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2-(2′-Hydroxy-5′-methylphenyl)benzotriazole,1, Tinuvin P, ando-hydroxybenzophenone,2, are thought to
achieve exceptional photostability through highly reversible deactivation associated with their intramolecular
hydrogen bonds. Excimer laser excitation (10 mJ, 20 ns at 308 nm) of these molecules in argon-bubbled
hexane solution at room temperature affords no discernible transient signals (absorption or emission) between
320 and 800 nm. In DMSO solution under the same conditions, however, strong transient absorptions in the
visible (λmax 410 and 425 nm for1 and 2, respectively) are observed. The transients responsible for the
absorptions are quenched by oxygen and acid, and the spectra match well with the ground state difference
spectra generated from the corresponding phenolate ions. When a bulky group is incorporated ortho to the
hydroxyl function such as in 2-(2′-hydroxy-3′-cumyl-5′-(1,1,3,3-tetramethylbutyl)phenyl)benzotriazole,3,
Tinuvin 928, no appreciable transient absorption is observed even in DMSO solution. These results are
consistent with the disruption of the intramolecular hydrogen bond of1 and2 (but not3) as the result of
intermolecular hydrogen bond formation with DMSO. The “dramatic” ortho effect implies that the bulky
group adjacent to the hydroxyl function sterically shields the intramolecular hydrogen bond from disruption
by polar basic environments.

Introduction

There are several classes of molecules which undergo efficient
excited state intramolecular proton transfer followed by rapid
internal conversion to the ground state starting material with
dissipation of the absorbed energy as benign heat. Among these
are the 2-(2′-hydroxy-5′-methylphenyl)benzotriazole,1, and the
o-hydroxybenzophenone,2, and their derivatives.1,2 For ex-
ample, molecules such as1 and2 and their derivatives have

been used to great effect as ultraviolet light absorbing polymer
stabilizers.1-3 Their photochemistry is negligible by most
chemists’ standards as they frequently exhibit quantum yields
of disappearance on the order of, or less than, 10-6.4,5 From
an applications’ point of view, however, their loss and degrada-
tion over years of exposure to sunlight is real and limiting in
their practical use.5-8 Because of the complex environment in
which they are employed as well as the length of time required
to achieve significant loss of these materials, the study of their
photochemistry resulting from direct excitation (as opposed to
mechanical loss or autoxidation) has been very difficult to
characterize.5-14 Thus many studies have been carried out under
more controlled and simplified conditions, including some
excellent recent studies in solution by Gerlock and co-workers.7,8

Known Polar Effects. It has been known for some time
that the intramolecular hydrogen bond in benzotriazole-based

stabilizers, such as1, can be disrupted in polar solvents. This
has been demonstrated by various methods including FT-IR,15,16

UV-vis,15,17-19 fluorescence,15,17,18,20-22 and H-NMR.21,23 For
example FT-IR provides compelling evidence for the equilib-
rium shown in Scheme 1 in DMSO solution.16 It occurred to
us that this disruption of the intramolecular hydrogen bond
should have as a result the removal of the source of photosta-
bility of 1 and2.24 Therefore, we decided to investigate the
flash photolysis of1 and2 in DMSO.
A dramatic ortho effect was observed previously in benzo-

triazole-based stabilizers.21 Substitution of the hydroxyphenyl
ring at the 3′-position with a sterically bulky group was reported
to protect the intramolecular hydrogen bond from polar basic
environments. Thus we chose to investigate the bulkyo-cumyl
group in3 to see whether or not it would exhibit photostability
in DMSO solution.
It is known that1 shows a weak fluorescence in DMSO

assigned to the “open” form with an intermolecular hydrogen
bond.17 Under the same excitation condition, the fluorescence
spectrum of3 in DMSO differs substantially in intensity (Figure
1), with almost no emission being detected. On the basis of
earlier reports,21 this low fluorescence intensity of3 can beX Abstract published inAdVance ACS Abstracts,January 1, 1997.
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explained in terms of the shielding effect of the bulkyo-cumyl
group. The intermolecular hydrogen bond to DMSO probably
becomes weakened, favoring the conformers where the intramo-
lecular hydrogen bond is intact, suggesting that3 exhibits a
higher photostability in DMSO solutions than1.
We report herein the first examples of nanosecond transient

absorption signals from photostabilizers1, 2, and3 in argon-
purged DMSO solution at room temperature following nano-
second excimer laser excitation. The transients for1 and2 are
assigned to the respective phenolate ions based on their spectra
and reactivity. Compound3 shows little or no transient
absorption under similar conditions in the time-resolved experi-
ments, implying a heightened photostability in DMSO solution
brought about by the bulky ortho substituent! The results are
discussed in terms of their possible relevance to the long-term
photostability of the stabilizer molecules in polar and nonpolar
environments.

