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The photodegradation of avobenzone (AV), the only ultraviolet filter molecule approved by the Food and

Drug Administration to absorb UVA radiation, is an important problem in sunscreen formulations. In this

paper, the photophysics and photostability of AV in various solvent systems and in aqueous micelles are

studied. AV in its keto–enol tautomer functions as an effective UVA protection agent. AV is highly suscep-

tible to photoinduced diketonization in both nonpolar solvents and in aqueous aggregates but is con-

siderably more stable in polar, protic solvents like methanol. By studying its stability in different surfactant

solutions, we show that incorporation of AV into sodium dodecylsulfate (SDS) micelles can achieve stabi-

lity levels comparable to neat methanol. Steady-state spectral shifts, fluorescence anisotropy, and time-

resolved fluorescence decay measurements are all consistent with AV experiencing a polar environment

after micellar encapsulation. It is proposed that AV is encapsulated in the palisade layer of the SDS

micelles, which allows access to water molecules that facilitate the re-formation of the enol form after

photon absorption and relaxation. Although the detailed mechanism of AV tautomerization remains

unclear, this work suggests that tuning the chemical microenvironment of AV may be a useful strategy for

improving sunscreen efficacy.

Introduction

Photodamage of the skin results from the absorption of ultra-
violet (UV) radiation by intrinsic chromophores found in both
the epidermis and dermis. This damage includes immediate
effects like erythema, melanogenesis, and immunodulation as
well as delayed effects like photoaging, actinic keratosis, and
carcinogenesis.1–7 Sunscreens use UV filters to protect the skin
either by scattering (physical sunscreens) or by absorbing
(chemical sunscreens) UVB (280 nm–320 nm) and UVA
(320 nm–450 nm) radiation before these photons can pene-
trate into the skin. Ideally, a chemical UV filter absorbs a
photon and then quickly relaxes through nonradiative path-
ways, effectively converting the high energy UV photon into
low energy vibrations or heat.8–15 In addition, a UV filter
should be stable and not undergo chemical changes that
lessen its ability to absorb UV light or modify its toxicity.
Today, the Food and Drug Administration (FDA) recognizes the
importance of photostability in sunscreen function and

requires a photochemical stability test as one of its criteria for
sunscreen evaluation.16

Avobenzone (4-tert-butyl-4′-methoxydibenzoylmethane, (AV))
is a 1,3-dicarbonyl compound that is currently the only UVA-
absorbing filter molecule approved by the FDA for use in
sunscreens. It is also highly photolabile under UVA
irradiation.17–22 Avobenzone can exist in multiple isomeric
forms, three of which are illustrated in Scheme 1: the intra-
molecular keto–enol chelate, the non-chelated keto–enol, and
the diketone form.23,24 The most stable isomer is the keto–
enol intramolecular chelate which exhibits a strong oscillator
strength in the UVA created by a π–π* transition due to conju-
gation through the carbonyl-ethylene unit.20,25,26 This isomer
is responsible for the UVA protection of AV. The more polar di-
ketone isomer absorbs mainly in the UVC region (260 nm–

280 nm) and thus does not afford protection against
UV photons that reach Earth’s surface.12,18,20–22,25,27 Formation
of the metastable diketone leads to two inter-related
problems.12,18,27 First, it no longer absorbs UVA due to loss of
the conjugation across the keto–enol bridge, which in practical
terms correlates to efficacy loss of avobenzone as a UVA absorb-
ing sunscreen. Second, excitation of the n–π* transition of di-
ketone AV generates a triplet state (500 ns, ET = 59.5 kcal
mol−1) that can sensitize singlet oxygen, as well as undergo a
Norrish Type I reaction where the alpha-carbon splits forming
two radicals, leading to complete photodegradation of
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AV.17,22,28 Currently, the primary method for improving AV
photostability, and thus its efficacy, relies upon enabling AV to
undergo excited state energy transfer to a different
molecule.28,29 A more general method to prevent AV isomeriza-
tion to the diketone form would help preserve its UVA protec-
tion capability and improve sunscreen efficacy.

