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Triplet Pathways in the cis = frans Photoisomerization of 4-Acetyl-

and 4-Benzoyl-stilbene

Helmut Gorner

Max-Planck-Institut fir Strahlenchemie, D-45413 Miilheim an der Ruhr, Germany

The photochemical properties of 4-acetylstilbene (AS) and 4-benzoyistilbene (BS) have been studied in various
solvents using steady-state irradiation and ns laser flash photolysis. The quantum yields of trans = cis photoiso~
merization (®,.., ®._,) are substantial (>0.3) over a wide temperature range, while the quantum yield of
fluorescence is small even at —196 °C (e.g. @, < 0.04). Similar transient absorption spectra, showing maxima at
ca. 380 and ca. 415 nm in fluid and frozen media, respectively, were recorded for frans-AS and also for cis-AS.
The transient is assigned to the triplet state in either case; its lifetime between 25 and —196°C varies by a
factor of ca. 10°. These two virtually identical T-T absorption spectra are suggested to originate from the trans
(3t*) and the cis (3c*) triplet state, respectively, since at —196 °C intersystem crossing occurs without significant
configurational changes. Apart from small spectral differences BS behaves similarly. Quenching measurements
by ferrocene of @, ., in comparison with those of the triplet decay, support that the triplet state is intermediate
in the trans — cis photoisomerization pathway. The spectral and kinetic features of the triplet state are inter-
preted on the basis of the intermediacy of the twisting step from 3c* to the perpendicular conformation (°p*) in
the cis — trans photoisomerization pathway, the 3t* = 2p* equilibrium and decay to the ground states via the

3p* - 'p intersystem-crossing step.

The cis 2 trans photoisomerization of stilbene occurs via the
singlet mechanism,'~® a triplet pathway can be induced only
by application of sensitizers.'~®°~'* There is general agree-
ment that the trans triplet state (*t*) can be quenched by
azulene, whereas oxygen reacts preferentially with the per-
pendicular triplet conformation (3p*) leading via the 'p con-
formation into 't and !c, the two ground states.'”"''! The
establishment of a fast triplet equilibrium

t* = %p* M

for stilbene has long since been proposed. The potential-
energy surface of the lowest triplet as a function of the angle
of twist around the C=C double bond, however, is still under
debate.*> The concept of a rapidly established 3t* = 3p*
equilibrium has also been widely accepted for various 1,2-
diarylethylenes, such as naphthyl- or anthryl-styrenes.!*—28

On direct excitation of trans-stilbene, the 3t* state can be
populated in rigid glasses,?®3° but the quantum yield of
intersystem crossing (®,,) is quite low, as concluded from the
quantum yield of phosphorescence.3* Since @, is virtually
zero for stilbene and many stilbene derivatives at room tem-
perature,10:13:30:31 gyydies of the triplet properties are ham-
pered by the necessary presence of a sensitizer. Time-resolved
spectroscopic observation of the triplet states requires a high
stilbene concentration, (1-70) x 10~ 3 mol dm ™3, which may
lead to complications because the triplet lifetime at ambient
temperatures, 7 &~ 60 ns,>~'? is rather short.

4-Nitrostilbenes have been chosen as attractive alternatives
to probe for the triplet pathway since their @, values are
sufficiently large and the trans — cis photoisomerization
occurs only or mainly via the triplet pathways.2°~2% From
the similarity of the T-T absorption spectra of a given trans-
4-nitro-4’-R-stilbene (R: NO,, H, OCH, and NH,) in either
fluid or frozen media it has been concluded that the triplet
state at room temperature has mainly trans configu-
ration.?°~2¢ For stilbene the T-T absorption spectra at 25
and —196°C are quite different, they show a marked blue
shift of the maximum as compared to glassy media and no
structure in fluid solution.!%2°

The introduction of a carbonyl group in a trans- or cis-
stilbene adds n,z* states to the m,n* states and this should
greatly enhance @, without significantly changing the

photochemical properties and the energies of the states
involved. However, only a few properties of ‘keto’-
stilbenes3!-*? and no data concerning transients are known,
as yet. This study with 4-acetylstilbene (AS) and 4-
benzoylstilbene (BS) was therefore undertaken to characterize
and understand better the photophysical and photochemical
properties of stilbenes exhibiting efficient intersystem cross-
ing.

