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Photoexcited triplet states of UV-B absorbers:
ethylhexyl triazone and diethylhexylbutamido
triazone

Takumi Tsuchiya,” Azusa Kikuchi,** Nozomi Oguchi-Fujiyama,” Kazuyuki
Miyazawa” and Mikio Yagi**

The excited states of UV-B absorbers, ethylhexyl triazone (EHT) and diethylhexylbutamido
triazone (DBT), have been studied through measurements of UV absorption, fluorescence,
phosphorescence, triplet—triplet absorption and electron paramagnetic resonance spectra in
ethanol. The energy levels of the lowest excited singlet (S;) and triplet (T;) states and quantum
yields of fluorescence and phosphorescence of EHT and DBT were determined. In ethanol at
77 K, the deactivation process of EHT and DBT is predominantly fluorescence, however, a
significant portion of the S; molecules undergoes intersystem crossing to the T, state. The
observed phosphorescence spectra, T, lifetimes and zero-field splitting parameters suggest that
the T, state of EHT can be assigned to a locally excited *mn’ state within p-(NV-
methylamino)benzoic acid, while the T, state of DBT can be assigned to a locally excited *nn’
state within p-(N-methylamino)benzoic acid or p-amino-N-methylbenzamide. The quantum
yields of singlet oxygen generation by EHT and DBT were determined by time-resolved near-
IR phosphorescence measurements in ethanol at room temperature. EHT and DBT did not
exhibit significantly antioxidative properties by quenching singlet oxygen, in contrast to the
study by Lhiaubet-Vallet et al.

Introduction

Organic sunscreen ingredients act by absorbing UV radiation of
sunlight. UV radiation is divided into three ranges: UV-A (320—
400 nm), UV-B (280-320 nm) and UV-C (280-320 nm).
Historically, one of the most widely used UV-B absorbers in
sunscreen formulations has been p-aminobenzoic acid (PABA,
Scheme 1). PABA was thought to be an effective ingredient,
although harmful effects were reported."> PABA is too water-
soluble owing to the presence of the polar amino and carboxyl
groups and it can stain clothing and skin.> An ideal UV
absorber in cosmetic sunscreens should be photostable, water
resistant and nontoxic. The most important aspect of an ideal
UV absorber is its safety. Therefore the use of PABA has been
declining. Nonetheless, PABA continues to appear on the list of
approved and permitted sunscreen ingredients in Australia, EU,
Japan and USA.* PABA has been largely replaced by its
deriVSatives which have better safety profiles and rarely stain
skin.

Ethyhexyl triazone (EHT, octyl triazone, Uvinul T150,
Scheme 1) is a new UV-B absorber and is included in the list of
authorized sunscreen ingredients in Australia, EU and Japan.*
EHT has a large molecular weight of 823. Larger molecules
cannot penetrate into the body and thus cannot act as allergens
in man.*’ Virtually all common contact allergens have
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molecular weight of <500.%7 EHT possesses multiple
chromophores that yield a large molar absorption coefficient of
119 500 mol™! dm® cm™ in oil at 314 nm and 134 000 mol !
dm® cm™ in methanol at 312 nm.®**'" The low solubility of
EHT can be understood as a consequence of the high
symmetry.6

Diethylhexylbutamido triazone (DBT, dioctylbutamido
triazone, Uvasorb HEB, Scheme 1) can be regarded as an
improved version of EHT. It is no longer symmetric and the
solubility is much higher than EHT.® DBT also has a large
molecular weight of 766, and a large molar absorption
coefficient of 111 700 mol™! dm® cm™ in oil at 312 nm.® DBT is
included in the list of authorized sunscreen ingredients in EU.*

In sunscreen formulations, UV absorbers are always
combined with other UV absorbers in high concentrations to
provide a perfect protection throughout the whole UV radiation
range. It is important to determine the energy levels of the
lowest excited singlet (S;) and triplet (T,) states of individual
UV absorbers because the intermolecular energy transfer is one
of the most important interactions between the UV absorbers.''"™
'7 Several studies on the photostability, spectral profile and
phototoxicity of EHT and DBT have been reported.'®!$26
However, to our best knowledge, the energy levels of the
excited states of EHT and DBT have not been reported.
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Scheme 1 Molecular structures of EHT, DBT, PABA, MecPABA and PAMeB.

