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Evidence are presented against Ullman’s “the orbital symmetry correlations” between excited aromatic hy-

drocarbon sensitizers and 4-benzylidene-2-phenyl-5-oxazolone.

It is now shown that the oxazolone efficiently

quenches the triplet sensitizers regardless of Ullman’s classification, and the fluorescence emitted from the sensitizers
is reabsorbed by the oxazolone and its wavelength seems to govern the reported reaction course.

Previously Ullman and Baumann reported that under
irradiation unsaturated lactones, 4-benzylidene-2-
phenyl-5-oxazolone (I) and 2-benzylidene-4-phenyl-3-
buten-4-olide (II), depending upon the wavelength of
light irradiated or the sensitizers employed, either
““selectively” undergo only geometrical isomerization or
‘“‘unselectively” undergo hydrogen atom abstraction
from solvent together with the isomerization.? Thus,
“on direct irradiation of the lactones, 313 nm light caused
both reactions, whereas 366 nm light caused only the
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isomerization. In sensitized reactions, sensitization

with biphenyl, fluorene, and naphthalene led to both
reactions, whereas sensitization with phenanthrene,
triphenylene, and chrysene resulted in only the isomeri-
zation. In order to explain the relation between the
selectivity of the reaction course and the structure of the
sensitizers, they proposed the “‘orbital symmetry cor-
relations between the excited sensitizers and the lac-
tones’’ which implied that the close matching of the or-
bital symmetry between the lowest unfilled molecular
orbital of the lactone and a certain part of the highest
occupied orbital of the sensitizer led only to the “selec-
tive reaction,” the isomerization. They stated that
matching of the orbital symmetry between the sensitizer
and the lactone molecules would lead to effective excita-
tion of the lactone to its T;(m,m*) state to cause the
“selective reaction,” whereas no matching of the sym-
metry would lead to ineflicient unselective energy trans-
fer to cause the “‘unselective reactions.”?

In a previous communication® we presented an aspect
against Ullman’s postulate by showing that not the
triplet but the singlet excited aromatic hydrocarbons
played an important role in the sensitized reaction of the
lactone II; fluorescence emitted from the hydrocarbon
sensitizers was reabsorbed by the lactone and the fluores-
cence wavelength seemed to govern the course of the
reaction.

In this paper we report firm evidence against Ullman
and Baumann’s postulate on ‘“the orbital symmetry
correlations between the excited sensitizer and the sub-
strate.” Contrary to their previous proposition, the

oxazolone I is now shown to effectively quench the
triplet states of the hydrocarbon sensitizers irrespective
of “selective” or “unselective” sensitizers on the ground
of direct determination of rate constants for the quench-
ing of the triplet hydrocarbons by the oxazolone. There-
fore the reported dependence of the reaction course on
sensitizers employed does not result from the difference
between the sensitizers in rate constants for the quench-
ing of their triplet states by the oxazolone but is shown
to be mostly governed by wavelengths of fluorescence
emitted from the singlet excited sensitizers which is
reabsorbed by the oxazolone.

Results and Discussion

Absorption and Emission Spectra. Figure 1 shows
the absorption spectra of the oxazolone in EPA at 77 K
and at ambient temperature together with its emission
spectrum in EPA at 77 K. The emission was observed
only at 77 K and it is attributable to fluorescence, since
the emission starts from the end of absorption and shows
mirror image relationship with the absorption. Lack of
phosphorescence might be due to rapid radiationless
deactivation of the triplet state probably resulting in the
facile isomerization of the benzylidene group. The
singlet excitation energy of the oxazolone is estimated to
be 72 kcal/mol from the above result and its triplet
excitation energy was reported to be 43 kcal/mol from
its singlet-triplet absorption.?
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Fig. 1. Absorption and emission spectra of 4-benzyl-

