
Photochemical &
Photobiological Sciences

Dynamic Article Links

Cite this: Photochem. Photobiol. Sci., 2012, 11, 1051

www.rsc.org/pps PAPER
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The singlet and triplet excited states properties of lumiflavin (LF), riboflavin (RF), flavin mononucleotide
(FMN) and flavin adenine dinucleotide (FAD) in reversed micelles (RM) of sodium docusate (AOT) in
n-hexane solutions were evaluated as a function of the water to surfactant molar ratio, w0 = [H2O]/[AOT],
by both steady-state and time-resolved absorption and fluorescence spectroscopy. The results indicated
that hydrogen-bonding interactions between the isoalloxazine ring of the flavins with the water molecules
of the micellar interior play a crucial role on the modulation of the excited state properties of the flavins.
Fluorescence dynamic experiments in the RM, allowed the calculation of similar values for both the
internal rotational time of the flavins (θi) and the hydrogen-bonding relaxation time (τHB), e.g. ≈ 7 and
1.5 ns at w0 = 1 and 20, respectively. In turn, the triplet state lifetimes of the flavins were also enlarged in
RM solutions at low w0, without modifications of their quantum yields. A hydrogen bonding relaxation
model is proposed to explain the singlet excited state properties of the flavins, while the changes of the
triplet state decays of the flavins were related with the global composition and strength of the hydrogen
bonding network inside of the RM.

Introduction

Flavins belong to a huge family of bioactive compounds found
in redox enzymes and photoreceptors, with flavin mononucleo-
tide (FMN) and flavin adenine dinucleotide (FAD) as ubiquitous
cofactors.1,2 Riboflavin (RF) is one of the components of the B2

vitamin complex, and is essential in living organisms. Further-
more, RF is present in several foods and beverages, such as
dairy products, beer, beans, etc., where can it act as a photosensi-
tizer.3 In anaerobic conditions, UVA-Vis photolysis of RF yields
lumiflavin (LF) as main photoproduct.4 All these flavins have
the same oxidized isoalloxazine ring as chromophore and/or
redox mediator, and in the case of RF, FMN and FAD share a
ribityl side chain that plays chemical and biological roles.5

Therefore, the spectroscopic and photochemical properties of
both isoalloxazine ring and flavin derivatives either in homo-
geneous solutions or in protein environments have been a matter
of current interest in recent decades.6–12 Despite the importance
of flavins as cofactors in enzymes, where the active sites are
highly organized, there are few reports on the spectroscopic and

photophysical properties of flavins in organized or constrained
artificial media.13–16

In this sense, the reversed micelles (RM) are appropriate can-
didates for such studies because their environmental properties
can be well controlled by changing the proportion of water
entrapped in the microemulsion. The physical and chemical
properties of water inside of RM are markedly different from the
properties of bulk water but similar in several aspects to those of
biological interfacial water as found in membrane or protein
interfaces.17 The highly structured, yet heterogeneous water mol-
ecules in RM simulates adequately water molecules present in
biological systems such as membranes, which are difficult to
analyze experimentally. Basically, RM are spherical self-assem-
bly structures dispersed in an organic solvent (oil), consisting of
a surfactant monolayer that encapsulates water droplets of nano-
scopic size (approximately between 1–20 nm in diameter).18,19

The RM solutions are thermodynamically stable and optically
transparent in a wide range of water and surfactant concen-
trations. Typically, the properties of the RM depend on its size,
which is proportional to the water to surfactant molar ratio, i.e.
w0 = [H2O]/[Surf ].

17 Aerosol-OT (AOT) or sodium docusate salt
is the most extensively used surfactant to form RM in organic
solvents, such as n-alkanes, dissolving large amount of water
(e.g. up to w0 ≈ 50–60). The structure and properties of the RM
solutions formed with AOT have been extensively characterized
by several methods.18–26 For AOT RM formed at w0 < 10, it has
been well established that inner water molecules are rigidly
immobilized in the solvation of the anionic polar heads of AOT
and sodium counterions. In this condition, the interior of RM is
highly viscous and shows lower polarity than bulk water. At w0
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> 10, the solvation of the internal micellar interface (surfactant
monolayer + solvated double electrical layer) is complete, and
additional water molecules are forming a nano-sized water pool
with “free” water molecules at the center of the RM. In this con-
dition, both the micellar interface and the waterpool are less
rigid, and the internal water molecules begin to have properties
similar to those of pure water.18–26 Due to the spherical shape of
the AOT RM a radial dependence of the internal environmental
properties (e.g. viscosity, polarity, hydrogen bonding ability, etc.)
could be expected . These facts make RM good candidates for
studying the properties of the excited states of flavins in a
confined aqueous environment, as was previously showed for
FMN entrapped in water pools of RM of different surfactants,15

and for an amphiphilic flavin derivative anchored into the micel-
lar interface of AOT RM.16

In this manuscript, we extended the pioneering work of Visser
et al. for the spectroscopic and dynamic fluorescence behavior of
FMN in AOT RM,15 by studying the singlet and triplet excited
state properties of the four structurally related flavins LF, RF,
FMN and FAD (Scheme 1) as a function of the water content
(w0) entrapped in AOT RM solutions.

The results show that there is a controlled modulation of the
properties of both singlet and triplet excited states of the flavins
by the amount and strength of hydrogen bonding interactions of
the isoalloxazine ring with the water molecules of the micellar
interior. The dynamical properties of the hydrogen-bonding
relaxation around the singlet excited state of the flavins were
determined as a function of w0 by the calculation of the time-
resolved area normalized emission spectra (TRANES).