In the present study, we observed the UV absorption,
triplet—triplet (T-T) absorption, fluorescence, phosphorescence
and electron paramagnetic resonance (EPR) spectra of EHT and
DBT in ethanol. We determined the energy levels of the S; and
T, states. We also determined the lifetimes and zero-field
splitting (ZFS) parameters of the T, states in ethanol at 77 K.
Photosensitized production of singlet oxygen by EHT and DBT
was observed in ethanol at room temperature. The photoexcited
T, states of p-(N-methylamino)benzoic acid (MePABA,
Scheme 1) and p-amino-N-methylbenzamide (PAMeB, Scheme
1) have been studied for comparison. The nature of the T, states
of EHT and DBT is discussed.

Experimental
Chemicals

EHT (BASF), DBT (Fluka), MePABA (TCI EP Grade),
PAMeB (TCI), Rose Bengal (Wako Special Grade),
phenalenone (Aldrich), acetonitrile (Wako Special Grade) and
ethanol (Wako Super Special Grade) were used as received.
Although measurements were carried out at room temperature
and at 77 K, the concentrations shown in this study were
determined at room temperature. The concentrations should be
corrected for shrinkage of the solution upon freezing at 77 K.
For T-T absorption decay measurements, sample solutions
were deaerated by freeze—pump—thaw cycles.

Optical and EPR measurements

The UV absorption spectra were measured with a JASCO V-
550 spectrometer. The UV absorption spectra at 77 K were
measured by the same method as described previously.?”*® The
fluorescence, fluorescence—excitation and phosphorescence—
excitation spectra were measured with a JASCO FP-6500
spectrofluorometer. For the phosphorescence measurements,
samples were excited with an Asahi Spectra REX-250 Hg lamp
(250 W) equipped with an interference filter (313 nm), an
Asahi Technoglass UV-D33S glass filter (transmits the
wavelength 250-400 nm), the 5 cm of nonfluorescent water and
a Copal DC-494 electromechanical shutter. The emissions from
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a sample were passed through a Horiba Jobin Yvon H-20VIS
spectrometer and detected by a Hamamatsu Photonics R374
photomultiplier tube equipped with a Hamamatsu Photonics
C7319 amplifier unit (DC~20 kHz). The output signal was
recorded with a Keyence NR-2000 data acquisition system for
the phosphorescence spectra. In the decay measurements, the
output signal was fed into a Tektronix TDS 3012C digital
oscilloscope (100 MHz) and data were averaged. Fluorescence
decay profiles were obtained by using a Horiba NAES-700F
time-resolved photoluminescence spectrometer with a flash
lamp used as an excitation light source.

The time-resolved T-T absorption measurements were
carried out in ethanol at 25°C. Samples were excited with a
Continuum Surelite Nd:YAG laser (266 nm, repetition rate 10
Hz) equipped with the UV-D33S glass filter. The sample
solution was flowed in a Tosoh T-57-UV-10 cuvette (10 mm
optical path length). An Asahi Spectra Max-302 Xe lamp (300
W) was used as a probe light source. The white probe light was
passed through a Horiba Jobin Yvon H-20UV spectrometer and
detected by the Hamamatsu Photonics R374 photomultiplier
tube equipped with a Hamamatsu Photonics C9999 amplifier
unit (DC~10 MHz). The output signal was recorded with a
Stanford Research SR250 boxcar integrator and the Keyence
NR-2000 data acquisition system for the T-T absorption
spectra. The output signal was also fed into the Tektronix TDS
3012C digital oscilloscope and transferred to a personal
computer in the time-profile measurements.

The time-resolved near-IR emission measurements were
carried out in ethanol and in acetonitrile at 25°C with the
Continuum Surelite Nd:YAG laser (266 nm, 355 nm and 532
nm) used as an excitation light source. The emissions were
passed through a Shimadzu SPG-120IR and then detected by a
Hamamatsu Photonics H10330A-45 near-IR photomultiplier
tube module equipped with the Hamamatsu Photonics C9999
amplifier unit. The output signal was fed into the Tektronix
TDS 3012C digital oscilloscope and the Stanford Research
SR250 boxcar integrator.