idene-2-phenyl-5-oxazolone in EPA. Absorption at
ambient temperature: —, at 77 K: ---, emission at 77
K:-emem
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TaBLE 1. QUENCHING OF HYDROCARBON FLUORESCENCE BY
a) { o ®) i 4-BENZYLIDENE-2-PHENYL-5-OXAZOLONE IN BENZENE®
“I -0 v -3 o gso
sQ at 386 nm a s Hydrocarbon I quO 12y 10 11 Lo/I® (Io/1) peans® 73/759
:Q ol at 376 nm at 334 nm lifetime at 376 nm at 386 nm Biphenyl 316 2.4 0.87 1.45 1.26 1.02
0 Fluorene 318 3.5 1.5 1.48 1.30 1.02
5 Naphthalene 336 2.8 4.9 1.98 1.63 1.17
] p-Terphenyl 343 55 — 2.31 2.12 —_
N~ 15t Triphenylene 364 8.3 1.1 3.27 2.10 1.03
d Phenanthrene 366 9.4 4.2 2.95 2.51 1.06
/ at 33 om Pyrene 376 7.4 27 3.64 3.3¢ 1.95
10 , ) ) ) Chrysene 383 6.5 3.9 2.72 1.97 1.11
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Fig. 2. Stern-Volmer plots. a) Quenching of fluorescence
of pyrene (S) by 4-benzylidene-2-phenyl-5-oxazolone
(Q) in benzene, b) reabsorption of fluorescence of
pyrene (S) by the oxazolone (Q) in benzene.

Quenching of Hydrocarbon Fluorescence by the Oxazolone.
Fluorescence of the aromatic hydrocarbons (10-5—10-2
mol/l) such as biphenyl, fluorene, naphthalene, tri-
phenylene, chrysene, p-terphenyl, phenanthrene, and
pyrene was quenched for the intensity and the lifetime
by the added oxazolone in benzene solution. Plots of
the fluorescence intensity ratio, /I, against the concen-
tration of the oxazolone, [Q], (0—2 X 105 mol/l) were,
for the most cases, linear only in the lower concentration
range of the oxazolone and curved upwards in the higher
concentration range as indicated in Fig. 2, where I, and
I denote the fluorescence intensity of the hydrocarbon in
the absence of the oxazolone and that in the presence of
the oxazolone in concentration of [Q], respectively. If,
in the lower concentration range of the oxazolone, the
plots are assumed to obey the Stern-Volmer relationship

LI =1+ kgPPri[Q] (1)
(Eq.1),the apparent quenching rate constants, k2", can
be obtained from their slopes divided by the lifetimes of
the singlet states of the hydrocarbons in the absence of
the oxazolone, 73. The shapes of fluorescence spectra of
some hydrocarbons were varied with increase in the
concentration of the oxazolone and the fluorescence
intensity ratio, y/1, was also varied with wavelength at
which the emission is observed. These results suggest,
as will be discussed later, that the quenching of hydro-
carbon fluorescence is mostly due to the reabsorption of
fluorescence by the quencher. In Table 1 are listed the
apparent quenching rate constants, k%*®, measured at
the emission maximum of each hydrocarbon.

For the quenching of the singlet lifetimes of the aro-
matic hydrocarbons by the oxazolone, plots of 7§z
against the concentration of the oxazolone fitted the

/e = 1+ BrQ] @)
Stern-Volmer relationship (Eq. 2) over the concentra-
tion range of the oxazolone employed (0—5x 10-4
mol/l) (Fig. 2), where 7° denotes the lifetime of a singlet
hydrocarbon in the presence of the oxazolone in con-
centration [Q]. The bimolecular rate constants, &S,
for the quenching process of the excited singlet hydro-
carbons by the oxazolone are summarized in Table 1,
which shows that £§P? values are several to eighty times

a) Conducted under the aerated condition; the concent-
ration of the hydrocarbon: 10-5—10-2 M, the concent-
ration of the oxazolone: 0—5x 10— M for the intensity
measurement and 0—10-4 M for the lifetime measure-

ment. b) Maximum wavelength of fluorescence in nm.
c) In M-1s-1. d) Values at the oxazolone concentration
of 2 10-5 M.

larger than k§ values. Table 1 also contains /I and
73/7% values obtained at [QQ]=2.0 x 105 mol/l, showing
that I/ values are significantly higher than the corre-
sponding 7$/z® values.