The results show that the features of the excited states of
both 4-ketostilbenes are very similar in the temperature range
from 25 to —196°C and, interestingly, the spectral and
kinetic triplet data of a trans and a cis isomer are more or
less identical. In particular, a cis triplet state (*c*), which
often escapes observation,?'7-2° could be detected. The spec-
tral changes, at least, are not as large as those which would
be due to substitution by a nitro group. This made it possible
to study the triplet state of stilbenes which have greater simi-
larity to the parent compound than 4-nitrostilbene and its
4’-substituted derivatives.

Experimental

trans-AS and trans-BS were the same as used before;3!3?

trans-AS was kindly donated by Prof. Ernst Fischer. The cis
isomers were prepared by irradiation at 313 nm and separa-
tion on a column using standard techniques.?®23 Ketones as
trace impurities (<0.1%) in the four samples were indicated
on the basis of phosphorescence at —196°C. The samples
were freshly dissolved prior to use, handled under red light
and purged with argon unless indicated otherwise.

For steady-state irradiation measurements a 1000 W
mercury—xenon lamp and a monochromator were used. The
quantum yields ®;, ®,,. and ®.,, were determined as
described in preceding papers.?'~2 The fluorescence spectra
(wavelength of irradiation, 4;,-= 313 nm) were recorded on a
Spex-Fluorolog or a Perkin-Elmer spectrofluorometer
(LS-5).3! The concentrations (in 1 cm cells) were typically
1 x1073% 3 x107% and 6 x 1075 mol dm™? for emission,
trans — cis photoisomerization and cis — trans photoisomeri-
zation measurements, respectively, except for quenching mea-
surements of @, by ferrocene, where they were 10 times
larger (here the pathlength was 1 mm). Ferrocene (Merck)
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was recrystallized twice from ethanol. The solvents (Merck)
were checked for impurities and purified where necessary, e.g.
MCH, 2-methyltetrahydrofuran (MTHF), using standard
methods.

For excitation at 248 and 353 nm an excimer laser
(Lambda Physik, EMG 201MSC; pulse width 20 ns, energy
5-50 mJ) and a neodymium laser (JK Lasers; pulse width 15
ns, energy 5-20 mJ) were employed, respectively.!*1¢ The
concentrations were adjusted such that the absorbances (4355
or A,,g) were about 0.2 per mm. The incident laser power
was limited to the range of a linear dependence of AAd,g, vs.
intensity, corresponding to AA,g, values of <0.3. In the
cases of quenching measurements by oxygen it was checked
that k. (using the wavelength of excitation, 4,,. = 353 nm)
in O,-saturated solution was equal to the limit of observation
(ca. 7 x 107 s™1). The signals were recorded on a transient
digitizer (Tektronix 7912AD) and analysed on an Archimedes
440 computer.

Results and Discussion
Quantum Yields of cis 2 trans Photoisomerization

The quantum yields of trans — cis and cis — trans photoiso-
merization (P, ., ®__,) are substantial for both ketostilbenes
in non-polar, moderately polar (2-methyltetrahydrofuran,
MTHEF) and strongly polar (ethanol, acetonitrile) solvents at
room temperature (Table 1). For 1, = 313 nm the photo-
stationary state lies on the cis side owing to the much larger
molar absorption coefficient (¢) of the trans vs. cis isomer. The
cis content is smaller on going to 4,, = 254 nm owing to the
smaller ¢,/¢, ratio.?

@, is significantly reduced when ferrocene is added to BS
(Fig. 1). Moreover, the 1/®,.,  values increase linearly with
the ferrocene concentration (inset of Fig. 1). The ferrocene
concentration at which @, . is 50% is taken as the reciprocal
Stern-Volmer constant, being 4.8 x 1073 and 4.4 x 1073
mol dm~? for AS and BS in acetonitrile, respectively.

