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Mechanism and kinetics of excited-state relaxation in
internally hydrogen-bonded molecules: 2-(2'-hydroxy-5'-
methyiphenyl)-benzotriazole in solution?

Alan L. Huston and Gary W. Scott

Department of Chemistry, University of California, Riverside, Riverside, California 92521

Amitava Gupta

Energy and Materials Research Section, Jet Propulsion Laboratory, California Institute of Technology,

Pasadena, California 91103
{Received 9 July 1981; accepted § February 1982)

We report the ground state absorption recovery kinetics (at 355 nm) and the fluorescence spectra and Kkinetics
of 2-(2'-hydroxy-5’-methylphenyl)-benzotriazole (I) following excitation at 355 nm in several solvents at room
temperature. Measured lifetimes range from 14 to 75 ps. Fluorescence lifetimes are shorter than the
corresponding ground state recovery times, indicating the intervention of intermediate forms during the
excited state relaxation process. The measured fluorescence quantum yield is lower than one predicted by the
usual calculated radiative rate for the near UV, strongly absorbing singlet state of this molecule. Decay rates
are slower in ethanol than in nonhydrogen bonding solvents indicating that external interference with the
intramolecular hydrogen bond in (I) slows the relaxation rate. The room temperature decay rates are not
strongly affected by the solvent viscosity. Deuteration of the molecule produces only a slightly more rapid
ground state recovery rate than in the protonated species. A model involving excited state proton transfer is
presented for the decay mechanism, rationalizing the known experimental data.

. INTRODUCTION

Intramolecular hydrogen bonds, present in a number
of molecules containing phenolic hydroxyl groups and
slightly basic carbonyl or amino groups, lead to a va-
riety of interesting and unusual photophysical and photo-
chemical properties. ™' Many of these molecules, such
as derivatives of 2-hydroxybenzophenone and 2-(2'-
hydroxyphenyl)-benzotriazole, are widely used as ultra-
violet - absorbing polymer photostabilizers.?*?* The
intramolecular hydrogen bond in these molecules is
thought to promote rapid, radiationless, excited-state
decay. Large Stokes shifts observed in the emission
spectra of many of these molecules suggest that ex-
cited-state proton transfer plays an important role in
the excited-state relaxation mechanism. The mechanism
and kinetics of these processes have yet, in many
cases, to be determined, Related kinetics studies in-
clude work on salicylates,”® salicylanilides,'® 2-(2’-hy-
droxyphenyl-s-triazines,® 2-hydroxybenzophenones, !~
and 2-(2/-hydroxyphenyl)-benzotriazoles, 14151

In the present paper, we present new kinetic and
spectroscopic studies of the mechanism of excited-
state decay for 2-(2’-hydroxy-5'-methylphenyl)-benzo-
triazole (I) in room temperature solution. The ground-
state structure of (I) in aprotic solvents and one pos-
sible tautomeric form (I’) resulting from ultraviolet ex-
citation of (I) are shown in Fig. 1. Also shown in Fig.
1 is a possible ground state structure (II) for this mole-
cule in an alcoholic solvent. The intermolecular hy-
drogen bonds illustrated by structure (I) could prevent
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or partially interfere with the formation of the intra-
molecular hydrogen bond which promotes the process
(I)~(I"). The present investigation explores the mech-
anism and kinetics of the processes of ultraviolet ex-
citation and excited state decay (I)= (I') as well as the
importance of structures like (II) in protic solvents,
These studies include measurements of ground-state
absorption bleaching and recovery kinetics, as well as
excited-state fluorescence kinetics of (I) in both protic
and aprotic solvents at room temperature. Also, de-
terminations of room temperature fluorescence spectra
and quantum yields are reported. An analysis of the
results produced by these techniques gives rates of ex-
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FIG. 1. Ground-state (I) and excited-state (I') molecular
structures of 2-(2’-hydroxy-5’- methylphenyl)-benzotriazole in
aprotic solvents. Also shown is a possible structure (I} in
alcoholic solvent.
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cited-state relaxation processes, as well as a mecha-
nism of the excited-state decay in this molecule.

