44+0.5x10°m~'s™.. The rate constant
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obtained in homogeneous solution®! (2-5x10m~'s7!) is
higher than the value observed in SDS. In the presence of
anionic micelles, the ejected electron is repelled by the neg-
atively charged surface of the micelles containing the neu-
tral ADD molecules. In micelles, the ADDs are partitioned
between the aqueous and micellar phases and hence the hy-
drated electron reacts only with ADD molecules that are
present in the aqueous phase. If ADDs exist as dimers in
the Stern layer, then the electron formed would react within
the Stern layer. But we observe an enhancement in the yield
and lifetime of the solvated electron with increasing SDS
concentration. This clearly indicates that the solvated elec-
tron reacts with ADD molecules present in the aqueous
phase only, a result that further supports the absence of
dimers in the Stern layer.

The transient absorption spectra of the ADDs in CTAB
show much more similarity to the absorption curves ob-
tained in aqueous solution than to those observed in SDS.
In CTAB, the triplet-triplet absorption of the ADD increas-
es with increase in the concentration of CTAB whereas no
such behavior is observed in the case of SDS. The triplet—
triplet absorption spectrum of ADD 1 in solutions with dif-
ferent concentrations of CTAB are shown in Figure 6. The
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Figure 6. Triplet-triplet absorption spectrum of ADD 1 in water with
CTAB concentrations of a) 0.04, b) 0.07, and c¢) 0.1, recorded 2 ps after
the laser pulse.

charge on the micelles plays a crucial role in the efficiency
of the separation of the products of the photoionization
process. The electron is not able to escape easily from the
cationic micelle because of the electrostatic attraction, the
recombination of the cation radical and the electron is more
efficient, and the yield of hydrated electron is lower in the
cationic micelle. The recombination reaction favors the trip-
let induction when the ion-pair energy is higher than the
triplet state of the ADD. The enhanced triplet absorption in
cationic micelles (CTAB) is nicely explained by the triplet
induction by the ion-pair recombination.

Cation radicals of ADDs: The transient decay of ADD mol-
ecules monitored at 440 nm shows residual absorbance and

www.chemeurj.org  Chem. Eur. J. 2004, 10, 22532262
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is much stronger in solutions of SDS and CTAB than in
pure water. The transient absorption of ADD 1 in 0.1m SDS
recorded 15 ps after the laser pulse shows a maximum at
440 nm (Figure 7), which is assigned to the cation radical of
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Figure 7. The effect of pH value on the transient decay of ADD 1in 0.1m
SDS, monitored at a) 440 and b) 550 nm. In each case, the pH values
were as follows: 1) 7,2) 5, 3) 4, 4) 3.5, and 5) 3.0. ¢) The transient absorp-
tion spectrum of ADD 1in 0.1m SDS at pH 7, 1) 1 and 2) 15 ps after the
pulse.

the ADD. In a pulse radiolysis study Mohan and Mittal™®!
reported that the cation radical has absorption at 440 nm
and a broad band at 600-700 nm. The assignment of the
440 nm transient to the cation radical is therefore in agree-
ment with the pulse radiolysis studies.

Acridinedione dyes have structural similarity to NADH
and the cation radicals of NADH model compounds have
been studied extensively.®” The radical cations generated
from NADH model compounds undergo keto—enol tauto-
merization proceeded by a [1,4] hydrogen shift. Recently
Fuzukumi et al.® reported the tautomerization of radical
cations of NADH analogues by using ESR and flash photol-
ysis techniques. They generated the radical cation of 1-
benzyl-1,4-dihydronicotinamide (BNAH) through thermal
and photoinduced electron transfer reactions in acetonitrile.
The keto and enol radical cations of BNAH show absorp-
tion maxima at 400 and 460 nm, respectively.

