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Abstract

Water-insoluble organic UV filters like tris-biphenyl-triazine (TBPT) can be prepared as aqueous dispersions of nanoparti-
cles. The particles consist of the respective UV absorber molecules and show strong UV absorbance. Since there is a certain
solubility of such UV absorbers in organic solvents, it is possible to measure the absorbance spectrum also in solution, for
instance in ethanol or dioxane. The UV spectrum of the aqueous dispersion shows a slight hypsochromic shift of the original
band with an additional shoulder at longer wavelengths. For the understanding of the observed changes of UV—Vis spectra
of this UV absorber, either dissolved in an organic solvent or dispersed as nanoparticles in water, DFT calculations were
carried out with the respective monomer and aggregates of TBPT molecules in the different media. The calculated UV-Vis
spectra of isolated, that means dissolved, TBPT molecules in ethanol and in dioxane agree well with experimentally observed
ones. The observed changes in the shape of experimental UV—Vis spectra in aqueous dispersion cannot be explained with a
solvent effect only. It was found that the studied molecules could form stable energetically favorable n-stacked aggregates,
which show UV-Vis spectra in reasonable agreement with those experimentally observed in aqueous dispersion. Such
aggregates of TBPT are most likely the reason for the observed additional shoulder in the UV/vis absorbance spectrum. In
addition, the mechanism of the photochemical deactivation of excited TBPT molecules was studied in detail with TD DFT
in dioxane and in water.
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1 Introduction

Sunscreens used for the protection of human skin against
the harmful effects of solar radiation contain high con-
centrations of UV-absorbing molecules [1, 2]. For the use
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in sunscreens, such UV filters must be approved by the
responsible authorities after toxicological assessment.
Approval always implies a maximum concentration, up
to which the respective UV filter can be incorporated in
a sunscreen preparation. Most of such substances are oil-
soluble, if solid at ambient conditions, or even oil-misci-
ble, if liquid at ambient conditions, and consequently are
incorporated into the oil phase of sunscreen preparations.
The maximum concentration at which a UV absorber can
be incorporated in the oil phase is often limited by its
solubility. To circumvent this difficulty, UV absorbers
showing very poor solubility in oils as well as in water
have been prepared as nano-particulate aqueous disper-
sions by wet-milling procedures, with median diameters
of the particles in the range between 100 and 160 nm,
based on volume-weighted particle size distributions [3,
4]. In this way, it is possible to load substantial amounts of
UV-absorbing material into the water-phase of sunscreen
preparations. This has been demonstrated with a hydroxy-
phenyl-benzotriazole-type UV absorber and also with a
tris-biphenyl-triazine-type UV absorber. It has been shown
that the UV spectra of such organic particulate UV filters
in aqueous dispersion show certain shifts of the absorb-
ance maximum and even occurrence of new bands, when
compared to the UV spectra of the same molecules dis-
solved at micromolar concentrations in organic solvents
[4-6]. This spectral broadening can be of advantage for the
application in sunscreens, since today sunscreens are sup-
posed to absorb in a broad spectral range, protecting the
skin against UVB as well as UVA rays [7]. Bathochromic
shifts in solid state UV—Vis spectra relative to the spectra
in solution have been observed with organic pigments [8].
1,3,5-triazine derivatives such as tris-biphenyl-triazine-
type UV absorbers have been studied as host materials for
organic light-emitting diodes [9]. In sunscreen applica-
tions, tris-biphenyl-triazine turned out to be a very photo-
stable and efficient UV filter substance [10]. Photochemi-
cal and photo-physical deactivation of similar structures
from 2,4,6-triaryl-1,3,5-triazines has been investigated
in the past [11]. Recently, DFT calculations have been
applied to study the excited-state molecular structures of
butyl-methoxy-dibenzoyl-methane [12], and of benzotria-
zoles and different types of triazine UV absorbers, includ-
ing tris-biphenyl-triazine [13].