®._, is small {(ca. 107 3) for both ketostilbenes in MTHF or
ethanol at —196°C but not zero, whereas ®,_,_ is at least a
hundred times smaller. Fischer and co-workers have reported
that the @,_,, values are almost constant for AS and BS in a
1:1 mixture of methylcyclohexane (MCH) and isohexane
(TH) over a large temperature range.? For AS in ethanol the
largest drop in @, occurs on decreasing the temperature
between — 130 and — 150 °C (Fig. 2), just where the viscosity
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Fig. 1 Plots of 7, (@, A, 4., = 343 nm) and @, (O, A, 4, = 366
nm) as a function of ferrocene concentration (log scale; inset, linear
scale) for trans-BS in acetonitrile at 25 °C

increases by many orders of magnitude. In comparison to

this viscosity effect, the thermal activation in the +30 to
—120°C range is small in both cases (Fig. 2 and 3).

Emission

The emission of trans-AS and trans-BS in fluid solution,
showing a maximum (4;) around 400 nm, is ascribed to fluo-
rescence for reasons of energy. The phosphorescence at
—196°C has a maximum at 580 nm,*' and was not further
examined here. The fluorescence spectra of the two trans
isomers at —196 °C are slightly structured (e.g. A; = 405 and
425 nm) and the excitation spectra almost match the absorp-
tion spectra. The quantum yield of fluorescence is small in
glassy media, the largest value is ®; = 0.04 for trans-AS in
ethanol at —196°C, and ®; is negligible (<10~ 3) at room
temperature. Accurate registration of data for the cis isomers
is generally hampered (i) by the result of an even smaller
quantum yield of fluorescence (<1072 at —196°C) and (ii)
by the observation of a phosphorescence originating from
trace impurities in glassy media. The latter is determined

Table 1 Quantum yields of trans — cis and cis — trans photoisomerization and percentage of cis in the photostationary state®

compound solvent temperature/°C D, D, (% cis),
AS cyclohexane 25 0.5 03 82
MCH-IH? 25 0.5 03
—150 0.5 0.3
acetonitrile 25 0.5 0.3 80
ethanol 25 0.48 0.31 79
—150 0.03 0.3 22
—-160 0.0013 0.2 2
BS cyclohexane 25 0.5 0.3 79
MCH-1H?® 25 0.54 0.27
—150 0.52 0.27
—-160 0.31 021
—180 0.02 0.11
MTHF 25 0.52 0.32 80
—150 0.1 0.25 45
ethanol 25 0.47 0.32 78
—150 0.16 0.3 52
—160 0.04 0.3 20
acetonitrile 25 0.4 0.3 77

“ In argon-saturated solutions, 4, = 313 nm. ® Taken from ref. 32.
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Fig. 2 Semilogarithmic plots of t;* (full symbols, 4., = 353 nm)
and ®,_,, (open symbols, A, = 313 nm) vs. T~' for trans-AS in GT
(triangles) and ethanol (circles)

from the differences between excitation and absorption
spectra.

Properties of the Triplet State at Room Temperature

The transient absorption spectra of trans-AS in several sol-
vents at room temperature are similar, showing a broad band
with a single absorption maximum (4;) around 380 nm
(Table 2), extending to ca. 600 nm and overlapping with the
ground-state absorption below 360 nm [Fig. 4a)]. The tran-
sient is assigned to a triplet state due to the following: It is
formed within the laser pulse width and decays by first-order
kinetics. The lifetime (1/k,,, = 1) shows no marked depen-
dence on the properties of the solvent (Table 2) and is
reduced in the presence of ferrocene and oxygen. Rate con-
stants for quenching by oxygen in the range 5 < k,,/10% dm?
mol~! s™! < 8 (Table 2) were obtained from k, in argon-
and air-saturated solutions. From the linear dependence of
ks vs. ferrocene concentration, a rate constant of k, = 2.5
x 10° dm® mol ™! s ™! was found in acetonitrile.