Materials and methods

Materials

Lumiflavin (LF), riboflavin (RF), flavin mononucleotide (FMN),
and flavin adenine dinucleotide (FAD) were purchased from
Sigma-Aldrich (Argentina) in their highest purity grade (>95%),
and used without further treatment. Time-resolved emission
experiments (see below) of all flavins in neutral aqueous or
sodium phosphate buffer solutions showed fluorescence lifetimes
coincident with reported values.5,12,15 Furthermore, time-
resolved emission spectra (TRES) in aqueous solutions
confirmed the presence of a single emitting excited state without
interference of impurities. Sodium docusate salt (AOT),

Na2HPO4, NaH2PO4, and fluorescein as sodium salt were also
from Sigma-Aldrich (Argentina). Organic solvents of spectro-
scopic grade were from Sintorgan SRL (Bs.As. Argentina), and
were previously dehydrated with 5 Å molecular sieves. Com-
pressed ultrapure argon was purchased from Indura SRL (S.M.
de Tucumán, Argentina). Water was triply distilled.

Methods

Preparation of AOT reverse micelle solutions

Reversed micelle (RM) solutions of 0.1–0.3 M sodium docusate
salt (AOT) were prepared by direct dissolution of the surfactant
in n-hexane using ultrasound sonication for 20 min. Flavins were
incorporated into 2 mL of AOT–n-hexane solutions by adding
2–5 μL of a concentrated stock of the flavins to 10 mM sodium
phosphate buffer (PB) solution at pH 7. Under this condition,
the final concentration of the flavins was about 7 μM assuring a
water-to-surfactant molar ratio w0 = [H2O]/[AOT] < 1. The w0

value was increased by adding small aliquots of PB solution,
without exceeding 5–7% of the initial volume. All experiments
were performed at 25(±1) °C.

Steady-state spectroscopic measurements

Absorption spectra were registered with a Hewlett Packard 8453
UV-visible spectrophotometer (Palo Alto, CA, USA). Corrected
fluorescence emission and excitation spectra were recorded with
a Hitachi F-2500 spectrofluorimeter (Kyoto, Japan) equipped
with an R-928 photomultiplier, in 1.0 cm path quartz cells using
excitation and emission slits of 5 nm bandwidth. Fluorescence
quantum yield (ΦF) of the flavins was determined by excitation
at 450 nm using fluorescein in 0.1 N NaOH (ΦF = 0.95) as refer-
ence,27 by comparing the integrated fluorescence intensity of the
sample and reference solutions matched in absorbance at the
excitation wavelength as described elsewhere.28 Correction by
the difference of the refractive index of the media was performed
and the absorbance of both sample and reference solutions at
450 nm was kept ≤0.05 to avoid inner filter effects.

Steady-state fluorescence anisotropy <r> was determined
using the classical L-format and calculated with eqn (1), where
IVV and IVH are the fluorescence intensities with different orien-
tation of the excitation and emission polarizers, indicating the
position by the subscripts V (vertical) and H (horizontal),
respectively. The G factor represents the sensitivity ratio of the
detection system for vertically and horizontally polarized light
calculated as IHV/IHH.

, r >¼ IVV � GIVH
IVV þ 2GIVH

ð1Þ

Time-resolved measurements

Fluorescence and anisotropy decays were obtained with a
Tempro-01 apparatus of Horiba Jobin Yvon (Glasgow, UK),
using as excitation pulse source an ultrafast 340(±15) nm
Nanoled®, operating at 1 MHz. The emission wavelength was
selected at 520 nm with a monochromator with emission

Scheme 1 Structure formula of the flavins: lumiflavin (LF), riboflavin
(RF), flavin mononucleotide (FMN) and flavin adenine dinucleotide
(FAD).
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bandwidth selected at 12 nm. All measurements were performed
at room temperature and under air-saturated conditions. The flu-
orescence intensity decay was fitted with the Fluorescence
Decay Analysis Software DAS6® of Horiba Jobin Yvon by
deconvolution of the pulse function using the multi-exponential
model function eqn (2),

IðtÞ ¼
Xn

i¼1

αi expð�t=τiÞ ð2Þ

where n is the number of single exponential decays, τi and αi are
the decay time and the fluorescence intensity amplitude at t = 0
of each decay, respectively. In the case of n > 1, the average life-
time (<τ>) was calculated with eqn (3), where fi is the fractional
contribution of each decay time to the steady-state intensity.

, τ >¼
Xn

i¼1

fiτi ¼
Pn

i¼1 αiτ
2
iPn

i¼1 αiτi
ð3Þ

Time-resolved decay of fluorescence anisotropy r(t) was ana-
lyzed with the classical exponential model function for a spheri-
cal molecule, eqn (4),28 where r0 is the anisotropy at t = 0, and θ
is the rotational correlation time of the sphere.

rðtÞ ¼ r0 expð�t=θÞ ð4Þ
Time-resolved emission spectra (TRES) corrected by the

quantum efficiency of the photomultiplier response were
obtained by collecting counts for 200 s for each decay time. The
spectra were recorded between 450–650 nm with wavelength
steps of 5 nm. The slices of TRES (I(λ, t)) at different times
were constructed from the deconvoluted decay function using
the global exponential fitting analysis routine of the DAS6®
software to obtain the wavelength-dependent pre-exponential
factor αi(λ) associated with τi decay time. This procedure mini-
mizes the noise contribution in the TRES at the end of the decay
time.

In turn, the emission spectrum associated with each decay
component, Ii(λ), or decay associated spectrum (DAS), was cal-
culated by the product of steady-state emission spectrum Iss(λ)
with the fractional contribution of each decay time at each emis-
sion wavelength, fi(λ), using the αi(λ) and τi from the global
exponential fitting analysis routine, eqn (5).