1l. EXPERIMENTAL TECHNIQUES
A. Samples

Commercially available 2-(2’-hydroxy-5’-methyl-
phenyl)-benzotriazole (Tinuvin P, Ciba-Geigy) was
purified by zone refining for 100 zone passes. Some
of the solvents used Ethanol (200 proof, Pharmeo),
Methylene Chloride (SpectrAR, Mallinckrodt), and
Methyleyclohexane (Omni Solv glass distilled, MCB),
were dried over molecular sieve. In addition, cy-
clohexane was dried over Lithium Aluminum Hydride
and distilled under vacuum prior to use. (These pre-
cautions were taken to assure that trace amounts of
water would not have an effect on the measured kinetics
or spectra.) Solutions were prepared to have a ground-
state optical density at 355 nm of #1.0 in a 1 mm path
quartz cell for the ground-state absorption bleaching
experiments and of > 2 in 1 mm for the fluorescence ex-
periments, [These ground-state optical densities were
chosen to optimize the signal/noise ratio (bleaching ex-
periment) or to minimize detrimental geometrical ef-
fects on the time resolution (fluorescence experiments)],

The monodeutero-substituted derivative of (I) was
prepared by shaking a solution of (I) in methylcyclo~
hexane with D,0. Essentially complete exchange of the
phenolic hydrogen for deuterium in (I) was confirmed
by proton NMR, both before and after the kinetics mea-
surements were made. (This sample was handled in a
helium-filled glove bag to prevent contamination by
atmospheric H,0.)

B. Ground-state absorption bleaching recovery kinetics

Absorption recovery kinetics were obtained using a
single third-harmonic pulse (Af~ 10 ps, A =355 nm)
from a modelocked Nd**: silicate glass laser system.
Approximately 90% of the focused UV pulse (excitation
pulse) was used to bleach the ground-state absorption
of the sample. This pulse, containing ~0,3 mJ, was
focused on an ~700 pm diameter aperture at the sam-
ple. The remainder of the UV pulse (probe pulse) fol-
lowed a variable delay line and was used to monitor
changes in the sample absorption as a function of time
following excitation. The angle between the pump and
probe pulse paths was ~6°, The probe pulse absorp-
tion by the sample was determined by comparing the in-
tensity of a small portion of the probe pulse, split off
prior to passing through the sample, with its intensity
after passing through the sample. Pulses were de-
tected on a fast biplanar photodiode with a Tektronix
7904 oscilloscope. Exponential decay curves were fit
to the experimental data, after convolution with the ex-
citation and probe pulse widths.

C. Excited-state fluorescence kinetics

The fluorescence kinetics of (I) in several solvents
were performed using the streak camera facility of the
Regional Laser Laboratory at the University of Penn-
sylvania. Front surface excitation of the sample was

accomplished with the third harmonic of a TEM;, mode-
locked Nd®*: silicate glass laser system. Sample
fluorescence, isolated with suitable bandpass filters,
was imaged on an ~600 yum pinhole which was in turn
imaged on the photocathode of a GEAR Pico V streak
camera, used at its maximum streak speed. The
streaked fluorescence image was detected and digitized
with an ISIT vidicon of an optical multichannel analyzer
(PARC, OMA 2). Streak speed and intensity calibration
were simultaneously accomplished with a suitably at-
tenuated, second-harmonic pulse which passed through
a fixed-separation etalon (/=6.23 mm). The second-
harmonic pulse was diffused and directed to an iden-
tical pinhole, whose image was streaked at the same
time as the fluorescent image. Using the apparatus

in this configuration, an attenuated excitation pulse,
scattered from a scattering plate at the sample cell
position, had an apparent width of 15 ps. (The actual
laser pulse width was ~7 ps, but the streak camera
was not used at its maximum time resolution of 2 ps,
in order to increase its experimental sensitivity.)

