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Abstract: Two new UV filters for use in cosmetic sunscreens have been developed. Bis-ethylhexyloxyphenol
methoxyphenyl triazine (BEMT) is a hydroxy-phenyl-triazine derivative, which has been designed for optimal spec-
tral performance, excellent photostability, and solubility in cosmetic oils. Methylene bis-benzotriazolyl tetra-
methylbutylphenol (MBBT) is the active ingredient of a particulate UV-filter system, which is available as a 50% dis-
persion of MBBT. Since the UV-attenuating efficacy depends strongly on particle size, the material is micronised
to particle sizes below 200 nm. The mode of action of this photostable filter system is governed to about 90% by
absorption and 10% by scattering of UV light. Both filters show broad-spectrum characteristics with significant
protection in the UVA range.
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1. Introduction

In the 1930s UV absorbers were discovered
as active ingredients of sun-protection for-
mulations for human skin. Triggered by
higher incomes and possibilities for travel-
ling the sunscreen market started to devel-
op in the 1950s and 1960s. In 1956, the sun
protection factor (SPF), which enables the
assessment of the performance of sun-
screens, was invented by Schulze [1]. It is
defined as the ratio of doses of solar radia-
tion leading to reddening of human skin in
presence and absence of the respective sun-
screen. The broad introduction of the SPF
on sunscreen packages in the 1970s revolu-
tionized the market, since now the products
became comparable on a quantitative basis.
At the end of the 1970s the first products
appeared that had achieved the ‘magic’
number of 20, and in the 1980s the market
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further developed dynamically with diver-
sity in SPF values as well as in product
forms. Since the end of the 1980s the atti-
tude of the consumers towards sun expo-
sure has started to change. A brownish tan
is still desirable, but people became in-
creasingly aware of the harmful effects of
the sun, above all the potential for skin can-
cer induction. With this background, the
role of cosmetic sunscreens nowadays has
changed from mere protection against sun-
burn to health prophylaxis.

Solar radiation in the spectral range be-
tween 290 and 400 nm is regarded as po-
tentially dangerous for human skin, where
the harmful effects strongly increase with
smaller wavelength or higher energy of the
radiation. The reason for not considering
light of wavelengths below 290 nm is the
filtering effect of the stratospheric ozone
layer towards radiation of such kind. The
spectral range between 400 and 320 nm is
called UVA (400-340 nm: UVA 1, 340-320
nm: UVA II), the range between 320 and
290 nm UVB, and light of wavelength be-
low 290 nm is named UVC.

1.1. UV Spectroscopic Requirements
for UV Filters Used in Sunscreens
First of all, sunscreens are expected to
protect against sunburn, also called UV ery-
thema. Fig. 1 shows the action spectrum of
human skin for an erythemal reaction [2],
the intensity spectrum of solar radiation at

the surface of the earth [3], and the erythe-

mal effectiveness, which is obtained from

the convolution of erythemal action spec-
trum and the solar intensity spectrum. Thus,
the erythemal effectiveness describes the
relative spectral ability of solar UV radia-
tion to induce erythema. It shows a maxi-
mum at 306 nm, which explains why, until
the early 1980s, in sunscreens only UVB
filters were used.

Today, most sunscreens also contain

UVA filters. There are several reasons:

* UVA contributes significantly to erythe-
ma formation, which can be estimated
from the corresponding area under the
erythemal effectiveness curve, and
amounts to about 10-15% of the effect
of the total UV. With pure UVB protec-
tion, 10—15% of the radiation would be
transmitted without attenuation so that
the total transmission of UV would al-
ways be higher than 10%. Thus, the
maximum SPF which can be achieved
with a sunscreen based on pure UVB fil-
ters is about 10. In order to provide sun-
screens with higher SPF it is necessary
to add UVA absorbers.

* Animal experiments showed that the ac-
tion spectrum for induction of skin can-
cers follows the erythemal action spec-
trum of human skin [4]. Assuming that
the action spectrum for skin cancer in-
duction is similar in humans, UVA has a
certain contribution.
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e UVA penetrates deeper into human skin
than UVB and therefore damages the
collagen structure. This explains the
fact that UVA rather than UVB con-
tributes to premature skin aging.