The above difference between I/I and 73/t° values at
the same concentration of the oxazolone is reasonably
attributable to reabsorption of the fluorescence from the
excited singlet hydrocarbons by the oxazolone by the
following reasons. If the added oxazolone acts only to
quench the excited singlet hydrocarbon with a rate
constant of &5, the fluorescence intensity of the hydro-
carbon would be decreased to the same extent as the
singlet lifetime, so I,/ would be equal to 7§/7% but it is
not the case. When the fluorescence from the hydro-
carbon is reabsorbed by the oxazolone in the surround-
ing medium, the actually observed fluorescence is to be
further reduced in intensity, so, as was actually observed,
I,/I value is to be higher than /7% value by an extent
corresponding. to the reabsorption. A possibility that
apparent reduction of the sensitizer fluorescence by the
oxazolone would be due to formation of complex be-
tween ground states of the sensitizer and the oxazolone
is excluded since no new absorption appeared on the
mixing of the both compounds in solution.

A fact that the absorption spectrum of the oxazolone
effectively overlaps with the emission spectra of the
hydrocarbon sensitizers suggests that the singlet hydro-
carbons could undergo efficient radiative transfer to the
oxazolone, which could cause distortion of the shape of
the emission spectra. Actually, as mentioned previously,
the emission spectra of some hydrocarbons were changed
in the shape with the increase in the concentration of the
oxazolone, and slopes of Stern-Volmer plots of I/I gave
higher values in the region of 340—390 nm where the
oxazolone shows higher molecular extinction coefficient.
Thus, triphenylene, phenanthrene, and pyrene, which
have emission maxima in the region of 360—380 nm,
gave higher apparent quenching rate constants k3PPz3
than biphenyl and fluorene which have emission maxi-
ma near 320 nm.

Reabsorption of the fluorescence emitted from the
hydrocarbons by the oxazolone was further confirmed
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Fig. 3. Changes of fluorescence spectra with the
concenration of 4-benzylidene-2-phenyl-5-oxazolone
- (Q). a) Quenching of fluorescence of pyrene (S)
by the oxazolone in benzene, b) reabsorption of
fluorescence of pyrene (S) by the oxazolone in
benzene.

by the following experiment. A cell containing ben-
zene solution of an emissive hydrocarbon without the
oxazolone was placed adjacently to a cell containing
benzene solution of the oxazolone in various concentra-
tions, and the fluorescence emitted from the former
solution was observed after passing the latter solution.
‘A typical example is shown in Figs. 2 and 3 for pyrene,
which has the highest 4§ value among the sensitizers
employed, showing that the spectral change of the flu-
orescence of the hydrocarbon with added oxazolone in
the solution closely resembles that of the fluorescence of
the hydrocarbon solution without the oxazolone observ-
ed through its reabsorption by the oxazolone solution.
These facts undoubtedly indicate that the fluorescence
emitted from the hydrocarbons is effectively reabsorbed
by the oxazolone in the surrounding medium, and the
reported “‘selectivity’’ of the sensitized reaction course
seems to depend on the fluorescence wavelength of the
sensitizers. In Table 1 are listed ([y/]) caps Values at
[Q]=2x10-% mol/l which denote estimated values for
I,/I when the decrease of the fluorescence intensity
with the oxazolone is assumed to be due only to its
reabsorption by the oxazolone, and these values are
evaluated from k%P, k3, and 73, according to Eq. 3.