In a previous paper, we have shown with quantum
chemical calculations, that for a hydroxyphenyl-ben-
zotriazole-type UV absorber in aqueous dispersion, the
mentioned spectral effects can be explained by n-stacking
of the chromophores in the particles [14]. In the present
work, we investigated the origin of the spectral change,
which occurs when TBPT is present in nanoparticles in
aqueous dispersion, in comparison to being dissolved
in an organic solvent, by means of DFT calculations. In
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addition, we also used TD DFT calculations to study the
electronic deactivation mechanism of this UV absorber.
The insights may help being able to rationally design
future materials for sunscreen applications.

2 Materials and methods
2.1 Experimental

The UV absorber investigated in this study is
2.,4,6-tris(biphenyl-3-yl)-1,3,5-triazine, abbreviation TBPT,
from BASF). The preparation of nano-particulate aqueous
dispersions of the substance was performed with a ball-mill-
ing process [4] in deionized water using decyl glucoside
(Plantacare 2000, BASF) as dispersant and xanthan gum
(Rhodia) as thickener. 100 g of the aqueous dispersion con-
tained 50 g of the UV absorber, 7.5 g decyl glucoside, 0.2 g
xanthan gum, and 0.4 g propylene glycol (Fluka).

For UV-vis spectroscopic measurements in an organic
solvent, stock solutions of defined concentrations of the
UV absorber were prepared in dioxane (p.a., Fluka) and
in ethanol (p.a., Merck), and diluted with the respective
solvent. Aqueous dispersions were diluted with deionized
water. UV-vis spectra of clearly dissolved UV absorbers
were measured with a Perkin Elmer Lambda 650 UV/vis
double-beam spectrometer in its standard setup. The sam-
ple solution and the reference (pure solvent) were filled into
quartz cells of 1 cm optical path length and placed into the
respective beams of the device. For measurements of the
particulate absorbers, a Perkin Elmer Lambda Lambda 16
UV/vis double-beam spectrometer was employed with an
integration sphere accessory in order to collect the direct
transmitted light as well as the light scattered in forward
direction. Sample and reference cells were placed in the
respective light beams at their entrance into the integration
sphere, while BaSO, pressings (Barium sulfate for white
standard DIN 5033, Merck) were mounted into the sam-
ple and reference windows opposite thereof. Measurements
were performed with a spectral resolution of 2 nm. In order
to keep the samples as thin as possible, sandwich-type quartz
cells with 0.0008 cm optical thickness (Hellma, Germany)
were used for samples and reference. Since the reproduc-
ibility of experimental data with these cells was limited, for
each individual suspension, 10 measurements with always
freshly filled cells were averaged. The standard deviation
was typically 7% of the average value.

Scanning Electron Microscopy (SEM) was performed
using a Quanta 200 FEG device (FEI Company) with a high
vacuum of 10~° mbar, a high voltage of 10 kV and magnifi-
cation of 50,000. The sample was sputtered with Au/Pd in
order to achieve the necessary conductance.
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2.2 Quantum chemical calculations

Density Functional Theory (DFT) calculations were carried
out systematically employing the PBEO-D3 density func-
tional [15-17]. The way in which the PBEO functional is
derived, and the lack of empirical parameters fitted to spe-
cific properties makes the PBEO model a widely applicable
method for quantum chemical calculations. The PBEO-D3
functional includes physically and chemically important
London dispersion interactions [18]. The molecular geom-
etries, energies, and electronic structure of the molecules
were studied at PBE0-D3/6-31G** level of theory, as imple-
mented in the Jaguar 9.6 program [19]. This computational
model was already successfully used for calculations in
our previous work [14, 20]. Frequency calculations were
done at the same level of theory to obtain the total enthalpy
(H) and Gibbs free energy (G) at a standard temperature of
298.15 K using unscaled frequencies. The reaction enthalp-
ies (AH) and Gibbs free energies of reaction (AG) of studied
molecules were calculated as the difference of the calcu-
lated H and G between the reactants and products, respec-
tively. To take the solvent effect on the structure and reac-
tion parameters of the studied molecules into account, the
calculations were done using Jaguar’s dielectric continuum
Poisson—-Boltzmann solver (PBF) [21], which fit the field
produced by the solvent dielectric continuum (¢ =2.2 for
dioxane, £ =24 for ethanol and £ =80 for water) to another
set of point charges. The excited states and electronic transi-
tion spectra were calculated both in the gas phase and in the
different solvents with the PBF solvation model using the
Time-Dependent (TD) DFT method [22] at the PBEO-D3/6-
31G** level of theory. The calculations for excited states
were run with the Full Linear Response (FLR) approxima-
tion [23] as implemented in Jaguar 9.6 program. The number
of excited states was set to 100 for two reasons: the first is
that the initial guess might not accurately reflect the final
states; the second is to ensure that near-degeneracies are
accounted for. For the understanding of the mechanism of
the photochemical deactivation of excited TBPT molecules,
the geometry optimization of the first excited state was done
with TD PBE0-D3/6-31G**/PBF for monomer in dioxane
and for dimer and trimer in water. The Maestro 9.7 program
[24] was used for the visualization of calculated UV-Vis
spectra. The detailed procedure to obtain structures of dif-
ferent TBPT complexes multistep procedure is given in SI.