On decreasing the pH value, the residual absorbance at
440 nm decreases, with a simultaneous increase at 550 nm.
The effect of the pH value on the 440 and 550 nm transients
in SDS is shown in Figures 7a and b,respectively. Marcinek
et al.” reported that under acidic conditions an enol radical
cation of ADD is formed that has absorption at 550 nm.
The 440 nm transient is assigned to the keto form of the
ADD cation radical. The transient maximum of the ADD
radical cations in aqueous micellar solutions is significantly
red shifted relative to the maximum of the radical cations of
BNAH in acetonitrile.® Above pH 5 the ADD cation radi-
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cal exists in the keto form and below pH 4 it exists in the
enol form. In the intermediate pH range both the keto and
enol forms of the radical cation coexist under equilibrium.
The pK, value of the enol radical cation was determined to
be around 4.5 in SDS and around 3.0 in CTAB. In acidic
conditions, the formation of the enol radical cation is facili-
tated by the protonation at the carbonyl oxygen atom and is
similar to the acid-catalyzed keto-enol tautomerization of
a,B-unsaturated carbonyl compounds. The transient absorp-
tion spectra of ADDs recorded in water, SDS, and CTAB
under acidic conditions (pH 3.5) show transient absorption
maxima at 590 nm (see Figure 8 for the spectrum in SDS).

0.030 -

0.020

AAbs —»

0.010

0.000 . . . . .
410 460 510 560 610 660

Wavelength/nm —»

Figure 8. Transient absorption spectrum of ADD1 in 0.Im SDS at
pH4.5.

In the pulse radiolysis reduction of the ADD* molecule,
Marcinek et.al.’l reported that the carbon-centered radical
and enol cation radical are in equilibrium and under such
circumstances they have a transient absorption maximum at
590 nm. A similar observation in the present investigation
suggests that in the pH range below 4, the enol cation radi-
cal and the carbon-centered radical are in rapid equilibrium.
In the present study we find that the enol radical cation of
acridinedione dyes is formed from the keto form of the
cation radical and, depending on the pH value of the
medium, either the keto or enol form of the cation radical
will exist. The photooxidation and the subsequent reactions
of the ADDs are represented in Scheme 1.

Comparison of the oxidation of NADH with ADD oxida-
tion: The mechanism of NADH oxidation was established
by use of model compounds (1,4-dihydropyridine deriva-
tives) and several mechanisms, such as one-step hydride
transfer and multistep electron—proton transfer, have been
proposed for the oxidation of NADH to NAD™. The detec-
tion of the radical cation in thermal, electrochemical, and
photochemical oxidations of NADH has confirmed the se-
quential electron—proton-electron transfer mechanism. De-
protonation of the cation radical leads to the carbon-cen-
tered radical, which undergoes a further one-electron oxida-
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Scheme 1. Mechanism of acridinedione dye oxidation. ADD =acridinedione dye, ADK'* =keto radical cation,

ADC = carbon-centered radical, ADE'* =enol radical cation.

tion to give NAD™. Marcinek et al. reported the formation
of tautomeric enol radical cations from the oxidation of
NADH model compounds.® The enol radical cation
formed by the deprotonation-reprotonation processes from
the keto radical cation. They also studied the reverse step-
wise transformation of NAD?T to NADH; this process
occurs by protonation of the carbon-centered radical at the
oxygen atom resulting in the enol radical cation. The enol
form of cation radical reverts rapidly to the more stable
keto form on neutralization. The mechanism proposed by
Marcinek et al.®¥ illustrates the sequential electron—pro-
ton—electron transfer in the NADH=NAD* transformation
and includes the two tautomeric
forms of the NADH radical
cation but the authors do not
indicate the effect of the pH
value on the formation of the
cation radicals. From the photo-
oxidation of ADDs in micelles
(Scheme 1), we have concluded
that the mechanistic pathway of
oxidation (thermal and photo-
chemical) of NADH to NAD* 4 n © u H
depends on the pH value of the

medium (Scheme 2). In alkaline N N
conditions, the deprotonation of xlz ]{

the keto cation . radical NADH N
(NADHK'*) results in the NADHK
carbon-centered radical

(NADr), which further under-
goes one-electron oxidation to
give NAD*. In acidic condi-
tions, the keto form of the
cation radical is converted into
the enol radical cation

2260
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(NADHE"") through a [1,4] hy-
drogen shift. The enol radical
cation is in equilibrium with the
carbon-centered radical, which
can undergo further oxidation
as above (Scheme 2). From this
study we also conclude that the
reverse reaction, that is, conver-
sion of NAD™ into NADH, is
possible only in acidic condi-
tions.