(Ioll)renbs =1 + (kﬁpp“kg)fg[Q.] (3)

Quenching of Hydrocarbon Triplet by the Oxazolone.
Since the triplet energies of the aromatic hydrocarbons
employed are in the range between 56.6 kcal/mol for
chrysene and 68.0 kcal/mol for fluorene in a nonpolar
solvent,? and the first excited triplet energy of the oxa-
zolone has been estimated to be 43.0 kcal/mol® in chlor-
oform, triplet energy transfer from the hydrocarbons to
the oxazolone is expected to be sufficiently exothermic
‘and to proceed with nearly diffusion-controlled rate
constants.

In order to examine whether the quenching of the
triplet states of the hydrocarbons by the oxazolone would

[Vol. 49, No. 1

proceed in different manner between ‘“selective” and
‘““unselective’” hydrocarbon sensitizers as was proposed
by Ullman, rate constants for the quenching of the
triplet hydrocarbons by the oxazolone were measured
by flash spectrophotometry. The oxazolone did not
show any detectable transient absorption in the region of
380—600 nm on flash excitation. So, the decay of the
triplet-triplet absorption of the hydrocarbon was fol-
lowed in the absence and in the presence of various con-
centrations of the oxazolone in cyclohexane solution at
room temperature.

Figures 4 and 5 show typical oscilloscopic traces of
triplet-triplet absorption of naphthalene and triphenyl-
ene in the absence (a) and in the presence (b) of the
oxazolone obtained by monitoring the absorption at
420 and 430 nm, respectively, and Figs. 6 and 7 contain

a)

b)

us

Fig. 4. Oscilloscopic traces of triplet-triplet absorption
of naphthalene (7.5 10-®* M) in cyclohexane in the
absence of 4-benzylidene-2-phenyl-5-oxazolone (a) and
in the presence of the oxazolone in 5.5 10-¢ M (b).

a)

b)

Fig. 5. Oscilloscopic traces of triplet-triplet absorption
of triphenylene (3.5%x 10-3 M) in cyclohexane in the
absence of 4-benzylidene-2-phenyl-5-oxazolone (a) and
in the presence of the oxazolone in 5.5 10-¢ M (b).
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Fig. 6. First-order rate plots for the decay of triplet-
triplet absorption (intensity: D) of naphthalene in
cyclohexane in the absence of 4-benzylidene-2-phenyl-
5-oxazolone (a), in the presence of the oxazolone in
5.5x10-¢ M (b), and in 1.1x10-3 M (c).
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Fig. 7. First-order rate plots for the decay of triplet-

triplet absorption (intensity: D) of triphenylene in
cyclohexane in the absence of 4-benzylidene-2-phenyl-
5-oxazolone (a), in the presence of the oxazolone in
5.5X 10 M (b), and in 1.1 X 10-® M (c).

first-order plots for the decays of the transients in the
presence of different concentrations of the oxazolone.
These figures indicate that intensities of triplet-triplet
absorptions of the hydrocarbons were reduced and their
decay rates were accelerated by the added oxazolone.
The slope of the above plots yields the pseudo first-order
overall decay coefficient, &', for a particular concentra-
tion of the added oxazolone. The coefficient, &', is
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¥ = k3 + k3[Q] 4)
where £7 is the second-order rate constant for the triplet
quenching and k] represents the first-order coefficient
for the unimolecular decay. The observed £’ values
actually obeyed Eq. 4 to give £] values. The obtained
values for k£ are summarized in Table 2, together with
ke, kS, singlet lifetimes, 73, quantum yields for fluores-
cence and intersystem crossing, ®; and @, respectively.

Table 2 shows that the triplet states of all sensitizers
employed are quenched by the oxazolone with rate con-
stants close to the diffusion-controlled limit regardless of
“selective” or ‘““unselective’ sensitizers, or of the triplet
excitation energy and the structure of the sensitizer.
The k3 values of fluorene, phenanthrene, and chrysene
are larger than those of naphthalene and triphenylene.
This result is in contrast with the previous postulate?
that fluorene and naphthalene classified as “unselective”
sensitizers would be more facilely quenched by the
oxazolone than the other sensitizers classified as “selec-
tive’ ones.