For each sample, at least five separate determina-
tions of fluorescence streaks were obtained. However,
only those streaks from clean, single excitation pulses
that were suitably “framed” by the streak were con-
sidered in the data analysis (i.e., the laser pulse was
captured by the camera streak after the first quarter
and before the first half of the streak). In some of the
experiments (ethanol solvent) the fluorescence intensi-
ties were strong enough so that the streaks could be
analyzed individually. In other experiments, several
streaks were averaged together before data analysis,

For each experiment, the data were analyzed in the
following way: (1) The time base calibration was ob-
tained (for individual streaks) by using the simulta-
neously obtained streaks of etalon-generated peaks to
calibrate the channel number in time using an OMA
“puilt-in” cubic function fit. Usually five or six etalon
peaks (separated by 41.6 ps) were used in this calibra-
tion. (2) For the experiments in which the data were
averaged before analysis (methylene chloride and
methylcyclohexane solvents), the individual fluorescence
streaks that were to be averaged were shifted (in chan-
nel number) so that the first etalon peak for each was
superimposed at the same channel number. They were
then summed in the OMA and an average time calibra-
tion determined from the individual etalon traces. (In
general, the variation in etalon peak separation from
peak-to-peak and from shot-to-shot waslessthan ~3%.)
(3) The intensity vs time data thus obtained were trans-
ferred in digital form from the OMA 2 console to a
Hewlett—Packard 85 minicomputer for final data analy-
sis. Also obtained and transferred in a similar way
was an experiment of intensity vs time data for a
typical, scattered 355 nm laser pulse. (4) Using the
H-P 85 computer, experimental fluorescence life-
times were obtained by deconvolution of the fluores-
cence kinetics experiments from the detector response
to the scattered laser pulse experiment with simul-
taneous least-squares fitting to an (assumed) exponen-~
tial decay.?~% The data were therefore, least-
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FIG. 2. Transient optical density changes (decreases), due
to (I} at 355 nm following excitation at the same wavelength.
The sample, in a 1 m cell, had an optical density at 355 nm
under low light level conditions of ~1.0. The @ are the aver-
age of the experimental optical density changes. The smooth
curves are exponential decaying functions, best fit to the data,
after convolution to account for the finite duration of the laser
excitation and probe pulses. (a) Methylcyclohexane solvent,
{b) ethanol solvent,

squares fit with the following function:
¢
() =Ae'”*f S(#") et " at’ + B, (1)
0

in which

C(t) are the fluorescence intensities as a function of
time,

S(#) are the scattered pulse intensities as a function
of time,

and A, B, and 7 (the lifetime) are adjustable param-
eters.

(5) Since there was some uncertainty in the position of
t=0 (the time position corresponding to the peak of the
excitation pulse) in the fluorescence kinetics experi-
ments, the relative time between the fluorescence
kinetics experiments and the scattered laser pulse ex-
periment were varied over a range of ~5 ps during
the fitting process. The minimum root-mean-square
(rms) value determined for each experiment in this
range was taken to be the best fit to the data, and the
lifetime (7) determined in this best fit is reported be-
low in Sec. IIL

D. Fluorescence spectra and quantum yields

Room temperature emission spectra and quantum
yields of (I) in ethanol, methylene chloride, methyl-
cyclohexane, and cyclohexane were obtained under
steady-state illumination conditions. Both a Perkin-
Elmer MPF3A spectrofluorimeter, fitted with an auto-
matic spectral correction accessory, and another high
sensitivity spectrofluorimeter®® were used in the deter-
minations of fluorescence spectra and quantum yields.
In addition, the room temperature emission spectra of
(I) in methyleyclohexane andin ethanol were obtained us-
ing a conventional laser Raman spectrometer equipped
with an argon ion laser Raman spectrometer equipped
363 nm), f/1.0 UV collection optics, a 0.85 m double
monochromator (Spex 14018), and a cooled photomulti-
plier (Hamamatsu R955) used in the photon counting
mode.

il. EXPERIMENTAL RESULTS

Representative absorption recovery kinetics data at
355 nm for (I) in methylcyclohexane and in ethanol are
shown in Figs. 2(a) and 2(b), respectively. Absorption
recovery kinetics of (I)d; in methylcyclohexane are
shown in Fig. 3. The experimental recovery lifetimes,
determined in the least-squares fit, are given in the
summary in Table I. 1In all cases, the absorption
recovery was complete at the longer delay times in-
vestigated with the change in optical density at 355 nm
returning to zero within experimental error. No evi-
dence for nonexponential decay behavior was observed
in these experiments, again within experimental error.