IiðλÞ ¼ fiðλÞIssðλÞ ¼ αiðλÞτiP
i
αiðλÞτi IssðλÞ ð5Þ

Time-resolved area normalized emission spectroscopy
(TRANES), IN(λ, t), were obtained by area normalization of
each TRES (I(λ, t)), to match the spectral area at time t with that
of t = 0, according to the method proposed by Koti et al.29

INðλ; tÞ ¼
Ð
I0ðλÞdλÐ
ItðλÞdλ Iðλ; tÞ ð6Þ

Laser flash photolysis (LFP) experiments were performed by
excitation with the third harmonic at 355 nm of a Nd:YAG Mini-
lite II laser (7 ns FWHM) (Continuum Inc, Santa Clara, CA,
USA). The transient absorption spectra of Ar-saturated solutions
of flavins (≈50 μM) were recorded with the m-LFP 112 laser-
flash photolysis apparatus (Luzchem, Canada) linked to a

300 MHz Tektronik TDS 3032B digital oscilloscope for signal
acquisition. The signal analysis was done with the OriginPro 8.0
software from OriginLab Corporation (USA). Triplet quantum
yield (ΦT) determinations of the flavins were done by monitoring
the initial transient absorbance change at 710 nm (ΔA0)710 as a
function of the absorbed excitation energy [Ea = (1–10−A355)
E355]. The amount of incident laser energy E355, was controlled
using a set of Na2Cr2O7 solutions of 10–90% T at 355 nm, and
measured with a pyroelectric powermeter Melles-Griot model
13PEM001 (USA). The ΦT value of the flavins in AOT solutions
was obtained by comparison of the linear slopes of (ΔA0)710 vs.
Ea, using the signal of RF or FMN in PB as reference (ΦT =
0.60).30 In all cases, good linear plots (n = 6, r > 0.985) with
zero intercepts were obtained. Independently of the flavin deriva-
tive, the same extinction coefficient (ε710 = 4200 M−1 cm−1)31

was assumed for both AOT and PB solutions.

Results and discussion

Ground- and singlet excited state properties of flavins in RM

The absorption properties of flavins have received much atten-
tion either in homogeneous solvents or as cofactors in
proteins.6–12 Two intense π → π* absorption bands (εmax ≈ 104

M−1 cm−1) compose the UVA-Vis absorption spectrum of
flavins, corresponding to the transitions from the ground state
(S0) to the lowest-lying excited states of the singlet manifold S1
(λmax ∼ 442–450 nm) and S2 (λmax ∼ 360–375 nm) of the isoal-
loxazine chromophore, respectively.5,9

The general effect of the AOT RM milieu on the absorbance
spectra of the flavins compared with homogeneous 10 mM
sodium phosphate buffer (PB) solutions at pH 7 was the
reduction of the molar absorption coefficient (ελ) together with
hypsochromic shifts of both S1 and S2 bands, Fig. 1. These spec-
tral changes were more intense for the S2 band in the UVA. This
behavior was similar to that reported for FMN in the interior of

Fig. 1 UV-Vis absorption and emission spectra of approximately 7 μM
lumiflavin (LF), riboflavin (RF), flavin mononucleotide (FMN), and
flavin adenine dinucleotide (FAD) in 10 mM sodium phosphate buffer
(pH 7) and in reversed micelles solutions of 0.1 M AOT in hexane at
different water content, w0 = [H2O]/[AOT]. All emission spectra were
corrected by the absorbance value at the excitation wavelength of
450 nm.
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RM made with different surfactants.15 Furthermore, all flavins in
AOT RM did not show the characteristic vibrational fine struc-
ture of the S1 band as typically observed in apolar solvents,32 or
as it was reported for the amphiphilic flavin derivative N(3)-
undecyllumiflavin anchored at the micellar interface of AOT
RM.16

Conversely, UV-Vis spectral changes were almost independent
of the AOT concentration (0.1–0.3 M) at fixed w0 value. The
above results suggest that the flavins are totally localized in the
interior of RM, in contact with the water molecules of the water-
pool. As a result, no partition effects of the flavins between the
micellar interface and the external organic solvent would be
expected by changing the concentration of RM.33

Nevertheless, the increment of water content in the RM
showed dissimilar effects depending on the flavin derivative. The
absorbance spectra of LF and RF in RM were almost not
modified by the increment of w0, in particular the S2 band. In
contrast, FMN showed progressive and modest red shifts
(≈10 nm) of both bands with w0, together with modifications of
the ελ values, in particular for the S2 band. In the case of FAD,
the increment of the water content did not change the positions
of the bands, but gradually increased the ελ value of both bands.
However, in all cases the absorbance spectrum of the flavins was
not the same as that in PB solution, suggesting that the flavins
are located in the aqueous interface of the interior waterpool,
where the properties of the water molecules are not identical to
bulk water.18,20,26

For LF and RF in homogeneous solvents, it was reported that
the S0 → S1 transition is nearly independent of the surrounding
solvent, although the S0 → S2 band exhibits red shifts in polar
and protic solvents.8,11,32 Recent CNDO/S calculations,34

suggested that some mixing of an n → π* transition involving
the N − 1 non-bonding electron pair with the π → π* transition
may occur. Thus, larger intensity of the 375 nm band on increas-
ing the solvent polarity may be due to an increase in the

‘allowedness’ of this transition. The red shift observed on
moving to protic solvents may reflect a destabilization of the N
− 1 non-bonding electrons by hydrogen bonding.8,9,34,35

Only FMN and FAD in AOT solutions at low w0 showed a
small absorption band above 500 nm, Fig. 1. The shape of the
difference absorbance spectrum (ΔA) of this band (see Fig. S1of
the ESI‡) showed ΔAmax ≈ 510 nm, the intensity of which
decreased with the increment of w0. This result can arise from a
small degree of charge-transfer interactions produced between
the isoalloxazine ring of FMN and FAD and the sulfosuccinate
group of AOT.

Therefore, the complex UV-Vis absorbance behavior of the
flavins in AOT solution with w0 can be understood mainly by
changes of strength of the hydrogen bonding interactions of the
isoalloxazine ring, probably at the N(1) and/or N(5) positions,
with water molecules of the inner solvation shell of the micellar
interface. The combination with specific charge-transfer inter-
actions of the isoalloxazine ring with the polar head of the sur-
factant can be also considered, principally for FMN and FAD.

