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Hexyl diethylaminohydroxybenzoylbenzoate (DHHB, Uvinul A Plus) is a photostable UV-A absorber. The
photophysical properties of DHHB have been studied by obtaining the transient absorption, total emis-
sion, phosphorescence and electron paramagnetic resonance spectra. DHHB exhibits an intense phos-
phorescence in a hydrogen-bonding solvent (e.g., ethanol) at 77 K, whereas it is weakly phosphorescent
in a non-hydrogen-bonding solvent (e.g., 3-methylpentane). The triplet—triplet absorption and EPR
spectra for the lowest excited triplet state of DHHB were observed in ethanol, while they were not
observed in 3-methylpentane. These results are explained by the proposal that in the benzophenone
derivatives possessing an intramolecular hydrogen bond, intramolecular proton transfer is an efficient
mechanism of the very fast radiationless decay from the excited singlet state. The energy level of the
lowest excited triplet state of DHHB is higher than those of the most widely used UV-B absorbers, octyl
methoxycinnamate (OMC) and octocrylene (OCR). DHHB may act as a triplet energy donor for OMC and
OCR in the mixtures of UV-A and UV-B absorbers. The bimolecular rate constant for the quenching of
singlet oxygen by DHHB was determined by measuring the near-IR phosphorescence of singlet oxygen.
The photophysical properties of diethylaminohydroxybenzoylbenzoic acid (DHBA) have been studied for
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Introduction

UV solar radiation is divided into three types. The most ener-
getic UV radiation is UV-C (100-280 nm). UV-C is filtered out
in the upper layers of the earth’s atmosphere by the ozone
layer. The UV radiation that penetrates the ozone layer and
reaches the earth’s surface is UV-B (280-320 nm) and UV-A
(320-400 nm). UV-B radiation is sufficiently energetic and
responsible for sunburn, while UV-A radiation is energetically
weaker. Over the past several decades, UV-A radiation was con-
sidered to be relatively harmless. However, UV-A radiation
penetrates deep into the dermis layer of the skin and increases
the incidence of skin cancer.'™ UV-A radiation is the most
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comparison. It is a closely related building block to assist in interpreting the observed data.

abundant UV solar radiation (above 90%) that reaches the
surface of the earth.® As a consequence of the deleterious
effect of UV-A radiation, UV-A protection has become a target
for sunscreen efficacy.

In response to the increasing awareness of the deleterious
effect of UV-A radiation, several UV-A absorbers became avail-
able for the formulation of cosmetic sunscreens. Practically,
4-tert-butyl-4-methoxydibenzoylmethane =~ (BMDBM, trade
names: Parsol 1789 and Eusolex 9020) is one of the most
widely used UV-A absorbers in the world. The photochemical
and photophysical properties of BMDBM have been extensively
studied.”"* BMDBM has a high molar extinction coefficient in
the UV-A region (30500 mol™* dm® em™ at 357 nm), but it
suffers from photoinstability.">"* A number of studies have
been devoted to photostabilize BMDBM."*">*

Hexyl diethylaminohydroxybenzoylbenzoate (DHHB, trade
name Uvinul A Plus, Scheme 1) is a successor to
BMDBM.">**"*” The photostability of DHHB is superior to that
of BMDBM.”® DHHB is approved for use (up to 10%) in
Australia/New Zealand, Brazil, EU, Japan and South Africa.**™*!
However, to the best of our knowledge, very little information
on the photophysical properties of DHHB has been reported in
the scientific literature.’**?
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Scheme 1 Molecular structures of DHHB (Uvinul A plus) and DHBA.

In the present study, we have studied the photophysical
properties of DHHB through the analysis of the transient
absorption, total emission, phosphorescence and electron para-
magnetic resonance (EPR) spectra. The rate constant for the
quenching of singlet oxygen by DHHB was determined. The
photophysical properties of diethylaminohydroxybenzoylbenzoic
acid (DHBA, Scheme 1) have been studied for comparison. It is
a closely related building block to assist in interpreting the
observed data.

Experimental

Chemicals

DHHB (BASF Japan, 99.7%), DHBA (TCI EP Grade, >98.0%),
ethanol (EtOH, Wako Super Special Grade, 99.5%) and 3-methyl-
pentane (3-MP, TCI GR Grade, >99.0%) were used as received.