The fluorescence decay kinetics of (I) in ethanol
(fluorescence excited by a single laser shot), methyl-
cyclohexane (fluorescence average due to four laser
shots), and methylene chloride (fluorescence average
due to three laser shots) are shown in Figs. 4(A), 4(B),
and 4(C), respectively. In Fig. 5, the fluorescence
intensity vs time data for (I) in ethanol, averaged for
five laser shots, are plotted on a semilogarithmic
scale, together with the best fit in a least-squares
sense of an exponential decay to this data. (Only fluo-
rescence intensity data starting ~25 ps after the peak
of the fluorescence intensity are reproduced in this
figure.)

The streak-camera-detected fluorescence of (I) in
methylcyclohexane and in methylene chloride solvents
was somewhat weaker than it was in ethanol solvent,

TABLE I. Summary of room temperature excited-state
kinetics in 2-(2’-hydroxy-5’~methylphenyl)~benzotriazole.

Solvent Absorption recovery Fluorescence
7 (ps) at 355 nm decay 7 (ps)
Methylcyclohexane:
(D) 33+5 14.4 3.4
(1)-d, 225 veo
Ethanol 74 £10 52.0+3.8
Methylene chloride 295 19.1+4.8
Hexadecane 33+3 SN

J. Chem. Phys., Vol. 76, No. 10, 156 May 1982
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FIG. 3. Transient optical den-
sity changes (decreases) of
(I)-d, in methylcyclohexane at
355 nm, Other conditions were
the same as those indicated in
the caption of Fig. 1.
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FIG. 4. Streak camera record of the fluorescence intensity
(A2 400 nm) vs time of (I) after excitation at 355 nm; (a)
ethanol solvent (single laser shot record), (b) methylcyclo-
hexane solvent (average of four laser shot records), (c)
methylene chloride solvent (average of three laser shot rec-
ords).

This is principally a result of the reduced lifetimes
observed in the former solvents.

The values of the fluorescence lifetimes and esti-
mated errors in these lifetimes are given in Table I.
These values were obtained as follows: For (I) in
ethanol, the value of the lifetime was obtained, as de-
scribed in Sec, IIC from a least-squares fit to the in-
dividual fluorescence decay data for five different laser
shots, [One of these five decay data sets is shown in
Fig. 4(A).] These values ranged from 48.7 to 58.4 ps.
The average value (52.0 ps) and the standard deviation
in this average (3.8 ps) are the numbers reported in
Table I. For (I) in methylcyclohexane and in methylene
chloride, only a single set of averaged decay data were
subjected to the least-squares fitting process. [These

Log I

PSS S ST B are B

L.
@ 517 180 158 200
Time (ps)

FIG. 5. Semilogarithmic presentation of the fluorescence
decay of (I) in ethanol after averaging five laser shot records
of the type shown in Fig. 4(a). The dotted curve is a least-
squares fit exponential decay (7 =53 ps) to the experimental
data (solid curve). The ordinate scale ranges from 0 to 4.