Currently, the mechanism of how AV partitions between the
diketone and keto–enol tautomers after photoexcitation
remains unclear. Upon excitation, the keto–enol chelate is
broken, enabling rapid internal conversion back to the elec-
tronic ground state manifold, where it partitions between mul-
tiple non-chelated isomers.30 These isomers can either relax
back to the intramolecular chelated tautomer on longer time-
scales or undergo intramolecular hydrogen migration to form
the diketone.20,30 This process appears to be solvent depen-
dent, where tautomerization is detected in non-polar (cyclo-
hexane, isooctane) and polar, aprotic (DMSO, acetonitrile) sol-
vents but is effectively absent in polar, protic solvents like
methanol.20–22,28,31–35 Given the beneficial effects of this class
of solvents, one might hope that water, a solvent that is known
to effectively mediate proton transfer reactions, would have a
stabilizing effect on AV. However, like other hydrophobic UV
filters, AV is almost completely insoluble in H2O. Recently, we
found that the photostability of the UVB filter molecule octyl-
methoxycinnamate was strongly reduced by aggregation in
water.36 In this paper, we examine how the local solvent
environment affects AV photostability. We are particularly
interested in controlling the access of H2O molecules to AV
using micellar encapsulation. The ultimate goal is to identify
conditions that stabilize AV in its keto–enol tautomer where it
can function as an effective UVA protection agent. The results
in this paper show that tuning the chemical microenvi-
ronment of AV may be a useful strategy for improving sunsc-
reen efficacy.

Experimental
Reagents

Avobenzone (98%) was provided by Merck Consumer Care Inc.
(Memphis, TN). All solvents (cyclohexane, methanol, ethylene
glycol, acetonitrile) and surfactants (cetrimonium bromide

(CTAB), trimethylammonium bromide (TTAB), sodium dode-
cylbenzenesulfonate (SDBS), sodium laurate (SL), sodium
dodecyl sulfate (SDS), >99%) were obtained from Sigma-
Aldrich and used without further purification. MilliQ water
was used for the surfactant solutions.

Sample preparation

Photostability and fluorescence experiments in neat solvents
were done using dilute solutions of AV (ca. 6 μM) in cyclo-
hexane, methanol, ethylene glycol and acetonitrile. To create
dry acetontitrile, anhydrous magnesium sulfate was added to
10 mL of 0.6 μM AV, and the solution was allowed to stand in
the dark for 1 h before the photostability tests were performed.
To make suspensions of colloidal AV particles in water and sur-
factants (SDS, CTAB, TTAB, SDBS, SL) the re-precipitation
method was used.36 200 μL of 10 mM AV in methanol was
quickly injected into a rapidly stirred solution of 10 mL MilliQ
water or surfactant (CTAB (2 mM), TTAB (8 mM), SDBS
(5 mM), SL (42 mM), and SDS (2 mM, 4 mM, 6 mM, 8 mM,
10 mM, 12 mM, 15 mM and 20 mM)). Each solution was
stirred uncovered for 45 minutes to allow evaporation of the
methanol. Subsequently, a 300 μL aliquot was transferred to
10 mL of water or surfactant to create an ca. 6 μM solution. In
order to avoid changes in the absorption spectrum due to
further aggregation, the aggregate solutions were used
immediately after preparation. Photostability and/or fluo-
rescence experiments of AV in surfactants (CTAB, TTAB, SDBS,
SL and in SDS) above their respective critical micelle concen-
tration (CMC) values were performed 24 hours post-creation to
ensure that the molecule partitioned into the micelles.

Photostability studies

Solar simulated UV radiation was generated by a solar simu-
lator (Model 16S, 150 W, Solar Light Company, Glenside, PA).
The spectral output travelled through an optical fiber to a 1 cm
pathlength quartz cuvette. The fiber was placed in front of the
cuvette such that the UV output beam incident on the sample
had a diameter of 1 cm. The UV spectrum was composed of
30 mW UVA and 1 mW UVB, which is excellent agreement with
the UVA : UVB ratio of the standard solar spectrum ASTM
G173-03.37 The concentration of AV was ca. 6 μM in all sol-