The UV spectra of the worldwide most
employed UVB absorber (ethylhexyl
methoxycinnamate, EHMC) and UVA ab-
sorber (butyl methoxy dibenzoylmethane,
BMDBM) in ethanol are shown in Fig. 2. The
E(1,1) is the extinction of 1% active (w/v) at
1 cm optical pathlength. Like EHMC and
BMDBM, the majority of UV absorbers used
in sunscreens are organic molecules with an
UV chromophore. On the other hand, inor-
ganic materials like TiO, and ZnO play also
a significant role in the market. They act via
semiconductor absorption (with high band
gap energy) in the solid state and therefore
are applied as micro-fine particles, which
show an additional scattering effect [5]. The
extinction spectra of TiO, and ZnO in aque-
ous dispersion are depicted in Fig. 3. TiO,
may be classified as a UVB filter, and ZnO is
a weak broad-spectrum filter mostly used for
UVA protection.

In order to achieve a balanced protection,
in most sunscreens a blend of several UV fil-
ters is incorporated, which may consist of
five or even more different individual filters.

1.2. Solubility
Most of the organic UV absorbers are oil-

soluble or even oil-miscible compounds and
consequently are incorporated into the oil-
phase of sunscreen emulsions. The typical
concentration range of individual UV ab-
sorbers in sunscreen emulsions is between 1
and 5% or even more. Since the oil phase on-
ly makes up part of the emulsion, as a rule of
thumb the solubility of the UV absorber in
the pure oil has to be about three times high-
er than the desired concentration in the final
formulation. Typical classes of oils used in
cosmetic sunscreens are triacylglycerides,
benzoic acid esters, carboxylic acid esters, di-
carboxylic acid esters, pyrrolidones, and
even UV absorbers like EHMC.

1.3. Photostability

Some of the UV absorbers commonly
used are instable when irradiated with UV
light. The most prominent example is
BMDBM, which is reduced to less than
50% of its original concentration after 2 h
of standard solar radiation [6]. There are
other UV absorbers which act as photosta-
bilisers for BMDBM. But the combination
of BMDBM and EHMC results in in-
creased photoinstability of both filters [7].
High photostability is a desirable property
of new UV absorbers to be developed.

1.4. Direction for the Development of
New UV Absorbers
At the time that the development of the
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new filters reported here began, the only
generally available UVA filters were
BMDBM and ZnO, which both show cer-
tain shortcomings. As mentioned, the pho-
tostability of BMDBM is rather poor, and
this problem becomes worse when
BMDBM is combined with EHMC. For
that reason BMDBM in most cases is not
used together with this important UVB ab-
sorber. ZnO, though photostable, has a poor
efficacy in attenuating UVA. This situation
suggested that there was a certain need for
new efficient and photostable UVA filters.

2. Bis-Ethylhexyloxyphenol
Methoxyphenyl Triazine
(Tinosorb®S)

Bis-ethylhexyloxyphenol methoxyphe-
nyl triazine (BEMT), a hydroxy-phenyltri-
azine derivative, was developed as an oil-
soluble, photostable, broad-spectrum UV
absorber efficiently covering both the UVA
and UVB range.

2.1. UV Spectroscopic Properties
Fig. 4 shows the dependence of the
shape of the UV spectrum on the molecu-
lar structure for some hydroxy-phenyltri-
azines. The strong absorption of tri-phenyl-
triazines shown in the UVB range (see Fig.
4, case A) has mr*-character. An nm*-tran-
sition may also contribute to this band [8].
As an ortho-hydroxy group is introduced
(Fig. 4, case B), a UVA band emerges,
which is due to an intramolecular charge
transfer (nm*-CT). With two ortho-hy-
droxy groups at different phenyl-moieties
this UVA absorption increases (Fig. 4, case
D) and with three even more (Fig. 4, case
C). The optimised broad-spectrum struc-
ture was obtained with case D (Fig. 4) re-
ferring to BEMT, which shows absorption
maxima at 310 and 343 nm with g =
46800 and 51900 M~'cm™!, respectively,
measured in ethanol. Fig. 5 shows the
E(1,1) spectrum and chemical structure of
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Fig. 2. UV spectra of ethylhexyl methoxycinnamate (EHMC; Parsol MCX,

DSM) and butyl methoxy dibenzoylmethane (BMDBM; Parsol 1789, DSM)

Fig. 3. UV spectra of TiO,

(Eusolex T2000, Merck) and ZnO (Symrise)
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Fig. 5. UV spectrum and chemical structure of bis-ethylhexyloxyphenol
methoxyphenyl triazine (BEMT); E(1,1) is the extinction at 1% concentra-
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Fig. 6. Synthesis of bis-ethylhexyloxyphenol methoxyphenyl triazine (BEMT)

Table 1. Solubilities of BEMT and BMDBM in some frequently used cosmetic oils

C;,-C;5 Alkyl Benzoate

Isopropy Myristate

Caprylic/Capric Triglyceride
Propyleneglycol Dicaprate/Dicaprylate

Dimethicone

BEMT.