J. Chem. Phys., Vol. 76, No. 10, 16 May 1982
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data sets are shown in Figs. 4(B) and 4(C), respec-
tively. ] The lifetime values obtained in these two fits
are reported in Table I, The error estimates for these
values were obtained by assuming the uncertainty in the
position of =0 was +4 channels (see Sec, IIC) of the
OMA (~+2.5 ps), thereby obtaining the range of life-
times reflected by the error estimates given in Table I.
These error estimates were always larger (by ~5X)
than the standard deviation in the lifetime parameter
obtained in the minimum rms (best) fit. (This same
procedure was also applied to each single-laser-shot-
produced, ethanol solvent data set, and resulted in
error estimates, which were approximately the same
as the standard deviation in the average reported in
Table I. It should be noted that the “best” fits obtained
for each single-laser-shot data set established the posi-
tion of /=0 relative to the etalon marker pulse to with-
in +2 channels from data set to data set.)

In Fig. 4 and for the fluorescent lifetimes given in
Table I, the only wavelength discrimination of the
fluorescence was provided by a UV blocking filter
(Schott, GG 400) to isolate the fluorescence from the
laser pulse. For (I) in ethanol only, the short-lived
emission was strong enoughto allowthe use of narrower
bandwidth filters to determine the wavelength range of
the fluorescence. For example, allowing only emission
wavelengths in the range 400 nm $ A 5460 nm (Schott
GG 400X3 mm, Schott BG 14 %3 mm, and Ditric 4600
short-pass cut-off filters), essentially identical emis~
sion kinetics were observed for (I) in ethanol as those
given in Fig. 4 and Table I. (The best-fit lifetimes
for averaged data from three laser shots was in this
case 50.1 ps with an error estimate of +7.8 ps.) On
the other hand, for the same sample, blocking all emis-
sion wavelengths shorter than ~570 nm (Schott OG
570 X3 mm) resulted in a streaked fluorescence signal
only barely discernible above background; i.e,, less
than a few percent of the total short-lived detected
visible fluorescence was in a wavelength region to the
red of 570 nm. Steady-state emission spectra indicate
that fluorescence maxima of (I) in all solvents at room
temperature occurs at A, S 410 nm. (See below.)

The short-lived fluorescence kinetics of (I) in ethanol
were found to follow an exponential decay, within ex-
perimental error, as shown in Fig. 5. The short-
lived fluorescence kinetics in methylcyclohexane and
methylene chioride were too weak to allow for exact
determination of the form of the decay, but were as-
sumed to also be exponential in the fitting procedure.

Broad, featureless emission spectra were observed
for (I) in methylene chloride, ethanol, methylcyclo-
hexane, and cyclohexane solvents at room tempera-
ture. Initial experiments with the commercial spec-
trofluorimeter on (I) in the methylene chloride and
ethanol solvents indicated very weak emission with
maxima in the blue and fluorescence quantum yields on
the order of ~2%10™, Subsequently, quantum yield
estimates were made using the high sensitivity spec-
trofluorimeter?® on (I) in cyclohexane. In this case
the emission maximum was at X, ~410 nm, and the
fluorescence guantum yield was estimated to be in the

Huston, Scott, and Gupta: Excited state relaxation

range 2x10% to 5x107%, Finally, emission spectra of
(I) were obtained with the laser Raman spectrometer
(see Sec. IID) in the solvents cyclohexane, methyl-
cyclohexane and ethanol, In every case, the emission
maximum occurred in the range A, ~405-410 nm and
the emission intensities were similar. No emission
intensity was observed to the red of ~500 nm.

IV. DISCUSSION

A. Excited-state kinetics

The kinetics data presented above provide new infor-
mation concerning the excited-state decay mechanism
of (I). In the first place, in three solvents, the fluo-
rescence decay of (I) was found to occur faster than did
the ground-state absorption recovery of (I) at 355 nm.
This observation suggests a mechanism involving se-
quential decay of the fluorescent state through other
intermediate state(s) and/or tautomeric form(s) before
ground-state recovery is complete. This model might
require that the ground-state recovery be somewhat
nonexponential but deviations from nonexponential be~
havior need not be too severe and could easily be masked
by the signal-to-noise evidenced by the experimental
data (Figs. 2 and 3). From the present ground-state
absorption recovery experiments on (I), it is clear that
no significant quantum yield of long-lived species is ob~
tained. These results indicate that the major decay
pathway involves only singlet species of the molecule.