Scheme 1 Examples of the non-chelated and chelated keto–enol and diketone tautomers of avobenzone. Because of the asymmetry of the mole-
cule, the two keto–enol structures also have a counter molecule that is not shown. Additionally, the non-chelated enol may have multiple
conformers.32
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vents, corresponding to a peak optical density <0.2, to prevent
inner-filter effects. Each solution had an identical volume
(3.2 mL) and was stirred constantly during irradiation. The
solar simulator dose control system was used to set the UV
dose at time (t ) = 0, 60, 300, 600, 1200, and 2400 (±0.2
seconds), where 56 s is equivalent to 1 minimal erythemal
dose measured as 22 mJ cm−2 UVB, and 660 mJ cm−2 UVA.
Absorption spectra were recorded at each time point by a Cary-
500 absorption spectrophotometer. Experiments were per-
formed in duplicate. Absorption spectra of the neat solvents
were recorded and showed no absorption >250 nm; they were
subtracted from the sample spectra. In order to determine the
fraction of enol ( fEnol) remaining after irradiation period, each
absorption spectrum was normalized by dividing by the absor-
bance at the enol peak (λmax which varies between 350 and
400 nm depending on solvent) of the t = 0 spectrum:

fEnolðtÞ ¼ Absðλmax; tÞ
Absðλmax; t ¼ 0Þ ð1Þ

where Abs(λmax, t) is the absorbance at the λmax of the enol
peak at t = 60, 300, 600, 1200 or 2400 s and Abs(λmax, t = 0) is
the absorbance at t = 0 s.

Fluorescence: steady-state and anisotropy spectra

Fluorescence spectra of dilute solutions and colloidal suspen-
sions were acquired using a QuantaMaster 8000 (Horiba,
Irvine, CA). All samples were stirred during each experiment.
The excitation anisotropy (r) spectra were calculated using eqn
(2):

r ¼ Ik � I?
Ik þ 2I?

ð2Þ

where the emission polarizer is parallel (I∥) or perpendicular
(I⊥) to the excitation polarizer.38

Time-resolved fluorescence

Dilute solutions were used to collect fluorescence lifetime (τfl)
data. The excitation wavelength at 320 nm was generated by
pumping an OPA (Palitra, Quantronix) with 800 nm, 150 fs
pulses from a Ti:sapphire regenerative amplifier (1 kHz, Libra,
Coherent). The laser power was set to be at or below 75 μW at
the sample surface. Fluorescence lifetime data were collected
using a front face geometry with a picosecond streak camera
(Streakscope, Hamamatsu C4334) whose instrument response
function had a full-width-half maximum of ∼25 ps. Scattered
IR and UV light were removed by placing two 420 nm long
wave pass filters and a hot mirror before the input of the
streak camera.

Results and discussion

The characteristic AV π−π* transition in the UVA shifts to
longer wavelengths with increasing solvent polarity (ESI,
Fig. S1†). In non-aqueous, non-polar cyclohexane, the enol
absorption peaks at 352 nm, but is shifted in polar, aprotic sol-

vents like ethylene glycol where the λmax is 362 nm (Table 1).
These results are consistent with the literature and illustrate
how the polar nature of the first excited singlet state (S1) is
stabilized by polar solvents lowering the S0–S1 the energy
gap.20,39

In contrast to organic solvents, AV is effectively insoluble in
water. It forms aggregates as indicated by a faintly cloudy solu-
tion that yields the typical scattering profile from a colloidal
suspension, with an exponential tail that extends to longer
wavelengths (ESI, Fig. S1†). These results are similar to those
of the UVB filter octylmethoxycinnamte.36 This spectrum also
exhibits clear signs of aggregation, with a strong broadening
and redshift of the lowest energy absorption peak. The change
in the absorption lineshape is consistent with a disordered
solid in which J-type (leading to an absorption red-shift) aggre-
gates exist.40

The insolubility of AV in neat H2O motivated us to use the
surfactant SDS as an alternative way to expose AV to H2O mole-
cules while preventing aggregation. Absorption spectral data
show that aggregation of AV depends on the concentration of
SDS in the solution (Fig. 1). At concentrations below the SDS
CMC (8 mM), the absorption profile is similar to that of col-
loidal AV, with a broadening of the absorption spectrum as
well as a baseline offset due to scattering. But as the SDS con-
centration increases above the CMC, there is a sudden increase
in the absorbance accompanied by a narrowing of the absorp-
tion, so that it resembles the fully solubilized AV in non-
aqueous solutions.