Monophotonic and biphotonic
ionization: The photonicity of

O CH; OH .. . .
photoionization processes in
R l : r  aqueous homogeneous solu-
;/ R tions could not be evaluated
Cle due to the poor yield of solvat-

) ed electrons. In SDS, the yield
ADE' of solvated electrons is quite
large and this helps to identify
the mechanism of photoioniza-
tion of the ADDs. The absorb-
ance of the solvated electrons is
measured as a function of the laser intensity. The ADD
solubilized in SDS micellar solutions was excited by 248 and
355 nm laser pulses of different intensities and the absorb-
ance of the solvated electrons at 720 nm was monitored
after a 200-ns delay. The absorbance of the solvated elec-
trons can be described as a function of the laser intensity as
given by Equation (13), where OD is the optical density of
the solvated electrons at 720 nm, FE, is the pulse energy, # is
an integer, and k is a constant encompassing the specified
experimental conditions. The value of n can be determined
from the double log plot of Equation (13) as described by
Equation (14).

-€
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N
|
R
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g
Acijc pH o o
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|/ +H N
R k
_;_ °
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Scheme 2. Mechanism of NADH oxidation based on acridinedione dye oxidation in micelles.
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OD = kE! (13)
log(OD) = log(k) + nlog(E,) (14)

Figure 9 presents the plot of log(OD) against log(E,) for
ADD 1 in SDS micellar solution. For experiments with exci-
tation at 355 nm the slope is determined to be 2.08 and exci-
tation with 248 nm yields a slope of 1.1. Hence, it can be

-1}
(o}
14} °
! o
o -18¢f
o
[=2]
(]
-
22}
o]
26 — o L 1 )
1.2 1.4 1.6 1.8 2 2.2

Log(E)/mJ —>

Figure 9. Plot of log(OD) against log(E,) for electron yields from ADD 1
in 0.1m SDS.

concluded that the photoionization of ADDs by 248 nm
light proceeds by a monophotonic ionization process, while
that at 355 nm occurs through a biphotonic process.

There are several reports on photoionization of solutes in
micellar media. Aromatic hydrocarbons such as pyrene, per-
ylene, and tetracene photoionize™ by a biphotonic process,
whereas aromatic amines with low oxidation potentials such
as tetramethylbenzidine® and phenothiazine® undergo
monophotonic ionization. Photoionization of phenothiazine
has been studied extensively in homogeneous and micellar
solutions and it has been reported that the photoionization
process depends on the excitation wavelength. In aqueous
SDS micellar solutions, the photoionization of phenothia-
zine is found to be monophotonic at 266 nm, but both
mono- and biphotonic processes seem to operate at 355 nm.
It was concluded that the photoionization occurs from the
higher excited singlet state of phenothiazine.

The wavelength-dependent photonicity of the acridine-
dione dyes in SDS micellar solutions exemplifies the in-
volvement of higher excited states in the photoionization.
Excitation with 248 nm photons directly promotes electrons
from the S, to S, state and the photoionization proceeds by
a monophotonic process. Excitation at 355 nm promotes the
electrons to the S, state by the absorption of one photon
and subsequent absorption of one more photon promotes
the electrons to the S, state (Scheme 3).