Optical measurements

The details of the UV absorption, transient absorption, total
emission, and time-resolved near-IR
phosphorescence measurements have been described
previously.>*™” For the transient absorption measurements, a
Continuum Surelite Nd:YAG laser (355 nm) was used as an
exciting light source with a repetition rate of 10 Hz. For the
quenching measurements of singlet oxygen, samples were
excited with the Continuum Surelite Nd:YAG laser (532 nm,
repetition rate 10 Hz).

phosphorescence

EPR measurements

The experimental setup for the EPR measurements is the same
as that reported previously.>*?> For the time-resolved EPR
measurements, samples were excited with the Continuum
Surelite Nd:YAG laser (355 nm, repetition rate 10 Hz).

Results and discussion
UV absorption spectra

The UV absorption spectra of DHHB and DHBA were obtained
in EtOH at 25 °C and 77 K. DHHB absorbs UV-A radiation with
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Fig. 1 UV absorption spectra of DHHB in EtOH (a) at 25 °C before
irradiation and (b) at 77 K before (A: solid line) and after (B: broken line)
UV irradiation at 365 nm for 60 min. (c) Phosphorescence—excitation
(Aobs = 440 nm) spectrum of DHHB-2 in EtOH at 77 K.

a peak at 354 nm, as shown in Fig. 1a. The molar absorption
coefficient of DHHB in EtOH at 25 °C was obtained to be
39000 mol™" dm® em™" at 354 nm. The UV absorption spec-
trum of DHBA is similar to that of DHHB, but slightly blue-
shifted with regard to that of DHHB, as shown in Fig. S1.f The
molar absorption coefficient of DHBA in EtOH at 25 °C was
obtained to be 36 000 mol ™" dm® cm™" at 350 nm.

At 77 K, the UV absorption spectrum of DHHB slightly red-
shifted with a peak at 360 nm. After UV irradiation for 60 min
(at 77 K, 365 nm Hg lamp), the spectrum blue-shifted remark-
ably with a peak at 340 nm, as shown in Fig. 1b. This photo-
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induced species is hereafter denoted as DHHB-PIS. The pro-
perties of DHHB-PIS are discussed in a later section.

Emission spectra
The total emission and phosphorescence spectra of DHHB
were obtained through the excitation at 365 nm in EtOH at
77 K. As is clearly seen in Fig. 2, the total emission spectrum
consists of a fluorescence spectrum and a phosphorescence
spectrum. We used a phosphoroscope and a pair of electro-
mechanical shutters to separate the phosphorescence spectrum
from the total emission spectrum. The emission spectrum of
DHHB in EtOH is dependent on the excitation wavelength.
The blue-shifted total emission and phosphorescence spectra
were observed through the excitation at 334 nm in EtOH at
77 K, as shown in Fig. 3. There are at least two emissive
species in EtOH at 77 K. The species which has the lower
energy levels of the S; and T, states is denoted hereafter as
DHHB-1 and the species which has the higher energy levels is
hereafter denoted as DHHB-2. The conformations of DHHB-1
and DHHB-2 seem to be unclear at this stage. The emission
and phosphorescence spectra of DHBA are also dependent on
the excitation wavelength, as shown in Fig. S2 and S3.}
To clarify the properties of DHHB-1 and DHHB-2, the
irradiation time dependence of the phosphorescence intensity
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Fig. 2 (a) Total emission and (b) time-resolved phosphorescence

spectra of DHHB in EtOH at 77 K through the excitation at 365 nm. The
sampling times were set at 0.80-0.96 s after shutting off the exciting
light for the time-resolved phosphorescence measurements.
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Fig. 3 (a) Total emission and (b) phosphorescence spectra of DHHB in
EtOH at 77 K through the excitation at 334 nm.

was observed. It is seen in Fig. 4 that the phosphorescence
intensity of DHHB-1 increases quickly and decreases gradually.
On the other hand, no phosphorescence of DHHB-2 is
detected at the very beginning of irradiation. This means that
DHHB-2 is not present before irradiation. The phosphorescent
DHHB-2 is produced by irradiation. In Fig. 1c the phospho-
rescence-excitation spectrum of DHHB-2 in EtOH at 77 K is
shown. The observed spectrum is similar to the absorption
spectrum of DHHB-PIS. Therefore DHHB-1 and DHHB-2 are
safely assigned to DHHB and DHHB-PIS, respectively. Similar
irradiation time dependence of the phosphorescence intensity
was observed for DHBA in EtOH at 77 K, as shown in Fig. S4.f

To obtain more information on the possible structure of
DHHB-PIS, phosphorescence measurements were carried out
after a dark period of three hours in EtOH at 77 K. The phos-
phorescence intensity of DHHB-PIS increases quickly as
observed at the end of the preceding irradiation period. The
irradiation time dependence of the phosphorescence intensity
is not reversible at 77 K. DHHB-PIS is most likely assigned to a
photoproduct.