Results

Spectra. The transient absorption spectra shown in Figure
2 are composed of absorbances recorded 500 ns after the laser
pulse and averaged over a 10µs time window as a function of

wavelength. Superimposed upon these spectra in Figure 2 are
the normalized difference spectra generated by subtracting a
steady state UV-vis spectrum of1 and2 respectively in DMSO
from the spectra of identical samples except for the addition of
a few drops of 2 N NaOH. The similarity between these
difference spectra is striking. The negative absorption centered
at 330 nm for spectra a and b in Figure 2 is due in each case to
a decrease in the concentration of1,and the enhanced absorption
centered at 410 nm is due to the phenolate ion, presumably
formed by photodeprotonation in the case of the transient
spectrum and formed by action of the strong base in the case
of the steady state UV spectrum. Very similar results are shown
in spectra c and d for2. Compound3 showed an extremely
weak transient absorption in DMSO. The spectrum obtained
showed no discernible absorption maximum and did not
compare well with the steady state UV-vis spectrum of its
phenolate ion.25

Kinetics. Dilute solutions of1 or 2 in argon-bubbled DMSO
at room temperature were subjected to a 20 ns, 308 nm XeCl
excimer laser pulse, and subsequently the transient absorption
kinetics at various wavelengths were monitored as described
previously.26 In both cases substantial transient signals were
obtained and, on the basis of the spectra described above and
kinetic evidence to be discussed below, attributed to anion
generation via excited state proton transfer to the DMSO solvent.
Figure 3 shows a typical trace for1monitored at 420 nm. The
negative signal at short times within the laser pulse is due to
fluorescence which has been reported previously for these
conditions.18 At short times (0-200 ns) there is fast decay (t
= 130 ns) which is strongest at 390 nm. The kinetics of this
species is strongly dependent on oxygen concentration and is
tentatively assigned to the triplet state, T1, of 1.27 Further, we
have found that no signals either absorptive or emissive are
observed for1 (nor are they observed for2 or 3) on the
nanosecond time scale in nonpolar solvents such as hexane. The
reactivity of the long-lived transients toward acid and oxygen
were consistent with the assignment above.
Reaction with O2 and H+. In laser flash photolysis experi-

ments the observed decay rate constant of the long-lived
transient formed in the photolysis of1 increased in oxygen-
saturated DMSO solution compared to that in the argon-saturated
solution. This faster decay in the presence of oxygen is caused
by oxidation of the phenolate ion by singlet oxygen. The singlet
oxygen is produced by triplet-triplet annihilation involving
triplets of oxygen and1.28 It has been shown that the phenolate
ion is easily oxidized by singlet oxygen.29 Consistent with our
assignment for1 is the fact that the maximum change in optical

Figure 1. Fluorescence spectra of1 (solid line) and3 (dashed line) in
DMSO (λexc ) 330 nm).

Figure 2. (a) Irradiation of1 in argon-saturated DMSO (λexc ) 308
nm). Spectrum recorded 500 ns following the flash with a 10µs time
window. (b) The steady-state difference spectrum generated from
subtracting a spectrum of1 in aqueous DMSO from a spectrum of the
same sample except for the addition of two drops of 2 N NaOH. (c)
Transient absorption spectrum foro-hydroxybenzophenone,2, (mea-
sured as in (a)). (d) Difference spectrum of the phenolate ion of2,
(measured as in (b)).