As shown also in Fig. 1, the fluorescence emission behavior
in RM with w0 was different for each flavin. For a more clear
scrutiny, Fig. 2a–d summarizes the effect of w0 on fluorescence
quantum yields (ΦF), Stokes shifts (νA–νF), full width of the
half-maximum intensity (FWHM), and steady-state emission ani-
sotropy (<r>) of the flavins, compared with those values in PB
solutions at pH 7. The emission parameter results obtained in PB
solution were in good agreement with the literature
data.5,8,9,11,12,36

The fluorescence spectra of all flavins in AOT RM solution
are characterized by broad structureless bands, but with spectral
features depending on both the flavin derivative and w0. The ΦF

values for all flavins in RM were larger than in PB solution,
Fig. 2a, as expected for fluorophores in more viscous or rigid
media. For LF, RF and FMN, ΦF slightly decreases with the
increment of the dispersed water. In contrast, the variation of ΦF

Fig. 2 Variation of the fluorescence parameters of 7 μM flavins in AOT 0.1 M–n-hexane solutions as function of the water content (w0) and in
10 mM sodium phosphate buffer (PB) solution at pH 7: (a) fluorescence quantum yields (ΦF); (b) Stokes shifts (νA–νF); (c) full width of the half-
maximum intensity (FWHM) of the emission band; (d) and average emission anisotropy at 490 ± 5 nm (<r>490) and 560 ± 5 nm (<r>560). Symbols:
(♦) lumiflavin, LF; (4) riboflavin, RF; (●) flavin mononucleotide, FMN; and (□) flavin adenine dinucleotide, FAD.
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with w0 for FAD showed a maximum value at w0 ≈ 8, to sub-
sequently decrease to a value close to that observed in PB
solution.

All flavins showed similar increments of the Stokes shifts
(νA–νF) with w0, reaching a plateau at w0 ≈ 5–10 with values
closer to those observed in PB solution for each flavin, Fig. 2b.
This result indicates the progressive stabilization of the emitting
excited state of the flavins with the increment of dispersed water
into the RM. The effect of protic homogeneous solvents on the
Stokes shifts of the flavins was also analyzed as a function of the
orientation polarizability (Δf ) (Fig. S2 of ESI‡), according to the
well-known Mataga–Lippert (M–L) equation.37 Only LF showed
good correlation of the M–L equation for solvents with Δf ≤ 0.3.
However, a strong positive deviation for highly polar solvents
with Δf ≥ 0.3 (e.g. methanol and water) was observed, which is
assigned to specific hydrogen-bonding interactions.38 Conver-
sely, the other flavins showed large Stokes shift values indepen-
dently of the Δf of the protic solvents, probably by the effect of
the pendant ribityl group in the isoalloxazine ring. Therefore, the
large Stokes shift values of all flavins observed in RM can indi-
cate the prevalence of strong hydrogen-bonding interactions of
the isoalloxazine ring with water molecules of the micellar
interior. The occurrence of specific interactions by acid–base
equilibrium effects of the flavins in the interior of the RM can be
neglected due to the pH control of the waterpool with the PB sol-
ution at pH 7, and the very low pKa values (<2) of both ground
and excited singlet states of the flavins.5,36

Therefore, specific interactions in the interior of the RM seem
to play a role in the spectroscopic properties of the flavins. In the
present case, those specific interactions are expected to occur at
both the ground and singlet excited state of the flavins, since
both absorbance and fluorescence spectra were modified in AOT
solutions.

The FWHM variation with w0 indicates that all flavins showed
a progressive spectral narrowing up to w0 < 10, Fig. 2c.
However, in these conditions, the emission spectra of both FMN
and FAD were a little broader than for LF and RF. At w0 > 10,
the emission spectral width for all flavins was similar to those
observed in PB. This result points out the possibility of larger
heterogeneity in the emitting properties of the flavins in the
micellar core at w0 < 10, since the FWHM of the flavins in
homogeneous media is nearly independent of the solvent
properties.

The changes of the steady-state fluorescence anisotropy <r>
of the flavins in RM was considerably larger than in PB solution,
as a result of the enhanced viscosity of the entrapped water in
the interior of the RM.15,22–24,39 However, <r> was dependent
on the monitoring emission wavelength, since the anisotropy
values calculated at the blue-edge of the emission spectrum (e.g.
490 ± 5 nm, <r>490) were significantly larger (>30%) than those
values calculated at the red-edge of the emission spectrum (e.g.
560 ± 5 nm, <r>560), Fig. 2d. This result could be indicative of
solvent relaxation effects, by which the anisotropy decreases
with increasing wavelength because the average lifetime is
longer for longer wavelengths.40 If this is the case, this effect is
generally observed when the solvent relaxation time is compar-
able to the fluorescence lifetime.28

All flavins showed similar variation of <r> with w0, reaching
a maximum value at w0 ≈ 5. However, for LF the anisotropy

was significantly lower than for the rest of the flavins. To
compare, the anisotropy of LF and FMN in neat glycerol (η ≈
1400 cp at 20 °C) was estimated approximately as 0.28 and 0.40,
respectively, and with <5% of diminution between the blue- and
red edges of the fluorescence spectra (Fig. S3 of ESI‡). There-
fore, the intrinsic anisotropy of LF is about 30% less than that of
FMN in homogeneous solvents explaining its smaller value in
RM.

The internal viscosity of the AOT RM has been estimated to
decrease from approximately 380 to 4 cp changing w0 between 2
and 50; respectively, with the micellar interface being more
viscous than the waterpool.22,24 Similarly to the behavior
observed for other anisotropy probes attached to the AOT micel-
lar interface,22,39 the initial increment of <r> for RF, FMN and
FAD with w0 can be associated with the overall rotation of the
RM, since the internal rotation of the flavin is hindered by the
high internal viscosity. As the diameter of the RM increases with
w0, the rotation of the whole system is slowed and the fluor-
escence depolarization of the probe is delayed. However, the
increment of w0 parallels with the diminution of the internal vis-
cosity of the RM allowing the internal rotation of the flavins and
the increase of the depolarization.15 Thus, the combination of
both effects explains the existence of an anisotropy maximum at
w0 ≈ 5, Fig. 2d. This assumption was confirmed by time-
resolved anisotropy experiments presented in the following
section.

As already observed for several molecules and molecular com-
plexes,33,41,42 all the above results indicate the effect of specific
interactions of the flavins in the internal micellar interface,
which depends on the increment of the size and fluidity of the
RM governed by the hydration degree of the micellar interface.
This assumption is supported by the time-resolved fluorescence
experiments presented in the following section.