After extensive irradiation at 77 K, the sample solution was
heated to room temperature during a dark period of three
hours and then cooled down again to 77 K. No phospho-
rescence of DHHB-PIS was detected at the very beginning of
irradiation, as shown in Fig. S5.f The irradiation time depen-
dence of the phosphorescence intensity is reversible after a

Photochem. Photobiol. Sci., 2017, 16, 1449-1457 | 1451
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Fig. 4 Variation of the phosphorescence intensity of DHHB with
irradiation time in EtOH at 77 K. The samples were excited at 365 nm.
Phosphorescence was monitored at (a) 480 nm and (b) 440 nm.

dark period at room temperature. DHHB-PIS is stable at 77 K,
but it comes back to original DHHB at room temperature. The
observed reversibility of the formation of DHHB-PIS at room
temperature is consistent with the reported photostability of
DHHB. Binks et al. reported that extensive irradiation of
DHHB solutions at room temperature caused no changes in
the UV absorption spectra.”®

The phosphorescence lifetime of DHHB is longer than that
of DHHB-PIS. Therefore, the “pure” phosphorescence spec-
trum of DHHB can be separated from the “mixed” phospho-
rescence spectrum of DHHB and DHHB-PIS by setting the
sampling time sufficiently long after shutting off the exciting
light. The observed spectrum is shown in Fig. 2b. The energy
level of the lowest excited triplet (T,) state of DHHB was esti-
mated to be 20700 cm™" from the first peak of phosphor-
escence. The lifetime of the T, state of DHHB was obtained to
be 0.7 s from the decay of phosphorescence. The T; energy of
DHHB is higher than those of the most widely UV-B absorbers,
octyl methoxycinnamate (OMC, trade names: Parasol MCX,
Neo Heliopan AV and Uvinul MC80, Er, = 19500 cm™') and
octocrylene (OCR, trade names: Escalol 597 and Neo Heliopan
303, Ey, < 20400 cm™')."° DHHB may act as a triplet energy
donor for OMC and OCR in the mixtures of UV-A and UV-B
absorbers. OMC alone undergoes trans to cis photoisomeriza-
tion.>® The molar absorption coefficient of ¢is-OMC is lower
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than that of trans-OMC.*® Therefore, DHHB may decrease the
efficiency of OMC as a UV-B absorber in the mixture of DHHB
and OMC.

The energy level of the T, state of DHHB-PIS was estimated
to be 23100 cm™' from the first peak of phosphorescence
observed through the excitation at 334 nm. The T, lifetime of
DHHB-PIS was estimated from the phosphorescence decay at
440 nm to be 0.1 s, although the phosphorescence decays
slightly deviate from the single-exponential decays.

The phosphorescence spectra of DHHB were observed in
3-MP at 77 K, as shown in Fig. 5. The phosphorescence in
3-MP is much weaker than that in EtOH. DHHB is a 2-hydroxy-
benzophenone derivative with the proximity of the carbonyl
and hydroxyl groups permitting intramolecular and inter-
molecular hydrogen bonds as shown in the chemical structure
(Scheme 1). The most plausible explanation for the weak phos-
phorescence in 3-MP is as follows. In 3-MP, DHHB is in an
intramolecularly hydrogen-bonded form (closed form,
Scheme 1) and intramolecular excited-state proton transfer
(ESPT) takes place after photoexcitation. Intramolecular ESPT
is followed by rapid internal conversion, resulting in excellent
photostability of DHHB.>**** On the other hand, in EtOH,
DHHB is an intermolecularly hydrogen-bonded form (open
form, Scheme 1) and DHHB undergoes intersystem crossing to
the T, state, resulting in strong phosphorescence.