The EPR spectra were measured in ethanol at 77K by a
JEOL-JES-FE1XG X-band spectrometer. The static magnetic
field was calibrated with an Echo Electronics EFM-2000 proton
NMR gauss meter equipped with an EFM-1P probe. Samples
were excited with a Canrad-Hanovia Xe-Hg lamp of 1 kW run
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Fig. 1 UV absorption spectra of (a) EHT and (b) DBT in ethanol at 77 K.
The sample solutions were prepared at a concentration of 3 x 10 mol dm™.

at 500 W equipped with the same glass filter, water and
electromechanical shutter as used for the phosphorescence
measurements. To improve the signal-to-noise ratio, the EPR
signals were accumulated by using an Electronica ELK-5125-1
waveform storage and a personal computer system.
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Fig. 2 Fluorescence (full line, A, = 280 nm) and fluorescence—excitation
(dotted line, Aops = 340 nm) spectra of (a) EHT and (b) DBT in ethanol at 77
K. The sample solutions were prepared at a concentration of 9 x 107 mol
dm™ and 9 x 107 mol dm™ for the fluorescence and fluorescence—excitation
measurements, respectively.
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Results and discussion
UV absorption and emission spectra

The UV absorption spectra of EHT and DBT were measured in
ethanol at 25 °C and 77 K. The spectrum of EHT observed at
77 K shows two peaks in the UV-B range, as shown in Fig. 1.
On the other hand, the spectrum observed at 25 °C shows
somewhat blurred vibrational structure and only one peak at
314 nm in the UV-B range as reported by Douarre et al. and
Herzog et al.'®™*' The molar absorption coefficients of EHT and
DBT in ethanol at 25 °C were obtained to be 130 000 mol ™
dm® ecm™! at 314 nm and 110 000 mol™! dm® cm™! at 311 nm,
respectively. It should be mentioned here that the molar
absorption coefficients of EHT and DBT significantly increase
at 77 K. In the analysis of data, the concentrations were
corrected for shrinkage of the solution upon freezing at 77 K
(20% by volume).”*** The molar absorption coefficients of
EHT and DBT in ethanol at 77 K thus obtained are 220 000
mol™ dm® cm™ at 319 nm and 190 000 mol™ dm® cm™ at 318
nm, respectively.

Fig. 2a shows the fluorescence and fluorescence—excitation
spectra of EHT in ethanol at 77 K. The fluorescence—excitation
spectrum is similar to the UV absorption spectrum shown in Fig.
la. This fact shows that the observed fluorescence spectrum can
be regarded as a fluorescence spectrum of EHT. The energy
level of the S, state of EHT was estimated to be 31 100 cm™
from the intersection point of the UV absorption and
fluorescence spectra.’! Fig. 2b shows the fluorescence and
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Fig. 3 Phosphorescence (dotted line, Aexe = 313 nm) and phosphorescence—
excitation (full line, Ass = 410 nm) spectra of (a) EHT and (b) DBT in
ethanol at 77 K. The sample solutions were prepared at a concentration of 3
x 10 mol dm™ and 9 x 107 mol dm™ for the phosphorescence and
phosphorescence—excitation measurements, respectively.
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Fig. 4 Transient absorption spectra of (a) EHT and (b) DBT in Ar-saturated
ethanol at 25 °C. The sampling times were set at 3-8 ps after the 266 nm
YAG laser pulse. The sample solutions were prepared at a concentration of 5
x 107 mol dm™ (absorbance at 266 nm was 1.0).

fluorescence—excitation spectra of DBT in ethanol at 77 K. In
the same manner as for EHT, the energy level of the S; state of
DBT was estimated to be 31 200 cm'. The decay of
fluorescence of both EHT and DBT could not be resolved from
the instrument response function, indicating their S; lifetimes of
shorter than 0.6 ns in ethanol.