Fluorescence dynamic behavior of the flavins in RM

In PB solution, the fluorescence decay of LF, RF, FMN was
single exponential with lifetimes according to literature
data.5,8,11,12,15 In contrast, FAD displayed double-exponential
decay, due to the decay of the “stacked” and “open” conformers
formed by intramolecular interaction of the isoalloxazine ring
with the adenine moiety.12,36,43,44

The fluorescence decay of the flavins in AOT solutions
showed double-exponential behavior, with decay times (τi) and
fluorescence intensity amplitudes at t = 0 (αi) depending on the
amount of water dispersed in the RM.15,39 As an example,
Fig. 3a illustrates a typical double-exponential fluorescence
decay at 520 nm of FMN in RM at w0 = 20. Fig. 3b–e show the
variation with w0 of both the fractional contribution of each
decay time (fi) and the average lifetime <τ> calculated with eqn
(3). For LF, RF and FMN, the fluorescence decay contained sig-
nificant double-exponential contributions at w0 < 5–8. Above
this value, the fluorescence intensity of these flavins decayed
practically as a single exponential. In contrast, FAD showed
double exponential behavior independently of w0, according to
its intramolecular quenching effect by the adenine moiety.36,39

Considering the changes in the relative contributions to the
double-exponential behavior of the fluorescence decays of the
flavins in RM, <τ> is a useful magnitude to provide a simpler
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way of illustrating the overall decay variations. The change of
<τ> with w0 was different for each flavin. A slight decrease of
<τ> up to w0 ≈ 5 was observed for LF and RF. However, <τ> of
LF at larger w0 was longer than in PB solutions and similar to
those values observed in less polar organic solvents,8 confirming
a probe localization in a less polar region of the waterpool. Fur-
thermore, the <τ> values for LF were 25–30% longer than for
the other flavins in RM. This variation contributes to lower ani-
sotropy values according to the Perrin formula for anisotropy,
i.e. r0/<r> − 1 = <τ>/θ, assuming similar rotational correlation
times (θ).15,16,22–24 This assumption was checked by time-
resolved anisotropy experiments of LF and FAD in AOT RM
with excitation at 340 nm. Fig. 4 shows the emission anisotropy
decay of LF at w0 = 2. For both flavins at the different w0 values,
the anisotropy decay was exponential and it was fitted with eqn
(4) to obtain r0 and θ, Table 1. These parameters were similar to
those reported for FMN in AOT RM in iso-octane,15 in which
also exponential decay of fluorescence anisotropy was observed.
This kinetic behavior of the anisotropy decays confirms that the
flavins are not partitioned between different nanophases of the
RM, since in that case multiexponential decay behavior of aniso-
tropy can be anticipated. The inset of Fig. 4 shows that both LF
and FAD presented similar variation of θ with w0, with a
maximum value at w0 = 2–3, similarly to that observed for <r>,

Fig. 2d. We followed the elegant analysis performed by Visser
et al. for FMN in AOT–n-octane RM,15 to separate from the
experimental θ value the uncoupled rotational correlation times
corresponding to the rotation of the whole micelle (θm) and that
for the internal flavin (θi), Table 1. As expected, the increment of
the micellar size increased θm with the simultaneous diminution
of θi, explaining the bell-shaped variation of both <r> and θ,
Fig. 2d and 4. Furthermore, the calculated θi values for LF and
FAD were in the trend for the reported values of FMN in AOT-
n-octane at similar w0, confirming that the interior properties of
the reversed micelles are independent of both the surfactant con-
centration and the external organic solvent. The difference in θm
= 4πRh

3η/(3kT),15 can be assigned to the larger viscosity of n-
octane (η ≈ 0.54 cp) compared with n-hexane (η ≈ 0.29 cp) at
room temperature.

Table 1 Anisotropy characteristics of lumiflavin (LF) and flavin
adenine dinucleotide (FAD) in 0.1 M AOT–n-hexane–water reversed
micelles at different w0 = [H2O]/[AOT] values at 25 °C

Flavin
w0 (Rh,
nm)a <r>b r0 θ (ns)

θm
(ns)c

θi
(ns)d

LF 0.3 (1.8) 0.062 0.37 ± 0.08 1.7 ± 0.1 1.7 63
2.0 (2.0) 0.079 0.29 ± 0.04 1.9 ± 0.1 2.4 8.3
20 (5.0) 0.042 0.24 ± 0.01 1.4 ± 0.1 37.4 1.4

FAD 0.3 (1.8) 0.110 0.28 ± 0.03 1.7 ± 0.1 1.7 38
3.0 (2.3) 0.149 0.27 ± 0.09 2.2 ± 0.2 3.8 5.0
20 (5.0) 0.086 0.22 ± 0.03 1.2 ± 0.1 37.4 1.3

FMNe 3.8 (2.5) 0.175 0.31 3.8 8.8 6.7
28.7 (5.5) 0.075 0.23 1.6 93.3 1.6

aHydrodynamic radii of AOT RMs from ref. 19. b Steady-state
anisotropy at 520 nm. cRotational correlation time of the spherical
reversed micelle calculated as θm = 4πRh

3η/(3kT), with ηhexane = 0.294
cp at 25 °C. d From θi

−1 = θ−1 − θm
−1 (ref. 15). eData from ref. 15 for

0.1 M AOT in n-octane

Fig. 3 (a) Decay of fluorescence of 7 μM FMN at 520 nm in air-satu-
rated 0.1 M AOT–n-hexane/w0 = 20 solutions obtained with ultrafast
Nanoled® excitation at 340 nm. (b–e) Variation of the fractional contri-
bution of each decay time, fi(●, ○), and average lifetime τav (■)
observed at 520 nm for LF (b); RF (c); FMN (d); FAD (e). (f ) Radiative
rate constant <Γ> = ΦF/<τ> of (♦) LF; (4) RF; (●) FMN; and (□)
(FAD).