The properties (A, T, ko, k) Of the triplet of trans-BS at
room temperature, in particular the kinetic data, are similar
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1.0

0.5

é 0
3
3

05

. \0‘0‘0- X
0 ! ®la o | ©09.000n5"
350 400 450 500 550
A/nm

Fig. 4 T-T absorption spectra of (a) trans-AS and (b) cis-AS in
cyclohexane solution at room temperature at the pulse end (O) and
after 0.5 ps (@), and in MCH at —196°C (A), 1 us after the pulse,
Aee = 248 nm

exc

Table 2 T-T absorption maximum, triplet lifetime and rate constants for quenching by oxygen (k,,) and ferrocene (k)"

compound solvent Ar/nm T4/ns k,/10° dm3® mol ! 57! k,/10° dm® mol ™' s™!

trans-AS cyclohexane® 380 60 6
benzene 380 70 5
GT 385 90
acetonitrile <300, 390 75 5 2.5
ethanol <300, 375 70 7

trans-BS cyclohexane 380 70 8
benzene 380 75 8 2
MTHF 380 85
acetonitrile 390 75 8 3
ethanol® 390 70

cis-AS cyclohexane® 380 65

cis-BS ethanol® 400 70

* In argon-saturated solution at room temperature, A, = 353 nm, unless otherwise indicated. ® A, = 248 nm.
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Fig. 5 T-T absorption spectra of (a) trans-BS and (b) cis-BS in
ethanol solution at room temperature at the pulse end (open circles
and squares) and after 0.5 ps (full symbols), and at —196°C 1 ps after
the pulse A, 4, = 248 nm
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to those of trans-AS (Table 2). The T-T absorption spectrum
of trans-BS in several solvents has a similar Ay, whereas the
half-width is somewhat larger [Fig. 5(a)] than that of trans-
AS. The triplet lifetime of trans-BS is around 80 ns. Examples
of the time dependences of AA;g, in argon-, air- and oxygen-
saturated acetonitrile solutions are shown in Fig. 6; the
obtained rate constant is k,, = 8 x 10° dm® mol~' s~'. Fur-
thermore, the k_ values for triplet quenching by ferrocene of
(2-3) x 10° dm?® mol~! s~ in the two solvents are well
below the diffusion-controlled limit. The Stern—Volmer con-
stant in acetonitrile (Fig. 1) is trk, = 225 dm® mol~'. From
the similarity of the Stern—Volmer constants for the quen-
ching of ®,_,, and t; by ferrocene, a triplet pathway for trans
— cis is concluded.

Y1y

I N U il DR B

0 1 2 3 4 5 6 7
oxygen concentration/mmol dm -3

Fig. 6 Plot of k_,, (normalized to 2 = 75 ns) vs. the oxygen concen-
tration for trans-BS in acetonitrile. Insets: formation and decay of
the triplet at 380 nm in argon-, air- and oxygen-saturated solution
(Aexc = 353 nm).

exc
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Repeated flashing of trans-AS or trans-BS, thereby grad-
ually converting the sample into a mixture containing both
cis and trans isomers, did not result in a measurable decrease
in the transient absorption (AA4) at A nor generate a change
in the spectrum. Consequently, the transient absorption
spectra obtained from the two cis isomers in the range of no
overlap with the S, — S, absorption can be considered to be
the same as those from the trans isomers. This is illustrated in
Fig. 4(b) for cis-AS in cyclohexane and in Fig. 5(b) for cis-BS
in ethanol, in comparison with the spectra in Fig. 4(a) and
5(a), respectively. The cis — trans isomerization leads to an
increase in AA in the 300-370 nm range for flashing of the cis
isomers and the trans — cis isomerization leads to a decrease
in AA;,, for the trans sample [Fig. 5(a)]. The changes are
permanent and thus separated from the transient changes.

Behaviour of the Triplet at Low Temperatures

In glassy media the T-T absorption spectra of both trans
isomers are similar to those at room temperature, except that
their A, are red-shifted (Table 3), typicaily 30-50 nm, when
the temperature is decreased to —196°C. Examples are
shown in Fig. 4(a) and S(a). Extrapolation of @,_,. (Fig. 2 and
3) shows that trans — cis photoisomerization does not occur
below temperature t,. The T-T absorption spectrum and
At = 420 nm at — 196 °C has thus to be attributed to a tran-
sition originating from 3t*. A comparison with the spectra of
the cis isomers [Fig. 4(b) and 5(b)] reveals that they are iden-
tical for each of the two stilbenes. This also holds true for the
decay kinetics, no marked difference was found for a given
solvent and temperature (below —150°C, to reduce the
isomerization) for either trans- or cis-BS and in a similar way
for cis- and trans-AS. The observed spectra of the cis isomers
at —196°C [Fig. 4b) and 5(b)] are due to the 3c* configu-
ration, because @, _,, is very small. The following results refer
to flashing of the trans isomers (unless indicated otherwise).