3 Results and discussion
3.1 Experimental data

Experimentally measured UV-Vis spectra of studied
TBPT molecules both in dioxane and ethanol solution,

as well as in aqueous dispersion are shown in Fig. 1A.
Surprisingly, the observed UV-Vis spectra of TBPT mol-
ecules depend on experimental conditions. The UV-Vis
spectra in aqueous dispersion differ from those in dioxane
and ethanol not only by their position, but in their shape
too. As shown in Fig. 1A, the absorption band of TBPT in
dioxane lies in the UVB range with a 4., at 314 nm and
in ethanol at 315 nm. However, in aqueous dispersion, the
UVB absorption band is broadened, and the maximum is
slightly blue-shifted to 309 nm with a new shoulder arising
at 338 nm. Figure 1B shows the SEM picture of TBPT par-
ticles from aqueous dispersion, demonstrating the exist-
ence of such particles in a size range of about 20-300 nm,
consistent with a median size of 84 + 13 nm based on a
volume-weighted particle size distribution measured with
fiber-optic quasi-elastic light scattering [25].
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Fig.1 A Experimental UV-Vis spectra of studied TBPT molecules
in ethanol and dioxane solutions and in aqueous dispersion. B SEM
image of particulate TBPT UV absorbers from aqueous dispersion
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3.2 UV/vis spectra of TBPT from quantum chemical
calculations.

In order to better understand the different spectra of TBPT
in organic solvents and in particles, we carried out quan-
tum chemical calculations. The structures, electron distri-
butions of molecular orbitals involved into formation of
UV/Vis spectra, and energetics of possible dimer forma-
tions of studied molecules were investigated. Addition-
ally, the mechanism of photochemical deactivation of the
photochemically excited TBPT molecules was studied in
detail.

The molecular structure of TBPT is depicted in Fig. 1A
and the most stable optimized structure of TBPT is shown
in Fig. 2A. The electron distributions from molecular
orbitals (MO) mostly involved in the formation of low
energy excited states are shown in Fig. 2B.

To get more information about origin, structure and
effect of solvent on experimental UV-Vis spectra of
studied TBPT molecules calculations were done on the
monomer TBPT in different solvents. The results of cal-
culations are shown in Fig. 3 and excitation energies are
given in Table 1. The calculated UV-Vis spectra in diox-
ane ethanol and water have strong absorption bands with
maxima at 312 nm, 316 nm, and 324 nm, respectively.
As can be seen, there is only a small effect of solvent as
dielectric continuum (within 10 nm relative to gas phase)
on the calculated UV-Vis spectra of isolated molecule.
It may be apparently caused by low solvation energy
(Esolv =36 kJ mol~! in water) of TBPT molecule. The
calculated UV-Vis spectra in dioxane and ethanol are in

Fig.2 Most stable optimized A
structure of TBPT (A front

view and side view); B electron
distributions from molecular

orbitals (MOs) mostly involved

in the formations of low energy

excited states
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Fig.3 UV-Vis spectra of the TBPT monomer calculated at optimized
in corresponding solvent molecular structure with TD PBEO-D3/6-
31G**/PBF in dependence on solvent

very good agreement with experimental ones observed at
314 and 315 nm, respectively.