Fig. 4 Decay of fluorescence anisotropy of 7 μM LF in air-saturated
0.1 M AOT–n-hexane/w0 = 2 solutions monitored at 520 nm and
obtained with ultrafast Nanoled® excitation at 340 nm. The gray line
represents the fitting function with eqn (4). Inset: variation with w0 of
the rotational correlation time θ (ns) of LF (gray circles) and FAD (black
squares).
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Conversely, the <τ> values of FMN increased up to w0 < 10,
while for FAD a maximum value at w0 ≈ 4 was observed. In
both cases, the average lifetime at larger w0 approached to the
value in PB solution. The average radiative decay rate, i.e. <Γ>
= ΦF/<τ>, for LF, RF, and FMN was independent of w0 and the
same than in PB solution for each flavin, Fig. 3f. Thus, the rate
of the radiative pathway of these flavins does not depend on the
changes of the internal nanoenvironmental properties of the RM.
However, FAD showed a maximum <Γ> at w0 ≈ 6–8, as a result
of the variation of its fluorescence quantum yield and average
lifetime with w0, Fig. 2a and 3e, respectively. A possible expla-
nation for this anomalous behavior of FAD inside RM can arise
from a combination of inter- and intramolecular quenching
effects. At very low w0 values (e.g. ≤5) the interaction of FAD
with the AOT polar heads and sodium counterions enhances
intermolecular quenching effects of the isoalloxazine ring. As w0

increases, the solvation of the micellar interface reduces this
effect and the intramolecular quenching process of FAD domi-
nates the dynamic behavior of the isoalloxazine ring, which pro-
gressively shifts from the “unstacked” to “stacked” form as the
microviscosity decreases with w0.

Besides the effect of w0 for the different flavins, the fluor-
escence decays in AOT solutions were also dependent on the
monitoring emission wavelength, with faster decays at the blue
edge of the emission spectrum. The same effect was observed

for 3-methyllumiflavin in propylene glycol as a function of
temperature,40 which was explained by dipolar solvent relaxation
effects.

The complex wavelength-dependent decay behavior of the
flavins in AOT RM is sketched for FMN in Fig. 5 by the rep-
resentation of the decay associated spectra (DAS) and the nor-
malized time-resolved emission spectra (TRES) at w0 = 1 and
20, respectively. In RM solutions with very low w0 values (e.g.
w0 < 3), two well defined DAS bands were observed with emis-
sion maxima around 487 nm and 512 nm, respectively, confi-
rming the emission from at least two different excited-states
populations of the flavins. At w0 = 20, the main DAS component
corresponded to the long-lived red-emitting species (λ ≈
520 nm). These results are compatible with the polarity and
fluidity increments of the solvation sphere of FMN as w0

increases.18–26,42 Table 2 collects the DAS parameters for the
blue- and red-shifted bands of the flavins in AOT solutions as a
function of w0. In all cases, the blue-shifted emission (λb =
492–505 nm) showed smaller decay time (τb) and relative emis-
sion area (Fb) than those (e.g. τr and Fr) for the red-shifted emis-
sion band (λr = 512–525 nm). At w0 = 1, the relative amount of
the blue emitting species was in the order FAD > FMN > RF >
LF. However, the amount of the blue-emitting species was
strongly depleted together with shortening of the associated
decay time τb with the increment of w0. Instead, the decay time

Fig. 5 Time-resolved emission behavior of 7 μM flavin mononucleotide (FMN) in 0.1 M AOT-n-hexane at w0 = 1 (top) and = 20 (center), and in gly-
cerol (bottom) represented as the decay associated spectra (DAS, left column); the normalized time-resolved emission spectra (TRES, center column),
and the time-resolved area normalized emission spectra (TRANES, right column). Insets in TRANES plots: kinetic profile associated with the decay
and formation of the hydrogen bonding unrelaxed (490 nm) and relaxed (540 nm) singlet excited state of FMN (see text and Scheme 2).
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of the red emitting species (τr) was almost constant with w0,
despite of the growth of its relative population (Fr), Table 2.

The prompt (t = 0 ns) normalized TRES slice in AOT RM at
w0 = 1 showed the combined dual emission with maxima around
490 nm and 520 nm, with larger intensity for the blue shifted
band. The evolution of the normalized TRES of FMN after 15
ns shows that the decay of emission at 490 nm occurred with a
10 nm red shift of its emission maximum, simultaneously with
the relative increment of the band at 520 nm, Fig. 5. At larger w0

values, the TRES of FMN was dominated by the emission of the
red emitting species. Similar results were observed for the other
flavins in AOT RM solutions. However, all flavins in PB sol-
utions showed TRES identical to its stationary spectra (see
Fig. S4 of ESI‡ for FMN), as it can be expected for completely
solvent relaxed excited states.

The time-resolved behavior of FMN as model flavin in highly
viscous glycerol was also analyzed, and it was found to be
similar to that observed in AOT solutions at w0 = 20, Fig. 4.
However, the internal viscosity of the AOT RM was estimated
around 3–5 cp at w0 = 20,22,24 a very small value compared with
glycerol viscosity at room temperature (η ≈ 1400 cp). This result
confirms that the singlet excited-state properties of the flavins in
the RM are governed by specific solvent interactions rather than
by local viscosity effects.

It is worthy of note that the prompt TRES of the flavins in
AOT RM resemble to the steady-state fluorescence spectrum of
flavins in aprotic solvents,6,32 as is shown for LF in dry toluene
(Fig. S5 of ESI‡), and also for FMN in protein cavities, such as
in the LOV domain of the wild type and mutants of the blue-
light receptor YtvA of Bacillus subtilis.45 In this protein, the
FMN is highly stabilized and immobilized by a hydrogen bond
network involving several amino acids of the active site, where
water solvent molecules are excluded.45 Therefore, the nature of
the hydrogen-bonding partner of the isoalloxazine ring also
plays a role in the emission properties of the flavins. In fact, Yagi
et al.6 reported that the effect on the steady-state fluorescence
spectrum of riboflavin tetrabutyrate in dry CCl4 of increasing the
hydrogen bonding strength by the addition of trichloroacetic or
trifluoroacetic acids was the loss of the vibrational maximum at

the blue (approximately at 490–500 nm) together with the dimin-
ution of the fluorescence quantum yield.