The phosphorescence and phosphorescence—excitation
spectra of EHT and DBT were measured in ethanol at 77 K, as
shown in Fig. 3. The phosphorescence—excitation spectra are
similar to the UV absorption spectra shown in Figs. la and 1b.
These facts show that the observed phosphorescence spectra
can be regarded as phosphorescence spectra of EHT and DBT.
The energy levels of the T, states of EHT and DBT were
estimated to be 24 000 cm™' and 24 200 cm™ from the first
peak of phosphorescence, respectively. The T, energies of EHT
and DBT are higher than that of the enol form of 4-fert-butyl-
4’-methoxydibenzoylmethane (BMDBM, avobenzone, Parsol
1789), the most widely used UV-A absorber, 20 400 cm™.?’
EHT and DBT may act as a triplet-energy donor for
photounstable BMDBM in the mixture of BMDBM and EHT
or DBT. The lifetimes of the T; states of both EHT and DBT
obtained from the decay of the first peak of phosphorescence
are 2.1 s.

The quantum yields of fluorescence (@) of EHT and DBT
were determined relative to 9,10-diphenylanthracene in ethanol
at 25 °C and at 77 K, & = 095 and & = 1.00,
respectively.’***** @ values of EHT and DBT obtained in
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Fig. S Time profiles of the transient absorption of (a) EHT and (b) DBT
in deaerated ethanol at 25 °C. Transient absorption was monitored at (a)
460 nm and (b) 470 nm. The sample solutions were prepared at a
concentration of 5 x 10~ mol dm™.

ethanol at 25 °C are 0.17 and 0.031, respectively. At 77 K, the
total emissions at wavelengths longer than 400 nm are
composed of fluorescence and phosphorescence. In the same
manner as reported previously,® the intensity ratios of
phosphorescence (/p) to fluorescence (/f) of EHT and DBT
were determined to be /p/lr = 0.37 at 409 nm and /p/Ir = 0.46 at
410 nm, respectively. From these intensity ratios the
fluorescence spectra were separated from the total emission
spectra. From the corrected fluorescence spectra, @y values of
EHT and DBT were determined to be 0.57 and 0.68,
respectively. Both EHT and DBT are strongly fluorescent in
ethanol at 77 K. From the corrected fluorescence and
phosphorescence spectra, the quantum yield ratios of
phosphorescence (®p) to @r were estimated to be Pp/Pp =
0.030 and 0.021 for EHT and DBT, respectively. As a result,
the values of @, were determined to be 0.017 and 0.014 for
EHT and DBT, respectively.

Transient absorption spectra

To obtain the spectral and kinetic information of the triplet
states at room temperature, the transient absorption spectra of
EHT and DBT were measured by using laser flash photolysis in
ethanol at 25 °C. Fig. 4 shows the transient absorption spectra
of EHT and DBT in Ar-saturated ethanol obtained 3-8 ps after
the 266 nm laser pulse. Fig. 5 shows the time profiles of the

This journal is © The Royal Society of Chemistry 2012
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Fig. 6 Time-resolved near-IR phosphorescence spectra of singlet oxygen,
'0,('A,), generated by excitation of (a) EHT and (b) DBT in oxygen-
saturated ethanol with 266 nm YAG laser pulses at 25 °C. The sampling
times were set at 5-20 ps after the laser pulse. Inset: the phosphorescence
intensity was monitored at 1274 nm. The sample solutions were prepared at
a concentration of 5 x 10~° mol dm™.

transient absorption signals of EHT and DBT. The lifetimes of
the transient species were significantly reduced in the presence
of ground-state oxygen, ’O,, which is a well-known triplet
quencher.?® The observed transient spectra can be reasonably
assigned to T-T absorption spectra. The T-T absorption decays
were exponential, and the lifetimes of the T, states of EHT and
DBT were estimated to be 250 pus and 550 ps in deaerated
ethanol at 25 °C, respectively.

Time-resolved near-IR phosphorescence spectra of singlet
oxygen

Quenching of an excited triplet state of an organic molecule by
’0, generally follows energy transfer to produce singlet oxygen,
10,("! A,), and/or formation of a peroxide. 3 The near-IR
phosphorescence  spectra  of  'O,(' A,)  generated by
photosensitization with EHT and DBT were measured in
oxygen-saturated ethanol at 25 °C, as shown in Fig. 6. The
phosphorescence peak was observed at 1274 nm. The lifetimes
of 1Oz(lAg) generated by excitation of EHT and DBT were
determined to be 14.5 ps and 16.2 ps, respectively. The
observed wavelength of the phosphorescence peak is very close
to that reported by Schmidt.*® The observed lifetimes are close

This journal is © The Royal Society of Chemistry 2012
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Fig. 7 EPR spectra of (a) EHT and (b) DBT in ethanol at 77 K. The
sample solutions were prepared at a concentration of 3 x 10~ mol dm.

to ;c?}c)gse observed in ethanol by Shimizu ef al. and Kikuchi et
al””

The quantum yields of 1Oz(lAg) generation, @,, were
determined relative to phenalenone in oxygen-saturated ethanol
because @, generated by phenalenone was reported to be
almost unity in many solvents including methanol.*** The
values of @, were determined to be 0.11 and 0.023 for EHT
and DBT, respectively.