To gain a better understanding of the molecule’s incorpor-
ation into the micelle, data from steady-state and time-resolved
fluorescence measurements were analyzed. The normalized
fluorescence spectra of AV in several different solvents, includ-
ing the aggregated form in neat H2O (0 mM SDS), are shown in

Table 1 Steady-state and time-resolved spectroscopic parameters of
avobenzone in different solvent conditions

Solvent
Absorption
λmax (nm)

Emission
λmax (nm)

fEnol
a

(std dev) τfl (ps)

Cyclohexane 352 402 0.03 (0.01) <7
Methanol 360 410 0.99 (0.00) <7
Ethylene glycol 362 414 0.96 (0.00) —
Water 368 423 0.35 (0.02) —
SDS (20 mM) 363 419 0.96 (0.01) 18 ps (a = 0.9)

125 ps (a = 0.1)
SDS (15 mM) 363 417 0.97 (0.01) —
SDS (12 mM) 363 419 0.96 (0.00) —
SDS (10 mM) 363 419 0.94 (0.01) —
SDS (8 mM) 363 421 0.81 (0.06) —
SDS (6 mM) 363 424 0.87 (0.02) —
SDS (4 mM) 401 422 0.79 (0.19) —
SDS (2 mM) 363 424 0.67 (0.17) —
CTAB (2 mM) 356 — 0.82 (0.02) —
SDBS (5 mM) 361 — 0.96 (0.02) —
SL (42 mM) 361 — 0.93 (0.01) —
TTAB (8 mM) 361 — 0.91 (0.04) —

a Fraction of enol remaining after 1200 s−1 (0.5 J cm−2 UVB, 14.1 J
cm−2 UVA).

Paper Photochemical & Photobiological Sciences

392 | Photochem. Photobiol. Sci., 2020, 19, 390–398 This journal is © The Royal Society of Chemistry and Owner Societies 2020

Pu
bl

is
he

d 
on

 1
8 

Fe
br

ua
ry

 2
02

0.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

R
iv

er
si

de
 o

n 
4/

13
/2

02
0 

6:
46

:5
3 

PM
. 

View Article Online

https://doi.org/10.1039/c9pp00483a


Fig. 2. As with the absorption spectra, there is a systematic red
shift as the solvent polarity is increased. In contrast to the
spectra in organic solvents, the spectrum of the aggregates in
water is very broad, with the peak at 430 nm followed by large
shoulder at 530 nm. The shoulder at 530 nm disappears as the
concentration of SDS in water increases above the CMC (ESI,
Fig. S2†) and is completely absent in 20 mM SDS. The loss of
this shoulder is consistent with the assumption that it reflects
an aggregated form of AV rather than the molecular emission,
which appears only at SDS concentrations above the CMC. AV
is not a strongly emissive species, which is consistent with its
ability to return to the ground state via internal conversion on
a sub-nanosecond timescale.30 While this rapid internal con-
version is useful for it to fulfill its function as a UV filter, it
makes measurement of the fluorescence spectrum challen-
ging, especially in non-polar solvents like cyclohexane.
Because of the low signal levels, we could not reliably measure
absolute quantum yields. We could determine the relative fluo-
rescence intensity increase in more polar solvents, with AV
emitting ∼6× more in methanol than in cyclohexane and ∼10×
more in 20 mM SDS than in methanol (ESI, Fig. S3†).

Both absorption and fluorescence data suggest that once
the micelles are formed, the AV molecules de-aggregate.
Presumably it is incorporated into the SDS micelle. Given that
the micelle interior is composed of hydrophobic alkyl chains,
one would expect that if AV was encapsulated fully within the
hydrophobic core, then the absorption and emission shifts
would be similar to those of cyclohexane (λmax = 352 nm,
Table 1). Instead, the absorption (Fig. S1,† Table 1) and fluo-
rescence (Fig. 2, Table 1) shifts of AV in SDS micelles are
similar to those in polar, protic solvents, indicating that the
molecule resides in an environment even more polar than that
provided by methanol or ethylene glycol.