Therefore, taking all results together, the spectroscopic behav-
ior of the flavins in AOT RM solutions can be interpreted as a
function of a dynamic solvent relaxation process,40,46 in which
hydrogen bonding interactions are involving in the relaxation
of excited state of the flavins, Scheme 2. In the present case,
the blue-edge emitting species (λb < 500 nm) is an unrelaxed
(Franck–Condon) non-hydrogen bonding state, which decays in
parallel to the ground state and to the hydrogen bonding (solvent
relaxed) excited state, which emits at the red edge of the
spectrum (λr > 500 nm). At higher water content in the AOT
solution (e.g. w0 = 20), the hydrogen-bonded solvated
excited state of the flavin is practically the main emitting species
(λmax = 520 nm).

As mentioned before, the properties of water in AOT RM at
low w0 values are rather different from those of bulk water.19–26

Three types of water populations (pools) have been shown to
coexist in the interior of reverse micelles. These are the water
molecules involved in the solvation of the polar heads of the sur-
factant, the trapped water shell between the micellar interface
and the core of the waterpool, and the free water molecules in
the center of the waterpool. The relative proportions of these
types of water are determined by w0.

18–26 At low w0 (<6) most
water molecules are immobilized in the solvation of the anionic
polar heads of AOT and sodium counterions, and the proportion
of hydrogen-bonded aqueous matrix is minimal.20,25 Under this
condition, the water molecules of the waterpool have reduced
mobility to form hydrogen-bonding interactions with the lone
electron pairs of the heteroatoms of the isoalloxazine ring of the
flavins and the unrelaxed non-hydrogen bonding state is pro-
duced upon excitation. Upon increasing the w0 a greater amount
of hydrogen bonding network with larger mobility and strength
is found in the aqueous matrix of the waterpool, as was deter-
mined by laser-induced optoacoustics using the hydrogen-
bonding sensitive metal complex Ru(bpy)(CN)4

2−.25 Therefore,
at large w0 values, almost complete prompt hydrogen bonding
stabilization of the excited state of the flavins is expected, as
typically occurs in fluid polar solvent solutions.

Table 2 Relative emission area (Fi), emission maxima (λi, nm), and decay times (τi, ns), of the decay associated spectra (DAS); and isoemissive
points (λie) and relaxation time for hydrogen-bonding formation at the excited state (τHB, ns) obtained by time-resolved area normalized spectroscopy
(TRANES) of air-saturated solutions of flavins in 0.1 M AOT–n-hexane–water reversed micelles and glycerol at 25 °Ca

Flavin w0 Fb λb τb Fr λr τr λie τHB
b

LF 1 0.21 495 3.07 0.79 514 6.93 507 8.5 ± 0.5
8 0.07 495 1.19 0.93 517 6.28 508 1.8 ± 0.1
20 0.02 492 1.05 0.98 517 6.02 508 1.6 ± 0.2

RF 1 0.25 493 2.39 0.75 515 5.32 506 4.6 ± 1.1
8 0.08 492 1.13 0.92 518 4.88 509 1.9 ± 0.1
20 0.06 493 1.07 0.94 519 4.80 509 1.7 ± 0.1

FMN 1 0.34 487 2.18 0.66 512 4.43 507 7.1 ± 0.1
8 0.11 493 1.98 0.91 518 4.45 509 2.0 ± 0.1
20 0.02 495 1.04 0.98 520 4.46 509 1.0 ± 0.3
Glycerol 0.06 505 1.52 0.94 525 5.64 514 2.1 ± 0.1

FAD 1 0.38 494 0.28 0.62 512 2.16 504 6.2 ± 0.1
8 0.05 502 0.24 0.95 518 2.83 509 2.4 ± 0.1
20 0.04 500 0.23 0.96 520 2.61 511 2.2 ± 0.2

a The subscripts b and r indicate blue-shifted (unrelaxed) and red-shifted (relaxed) emitting species. Standard deviation, ±5%. bAverage values from
the decay and growth of TRANES at 475 nm and 540 nm, respectively.
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In order to estimate the dynamic parameters of the hydrogen-
bonding relaxation around the singlet excited state of the flavins
in RM solutions, the time-resolved area normalized emission
spectra (TRANES) were calculated from the experimental
TRES.29 The advantage of this procedure is to overcome the
prior knowledge of the number of fluorescent species in the
ground state required in the standard kinetic interpretation of
TRES.47 This requirement is difficult to fulfil in complex
environments such as microheterogeneous media. Instead, in
TRANES no assumptions of any ground or excited-state kinetics
are necessary, with the extra advantage that the presence of an
isoemissive point in the spectra supports any model that involves
two emitting species in the sample.29 Fig. 5 shows the TRANES
spectra for FMN in AOT RM solutions and in glycerol. A clear
isoemissive point (λie) around 508 nm and 514 nm was observed
for AOT RM and glycerol, respectively, supporting the presence
of two emitting states of the flavins in these media. The same be-
havior was observed for the others flavins, Table 2. The kinetic
analysis of the TRANES evolution allowed the calculation of the
decay time for the hydrogen bonding formation (relaxation) in
the excited state of the flavins, τHB, Fig. 5 and Table 2. The cal-
culated τHB was coincident with the internal rotational corre-
lation time (θi) of the flavins at similar w0, i.e. approximately
between 7 and 1.5 ns by changing w0 from 1 to 20, respectively.
This result suggests that the unrelaxed excited state of the flavin
is reoriented during the stabilization by the hydrogen bonding
interactions.