However, the UV—Vis spectrum of TBPT observed in
aqueous dispersion (Fig. 1A) with a maximum at 309 nm
and a shoulder at 338 nm differs strongly from the one cal-
culated in water with a maximum at 324 nm. This cannot
be explained with the absorption of isolated TBPT mol-
ecules. It was supposed, that due to the low solubility of
TBPT in water, different aggregates could be formed, such
as dimer, trimer, or higher n-stacked complexes, which
may be responsible for the observed structure of UV-Vis
spectra in aqueous dispersion. First, the possibility of
building dimeric structures of TBPT in water was studied.
Two stable and energetically favorable dimeric complexes
of TBPT were found (shown in Fig. 4) with complex (A)
being by 50 kJ mol~! more stable than complex (B). As
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Table 1 Experimental results " -
A yl 1 A(S 1 Transit
in dioxane, ethanol solution max (XP) may (cale) (5 (cale) U ransttion
and aqueous d'islferslimi in d Gas phase monomer 320 0.0002 50> s!
comparison with calculate 2
results UV-Vis (4 in nm) of 312 316 1.2683 §->$
TBPT Dioxane monomer 324 0.0003 50> 8!
314 316 320 1.2390 §0-> 82
Ethanol monomer 325 0.0007 50> 8!
315 322 323 1.2450 $0-> 2
Water monomer 329 0.0014 50> 8!
324 326 1.2290 §0-> 82
Water dimer 336 0.0075 $0-> st
338 334 0.0634 §0-> 2
326 0.0578 §0-> 85
309 314 324 0.4358 50-> 6
Complex 3 units 340° 0.0226 $0-> 8!
338 325° 336 0.0435 §0-> 2
331 0.0687 $0-> 83
309 308 321 0.2446 $0-> 812
319 0.7365 S0-> g4
Complex 4 units 350° 0.0124 50> §!
338 3228 340 0.0350 $0-> 2
331 0.0466 $0-> 83
309 306 325 0.2355 $0-> §10
320 0.4261 $0-> 817
310 0.3555 §0-> 8%
Complex 5 units 351° 0.0107 50> s!
338 3232 340 0.0264 50> §?
327 0.0825 0> §7
325 0.1651 §0-> §10
309 305 312 0.2211 S0-> 5%
307 0.4356 §0-> 540
305 0.3888 §0-> ¥

Here 4,

max

is the maximum of the low energy absorption band and A(S") is the energy of the S" excited state

calculated in gas phase, dioxane, ethanol and water, f is the oscillator strength

*Amax (calc) according to UV-Vis spectra given in Fig. 6

bSelected most intensive transitions responsible for the line shape of the calculated UV—Vis. Additionally,
the calculated absorption spectrum data for the TBPT complexes with 4- and 5 units are given in SI

calculated, the formation of the TBPT dimer is energeti-
cally favorable both in gas phase and in water. For the most
stable TBPT dimer (A), the calculated reaction enthalpy
AH and Gibbs free energy AG of dimer formation in the
gas phase are — 126 kJ mol~! and — 38 kJ mol~!, respec-
tively. The formation of the TBPT dimer (A) in water
is exergonic too, with AH and AG of dimer formation
— 119 kJ mol~! and — 36 kJ mol ™!, respectively. The most
stable TBPT-dimers (A) and (B) (shown in Fig. 4) are
stabilized through interaction between n-electrons local-
ized on rings from two parts of the dimer. The smallest
distances between the two parts of the optimized dimer (A)
are 0.354 nm in gas phase and 0.346 nm in water.

Moreover, different energetically favorable stable com-
plexes of TBPT up to 5 molecules were optimized with mean
stabilization electronic energy per unit 113 kJ mol~!. The
most stable optimized in gas phase structures of complexes
with three, four and five molecules are shown in Fig. 5. The
parallel structure (sandwich geometry) of the most favorable
dimer and oligomers indicate the H-type of complex. Addi-
tionally, the Cartesian coordinates of geometry optimized
structures of TBPT monomers and difference stable com-
plexes are given in Supporting Information.