2.2. Synthesis

The synthesis of BEMT is a three-step
process, which is shown schematically in
Fig. 6. After further purification steps the
final product is obtained with a purity of
>98%.

2.3. Solubility of BEMT
The ethylhexyl residues in the BEMT
molecule are introduced to increase the sol-

BEMT BMDBM
13% 11%
6% 9%
5% 7%
7% 5%
<1% <1%

ubility in cosmetic oils (Fig. 5). The solu-
bility in cosmetic solvents is a key parame-
ter of UV absorbers. Solubility was deter-
mined by stirring an excess of the substance
for seven days at 25 °C. After removal of the
remaining solid by centrifugation and fil-
tration, the dissolved amount was deter-
mined by UV spectroscopy. In Table 1 sol-
ubility data of BEMT and BMDBM are
compared for a number of frequently used
oils. The solubilities of both UV absorbers
are comparable in most solvents.

2.4. Photostability of BEMT

Excitation of the molecule by a photon
increases the energy of the molecule, which
switches from the electronic S, ground state
to the first electronic excited state S,. After
excitation different processes are possible
like fluorescence, intersystem crossing,
phosphorescence, internal conversion (IC),
or photoreactions. When internal conver-
sion (IC) is the fastest and therefore domi-
nating pathway, a redistribution of the ab-
sorbed energy from electronic to vibra-
tional excitation takes place. In contrast to
the electronically excited molecule, the vi-
brationally excited one can be deactivated
by collisions with surrounding molecules,
dissipating the energy into harmless heat.
The faster the rate of internal conversion,
the higher will be the photostability [9]. The
energy-gap law [10] states that the rate of
internal conversion becomes faster as the
energy gap between ground state and excit-
ed state decreases. This for instance is the
case with molecules that can undergo an
excited state proton transfer (also called
photo-tautomerism).

BEMT contains two intramolecular hy-
drogen bridges (between the ortho-OH
groups and the triazine nitrogen atoms) that
enable an excited-state intramolecular pro-
ton transfer after photoexcitation. Excita-
tion goes from the electronic ground state
S, to the first electronically excited state S,
(Fig. 7). The state S,’, which is reached af-
ter isomerization, has less energy than S.
After internal conversion the molecule re-
laxes from S’* — S,’. Since the ground
state S, of the isomer is energetically high-
er than the ground state S, the deactivated
isomer reacts back immediately to the orig-
inal ground state S,. The whole proton
transfer cycle lasts less than one picosecond
(10712 5). Since it is much faster than the
other processes which may occur after ex-
citation, it is a very efficient deactivation
mechanism. Thus, the presence of ortho-
hydroxy groups not only positively influ-
ences the shape of the absorption spectrum,
but also the photostability.
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Fig. 7. Dissipation of absorbed energy via the photo-tautomerism cycle

In Fig. 8 the photostability of BEMT is
compared to that of BMDBM. For the exper-
iment emulsions containing one of the filters
mentioned were distributed on quartz plates
with rough surface to an amount of 2 pl/cm?.
Realistic concentrations were chosen and ad-
justed to achieve the same average extinc-
tions in the UV range (290400 nm) of about
2.2. The samples were irradiated in a solar
simulator (Atlas, CPS plus), the spectrum of
which corresponded to that of standard sun-
light [3] referring to conditions at Albu-
querque (New Mexico, latitude 35°N). Expo-
sure for 15 min to this type of irradiation
leads to erythema with persons of skin type II
(Caucasians) [11]. Thus, the longest irradia-
tion of 12.5 h in the experiment shown in Fig.
8 is the 50fold of this time, and in order to
avoid sunburn when exposed to this UV dose,
a sunscreen with an SPF of 50 would be nec-
essary. After irradiation, the samples were
analysed by HPLC quantifying the recovery
of the parent molecule. Within the range of
experimental error BEMT remains stable up
to the highest UV dose, whereas BMDBM is
degraded [12].

3. Methylene Bis-Benzotriazolyl
Tetramethylbutylphenol
(Tinosorb®M)

Methylene bis-benzotriazolyl tetra-
methylbutylphenol (MBBT) is the active
ingredient of Tinosorb®M, which is an
aqueous dispersion with the composition
shown in Table 2. The structure of MBBT is
depicted in Fig. 9.