Another important feature of our results is that both
the fluorescence decay and the ground-state absorption
recovery lifetimes of (I) are Ionger in the intermolec-
ular hydrogen bonding solvent (ethanol) than in the non-
hydrogen bonding solvents, This observation suggests
that the ethanol solvent may competitively form infer-
wmoleculay hydrogen bonds with (I), disrupting the in-
tramolecular hydrogen bond and slowing the excited-
state relaxation process as suggested in Sec. I and in
Fig. 1,

To investigate the possibility that the kinetics of
radiationless deactivation of (I) is affected by solvent
viscosity, the ground-state recovery kinetics of (I) was
investigated in two different hydrocarbon solvents of
different viscosity at room temperature: methylcyclo-
hexane (n=0.73 cp) and hexadecane (n=3.34 cp). Vis-
cosity-dependent nonradiative rate constants have been
determined previously for a number of molecules con-
taining internally rotating phenyl groups.®~® If free
rotation about the C-N single bond joining the phenol
and benzotriazole parts of (I) modified its radiation-
less decay rate in the same way®? then the decay time
observed in hexadecane would be expected to be ~50%
longer than in methylcyclohexane. The lack of a vis-
cosity effect on the nonradiative decay rate in (I) sug-
gests that rotation about the C—N bond may be hindered,
most likely due to the intramolecular hydrogen bond.
In the case of a hindered rotor, it is not clear that the
macroscopic viscosity of the solvent is the correct pa-
rameter to use in describing the microenvironment of
the solute, However, emission studies, discussed be-
low, indicate that the dihedral angle between the phenol

J. Chem. Phys., Vol. 76, No. 10, 15 May 1982
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and benzotriazole planes plays a significant role in the
decay mechanism.

The effect of deuteration of the hydroxyl group on the
rate of relaxation of (I} was investigatedusing theground
state recovery technique, The measured rate in the
deuterated form of (I) was somewhat faster than for the
protonated form, although the rates are nearly within
experimental error of each other. The fact that a nor-
mal deuterium isotope effect was not observed indicates
that the decay mechanism is not controlled by activated
proton transfer or proton tunneling.

B. Emission spectra and quantum yields

A small Stokes shift was obtained for room tempera-
ture emission spectra of (I) with A,,, ~410 nm in all
solvents. The state or species responsible for this
emission is not the same one that is responsible for the
low temperature, solid phase emission of (I) previously
reported in an aprotic matrix!™!® and confirmed by us
(Amag ~ 600 nm),** Whereas, this red emission of (I) in
the solid phase is presumably due to a proton-trans-
ferred tautomeric form of the molecule, the 410 nm
emission in room temperature liguids is probably due
to a nonproton-transferred form of the molecule.

The low emission quantum yields observed for (I) in
room temperature liquids, however, are not consistent
with a purely vertical excited state, one in which the
molecular conformation is the same as the ground
state’s. For example, the radiative lifetime of the
vertically excited state of (I) can be obtained, in the
conventional picture, *® by integrating the low energy
band(s) of the absorption spectrum. The radiative
lifetime, thus determined, turns out to be ~10 or ~4
ns, depending upon whether only the lowest or the two
lowest energy bands are included in the integration.
This then predicts, for fluorescent lifetimes in the
range 14 to 52 ps, that the fluorescence quantum yields
should be in the range 107 to 107%, or 20 to 500 times
larger than actual measured fluorescence quantum
yields. Therefore, nonvertical forms of the molecule
must be rapidly available from the initially excited
form. These forms most likely involve either non-
planar conformations of the molecule or highly excited
O-H stretch vibrational states of the molecule as dis-
cussed in Sec. IVC below. These forms are probably
responsible for the observed room temperature fluo-
rescence of this molecule in liquids.