New Account for the Effect of the Sensitizers on the Reaction
Course. The simplest mechanistic scheme to ac-
count for the sensitized reaction is shown in Eqs. 5—15,
where S denotes the hydrocarbon sensitizer and Q
denotes the oxazolone.

rate constant
hy

S — 18% (5)
1S% —— So + hve ke (6)
8% — S, k§ (7)
1§% ., 3Gk ks ®)
5% 4 Q — S, + 1Q K (9)
Q 2 g b (10)
Sk — S, k3 (11)
3% + Q — S + 2Q¥(7, 7) k3 (12)
3Q*(m, ®) — isomerization (13)
Q¥ — 2Q¥(n, ) (14)
3Q%*(n, ;) — H-abstraction (15)

Thus, a sensitizer molecule, on absorption of photon,
is excited to its singlet state (Eq. 5). The singlet state
either undergoes fluorescence emission (Eq. 6), radi-
ationless deactivation to the ground state (Eq. 7), inter-
system crossing to the triplet state (Eq. 8), or is quenched

expressed in the following form:

by the oxazolone (Eq. 9).

TABLE 2. QUENCHING RATE CONSTANTS AND SPECTRAL CHARACTERISTICS OF AROMATIC HYDROCARBONS

The emitted fluorescence

S a app b Sb Tec T ¢,d
Hydrocarbon N I N Tﬁs) K O Prs”.
Fluorene 10 3.5 0.15 10.4 14.8 0.68 0.31
Naphthalene 96 2.8 0.49 32.7 5.4 0.23 0.40
Triphenylene 37.4 8.3 0.11 39.5 4.1 0.10 0.90
Phenanthrene 57.5 9.4 0.42 15.3 13.0 0.13 0.82
Chrysene 43.7 6.5 0.39 19.5 10.0 0.14 0.69 .

a) I. B. Berlman, ‘“Handbook of Fluorescence Spectra of Aromatic Molecules,” 2nd Ed., Academic Press,
c) Conducted under nitrogen in cyclohexane; the

New York, N. Y. (1971). ' b) In M-1s-1 in benzene.

concentration of the hydrocarbon: (4—8) x 10-5 M, the concentration of the oxazolone: 0—1x 10-5 M.
e) R. S. Becker, “Theory and Interpretation of Fluorescence and Phosphorescence,” John

In M-1s-1,
Wiley and Sons, New York, N. Y. (1969) p. 118.

d)
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TABLE 3. ESTIMATED QUANTUM YIELDS FOR SENSITIZED
REACTIONS OF THE OXAZOLONE IN 2 X 10~ M THROUGH
APPARENT FLUORESCENCE (}PP), INTERSYSTEM GROSSING
(P1s), QUENCHING OF THE SINGLET SENSITIZERS (&5),
REABSORPTION OF THE FLUORESCENCE FROM THE
SINGLET SENSITIZERS (P,qy45)s AND QUENCHING
OF THE TRIPLET SENSITIZERS ($7)

@%pp (I)IS q)csl q)reabs ‘bg
Fluorene 0.46 0.30 0.02 0.21 0.23
Naphthalene 0.19 0.33 0.18 0.05 0.26
Triphenylene  0.05 0.89 0.01 0.05 0.68
Phenanthrene  0.05 0.77 0.06 0.07 0.62
Chrysene 0.07 0.66 0.05 0.06 0.52

can be reabsorbed by the oxazolone and the latter is
excited to its singlet state (Eq. 10). The triplet state of
the sensitizer either undergoes radiationless deactiva-
tion (Eq. 11) or is quenched by the oxazolone to give the
lowest triplet state of the latter (Eq. 12). The quantum
yields for the singlet quenching (®3), for the reabsorp-
tion of fluorescence (Peqps), for the apparent fluores-
cence (P§*), and for the triplet quenching (®7) by the
oxazolone are estimated in the presence of 2x10-3
mol/l of the oxazolone according to the following equa-
tions 16—20 and summarized in Table 3.

kT3
1+ k5PPe3[Q]
kisTo
14+4373[Q]
k3relQl
1+£573[Q)
ket
1 +kqfo[Q.]