As already mentioned, sufficient solu-
bility in cosmetic oils (or in water) is a cru-
cial property of UV filters intended for use
in sunscreens. With certain chromophores
of excellent UV-absorbing properties, it is
hardly possible to obtain acceptable solu-
bility. To make a virtue of necessity, in such
cases one may strive for weakest solubility
in order to create organic UV absorbers as
microfine particles as already known from
the inorganic filters TiO, and ZnO, and

Fig. 9. Chemical structure of methylene bis-
benzotriazolyl tetramethylbutylphenol (MBBT)

Table 2. Composition of Tinosorb® M

Organic micropigment (MIBBT) 50%
Surfactant (decyl glucoside) 7.5%
Thickener (xanthan gum) 0.2%
Propylene glycol 0.4%
Water ad 100%

from coloured organic pigments. This con-
cept was realised for the first time with
Tinosorb® M.

3.1. Micronisation of MBBT

The solubility of MBBT in water is ex-
tremely low (<107%%) and in most cosmet-
ic oils it is <0.2%. Therefore the substance
is well suited for micronisation, which is
achieved with a milling process in
deionised water using decyl glucoside as
dispersant [13]. After pre-milling with a
corundum disc mill, the main milling pro-
cedure is performed with a ball-mill. Xan-
than gum as a thickener is added after the
milling is finished in order to avoid sedi-
mentation of particles. The composition of
the final dispersion is shown in Table 2.

In order to assess particle sizes in a
range of about 10 micrometers to less than
50 nanometers, appropriate particle size an-
alytics had to be set up. Fig. 10 shows the

Fig. 8. Recovery of the parent molecules after simulated solar irradiation

cumulative volume distribution of particles
of the final product measured with fibre-op-
tic quasi-elastic light scattering (FOQELS)
[14]. The so-called median or d(0.5)-value
of the polydisperse cumulative volume size
distribution is defined as the diameter up to
which the area under the distribution curve
is equal to 50% of the whole area. The
d(0.5) value of the final dispersion is be-
tween 150 and 170 nm.

Fig. 11 shows the progress of the ball-
milling process in terms of the d(0.5)-value
as function of the energy consumption of
the mill. Most of the energy is needed to
achieve further particle size reduction in the
sub-micrometer range.

3.2. UV Spectroscopic Properties of
MBBT

Fig. 12 shows the UV spectrum of par-
ticulate MBBT with d(0.5) = 169 nm and
the UV spectrum of MBBT dissolved in
dioxane. The absorption spectrum of the
UV absorber in solution shows a double
band structure. The longer wavelength band
occurring at 350 nm can be attributed to a
nr*-charge transfer (CT) state. This is
favoured by the planar orientation enforced
by the intramolecular hydrogen bond, made
possible by the hydroxy group in ortho-po-
sition. The shorter wavelength band at
about 305 nm arises from a local transition
within the benzotriazole moiety [15]. As in
the case of BEMT, the intramolecular hy-
drogen bond enables also in MBBT an ex-
cited-state intramolecular proton transfer
after photoexcitation resulting in excellent
photostability of the molecule [7].

The spectrum of particulate MBBT
shows distinctive differences to that in so-
lution, which are not explained by the addi-
tional scattering effect: The longer wave-
length band is shifted to 360 nm and is fol-
lowed by a shoulder at 380 nm. The short
wavelength band at 305 nm shows no sig-
nificant shift, but there is also an additional
shoulder at 320 nm. These spectral changes
are attributed to electronic interactions of
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the chromophores in the particles [16] and
depend on the particle size [17].

3.3. Dependence of UV Attenuation
on Particle Size

For organic coloured pigments the ab-
sorption increases with smaller particles
while the scattering shows a maximum at a
certain particle size [18]. The extinction re-
sults as a superposition of both effects, and
thus may show an optimum at a certain parti-
cle size.

To measure the UV attenuating efficien-
cy of the MBBT particles dispersions were
prepared in a concentration range between
0.5 and 3% (w/v) and filled into sandwich-
type quartz cells of 0.0008 cm thickness.
For measurements an UV/vis spectrometer

solved in dioxane

with integration sphere accessory was used
in order to collect also the light scattered in
forward direction by the turbid samples.
The set-up shown in Fig. 13a was employed
for this purpose. In the concentration range
applied, Lambert-Beer’s law functionality
was obeyed. The results in Fig. 14 show a
strong effect of the particle size on the ex-
tinction. The smaller the particles become,
the more efficient they are. One reason is
that in larger particles the UV-absorbing
molecules in the interior are shielded by the
outer ones. Thus, a part of the molecules
will not be effective in absorbing UV radi-
ation. Furthermore, with smaller particles
the UV-absorbing material is more evenly
distributed in the volume than with larger
ones.