Interactions of 'O,(' A,) with an organlc molecule such as
B—carotene result in the quenching of 'Oy(' Ag) 3 We tried to
estimate the rate constants for the quenching of 'O,(' A,), kq, by
EHT and DBT. Using phenalenone and Rose Bengal as
photosensitizer, 1Oz(lAg) was generated with 266 nm, 355 nm
and 532 nm YAG laser pulses in ethanol and in acetonitrile at
25 °C in the presence of EHT and DBT. However, the lifetime
of 1Oz(lAg) was not reduced in the presence of EHT (2.5 x 107
mol dm’) and DBT (5.0 x 10~ mol dm™). The lifetime of
'0y(! Ay generated by excitation of phenalenone (1.0 x 107
mol dm™) is 79 ps in acetonitrile. These facts indicate that the
kq values by EHT and DBT are smaller than 5.1 x 10° mol™!
dm® s and 2.5 x 10° mol™' dm® 57!, respectively.

In contrast to the present study, Lhiaubet-Vallet et al
reported that EHT and DBT exhibited an important potential to
quench 1Oz(lAg) in acetonitrile.*! They used an excimer laser
(308 nm) for excitation and the ky values by EHT and DBT
were determined to be 4 x 10° mol™ dm® s™ and 1.8 x 10°® mol
"dm® s7', respectively.*! At the present stage of this study, we
do not elucidate the exact reasons for the discrepancy in
antioxidative properties between the present study and the

J. Name., 2012, 00, 1-3 | 5
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Table I Molar absorption coefficients (¢), S, energies (Es,), T) energies (Er,), quantum yields (&), zero-field splitting parameters (D) and T; lifetimes

(7) observed in ethanol at 77 K

Molecule & (mol" dm® cm™) Eg, (cm D) Er, (cm D) [ Dp D" (em™) () Teee (5)°
EHT 220 000 (at 319 nm) 31100 24 000 0.57 0.017 0.1064 2.1 2.1
DBT 190 000 (at 318 nm) 31200 24200 0.68 0.014 0.1042 2.1 2.1
MePABA 20 000 (at 300 nm)° 30 900 23 800 0.20 0.091 0.1005 3.0 2.8
PAMeB 18 300 (at 280 nm)° 31 500 24 100 0.16 0.067 0.1007 2.8 2.6

* Obtained from the decay of phosphorescence. ° Obtained from the decay of the EPR By, signal. ¢ Observed at 298 K.

report by Lhiaubet-Vallet et al. However, one possible
explanation for the discrepancy is that the molar absorption
coefficients of EHT and DBT are very large at 308 nm and the
generated 1Oz(lAg) molecules were efficiently quenched by the
T, states of EHT and DBT.

The values of ky; by MePABA and PAMeB were
determined for comparison. The lifetime of 1Oz(lAg) generated
by excitation of phenalenone was measured in acetonitrile by
changing the concentrations of MePABA and PAMeB. The
results are given in Figs. S1 and S2. The k values by MePABA
and PAMeB were estimated to be 1.7 x 10° mol™ dm® s™' and
1.3 x 10° mol™' dm® s/, respectively.

Magnetic properties of the triplet state

Assuming the isotropic g value, the magnetic fine structure of
the triplet state in the presence of an external magnetic field B
can be described by the following spin Hamiltonian:

HS = g/.tBB'S + S'D'S
= gupB*S — XS,> — YS,” - ZS.?