C. A consistent model for excited-state relaxation

Several groups* "~ have presented a mechanistic

model for the singlet decay of (I) which, with slight
modification of details, can be shown to be consistent
with the known experimental results. The steps in this
model are as follows:

(a) UV Excitation: S,-~S,,
(b) Proton transfer tautomerization: S,- S}, 2)

(c) Internal conversion: S{-S§,

(d) Proton back transfer: S§—S,.

In this model, S, is the ground state of (I); S, the ini-
tially excited singlet state of (I); Si an excited singlet
state of a proton~transferred tautomer [e.g., (I") of

Fig. 1]; and S} the corresponding ground state of .

Assuming this mechanism is correct, then the room
temperature blue fluorescence we report above would
be assigned to S, —~ S; emission, it being only moderately
Stokes shifted from the absorption. In fluid solution
only this blue fluorescence of (I) is observed. How-
ever, when (I) in cyclohexane or methylcyclohexane is
cooled somewhat below the melting point of these sol-
vents (~260 and ~200 K, respectively), red emission
from (I) has been observed® as mentioned in Sec. IVB.
This emission, previously observed at 90 K and as-
signed to S} - S§, '"'!8 is not observed in fluid solution,
The discrepancy between the measured and calculated
fluorescence quantum yields of the blue fluorescence
may seem inconsistent with these assignments, how-
ever, the model will accommodate these experimental
facts as shown below.

While the above data may seem inconsistent, there
is in fact a consistent model which neatly rationalizes
the experimental observations. The key feature of this
model is that the initially excited state of the molecule
(S,) may be in equilibrium with the proton transferred
form (S}) on the picosecond time scale, perhaps by
virtue of slow vibrational relaxation in comparison with
rapid proton transfer, Therefore, the observed emis-
sion is from vibrationally hot molecules of (I) with
actual fluorescence quantum yields significantly dimin-
ished by dilution with “hot” molecules of the form (I’).
(See Fig. 1.) The fluorescence decay time then reflects
internal conversion of this (I') form, which is in equi-
librium with the (I) form. Hence, step (2b) above
should be written as an equilibrium and step (2c) oc-
curs before vibrational relaxation. The lack of any
observable red emission in room temperature fluid
solution probably reflects the decreased quantum yield
for this process, due to more rapid internal conver-
sion prior to vibrational relaxation. Further, emission
of the form (S{)*—~ (S§)* might in this model be red-
shifted from S; -~ Sj emission, but it has not yet been
observed.

It should be noted that there is evidence in the litera-
ture that vibrational relaxation times of large mole-
cules in room temperature solution can be as long as
1020 ps or so. For example, stilbene in room tem-
perature solution exhibits an excited-state vibrational
relaxation time of ~25 ps® while in dibenzpyrene, this
time has been estimated as ~15 ps.% Whether excited-~
state vibrational relaxation times of (I) in room tem-
perature solution can be slower than ~15 ps is still an
open question, but the spectroscopic evidence cited
above tends to confirm that they can be. (In ethanol,
slowing of the equilibration process by competing in-
termolecular hydrogen bonding extends the fluores-
cence decay and the model does not really require that
vibrational relaxation in ethanol be as slow as 50 ps,
only that the equilibrium process be rate determining.)

Other experimental results are readily accommodated
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by this model. The fluorescence decay times are
shorter than the ground-state recovery times because
most molecules evolve into proton-transferred ground-
state forms of (I'), i.e., S§j. Ground-state recovery
times then include the additional time for step (2d) of
back proton transfer so that both internal conversion
and back transfer contribute to the observed rate. The
observation that fluorescence decay times are slowed
in ethanol probably reflects the slowing of establish-
ment of equilibrium in step (2b), due to the interferring
nature of the intermolecular hydrogen bonds formed by
the solvent with (I). Internal conversion rates would
also be expected to change, since the solvent modifies
the excited-state potential surface,