When the temperature is varied from 24 to —196°C, 7
increases typically by five orders of magnitude for both keto-
stilbenes in several media, reaching limiting values of 3 ~ 10
ms below —180°C (Table 3). The temperature dependence of
the reciprocal triplet lifetime of trans-BS (Fig. 3) exhibits
three well distinguished parts; one above a critical tem-
perature ¢, (e.g. —149 and —138°C in MTHF and ethanol,
respectively), one below a second characteristic temperature
to (—169 and —155 °C, respectively) and a third region
between ¢, and t,. A similar dependence of 71" vs. T~! was
obtained for trans-AS (Fig. 2). In glycerol triacetate (GT) the
change in 1, was obtained in a much narrower temperature
range (see Table 3). This indicates that the viscosity, which
changes by 12 orders of magnitude between 25 and
—76°C,*? is the dominant parameter.

The relative triplet yield, as estimated by AA4,,,, was found
to be nearly constant over a wide temperature range. This
was also found for cis-AS (or cis-BS) in ethanol, starting at
—196°C, where virtually no cis — trans isomerization occurs
(see above), and then increasing the temperature; repeated
flashing, however, also yields the trans isomer. Triplet popu-
lation from the trans isomers occurs vig the 't* — 3t* tran-
sition (Scheme 1). A significant contribution of a twisting step
in S,, 't* - !p*, as in other cases,}®?%28:30 j5 excluded on
the basis of the quenching measurements with ferrocene (Fig.
1). Owing to this, the substantial ®,_,, (Table 1) and the small
®; values, @, is estimated to be in the range 0.7-1.0 for both
trans isomers.

Based on a rate constant for fluorescence of k; = 4 x 108
s™! (@, =~ 0.04) for trans-stilbene at room temperature,®’
ki, ~ k/®; > 4 x 10'! s can be estimated for AS or BS
using the limit ®; < 1073 (see above) and assuming k, to be
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Table 3 T-T absorption maximum in glassy media and characteristic temperatures for triplet decay®

compound solvent Ab/nm t,/°C t,/°C k(t,)/105 s~* 1/79 €/10% 571
trans-AS MCH 410 1.1
MTHF 415 —149 —169 7 1.2
GT 410 —-32 —69 9 1.8
ethanol 410 —138 —155 10 12
trans-BS MTHF 430 —149 —168 7 0.9
EPA‘ 430 —134 —-173 9 0.8
GT 430 -50 -70 6 1.5
ethanol 425 —-130 —162 6 1.3
cis-AS MCH 410 1.2
cis-BS ethanol 420 1.1
trans-stilbene® GT -72 1
trans-4-nitrostilbene GT —24 —64
trans-stilbene ethanol —168 0.7
trans-4-nitrostilbene ethanol —124 —165

% In argon-saturated solutions.® 4 is ca. —50°C for GT and below —150°C for the other solvents. © Reciprocal triplet lifetime below ¢,.
¢ Diethyl ether, isopentane, ethanol (5 : 5 : 2). ¢ Taken from ref. 30 and 21 for stilbene and 4-nitrostilbene, respectively.

the same in the presence and absence of the carbonyl group.
The smallness of the changes in A4 of the T-T absorption
spectra with temperature [Fig. 4(@) and 5(a)] shows that
®,,. ~ 1 holds true over the whole range examined. This con-
trasts with the case of trans-4-R-stilbenes (R: H, F, Cl and
Br), where the triplet yield increases with decreasing tem-
perature, i.e. T-T absorption becomes significant only when
twisting in the excited singlet state (*t* — 'p*) or via an upper
excited triplet state is hindered by the high viscosity.?° It is
worth pointing out that new insights in the excited singlet
state dynamics of trans-stilbene have been obtained recently
by the investigations of several groups.”-®

cis — trans Photoisomerization

After population of the !c* state, two initial deactivation
steps are possible in fluid solution, intersystem crossing at the
cis side

le¥  3c* (2a)

followed by rotation about the double bond

%o - 3p* 2b)
(Scheme 1) or first twisting in S,

Ig* o 1p* (3a)
and then intersystem crossing.