DHHB is a derivative of 2-hydroxybenzophenone. Lamola
and Sharp reported that 2-hydroxybenzophenone, 2,2'-di-
hydroxybenzophenone,  2,4-dihydroxybenzophenone  and
2-hydroxy-4-methoxybenzophenone are strongly phosphores-
cent in 1:1 ether—ethanol by volume, but these are very weakly
phosphorescent or non-phosphorescent in 3-MP at 77 K.**
Their explanation for the observed solvent effect on the phos-
phorescence intensity is also based on intramolecular and
intermolecular hydrogen bonds.

Recently, Karsili et al. reported the ab initio study of the
potential ultrafast internal conversion route in 2-hydroxy-4-
methoxybenzophenone.”® They reported that internal conver-
sion is deduced to occur on ultrafast time scales, via a barrier-
less electron-driven hydrogen atom transfer pathway from the
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Fig. 5 Phosphorescence spectra of DHHB (a) in EtOH and (b) in 3-MP
at 77 K through the excitation at 365 nm.
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lowest excited singlet state to a conical intersection with the
ground state potential energy surface.

The phosphorescence of DHHB-PIS was also observed in
3-MP at 77 K through the excitation at 334 nm, as shown in
Fig. S5.7 The variation of the phosphorescence intensity of
DHHB at 440 nm was measured. It is seen in Fig. S61 that no
phosphorescence is detected at the very beginning of
irradiation and the phosphorescent DHHB-PIS is produced by
irradiation. The phosphorescence of DHHB-PIS through the
excitation at 334 nm in 3-MP is comparable in intensity to that
in EtOH. This fact suggests that DHHB-PIS is not an intramole-
cularly hydrogen-bonded form.

EPR spectra

The g-factor of the T, state is almost isotropic for most organic
molecules in which the spin-orbit interaction is weak. We can
safely assume that the g value is isotropic and equals that of a
free electron for DHHB. The electron spin-spin interaction of
the T, state in an applied magnetic field B is described by the
spin Hamiltonian

Hs =guzB-S +SD-S
=gupB-S — XS,* — YS,* — ZS;* (1)
=gugB-S+ D[S;” — (1/3)8*] + E(Sx*> — 5,%).

In this expression, X, Y and Z are equal to the energies of
the three triplet sublevels in zero field. The zero-field splitting
(zFS) parameters D, E and D* are related to be D = —3Z/2, E =
(Y = X)/2 and D* = (D* + 3E%)"/2,

Fig. 6 shows the steady-state EPR spectra of the T; state of
DHHB in EtOH at 77 K. The AMg = +1 transition signals are
too weak to be observed in the steady-state EPR measurements.
Only a B,,;, signal was observed for the T, state of DHHB. The
resonance field of the B, signal gives the value of D* through
the following equation:*®

b= {(3/4)(’1’/)2 - 3(gﬂBBmin)2}1/2 (2)

where 2 and v have their usual meaning.

EPR Intensity / a.u.

152 154
B /mT

Fig. 6 Steady-state EPR spectra for the T, state of DHHB in EtOH at
77 K through the excitation at (a) 365 nm and (b) 334 nm.
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The steady-state EPR spectra were obtained in EtOH at 77 K
using an Asahi Spectra REX-250 250 W Hg lamp as an exci-
tation light source. The steady-state EPR spectrum depends on
the excitation wavelength, as shown in Fig. 6. For the time
profile measurements of the steady-state EPR signals, a
Canrad-Hanovia Xe-Hg lamp of 1 kW was used at 500 W
equipped with Asahi Technoglass UV-D33S (transmits the
wavelength 250-400 nm) and UV-37 (cuts off the wavelength
shorter than 340 nm) glass filters. The T, lifetime obtained
from the decay of the steady-state B, signal at 149 mT
through the excitation at wavelengths 340-400 nm is 0.7 s. The
observed T lifetime is in good agreement with that obtained
from the phosphorescence decay through the excitation at
365 nm. We can safely assign the steady-state B, signal at
149 mT to DHHB. The value of D* of DHHB was estimated to
be 0.1012 cm ™.