Figure 3. Prompt transient fluorescence, followed by prompt incom-
plete decay, and a long-lived transient absorption monitored at 420
nm following laser flash photolysis with a 308 nm, 20 ns, 10 mJ excimer
laser pulse in argon-bubbled DMSO at room temperature. The inset
shows the full decay to baseline on a longer time scale for the phenolate
ion of 1 which has a lifetime of∼80 µs in argon-purged DMSO.
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density of the transient is not diminished by the presence of
oxygen, consistent with the transient being derived from the
singlet excited state, S1. (It has long been known that the acid
dissociation constant for the excited singlets of phenols is larger
by a factor of 106-107 than the corresponding ground state
values; see refs 30 and 31.) In the case of2, almost no change
in signal intensity and kinetics of the long-lived transient was
observed in oxygen-saturated solution compared to deoxygen-
ated solutions. This is consistent with the rapid intersystem
crossing in benzophenone in general32 and with the known
acidity of the so-called “charge-transfer” triplet of 4-hydroxy-
benzophenone which undergoes facile deprotonation in alco-
hol.33 The triplet is too short-lived (1.5 ns in alcohol)34 to be
quenched by oxygen.
In the presence of strong and weak acids, the observed decay

rates of the long-lived visible transients increased rapidly as a
function of decreasing pH. A plot of the observed decay rate
constant for the anion of1 in DMSO against the sulfuric acid
concentration yields the bimolecular rate constant for protonation
from the slope of the least-squares best line fit to the data of
(3.8( 0.6)× 109M-1 s-1. Other rate constants are summarized
in Table 1.
We summarize the logic in the assignment of the transient

absorptions observed in DMSO as follows: (i) they have spectra
identical to those of the respective phenolate ions of1 or 2
generated in basic solution; (ii) the transient decay kinetics
increase in low pH solutions, consistent with reprotonation to
regenerate1 or 2 as shown in Scheme 1; (iii) the likely source
of the transient is the singlet state, not the triplet (for1), due to
the lack of dependence of the signal on oxygen concentration
(see above). One could argue that a zwitterion formed via
excited state intramolecular proton transfer could possibly
exhibit the behavior of the observed transients. We infer from
the lack of observed transients when a polar but less basic
solvent is employed (acetonitrile)35 and from FT-IR data which
clearly indicate a solute-solvent intermolecular hydrogen bond
in DMSO16 that a zwitterion is not a likely candidate in either
case. There is a very recent report of excited state proton
transfer to solvent in a similar system involving 2-(2′-hydrox-
yphenyl)benzimidazole in aqueous and ethanolic solutions.36

Discussion

Clearly the equilibrium between planar and nonplanar forms
of 1 or 2 in DMSO has been disturbed from that found in apolar
solvents. The stabilizer molecules which no longer possess an
intramolecular hydrogen bond exhibit new pathways for energy
dissipation from the first excited singlet state, S1. These
pathways include fluorescence, intersystem crossing, and excited
state intermolecular proton transfer to the solvent. Gerlock and
co-workers reported product studies of the photolysis of several
(hydroxyphenyl)benzotriazoles and drew the conclusion that an
excited state in polar solutions must be the species reactive
toward radicals and which eventually leads to products.8 Our
results suggest a modification of their conclusions, since no long-
lived excited states are observed under these conditions. A
phenolate ion is a more probable source of irreversible
chemistry,37 e.g., the phenolate ion of1 has been shown to be
easily oxidized by singlet oxygen.29

Nevertheless it is important to note that the equilibrium
(Scheme 1) found in DMSO likely exists in nonpolar solvents
but consists of a much greater amount of planar intramolecularly
hydrogen-bonded conformer. (For example,1H-NMR shows
that the benzotriazole protons are equivalent, implying rotation
about the carbon-nitrogen bond linking the benzotriazole and
hydroxyphenyl rings is faster than the NMR time scale).35 Since
the anion is easily oxidized29 and is a moderately long-lived
species, its photogeneration may be a good candidate for a
significant degradation pathway of UV stabilizers in polymer
films, lacquers, paints, and coatings, especially where polar
environments exist or where metals are present. This conclusion
is also supported in a study by Dux and co-workers who found
evidence based on fluorescence studies in a polymer blend which
indicates benzotriazoles that lack an intramolecular hydrogen
bond are more photoreactive than those with an intramolecular
hydrogen bond intact.24 Alternatively, if the benzotriazole-based
stabilizer incorporates a bulky ortho group such as that found
in 3, the photostability of the molecule should remain largely
intact in a polar environment, based on our results.
In a very interesting paper by Catalan and others,21a the role