The calculations of UV-Vis spectra of TBPT complexes
with three, four and five molecules were done on structure
optimized in the gas phase, because of the small effect of
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Fig.5 Optimized most stable structures of n-stacked complexes of TBPT molecules. H-atoms are omitted

water as dielectric continuum in this case. The changes of
calculated in gas phase UV/vis spectra of isolated TBPT
molecules and different energetically favorable stable com-
plexes in dependence on the number of TBPT up to 5 mol-
ecules are shown in Fig. 6.

As can be seen, the shape of calculated UV-Vis spectra
of TBPT complexes differs from those for isolated TBPT
monomer. The absorption maximum is systematically
blue-shifted to 305 nm in dependence on the number of
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molecules in complex, and the shoulder grows at 325 nm.
As can be seen, the shape and position of UV-Vis spec-
tra of TBPT complexes is in better agreement with those
observed in aqueous dispersion. Thus, the possibility of
the building of oligomeric structures of TBPT in water
may be the reason of the experimentally observed differ-
ence between the UV-Vis spectra in dioxane and aqueous
dispersion.
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Fig.6 Calculated in gas phase UV-Vis spectra of TBPT complexes
up to 5 molecules

3.3 Mechanism of deactivation of excited TBPT

DFT calculations were done to get more information on the
possible mechanism of deactivation of the TBPT molecule
after excitation. The calculated excitation energy scheme
(Jablonski diagram) for the case of an isolated TBPT mole-
cule in dioxane is shown in Fig. 7a. The excitation should be
mostly into *S? excited singlet state, which has very strong
oscillator strength, followed by structural relaxation into the

S! excited state. Further, by intersystem crossing (ISC), the
triplet state *T! will be populated, which undergoes further
relaxation through adjustment of the molecular geometry
to the changes of the electron distributions induced by the
excitation. The relaxed T! excited state could be deactivated
either through phosphorescence or vibrational relaxation.
However, due to the low energy of T! (2.7 eV), deactiva-
tion should go preferably radiationless through vibrational
relaxation. Additionally, the possible decomposition of the
isolated TBPT molecule into reactive radicals from T' was
calculated to be strong endergonic (AG =45 kcal mol™"),
apparently due to formation of energetically unfavorable
phenyl type of radicals. That is in agreement with the strong
stability of TBPT.

To study the effect of water, where the formation of
TBPT complexes was observed, the corresponding calcu-
lations were done on the TBPT dimer and trimer in water
(shown in Fig. 7b and c). In the case of the TBPT dimer in
water (Fig. 7b), the excitation should be into *S? and higher
energy excited singlet states, which has very strong oscil-
lator strength. After structural relaxation, the optimized S'
excited state will build up which has much lower energy in
comparison with the TBPT monomer in dioxane. After inter-
system crossing (ISC), the triplet state *T! will be populated,

A B C
A E, eV E, eV A E, eV
40| *g2 40 40
81—‘ 3.87 (f=1.242) egt 3.78 (f=0.056) *31‘2‘_ 3.88 (f=0.764)
sl 3.82 (f=0.0001) 53k 3.76 (f=0.038) ke 3.86 (=0.245)
L %SR T g2 3.72 (f=0.063) L
«g1_|____3.70 (f=0.008 a2
.| ¥ 360 optimized S S ( ) 'S%— 3.69 (f=0.044)
S —_excited singlet S'— 3.65 (f=0.023)
351+ 351+ 351+
. ISC SR SR
- optimized S’
- T 322 - excited singlet =
1 3.15 -
S’ ISC‘w optimized S’
SR ) excited singlet
3.0F optimized 3.0 sr 30 S 288 ISC
T triplet & 2.70 optimized TeaT' 268
hy hy T' triplet 2.60 OQtimized 259
2.5 2.5\: 251 T triplet
Ry - - hv
VR
0.5 0.5- VR 0.5 VR
0
0 _S 0 I- SO o0 I- SO