'p* - p* (3b)

Scheme 1

If both partial cis — trans routes occur on a timescale <10
ns, they are difficult to distinguish. Identical T-T absorption
spectra from 3c* and *p* states would completely hinder a
separation. The absence of a marked fluorescence even in
rigid media indicates the involvement of n,z* states in the
deactivation of 'c*. In this respect, AS and BS behave like a
somewhat distorted acetophenone and benzophenone,
respectively.f

On the basis of a close similarity of the spectra of the cis
isomers at 25 and —196°C, sequence (2) in the cis — trans
pathway at ambient temperatures is likely, although alterna-
tive (3) could be involved to a certain extent. The driving
force of the electronically excited cis form, as compared with
the excited trans form, to twist about the double bond is gen-
erally significantly stronger. This is supported by the much
smaller reduction of ®_,, (at a given low temperature) with
respect to @, . on lowering the temperature (Table 1). An
impressive example has been reported for BS in the 1:1
mixture of MCH and IH, where @__,, is only 2.5 times smaller
at —180°C than at room temperature, but the change in
®,_,, is ten times larger.3? Thus, a clear distinction between
sequences (2) and (3) is not possible as yet.

Absorption Spectra and Energetics

The triplet energy, i.e. the T, — S, transition energy, obtained
from phosphorescence at —196°C, is Ey = 49, 47.3 and 46.6
kcal mol™! for the trans forms of stilbene, both 4-
ketostilbenes and 4-nitrostilbene, respectively.>*! The
S, — S, absorption maximum of the trans form of AS (315
nm) or BS (318 nm) also lies between those of stilbene (296
and 307 nm, ¢€,9¢ X €397) and 4-nitrostilbene (340 nm). It is
therefore reasonable to suggest that the singlet energy levels
of trans-AS and trans-BS are also between those of the two
others. Concerning the cis isomers, the S, level also has a
small decreasing shift of the same order as above. E; = 45
kcal mol~! above c has been proposed for cis-stilbene,* no
data are available for the other cis-stilbenes. Results from
photoacoustic calorimetry for the relaxed triplet state are
E; = 44 kcal mol ™! for both isomers!? or E; = 42.0 and 46.5
kcal mol~! for cis- and trans-stilbene, respectively.'> For
comparison, E; =484-49.0 kcal mol~! for trans-4,4-
diacetylstilbene.!?

t See @,

isc

values in ref. 34.
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The similarity of the T-T absorption spectra of trans- and
cis-AS (Fig. 4) or BS (Fig. 5) indicates that the energy gap
between T, and T, happens to be virtually the same for *t*,
3p* and 3c*. This contrasts the cases of stilbene!® and the
4-nitrostilbenes,?!'2* where the transition energy for 3t* —» T,
was suggested to be lower than that for the 3p* — T, step.
Indication for the possibility of only small transition changes
between excited states of cis- and trans-stilbene can be found
from the S; — S, spectra which have maxima at 660 and 590
nm, respectively.>®

A further difference caused by the carbonyl group is the
absence of structure in the T-T absorption spectrum of trans-
AS or trans-BS [Fig. 4a) and 5(a)], whereas those of trans-4-
R-stilbenes (R: H, F, Cl, Br and OCHj) are structured, gener-
ally showing three peaks.!%-2%3% On the other hand, the T-T
absorption spectra of trans- and cis-BS are quite different
from that of benzophenone,>* indicating that the = system of
the styrene part strongly interacts with that of the remaining
benzophenone structure. The observation of absorption from
3¢c* is new and important. There seems to be a lack of infor-
mation in the literature concerning the T-T absorption spec-
trum of cis-stilbenes in glassy media, e.g. at — 196 °C.>*

Triplet-state Dynamics in the trans — cis Pathway

The slow decay in the high viscosity range, in particular the
limiting 79 values at temperatures below t,, is explained for
the two ketostilbenes, as generally for 1,2-diarylethylenes,
16.21.30 1yy intersystem crossing at the trans side, 3t* — 't. The
characteristic temperature, t,, depends only slightly on the
particular 4-R-stilbene molecule (R: H, acetyl, benzoyl and
nitro) but strongly on the medium (Table 3). For example, ¢,
is —70 and —168 °C for BS in GT and MTHF, respectively.