Fig. 11. Reduction of particle size with increasing energy consumption of

In Fig. 14 the highest extinction is
achieved at a particle size of d(0.5) = 0.16
wm, which corresponds to the end point of
the milling process. The question arises
whether further micronisation would lead to
even higher extinction. In order to achieve
smaller particle sizes, the dispersion result-
ing at the end of the milling process was frac-
tionated by centrifugation. Depending on
centrifugation time and speed a certain por-
tion of the larger particles is found in the sed-
iment, whereas the smaller ones remain in
the supernatant, and thus can be isolated.
Fig. 15 shows the extinction E(1,1) at 360
nm as function of particle sizes achieved dur-
ing milling and centrifugation [17]. There is
an optimum particle size at d(0.5) = 80 nm,
and with particles smaller than 80 nm, the
extinction decreases again. Obviously, at this
point the absorption has reached a saturation
level, but further micronisation causes less
scattering resulting in lower extinction. In
terms of the E(1,1) at 360 nm, the MBBT
particles at the end of the milling process
show about 90% of the highest possible per-
formance.

3.4. Quantification of the Ratio
of Absorption and Scattering

From reflectance measurements the co-
efficients of absorption, K, and scattering, S,
can be evaluated [19]. An UV/vis spectrom-
eter with integration sphere accessory was

600 -
a) b)
detect detect
etector etector 450 1
=
BaSO, sample 300
pressing w
:>|0 o -
IZ> 4/‘/ "~ background 150 { o~ - )
/ N . N\
sample integrating integrating
sphere sphere 0 '
280 300

320 340 360
Wavelength [nm]

Fig. 13. Set-up of UV/vis spectroscopic experiments with integration sphere: a)

measurement of diffuse transmission, b) measurement of diffuse reflectance

Fig. 14. UV spectra of MBBT dispersions at different particle sizes



SANDMEYER PRIZE 2004

559

CHIMIA 2004, 58, No. 7/8

750 3000
m]
m
E 600 Og B% @ Milling
o Y ® O Centrifugation a
& 450 o ° £ 2000
- ® S
5 L
—_ n
“:, 300 A <
T ® g
1501 ® ¥ 1000
0 T T
0.01 0.10 1.00 10.00
d(0.5) [um] 0
280

320

360 440

Fig. 15. Extinctions E(1,1) at 360 nm of MBBT dispersions of a range of

particle sizes between 40 nm and 4 um
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ticulate MBBT and ZnO
at two different particle
sizes

used for this purpose with the set-up shown
in Fig. 13b. Diluted suspensions (1-3%) of
the particulate UV absorber obtained after
the milling process (d(0.5) = 0.16 um) were
filled into quartz cells with 0.0008 cm opti-
cal thickness and mounted in the sample
holder at the corresponding window of the
sphere. The reflection of the samples was
measured on white and on black back-
ground. With white background the signal
measured in the sphere corresponds to the
light transmitted and scattered by the sam-
ple. Since the black background absorbs the
light which is transmitted by the sample, the
signal in that case is only due to scattered
light. The results for K and S (Fig. 16) show
that this particulate UV filter works mainly
by absorption. Scattering contributes only to
about 10% of the total effect.

3.5. Comparison of MBBT and ZnO
ZnO is a UV filter which is in some as-
pects comparable to MBBT: Both are partic-
ulate filters and both are used for UVA pro-
tection, having broad-spectrum characteris-
tics at the same time. Fig. 17 shows the
E(1,1) spectra of ZnO with two different par-
ticle sizes and MBBT. ZnO with smaller par-
ticle size is more efficient than that with larg-
er particles, but the extinction is still limited,
and high concentrations are necessary for
satisfactory UVA protection. Since the
E(1,1) of MBBT is significantly higher, for
the same effect less material has to be incor-
porated into sunscreen formulations.

4. Concluding Remarks

The development of Tinosorb®S (BE-
MT) and Tinosorb®M (MBBT) was possible
by combining synthesis research, dispersion
technology and physicochemical expertise. It
was initiated by realizing certain market
needs, which emerged by a new understand-
ing of what is necessary for the protection of
human skin against UV radiation. Today
these products are present in many sun-
screens of different producers. The most
prominent features of both filters are the effi-
cient coverage of the UVA range but showing
broad-spectrum characteristics at the same
time, and their photostability.

Meanwhile the situation on the sunscreen
market has changed, since also other produc-
ers of UV filters have developed new UVA
absorbers [20]. A crucial question is whether
there is still space for further developments.
Regarding the dynamics of the sunscreen
market during the past decades, we strongly
believe that the answer will be positive.
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