= @899

_ . k=9l
i = s rraQ]

Table 3 shows that fluorene and naphthalene, which
fluoresce at shorter wavelengths, transfer singlet energy
to the oxazolone more efficiently by both bimolecular
interaction and reabsorption mechanism, but transfer
triplet” energy less efficiently than triphenylene, phe-
nanthrene, and chrysene, which fluoresce at longer
wavelengths; that is, the ‘“‘unselective’ sensitizers in-
teract with the oxazolone in the singlet state as well as
in the triplet state, while the ‘“selective’” sensitizers
interact more effectively in the triplet state than in the
singlet state. These results clearly account for Ullman’s
observation concerning the dependence of the sensitized
reaction course on the structure of the sensitizers em-
ployed.

Thus, on taking account of an assumption by Ullman
and Baumann that the lowest triplet state of the oxazo-
lone undergoes isomerization and the higher triplet state
abstracts hydrogen atom from a solvent, the oxazolone
can be easily excited to its Tl(n,n*) state by all the
sensitizers employed resulting in the isomerization (Eq.
13), but to its higher excited state, for example, T, (n,
n*) state, it would be efficiently excited through its
singlet state only by sensitization with fluorene and

Pprr = (16)

Il

Drs (17)

@ = (18)

ket
T 1+ kePrr3[Q]

(breabs =
(19)
(20)
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naphthalene (Egs. 10 and 14) resulting in hydrogen
abstraction (Eq. 15).

Finally it should be stressed that reabsorption mecha-
nism can play an important role in some photochemical
systems.b)

Experimental

Materials. 4-Benzylidene-2-phenyl-5-oxazolone ~ was
prepared by treating benzaldehyde with N-benzoylglycine and
recrystallized from benzene.®) Most sensitizers were purified
by column chromatography and recrystallization, and their
purities were checked by absorption and fluorescence spectra,
and fluorescence lifetimes. Anthracene was prepared by
reduction of anthraquinone and recrystallized.”? Benzene
(Wako special grade) was distilled over calcium hydride before
use. Cyclohexane (Dotite Spectrosol) was used as received.

Spectra. Absorption spectra were measured with a
Hitachi EPS-3° Recording Spectrophotometer. Emission
spectra and fluorescence intensities were determined with a
Hitachi MPF-2A Fluorescence Spectrophotometer. Reab-
sorbed emission spectra were measured by observing the emis-
sion from hydrocarbon solution in benzene placed in a quartz
cell (1 cm in length and 1 cm in width) after passing through
an adjacent quartz cell (1 cm in length and 1 cm in width)
containing benzene solution of the varying concentration of
the oxazolone.

Fluorescence lifetime was measured with a JASCO FL-10 Phase
Fluorimeter.

Flash Spectrophotometry. A sample solution contained in
a quartz cell (8 cm in length and 2 cm in diameter) was
deaerated by bubbling nitrogen. A quartz flash photolysis
lamp (10 cm in length and 2 cm in diameter) filled with xenon
was operated at 11 kV and 2 pF, dissipating an energy of 120
J; the duration of the flash was 10 ys. The decays of triplet-
triplet absorption of hydrocarbons were determined with a
xenon lamp (Toshiba 500 W), a plane grating spectrograph
(Shimadzu GE-100), a photomultiplier tube (RCA 1P28), and
a synchroscope (Toshiba 3054).

The authors’ thanks are due to Professor O. Simamura
for his discussion, Dr. M. Takakusa, Electrotechnical
Laboratory, for the use of a phase fluorimeter in his
laboratory, and Professor S. Matsumoto, Aoyama Gakuin
University, for the use of a flash spectrophotomeric
apparatus.
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