The question of whether AV resides in the micelle can be
addressed by steady-state anisotropy experiments. The interior
of the micelle tends to isolate the molecules in more viscous
surroundings, preventing depolarization due to energy
migration and rotation diffusion. Fig. 3a shows that in 20 mM
SDS the anisotropy is well-behaved with a single value across
the first absorption band. This spectrally flat anisotropy value
was observed in all solvents (ESI, Fig. S4†). The anisotropy
undergoes a sudden increase at the CMC of SDS (8 mM)
(Fig. 3b), similar to the jump in absorption intensity seen in
Fig. 2. Below the CMC, the anisotropy of the aggregated form
in water is low (r = 0.15), which we attribute to intermolecular
energy transfer within the aggregate that depolarizes the
fluorescence.41–43 Above the CMC, the anisotropy peaks at r =
0.35 (20 mM SDS) similar to that measured in methanol (r =
0.32), and to values reported for other dyes in micelles.44

These higher anisotropy values likely reflect the fact that the
transition dipole orientation in micelles and methanol can
only be randomized by molecular rotation. The rotational
diffusion time of AV has not been measured, but typical values
for small aromatic molecules are in the range of 10–50 ps in
pure liquids, as compared to its fluorescence lifetime of less
than 20 ps.45 These timescales are comparable, and the steady-
state anisotropy depends on their ratio (ESI†). There are
several additional factors that can slow rotational diffusion in
the micelles and in methanol and give rise to higher steady-
state anisotropies. One is the hindered environment leading to
higher anisotropy values for small molecules in the SDS
micelle.44 A second is the association of hydrogen-bonded
solvent molecules to the solute, as in the work by Das et al.
showing that intermolecular hydrogen bonding between
3-hydroxyflavone and protic solvents slows down rotational

Fig. 2 Fluorescence emission spectra of dilute solutions of avobenzone
excited at 320 nm in cyclohexane (blue), methanol (green), ethylene
glycol (orange), 20 mM SDS (black), and of aggregated colloidal avoben-
zone in water (0 mM SDS). The spectra shift to the red with increasing
dielectric constant (Table 1).

Fig. 1 Avobenzone in increasing SDS concentration. Solubility improves
with increasing SDS concentration, where the aggregates that broaden
the spectrum below the CMC (8 mM) disappear with a concomitant
increase in the left shoulder of the enol absorption.
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diffusion and leads to higher fluorescence anisotropy values.46

Taken together, the spectral shifts and anisotropy changes are
both consistent with AV being successfully encapsulated inside
the SDS micelles and sequestered near the headgroup-water
interface rather than the hydrophobic core.

Time-resolved fluorescence lifetime measurements also
support the idea that AV exists in a polar environment in the
SDS micelle. The increased fluorescence yield in methanol and
20 mM SDS suggested that the fluorescence lifetime has
increased due to slower internal conversion. To confirm this,
we used a picosecond streak camera to measure AV’s fluo-
rescence decay after excitation at 370 nm. In methanol, the
signal decayed within the instrument response function of our
system (<7 ps), and we observed a very weak longer-lived nano-
second decay at <1% of the total signal amplitude (Fig. 4). We
could not rule out that this emission was the result of an
impurity, so we did not analyze it further. In contrast, the fluo-
rescence decay (τf ) of the 20 mM SDS sample could be resolved
(Fig. 4) and exhibited bi-exponential behavior reflecting two
emitting species and was fit to the function A1e

−t/τ1 + A2e
−t/τ2.

Convolution with the instrument response yielded a dominant
species (A1 = 0.9) with τ1 = 18 ps and a second longer lived
species with a smaller amplitude (A2 = 0.1) with τ2 = 125 ps.
The integrated fluorescence signal from a biexponential decay
is proportional to its average weighted lifetime given by A1τ1 +
A2τ2 = 28.7 ps for AV in SDS micelles. Given the fact that AV’s
fluorescence yield is 10–60× greater in SDS micelles than in
methanol and cyclohexane, respectively, this result implies
that the excited state lifetime in those solvents should be
≤3 ps, in good agreement with femtosecond transient absorp-
tion results.30 Both our steady-state and time-resolved
measurements suggest that AV’s excited state lifetime is signifi-
cantly extended in SDS micelles, most likely due to a polar
local environment. This stabilization in polar solvents was
inferred from transient absorption experiments and is also
consistent with the observation that the internal conversion