— gupBeS + D[S — (113)8%] + E(S2 - 5.)). (1)

Here, —X, —Y, and —Z are the principal values of the D tensor
(ZFS tensor), and D and E are the ZFS parameters. The other
symbols have their usual meaning. The ZFS parameters D, E
and D" are defined to be D =-3Z7/2, E = (Y — X)/2 and D" = (D?
+ 3E*Y2. The D" value can be obtained from the observed
resonance field of B, signal with Kottis and Lefebvre’s
correction with the aid of the following equation:*

D" = {G3/H) () — 3(gunBumin)} 2 » )
where, / and v have their conventional meanings.

The EPR spectra of the T, states of EHT and DBT were
measured in ethanol at 77 K, as shown in Fig. 7. Assuming the
isotropic g value to be equal to the free electron value, the D"
values were obtained and are listed in Table 1. The T, lifetimes
obtained from the decay of the EPR B,,;, signal are also listed in
Table 1. The T, lifetimes obtained from the EPR measurements

6 | J. Name., 2012, 00, 1-3

are in good agreement with those obtained from the

phosphorescence measurements. This agreement shows that the
observed EPR spectra are reasonably assigned to the EPR
spectra of the T, states of EHT and DBT.

Nature of the lowest excited triplet states

EHT and DBT are strongly fluorescent in the S; states and
phosphorescent in the T; states in ethanol at 77 K. The EPR
B, signals of the T, states were observed. These facts show
that the deactivation process is predominantly fluorescence,
however, a significant portion of the S; molecules undergoes
intersystem crossing to the T, state at 77 K.

At room temperature, the T-T absorption spectra of EHT
and DBT and phosphorescence spectra of 1Oz(lAg) generated by
photosensitization with EHT and DBT were observed. These
facts also show that a significant portion of the S; molecules
undergoes intersystem crossing to the T; state at room
temperature, although we do not have the accurate data on the
quantum yield of the S;— T, intersystem crossing.

The @, values at room temperature are 0.11 and 0.023 for
EHT and DBT, respectively. As is known, the *nn’ states of
aromatic molecules are generally high efficient at producing
1Oz(lAg), frequently with S, > 0.8.%° Here, S, is the fraction of
triplet quenching events that results in the formation of IOZ(IAg).
34 Therefore, the quantum yields of the S;—T; intersystem
crossing may be assumed to be about 0.14 and 0.029 for EHT
and DBT at room temperature, respectively. As is mentioned
above, the @p values of EHT and DBT significantly decrease at
room temperature. This fact indicates an increase in the rate
constant of the internal conversion at room temperature. The
deactivation process is predominantly internal conversion for
both EHT and DBT at room temperature.

The lifetimes of the T, states of EHT and DBT are about 2 s
and the D" values are about 0.1 cm™'. These values suggest that
the T states of EHT and DBT possess mainly a *nn’ character
in ethanol. To study the T, states of EHT and DBT in detail, the
emission, phosphorescence and EPR spectra of MePABA and
PAMeB were observed in ethanol at 77 K. The results are given
in Table 1 and Figs. S3—S5. The observed T; energy and T,
lifetime of MePABA are close to those observed in EPA
(dizthyl ether, isopentane and ethanol, 5:5:2 by volume) at 77
K.

As is clearly seen in Table 1, the energy level, lifetime and
D" value of the T, state of EHT are similar to those of
MePABA. The T, state of EHT can reasonably be assigned to a

This journal is © The Royal Society of Chemistry 2012

Page 6 of 8



Page 7 of 8

locally excited triplet state within MePABA, and the two
unpaired electrons of EHT in the T, state localize on the
MePABA fragment. In the same manner as for EHT, the T,
state of DBT can reasonably be assigned to a locally excited
triplet state within MePABA or PAMeB.

Conclusions

The observed T, energies, T, lifetimes and ZFS parameters
indicate that the T, state of EHT can be assigned to a locally
excited *nn” state within MePABA, while the T, state of DBT
can be assigned to a locally excited *nn” state within MePABA
or PAMeB. In ethanol at 77 K, fluorescence is dominant among
the deactivation processes of the S; states of EHT and DBT,
however, a significant portion of the S; molecules undergoes
intersystem crossing to the T; states. The near-IR
phosphorescence  spectra  of 1Oz(lAg) generated by
photosensitization with EHT and DBT were observed in
ethanol at room temperature. EHT and DBT did not exhibit
significantly antioxidative properties by quenching singlet
oxygen.
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