On the other hand, the T, lifetime obtained from the decay
of the steady-state B, signal at 160 mT through the excitation
at wavelengths 250-400 nm is ~0.1 s. As mentioned in the pre-
vious section, both DHHB and DHHB-PIS are excited at wave-
length 334 nm and DHHB-PIS has a shorter T, lifetime of 0.1 s
in EtOH at 77 K. We can safely assume that the linewidth of
the steady-state By, signal of DHHB-PIS is wider than that of
DHHB and the D* value of DHHB-PIS is smaller than that of
DHHB. The intensity of the steady-state EPR signal of
DHHB-PIS is weaker than that of DHHB while the phospho-
rescence intensity of DHHB-PIS is stronger than that of DHHB,
as shown in Fig. 3b and 6b. The weak EPR signal of DHHB-PIS
can be explained by the fact that the T, lifetime of DHHB-PIS
is much shorter than that of DHHB.

Only one set of time-resolved EPR signals was observed
through the excitation at 355 nm in EtOH at 77 K, as shown in
Fig. 7. The polarities of the AMg = +1 transition signals at the
stationary fields are EA/EA from the low-field to the high-field.
Here A and E denote an absorption and an emission of the
microwaves, respectively.

The |D|, |E| and D* values obtained from the stationary
fields of the AMg = +1 transition signals are 0.0709 cm™,
0.0317 ecm™ and 0.0896 cm™', respectively. The D* value
obtained from the time-resolved EPR measurements is much
smaller than that of DHHB obtained from the steady-state EPR
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Fig. 7 Time-resolved EPR spectrum for the T, state of DHHB-PIS in
EtOH at 77 K. The sampling times were set at 0.3-1.3 ps after the
355 nm laser pulse.
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measurements. Therefore, we assume that the time-resolved
EPR spectrum is ascribed to the T; state of DHHB-PIS. In
general, the intensity of the time-resolved EPR signal does not
depend on the T, lifetime. It depends on the anisotropy in the
S; — T, intersystem crossing. This may be the reason why the
EPR spectrum of DHHB-PIS was observed in the time-resolved
measurements. One possible explanation for the absence of
the EPR signals of DHHB in the time-resolved measurements
is that the S; — T, intersystem crossing of DHHB is nearly
isotropic.

The intersystem crossing rate constants to the three T; sub-
levels are different. The different populations of sublevels are
expressed by relative populating rates of the three T; sublevels,
Py, P, and P,. The anisotropy in the S; — T; intersystem cross-
ing of DHHB-PIS was estimated by the computer simu-
lation.**® The results are shown in Fig. $7.1 The relative popu-
lating rates were estimated to be (P, — P):(P, — P;) =
0.25:0.75. The S; — T, intersystem crossing of DHHB-PIS is
highly anisotropic. We can confirm the facts that the EPR
signal of DHHB-PIS with a shorter T; lifetime is weak in the
steady-state measurements but strong in the time-resolved
measurements.

Transient absorption spectra

Triplet-state formation at room temperature was examined by
nanosecond transient absorption spectroscopy. Fig. 8 shows
the transient absorption spectrum of DHHB in Ar-saturated
EtOH obtained 0.3-1.2 ps after the 355 nm laser pulse. Laser
excitation gives a broad transient absorption spectrum with a
peak at ~390 nm and a bleaching with a peak at ~350 nm. The
observed bleaching is due to the depletion of the ground state
molecules. In contrast, the transient absorption spectrum was
not observed in 3-MP at room temperature. This is consistent
with the fact that the EPR spectrum of the T, state of DHHB
was not observed in 3-MP at 77 K.

As is seen in Fig. 8, the vibrational structure is obscure in
EtOH. The transient absorption spectrum of DHHB was
obtained in a more viscous solvent. Fig. S81 shows the transient

Absorption Intensity / a.u.

02 M L s L L

300 350 400 450 500 550 600
Wavelength / nm

Fig. 8 Transient absorption spectrum of DHHB in Ar-saturated EtOH at
25 °C. The sampling times were set at 0.3—1.2 ps after the 355 nm laser
pulse.
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absorption spectrum of DHHB in Ar-saturated ethylene glycol.
Although the signal-to-noise ratio of the spectrum observed in
ethylene glycol is higher than that observed in EtOH, the
vibrational structure is still obscure.

Singlet oxygen quenching

In some organic compounds, quenching of the triplet state by
ground-state oxygen, °0,(°%,), leads to the sensitized for-
mation of singlet oxygen, '0,('A,)."”** However, the near-IR
phosphorescence spectrum of '0,("'A,) generated by photosen-
sitization with DHHB was not observed in oxygen-saturated
EtOH at room temperature.