rate of dibenzoylmethane (DBM), an AV analog, slowed down
in more polar solvents.30,47,48 They hypothesized that a
U-shaped complex between the DBM keto–enol and hydrogen
bonding solvents can enhance the rigidity of the molecule,
reducing the likelihood of energy dissipation through
rotational pathways. Intermolecular hydrogen bonding also
helps reconcile the high anisotropy and longer lifetime values
experienced by AV in micelles (ESI†).

The preceding results have shown that AV’s photophysics
are quite sensitive to its environment, although its UVA absorp-
tion is always present. From a practical standpoint, because of
its worldwide use in sunscreens, it is an interesting question
whether the different solvent environments also affect the
long-term photostability of AV. As described in the

Fig. 3 (a) The excitation anisotropy spectrum (thin black line) and the absorption spectrum (thick black line) of avobenzone in 20 mM SDS. (b) The
anisotropy at 350 nm near the λmax of the enol species at different concentrations of SDS. The CMC of SDS is 8 mM, which is at the midpoint of the
graph.

Fig. 4 Fluorescence lifetime data of avobenzone in 20 mM SDS (black),
which was fit to a biexponential decay (red). Avobenzone in methanol
(green) exhibited a lifetime that was within the instrument response
(cyan), compared to the longer lived lifetime exhibited in 20 mM SDS.
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Introduction, the first step in the loss of UVA protection is the
formation of the diketone isomer with a characteristic absorp-
tion peak ca. 270 nm. In non-polar cyclohexane, solar UV
irradiation leads to rapid loss of the keto–enol absorption at
352 nm and growth of the diketone peak at 270 nm (Fig. 5a).
The presence of an isosbestic point at 295 nm is consistent
with a simple two-state tautomerization. In cyclohexane, AV
undergoes almost complete tautomerization to the diketone
structure ( fEnol = 0.03 at 1200 s (Table 1)), consistent with the
results of Mturi et al.20 In aqueous colloidal suspensions, tau-
tomerization also dominates the change in absorption of the
molecule where the isosbestic point at 310 nm identifies the
change in molecular structure from the UVA absorbing enol to
the UVC absorbing diketone (Fig. 5b). In both of these
samples, there is an absence of intermolecular hydrogen
bonding opportunities due to a local environment composed
of either cyclohexane molecules or other AV molecules.
However, when we switched to methanol, the absorption spec-
trum of AV changed only by ∼1% under solar-simulated UV
irradiation up to 1200 s (Fig. 5c), which is also consistent with
the literature.17–22 However, interestingly, AV showed a similar

level of stability in 20 mM SDS (Fig. 5d), losing only 4% of its
initial absorbance at 356 nm.

The role of micellar encapsulation in stabilizing AV can be
seen in Fig. 6a, which shows the fraction of the enol absor-
bance at 356 nm remaining ( fEnol) after 1200 s of UV
irradiation, for different SDS concentrations. In neat water
(0 mM SDS), AV rapidly degrades in aggregate particles and
fEnol = 0.03. As the concentration of SDS is increased, fEnol
increases as well, approaching 1.0 at SDS concentrations above
the CMC. To achieve maximum stability, the concentration of
SDS must be above the CMC to fully separate the AV molecules
while allowing access to H2O molecules. We found that the
ability of a surfactant to stabilize AV also depends on its
chemical structure. While SDS was the most effective at preser-
ving the enol form, other surfactants also showed varying
degrees of photostabilization of AV. Fig. 6b shows the initial
decay of the AV absorbance in surfactants SDS, CTAB, SL, and
TTAB. Interestingly, AV in CTAB undergoes the most rapid
decay. These results suggest that encapsulation of AV inside a
micelle is not enough to prevent diketonization, and that the
surfactant chemical structure or micelle shape also plays a