Fig. 7 Calculated excitation energy scheme (Jablonski diagram) of
TBPT: a TBPT isolated molecule in dioxane; b TBPT dimer in water
(8! excited state was optimized with TD PBE0-D3/6-31G**/PBF

method); ¢ TBPT trimer in water. Here SR denotes structural relaxa-
tion during optimization of first exited state, and VR denotes vibra-
tional relaxation
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which undergoes further relaxation through adjustment of
the molecular geometry to the changes of the electron dis-
tributions induced by the excitation. Again, the energy of
both *T! and relaxed T excited states is lower than those of
the TBPT monomer in dioxane. The trends of further energy
lowering of relaxed S! and T! excited states were calculated
for the case of TBPT trimers in water (Fig. 7c). As follows,
the low energy of T! excited state will support radiationless
energy deactivation through vibrational relaxation. It should
be noted, that radiationless energy deactivation in aqueous
dispersion will be strongly supported by high energy OH
vibrations of water molecules. Unfortunately, all attempts
to analyze TBPT oligomers with 4 and 5 units were unsuc-
cessful, the complexes were not stable during optimization
in excited state.

Nevertheless, based on the existing data, we can assume
that there is a decrease of the triplet energy with increasing
size of the aggregates. This is of practical interest, as the
TBPT particles shown in Fig. 1B have an average size of
about 60 nm. With a density of the material of 1.12 g/cm?,
the “molecular weight” of one such particle is 7.6 - 107 g/
mol, corresponding to 1.4 - 10° TBPT molecules per particle.
We may thus regard the particles as huge aggregates with
presumably low T! energy of the TBPT molecules making
up the particles. For this reason, it is unlikely that the mate-
rial will act as a triplet sensitizer for acceptor molecules.

4 Summary and conclusions

Experimental UV/Vis spectra of TBPT in solution in diox-
ane and ethanol, as well as in aqueous dispersion were com-
pared with calculated UV-Vis spectra (DFT) in different sol-
vents of the respective monomers, dimers, and aggregates.
The following conclusions may be drawn on the basis of the
quantum chemical analysis. The calculated UV-Vis spectra
of isolated TBPT molecules in dioxane and ethanol agree
well with experimentally observed ones. The solvent effect
of water as dielectric continuum is small and cannot explain
the observed changes in the shape and position of UV-Vis
spectra in aqueous dispersion. Apparently, due to low solu-
bility in water, TBPT molecules could build stable energeti-
cally favorable complexes. The calculated UV—Vis spectra
of different n-stacked complexes of TBPT molecules are in
reasonable agreement in shape and position with experimen-
tally observed UV—Vis spectra in aqueous dispersion. With
TBPT particles in aqueous dispersion, the absorption maxi-
mum at 315 nm in ethanol is shifted to 309 nm, and an addi-
tional absorption band occurs at 338 nm, the latter one only
observed with the aqueous dispersion of TBPT particles. A
similar behavior is obtained in the calculated results, where
the low-wavelength absorption maximum calculated for the
TBPT aggregates as well is shifted hypsochromically to
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305 nm, while a second absorption band develops at 320 nm
with increasing aggregate size. Although the wavelength
of this additional band is smaller than the experimentally
observed one at 338 nm, the calculations are qualitatively in
agreement with the experimental observations. A reason for
the deviation of the wavelength at which the bathochromi-
cally observed band occurs, may be the difference in aggre-
gate size looked at in the experiment and the calculations.
For a TBPT particle of 84 nm diameter and a density of
1.256 g/cm® [25], one can estimate an aggregation number
of about 4 - 10°, where in the calculations we employed
aggregate sizes up to five.

TBPT shows a low lying T! state which is further
decreased in the aggregates, supporting radiationless energy
dissipation and decreasing the probability of triplet sensiti-
zation of acceptor molecules.

It is not possible to anticipate the UV spectra of organic
particulate UV absorbers in aqueous dispersion from UV
spectra of the isolated absorber molecules in organic sol-
vents. However, it has been shown in this work that appli-
cation of quantum chemical calculations can contribute to
the understanding of UV spectra of organic particulate UV
absorbers and may be used to predict the behavior of similar
systems in future.
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