Conclusion
The absorption and fluorescence spectral characteristics of
the ADDs in SDS and CTAB reveal that they are solubi-

lized in a less polar environment than water. The polarity of
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Scheme 3. Monophotonic and biphotonic ionization of ADD dyes.

the binding site of the dyes in the micelles was determined
and the probe is solubilized in the Stern layer, that is, at the
micelle-water interface, with the dye more exposed to
water. In the micellar environment the fluorescence intensi-
ty of the ADDs is enhanced. The biexponential nature of
fluorescence decay of the ADDs in micelles confirms that
the dyes are in two different environments, that is, they are
in equilibrium between the aqueous and micellar phases.
The binding constants of the ADDs with the SDS and
CTAB micelles were determined and indicate a hydrophobic
interaction between the micelles and the ADDs. Formation
of solvated electrons is observed for acridinedione dyes with
laser flash photolysis for the first time. It has been observed
that ionization is monophotonic upon excitation at 248 nm
and a stepwise biphotonic process occurs at 355 nm. In cat-
ionic micelles, the recombination of the cation radical and
the electron results in the formation of the triplet state.
Cation radicals derived from the photooxidation of ADD
molecules are involved in keto—enol tautomerization. The
enol radical cations of acridinedione dyes are formed from
the keto form of the cation radicals by intramolecular hy-
drogen transfer. The results of the present study were com-
pared with the existing mechanisms for photooxidation of
NADH and by using this study we have pointed out that the
intermediate cation radical involved in the oxidation of
NADH depends on the pH value of the biological system.

Experimental Section

ADDs have been synthesized by the procedure reported in the litera-
ture.™*! SDS (Sisco Research Laboratory) and CTAB (Fluka Chemi-
cals) were checked to be fluorescence free and then used as received.
Triply distilled water was used for solution preparation. All other sol-
vents used were HPLC grade as obtained from Qualigens, India. The ab-
sorption spectra were recorded by using a Hewlett—Packard 8542A
diode-array spectrophotometer. The fluorescence experiments were car-
ried out by using a Perkin-Elmer LS5B spectrofluorimeter. The concen-
tration of ADDs used was 1x10°m. The stock solutions of ADDs were
prepared in water/methanol (99.5:0.5 v/v). The emission spectra were re-
corded by exciting the sample at the isosbestic wavelength.

Laser flash photolysis was performed by using the third harmonic of an
Nd:YAG laser (A=355 nm, DCR-2, Spectra Physics) and a KrF excimer
laser (A=248 nm, Lexrta-50, Lambda Physik). The transient absorption
changes were monitored perpendicular to the laser beam by using a
300 W pulsed Xenon arc lamp. The transient signals were detected with a
Hamamatsu R-928 photomultiplier. The photomultiplier output was digi-
tized with a 100-MHz digital storage oscilloscope (Hewlett-Packard
54201A) interfaced to a computer. Kinetic analyses were carried out by
using the software described elsewhere.”!! For all studies the solutions
were deaerated by purging with argon gas for 30 min prior to the experi-
ments.
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Time-resolved fluorescence decays were obtained by the time-correlated
single-photon-counting (TCSPC) method. A diode-pumped Milliena
V CW laser (Spectra Physics, 532 nm) was used to pump the Ti-Sapphire
rod in a Tsunami picosecond-mode locked laser system (Spectra Physics).
The 750 nm (85 MHz) beam from the Ti-Sapphire laser was passed
through a pulse picker (Spectra Physics, 3980 2S) to generate 4 MHz
pulses. The second harmonic output (375 nm) was generated by a flexible
harmonic generator (Spectra Physics, GWU 23PS). A vertically polarized
375 nm laser was used to excite the sample. The fluorescence emission at
the magic angle (54.7°) was counted by an MCP PMT apparatus (Hama-
matsu R3809U) after being passed through the monochromator and was
processed through a constant fraction discriminator (CFD), a time-to-am-
plitude converter (TAC) and a multichannel analyzer (MC). The instru-
ment response function for this system is ~52 ps. The fluorescence decay
was obtained and was further analyzed by using IBH (UK) software
(DAS-6).
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