Fig. 5 The absorption spectrum of ∼6 μM avobenzone in cyclohexane (a), water (b), methanol (c), and 20 mM SDS (d) as a function of solar-simu-
lated UV irradiation time.
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role. Presumably the presence of labile hydrogen donors is
required to facilitate intramolecular chelate recovery. This
observation may help explain why encapsulation of AV in
hydroxypropyl-b-cyclodextrin also improved its
photostability.49

The ability of polar, protic solvents to prevent diketoniza-
tion has been observed for other keto–enol systems. Tobita
and coworkers postulated a mechanism for DBM by which an
intermolecular hydrogen bond acts as an intermediate to cata-
lyze the reformation of the intramolecular chelate, allowing
the process to compete more effectively with the diketone tau-
tomerization pathway.47 In this model, the presence of even a
few H2O molecules inside the micelle may be sufficient to
reform the chelate. We tested this hypothesis by performing
the photostability experiment using polar, aprotic acetonitrile
under both wet and dry conditions. We found that in the pres-
ence of 1% water, 85% of the enol absorption remains after
2400 s of solar simulated UV irradiation (ESI, Fig. S5a†).
Additionally, there was no clear isosbestic point in the spectra,
indicating that photodegradation may be occurring through
pathways different than tautomerization. In contrast, a clear
isosbestic point and dramatic decrease in the enol portion of
the absorption spectra of AV is detected in dry acetonitrile
(ESI, Fig. S5b†). These data suggest that it is the ability of the
micelle to allow H2O molecules to access isolated AV molecules
that leads to enhanced photostability.

It is interesting to compare AV with curcumin, another well-
studied keto–enol molecule, where micellar encapsulation
leads to enhanced stability. Curcumin undergoes a ground
state hydrolysis of the enol, and micellar encapsulation pro-
tects the molecule from the surrounding water.50–53 We found
that AV slowly undergoes hydrolysis in SDS solutions below the
CMC, with the decrease occurring over a period of 24 hours
(ESI, Fig. S6†). Above the CMC, the AV absorption remained
stable indefinitely in the absence of light. As with curcumin,
the micelles appear to protect AV from water hydrolysis. In SDS

micelles, we appear to have a balanced situation in which
specific interactions with H2O can suppress AV photoketoniza-
tion, but the H2O molecules do not have completely free
access to the AV molecule, which would lead to ground state
hydrolysis. In fact, we may be able to draw an analogy to the
photophysics of curcumin, where it is proposed that it is the
access to water that facilitates excited state proton transfer
within 50–80 ps in micelles and within 21 ps in cyclodextrin
systems.50,54 Rapid excited state proton transfer in turn allows
for the stabilization of the enol structure. Although the
detailed ground state (AV) and excited state (curcumin) proton
transfer pathways remain to be elucidated, in both molecules
the presence of a hydrogen bonding partner appears to play a
key role for increasing their photostability in micelles.

Conclusion

The results in this paper clarify how AV, the only UV filter
approved by FDA to absorb UVA radiation, undergoes photode-
gradation. AV is highly susceptible to diketonization in both
nonpolar solvents and in its aggregated form but is consider-
ably more stable in polar, protic solvents like methanol. By
studying its stability in different surfactant solutions, we show
that incorporation of AV into SDS micelles can achieve stability
levels comparable to neat methanol. Steady-state spectral
shifts, fluorescence anisotropy, and time-resolved fluorescence
decay measurements are all consistent with AV experiencing a
polar environment after encapsulation. We propose that AV is
encapsulated in the palisade layer of the SDS micelles, which
allows access to water molecules that facilitate the re-formation
of the enol form after photon absorption and relaxation.
Although the detailed mechanism of AV tautomerization
remains unclear, this work suggests that a microheteroge-
neous strategy might be a fruitful approach to make improved
sunscreens with stable UVA blocking capability. The advantage

Fig. 6 (a) The fraction of enol remaining after 1200 s of UVA/UVB irradiation at different concentrations of SDS. (b) The fraction of enol remaining as
a function of irradiation time for micellular solutions of different surfactants.
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of the micellar systems is that they can be adapted to formu-
lations that are required for practical sunscreens. An improved
understanding of the role of proton transfer in microheteroge-
neous systems may provide a route to more stable and effective
sunscreens.
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