of the ESIPT mechanism in the photophysics of1 was
questioned. ESIPT, it was argued, could not be taking place,
since the keto tautomer produced by such a mechanism should
exhibit the characteristic Stokes-shifted fluorescence at room
temperature, whereas none is observed. Shortly thereafter
Wiechmann et al.19 demonstrated that the Stokes-shifted fluo-
rescence is present in solution at room temperature, albeit
extremely weakly (quantum yield< 10-5), with a sub-
picosecond emission lifetime. A more recent study appears to
demonstrate another contradictory case in which the keto
fluorescence is observed at room temperature.24 It was also
demonstrated in the same study that the keto fluorescence had
a temperature dependence typical of a process involving
quantum mechanical tunneling and was consistent with the
involvement of a light particle such as a proton. We believe,
since the hydrogen bond appears to be stronger intramolecularly
in 1 than the intermolecular one to DMSO and since excited
state proton transfer is facile in the latter case, that ESIPT is
most likely and definitely energetically feasible in1. If the
proton transfer does not occur in the excited state of1, then it
would have to result from kinetic reasons rather than energetic
reasons. Catalan’s mechanism now appears unlikely.
For 2 it seems quite likely that the ESIPT mechanism and

not a hydrogen atom transfer mechanismtakes place in the
triplet manifold since our results clearly show proton transfer
to the solvent. The triplet of2 has been directly observed in
alcohol to be very short-lived (ca. 1.5 ns)34 and indicates a highly
efficient pathway for radiationless decay analogous to that in
the singlet state. Thus2 is dominated by its phenolic character.
The radical-like nature of the n,π* triplet of 2, normally
associated with benzophenones, appears to be completely
suppressed.

Conclusion

DMSO shifts the hydrogen bond equilibrium between in-
tramolecular and solvent bonding by virtue of its strong
hydrogen bond accepting character. The resulting intermolecu-
lar hydrogen bond of1 and2 in DMSO solvent leads to different
photophysicaland photochemicalbehavior. Photoinduced
intermolecular proton transfer yields a reactive phenolate ion
that is easily oxidized and which is readily characterized by
laser flash photolysis experiments. Although nonpolar environ-
ments favor the photostable intramolecularly hydrogen-bonded
forms of the photostabilizers, a finite amount of the intermo-

TABLE 1: Bimolecular Rate Constants for the Reaction of
1 and 2 with Acid in DMSO Solution at Room Temperaturea

stabilizer kq(H2SO4), 109 M-1 s-1 kq(H3CCOOH), 107 M-1 s-1

1 3.8( 0.6 4.9( 0.5
2 4.0( 0.7 2.7( 1.1

a The error is reported as(2σ.
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lecularly hydrogen-bonded, photoreactive, nonplanar form
should still exist. The latter species represents a possible source
of long-term degradation of the stabilizers, particularly in polar
polymer environments. Compound3, on the other hand, seems
to be impervious to the DMSO effect. The bulky group ortho
to the hydroxyl function in3 suppresses the effect of a polar
environment. In this case the photostability should remain intact
even in polar environments. Further work providing a more
detailed characterization of the triplets and fluorescence observed
and focusing on the relative yields of the phenolate ion and
triplet as a function of stabilizer structure will be reported
elsewhere.

Experimental Section

Materials and Solvents. 2-(2′-Hydroxy-5′-methylphenyl)-
benzotriazole (1) (Ciba-Geigy) was recrystallized from ethanol
and then from hexane. 2-(2′-Hydroxy-3′-cumyl-5′-(1,1,3,3-
tetramethylbutyl)phenyl)benzotriazole (3) (Ciba-Geigy) and
o-hydroxybenzophenone (2) (Aldrich, 99+%) were used as
received. DMSO (Aldrich Sure Seal), hexane (Fisher HPLC),
and acetonitrile (Aldrich spectrophotometric grade) were used
as received.
Measurements. UV-vis absorption spectra were recorded

on an HP8452A UV spectrometer. Fluorescence spectra were
measured with a Spex FluoroMax-2 spectrometer using a 1×
1 cm quartz cell and concentrations of1 and3 such that the
optical density was 0.32 at the excitation wavelength (330 nm).
Laser flash photolysis experiments employed the pulses from a
Lambda Physik Lextra 50 excimer laser (308 nm, ca.<20 mJ/
pulse, 20 ns) and a computer-controlled system described
elsewhere.26 Solutions of1 or 2were prepared at concentrations
such that the optical density was ca. 0.3 at the excitation
wavelength employed. Transient absorption spectra were
recorded employing a Suprasil quartz flow cell (1× 1 cm) to
ensure that a fresh volume of sample was irradiated by each
laser pulse. Quenching rate constants for reaction of1 and2
with acid were measured in aerated DMSO.
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