Triplet state properties in RM

The prompt transient spectrum of the flavins (50 μM) after the
laser pulse at 355 nm in deaerated 0.3 M AOT RM and in
10 mM PB solutions by Ar-bubbling, showed the typical transi-
ent triplet-to-singlet difference absorption spectra of the flavins,

which is characterized by the broad absorption band of the
triplet state with vibrational transitions at 715 and 660 nm.5,30,31

In Ar-bubbled homogeneous PB solutions, the triplet state of
the flavins decayed with lifetime values according to the litera-
ture data.5,30,31,48,49 Fig. 6a shows the transient spectrum of RF,
in which the 3RF* decays in 21 μs (kd = τT

−1 = 4.8 × 104 s−1)
forming the semiquinone radical (500–650 nm band) by self-
quenching of the triplet state by ground state flavin molecule
with rate constant of ≈2 × 108 M−1 s−1.49 Subsequently, this
species yielded bleaching products with a lifetime of 111 μs,
Fig. 6a. On the contrary, in AOT RM solutions the 3RF* showed
longer lifetimes (τT = 71 and 54 μs at w0 = 3 and 20, respect-
ively) than in homogeneous PB solutions, and decayed without
forming the semiquinone species, as shown in Fig. 6b for w0 =
3. This result suggests that in RM solutions the rate of the self-
quenching process is avoided by the micellar organization. Con-
sidering the aggregation numbers of AOT in n-hexane (≈50 and
290 at w0 = 3 and 20, respectively),20 the ratio between the con-
centration of flavin and reverse micelles, e.g. [Flavin]/[RM],
changed between 0.008 and 0.048 for w0 = 3 and 20, respect-
ively. Therefore, the interaction between two flavin molecules in
the same micellar assembly is highly avoided under these con-
centration conditions. However, by analyzing the bleaching band
of the flavin at 450 nm, it can be noted that the ground state con-
centration is not completely recovered at the end of the triplet
state decay, suggesting the occurrence of unimolecular photo-
bleaching pathways.50

Scheme 2 Jablonski diagram for the hydrogen-bonding stabilization of
the unrelaxed (blue-emitting species) to the relaxed (red-emitting
species) of the flavins in the interior of AOT reversed micelles. Both
rotational reorganization of the isoalloxazine ring and hydrogen-bonding
relaxation occur simultaneously. Hydrogen-donor and acceptor water
molecules involved are those from the solvation inner shell of the AOT
RM, the amount and bonding strength of which increases with the w0 (=
[H2O]/[AOT]) value.

Fig. 6 Transient absorption spectra of 50 μM riboflavin (RF) in Ar-
saturated 10 mM sodium phosphate buffer (PB) solution at pH 7 (a);
and in 0.3 M AOT-n-hexane at w0 = 3 (b) obtained after laser excitation
at 355 nm. Insets show the kinetic profile observed at 510 and 710 nm,
respectively.
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Fig. 7 shows the effect of w0 on the triplet state properties of
the flavins. As well as the quantum yield of triplet formation
(ΦT) value of the flavins being nearly independent of w0 and
similar to that observed in PB solutions, a large shortening of
the triplet lifetime (τT) at w0 <10 was observed for all flavins.
The same relative variation of the τT values with w0 was
observed in air-saturated AOT RM solutions (data not shown),
despite of the fact that the triplet lifetime of the flavins was
efficiently quenched by molecular oxygen (kQ ≈ 1 × 109 M−1

s−1).51 Therefore, the effect of w0 on the triplet lifetimes of the
flavins can be ascribed to specific changes of the interior of the
RM rather than by effect of quenching by molecular oxygen
impurity.

It is interesting to compare the triplet state behavior of FMN
in RM with that observed in the LOV domains of a series of
YtvA protein mutants.45 It was reported that the specific
mutation of the wild-type protein of the highly conserved Asp
94 by Ala changes noticeably the triplet lifetime of FMN from 2
to 129 μs, without significant modifications of ΦT (≈0.6). In this
case, it was claimed that the changes in the amino-acid hydrogen
bonding network of YtvA affected specifically the microenviron-
ment around the N(5) of the isoalloxazine ring of FMN.45 There-
fore, both sets of independent results point out that the triplet
lifetime of flavins very much depends on the environmental
rigidity and/or on the nature of the hydrogen donor partner inter-
acting with the isoalloxazine ring. In fact, the τT of the flavins in
AOT RM decreases proportionally with the relative amount of

hydrogen-bonding relaxed species (Fr), Table 2, supporting the
effect of the composition and strength of the hydrogen-bonding
network inside of the RM on the triplet state properties of the
flavins.

Conclusions

We have presented steady-state and dynamic spectroscopic
experimental evidence that hydrogen-bonding interactions pro-
duced by confined water molecules in AOT RM modulate both
singlet and triplet excited properties of flavins. The spectroscopic
control is governed by the hydration degree of the micellar
interior, given by the water-to-surfactant molar ratio w0 (=
[H2O]/[AOT]). A dynamic solvent relaxation model was pro-
posed, in which a blue-edge emitting (λb < 500 nm) unrelaxed
singlet state decays in parallel to the ground state and to a red-
emitting singlet state (λr > 500 nm) by formation of hydrogen-
bonding interactions with the lone electron pairs of the heteroa-
toms of the isoalloxazine ring of the flavins.

The analysis of the fluorescence anisotropy decays and
TRANES of the flavins in AOT RM confirmed that both the
internal rotational time of the flavins θi and the hydrogen-
bonding relaxation time τHB were coincident and decreased
approximately from 7 ns and 1.5 ns at w0 = 1 and 20, respect-
ively. Therefore, it can be concluded that the reorientation of the
unrelaxed singlet excited state of the flavins is controlled by the
ability of the water molecules to form hydrogen bonds.

The triplet state lifetime of the flavins was also enlarged in
AOT RM solutions at low w0, without modifications of the
triplet quantum yields. The changes of the dynamics of the
triplet state decay of the flavins can be related with the global
composition and strength of the hydrogen-bonding network
inside of the RM.

Finally, some dynamic aspects of the photophysical behavior
of both singlet and triplet excited states of the flavins in AOT
RM resembled those observed in flavoproteins.46 This feature
makes of RM an attractive model system of biological organized
structures, such as protein cavities and biomembranes, since RM
mimic some important and essential features of these biological
systems although lacking much of their associated complexity by
simply changing of the amount of dispersed water, i.e. w0.
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