Evidence for establishment of the 3t* = 3p* triplet equi-
librium is based on the temperature dependences of 1 and
®,.,. (Fig. 2 and 3) as follows. When the temperature is
increased from t, to the second characteristic temperature, ¢, ,
which is only 20-30°C above ¢,, 7 is decreased. This effect is
extremely strong, nearly five orders of magnitude (Fig. 2 and
3), and cannot be due simply to the reduced diffusion at low
temperatures;'®*® obviously inherent geometrical changes
are involved. The explanation is that between ¢, and ¢, 3t* is
deactivated via sequence (4):

¥ s p* s lposalt+(1—a)le @

o is the fraction of triplet decay into the trans form (see
Scheme 1). Above t,, the viscosity is low enough, such that
the 3p* —3t* twisting step dominates, as shown for
nitrostilbenes?!~?* and naphthylstyrenes.'® At t,, the rate
constants for the two decay steps of *p* are equal. This con-
stitutes a minimum value for the *p* — 'p transition of k, =
6 x 10° s~ ! (Table 3), i.e. when this transition is independent
of temperature and viscosity. On the other hand, k, cannot
be much larger than the above estimation, as concluded from
eqn. (I) for a triplet equilibrium.2!-2*

1 K,
— =k,
Tt 1+ K,

m

Here, K, = k,/k_, is the equilibrium constant, k, is the rate
constant for the 3t* — 3p* conversion and k_, that for the
back-conversion. According to eqn. (I), k, is equal to 1/7;
[which is in the range (1.1-1.7) x 107 s~ '] or smaller, since
K /A1 + K,) can vary between 1 and 0. The former case
(K, » 1), i.e. a shift of the 3t* 2 3p* equilibrium towards the
perpendicular conformation, is supported by the very small
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effect of temperature on t; above t,. For comparison, the
data reported for trans-4-nitrostilbene are k, ~ 3 x 107 s~!
and 0.3 < K, < 3 with a trend to smaller values in polar sol-
vents.?* This trend, which is absent for AS and BS, was also
found for stilbene, where 1.9 < k,,/lO7 s 1<22 and 24 <
K, < 10 has been reported.!® The latter equilibrium constant
had been criticized by Gorman and Rodgers!'! on the basis of
singlet oxygen measurements in benzene and a lower value of
K, = 1 was favoured. In contrast, the 3t* & 3p* triplet equi-
librium does not exist for styrene derivatives.3®

A limitation for K, towards maximum values is obtained
from the quenching measurements at room temperature.
Assuming that ferrocene, the applied quencher for energy
transfer interacts only with 3t* and that oxygen quenches
only *p* (the rate constants are k| and k,,, respectively), the
experimental slopes of 1/t1 vs. [Q] or [O,] are given by eqn.
(II) and (III).

kl
k, = 4 IT
¢ 1+K, an
K,
k= k; 11}
= ke TR ()

Data in Table 2 show that k, for quenching by ferrocene is
well below the diffusion-controlied limit (rate constant, ky).
A value of K, > 10 would not be in agreement with the
experimental value k, = 0.2k;;;; . On the other hand, k,, has a
trend to values much larger than the 1/9ky limit, which
would result from triplet quenching by oxygen via energy
transfer. Quenching of the 3p* state of stilbene by oxygen
occurs via a spin-exchange mechanism.>*® The k, and k,,
values for AS and BS and 2 < K, < 6 are in agreement with
the applied model. One could speculate about the role of an
extended 3t* 2 3p* & 3c* equilibrium and the effect of energy
transfer from 3c* to ferrocene (or azulene), but an answer to
this would require a far more in depth study.

The author thanks Professor D. Schulte-Frohlinde for stimu-
lating discussions, Professor E. Fischer for providing trans-
AS and Mr. L. J. Currell for technical assistance.
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