The viscosity effect is not quite so clear cut. Inter-
nal phenol rotation in this molecule is, at best, hindered
and the microscopic viscosity dependence of this motion
may be weaker than in molecules which undergo free
internal rotation. Thus, it might be argued that step
(2c) is promoted by relative librational motion of the
phenol and benzotriazole portions of the molecule. Evi-
dence concerning the importance of this librational mo-
tion on the rate of internal conversion manifests itself
in the observation of relaxed red fluorescence in apro-
tic rigid matrices in which the amplitude of the relative
motion would be less than in fluid solution. In any case,
the ground-state recovery times measured in hexade-
cane and methylcyclohexane give the rates of composite
processes, and hence may not be very sensitive to the
modest viscosity difference in these two solvents,

The deuteration effect on ground-state recovery
times eliminates rate-determining proton tunneling or
activated proton transfer from the excited-state re-
laxation model. In the proposed model, it is not clear
what the effect of deuteration of the molecule should
have on the rate of the overall process of internal con-
version and back proton transfer [steps (2c) and (2d)].
For example, the rates of internal conversion process-
es depend on the density of vibronic states and Franck-
Condon factors of the lower energy state to which decay
occurs, These factors could conceivably be affected
by deuteration in such a way that the radiationless pro-
cess would be more rapid in the deutero derivative than
in the proto, so the model is consistent with the ex-
perimental observations.

Other workers have reported kinetic solvent effects
on the relaxation of similar molecules. For example,
a similar solvent effect was observed on ground state
recovery kinetics reported for 2-hydroxybenzophenone.!!
In that molecule, complete ground-state recovery was
determined to occur exponentially with a lifetime of
35+ 5 ps in hexane solvent, In ethanol, however, the
ground-state absorption recovery proceeded in a non-
exponential fashion: a fast component of ~30 ps and a
slow component of 1.5 ns,!! For that molecule, the
authors proposed the presence of two different ground-
state species in ethanol (e.g., an intramolecular hy-
drogen-bonded molecule and a molecule intermolec-
ularly hydrogen-bonded to the solvent) as a possible
explanation of the results. The long time component
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of the ground-state recovery was assigned to a triplet
decay route, tentatively attributed to those molecules
hydrogenbonded to the solvent. In the present ground-
state absorption recovery experiments on (I), however,
no long-lived species were observed, either in ethanol
or the other solvents. Furthermore, although the pos-
sibility of more than one ground-state species cannot
be ruled out for (I) in ethanol, there is no evidence in
either the fluorescence or the ground-state recovery
kinetics for nonexponential decay. Therefore, there
is no reason to invoke more than one ground-state form
of (I) in ethanol.

Recently, Smith and Kaufmann® presented a model
which considers the effect of the dielectric strengths
of the solvent on the nonradiative decay rate of the re-
lated molecule methyl salicylate. In contrast to the
present results, they observe shorter fluorescence
lifetimes in hydrogen-bonding solvents than in hydro-
carbons. They attribute this to an increased intersys-
tem crossing rate in these solvents caused by a de-
creased singlet—triplet energy gap in the zwitterionic
form of the molecule. In the case of (I), there is no
experimental evidence that intersystem crossing is a
significant radiationless decay route in room tempera-
ture fluid solution, nor is any highly Stokes shifted
(zwitterionic) emission of (I) observed under these con-
ditions.

In conclusion, the kinetic and spectroscopic data
presented above provide new information concerning
the excited-state decay mechanism of (I). The model
of this decay mechanism is as follows:

(a) UV excitation: Sy~ S},
(b) Proton transfer tautomerization; S¥e(S{)*,

3)

(c) Internal conversion: (S{)*-(Sg)*, and

(d) Vibrational relaxation and proton back
transfer: (Sp)*-S,,

in which “*” indicates a proton-transferred form and
“*» 4 vibrationally unrelaxed state. Fluorescence of
(I), observed in room temperature fluid solution with

a normal Stokes shift, is attributed to a vibrationally
unrelaxed excited state Sf, which is in equilibrium with
the proton-transferred excited state (S{)* of the mole-
cule. Internal conversion (S))*—(S§)* controls the life-
time of this fluorescence, while ground-state recovery
rates include additional contributions from vibrational
relaxation and proton back transfer intheground state.
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