In order to study the antioxidation effects of DHHB, the
rate constant for the quenching of '0,(*A,) by DHHB was esti-
mated using the following Stern-Volmer equation.*”*’

70/7=1+170 kq [Q] (3)

In eqn (3), 7o and 7 are the lifetimes of '0,('A,) in the
absence and presence of a quencher, respectively; kq is the
bimolecular rate constant for quenching of '0,(*A,) by the
quencher and [Q] is the concentration of quencher Q.

Singlet oxygen was generated by 532 nm laser irradiation of
acetonitrile solutions containing rose bengal and DHHB at
room temperature. The lifetimes of '0,('A,) generated were
measured as a function of the DHHB concentration, as shown
in Fig. 9a. The value of 7, was obtained to be 73 ps. The bi-
molecular rate constant for quenching of '0,(*Ay), kq, was deter-
mined to be 3.5 x 10°> mol™" dm?® s~ using the Stern-Volmer
analysis of eqn (3), as shown in Fig. 9b. Lhiaubet-Vallet et al.
reported that the k, value was determined to be ca. 10°
mol™" dm?® s in acetonitrile by using an excimer laser (308 nm)
for excitation.’® The kq value obtained in this study is smaller
than that reported by Lhiaubet-Vallet et al. The rate constant
for diffusion in acetonitrile at 25 °C is 1.9 x 10"° mol™" dm? s7*.°°
The observed value of kg shows that the quenching of singlet
oxygen by DHHB is relatively slow. However, the maximum
concentration of DHHB authorized in many countries is 10%
(0.20 mol dm™ in acetonitrile).”*' Using eqn (3), the
minimum value of 7/z, is calculated to be 1/6. It should be
noted that the lifetime of singlet oxygen is shortened to a sixth
by adding 10% DHHB in acetonitrile.

In general, the quenching mechanisms of singlet oxygen
are divided into two types: physical quenching and chemical
quenching.”” In the case of DHHB, chemical quenching can
be ignored because of the observed photostability of DHHB
under our experimental conditions. There are three types of
interactions which contribute to physical quenching of singlet
oxygen. The rate constants of these processes follow the order
(from high to low): (1) electronic energy transfer, (2) charge
transfer interactions and (3) electronic-vibrational energy con-
%7 One of the most effective quenchers of singlet
oxygen is f-carotene. The ko values of p-carotene have been
reported by several groups. Values 0.6 x 10" < kg < 1.4 x 10"
mol™" dm® s~ have been observed in solvents of different
polarities.” The energy level of singlet oxygen, '0,('A,), is

version.
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Fig. 9 (a) Time profiles of the phosphorescence intensity of singlet

oxygen obtained following 532 nm laser excitation of rose bengal in air-
saturated acetonitrile at 25 °C. The faster decay curve was observed in
the presence of DHHB (0.08 mol dm~3). The phosphorescence intensity
was monitored at 1274 nm. (b) Stern—Volmer plot according to eqn (3)
for the quenching of singlet oxygen by DHHB.

7850 cm™'. The energy level of the T; state of P-carotene,

~7000 cm™, is lower than the energy level of singlet oxygen.*”
The electronic energy transfer from singlet oxygen to
B-carotene can occur efficiently. On the other hand, the energy
level of the T, state of DHHB, 20700 cm™", is much higher
than the energy level of singlet oxygen. The electronic energy
transfer from singlet oxygen to DHHB is thermodynamically
unfavourable. This is the reason why the quenching of singlet
oxygen by DHHB is relatively slow.

Conclusions

The observed T, energy of DHHB is higher than those of OMC
and OCR. DHHB may act as a triplet energy donor for OMC
and OCR in the mixtures of UV-A and UV-B absorbers.
Transient absorption and EPR measurements show that the
S; — T, intersystem crossing is not negligible for DHHB in a
hydrogen-bonding solvent. In contrast, intramolecular proton
transfer leads to the very fast radiationless decay from the S;
state in a non-hydrogen-bonding solvent. This rapid dissipa-
tion of the absorbed UV-A energy results in high photostabi-
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lity. This is one of the reasons why DHHB is used as a relatively
photostable UV-A absorber in sunscreens. The near-IR phos-
phorescence of singlet oxygen generated by excitation of
DHHB was not observed in oxygen-saturated EtOH. DHHB has
a relatively slow bimolecular rate constant for quenching of
singlet oxygen.
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