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Abstract

The quantum efficiency for the biacetyl-sensitized isomerization of (Z,E)-3,3",5,5"-tetra(tert-butyl)-4'-styrylstilbene to ( E, E)-3,3",5,5"-
tetra(tert-butyl) -4’ -styrylstilbene can be increased by more than fifty times by the addition of anthracene to the reaction mixture, The results
are explained as being due to a more efficient encrgy transfer within a quantum chain process. The chain length of the process increases with

increasing concentration of anthracene.
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1. Introduction

Catalysis in photochemical reactions does not usually
involve the excited state of the pure catalyst but is often a
case of ground-state complexation prior to the excitation, e.g.
Lewis acid catalysis of photochemical reactions [1]. There
is also a possibility that an intermediate reactive towards a
catalyst is formed, as is the case in the deconjugation of
cyclohexenones [2]. In our study, the excited triplet states
of the reactant, the product and the catalyst are all involved
in the reaction. To our knowledge this is a new type of catal-
ysis. A prerequisite for such a catalytic process is the presence
of an adiabatic photoreaction, in which the product is formed
in its excited state. In a previous paper it was shown that a
similar type of catalysis could occur in stilbene photoisomer-
ization, although this required the formation of an excited
state complex in terms of cither an encounter complex or a
triplet exciplex [3]. This complex has to be sufficiently long
lived for the isomerization and energy transfer processes to
proceed before the complex is dissociated.

In a series of papers by us and others, an adiabatic mech-
anism has been shown to be important for certain cis~trans
photoisomerizations [4]. The adiabatic mechanism has been
shown to be valid not only for triplet-state [4b—d,g~h] but
also for singlet-state [4a,e,f~h] isomerizations. In triplet-
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state reactions the excited product may have rather a long
lifetime, and this may lcad to energy transfer from the excited
product to a ground-state reactant, initiating a new isomeri-
zation process, provided that the triplet energy of the reactant
is not much higher than that of the product. The reactions can
then proceed by quantum chain processes with quantum
yields excceding unity [ 5]. Inthis paper, we present an exam-
ple of how the quantum efficiency of such a process can be
further increased, i.e. how such a reaction can be catalysed.

2. Experimental details

Solutions of (Z,E)-3,3",5,5"-tetra(tert-butyl)-4'-styryls-
tilbene (Z), anthracene and biacetyl were irradiated at 436
nm. An optical bench with a 150 W xenon arc lamp and a
monochromator was used. Samples without anthracene were
irradiated to permit the light flux to be determined. The styr-
ylstilbenc was prepared as previously described [4a]; anthra-
cene (test substance for elemental analysis, Merck) and
biacetyl (Aldrich, greater than 99% (gas chromatography ;)
were used as received. All measurements were performed in
nitrogen-flushed solutions with spectroscopic-grade methyl-
ene chloride as solvent. The compositions of the irradiated
solutions were determined by analytical high-performance
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liquid chromatography using hexane as eluent and a medium
polar column; Spherisorb S5 CN. The +etection method was
UV absorption (313 nm).

3. Theory

The following reactions are of importance in a triplet-
sensitized cis-trans isomerization proceeding by a quantum
chain process: excitation (x denotes the molar fraction of the
respective compounds):

Sens — 'Sens* I, excitation raic 4))
'Sens* — Sens* ¢, = 1 (for biacetyl) )
energy transfer:

Sens* +Z—> Sens+°2*  Ix, 3)
‘Sens* + E— Sens+E* Iy, (4)
VY4 Z = E+'Z*  kapy 5
isomerizations:

AZ¥ s Ip* ey (6)
SE# o) JP* K ( -7 )
unimolecular decay:

B B kg (8)
‘Pr— aZ+(1-a)E Kk, 9)

In a photoreaction proceeding by a quantum chain process,
energy is transferred from the product-excited state to a
ground-state reactant (Eq. (5)). This energy transter is usu-
ally an endothermic reaction and the rate of the reaction is
thus lower than that of a diffusion-controlled reaction [6].
The length of the chain in the chain process depends of course
on the efficiency of this energy transfer step, which also
depends on the lifetime of the excited product. Knowing the
relative energy of the species, the rate constant of this energy
transfer reaction can be calculated from the Sandros (6]
equation

- ko
ke 1 +exp(—AE/RT) (10)
By the addition of a substance Cat, with a triplet energy
intermediate between those of the reactant and the product,
the reaction can, provided that the triplet lifetime of this
substance is longer than that of the product, be catalysed. The
additional reactions which then need to be considered are

'Sens* +Cat — Sens+'Cat*  Ix,, an
E* +Cat == E+Ca* ke Kucus (12)
ar*+Z— Cat+3Z2* kyeuz 13)
Cat*— Cat &, (14)

Some assumptions are made, namely that equilibration
between the different triplets is much faster than decay of
triplets, that 3Z* has an infinitesimal lifetime and that 3E* is
much more populated than *p*, that the dominating reactions
of the sensitizer triplet is energy transfer to the reactant, to
the catalyst and to the product and, furthermore, that the
unimolecular decay from 3EE* to the ground state is too slow
to be of importance (kK> kg). These assumptions have
been shown to be valid for the biacetyl-sensitized isomeri-
zation of (Z,E)-3,3",5,5"-tetra(sers-butyl)-4'-styrylstilbene
(Z2) to (E,E)-3,3".5,5"-tetra(tert-butyl)-4'-styrylstilbene
(E) [4b]. The experimental work presented in this paper
demonstrates  the catalysis of this isomerization by
anthracene.

Steady-state treatments of the total triplet and of the Cat
triplet give

d[ rotal*)
dr

d *Cat*]
dr

=1k ['p*] = kel *Cat*] =0 (15)

= GCm + ke\&tm[ SE " l l Cm]

= kecusl *Cat* 1 [ E} = kocuzl *Cat?] (2]
—k(fmlscat*] =0 (16)
Equations (15) and (16) give

(xcuKk, + kclma_! [Cat)) [*E*)
kea(l = Xeu) +kocasl E] +kocuzl Z]

The rate of isomerization to E is

[*Cat*] = 17)

o = (1=a)k,[*p*] +k e[ E*1(2]

+ ketl;’Cm( "E*] [catl - kcl(?mli[ Jcat*] [E] - ’xb?

(18)
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Fig. 1. The concentration of E plotted against the total number of absorbed
photons per litre in Einsteins per litre. The concentration of Z at /t=0 was
4.91 mmol 1™, The curves are theoretically calculated for the various anthra-
cene concentrations used: 0, 15 mmol 1~ *; X, 6.31 mmol 1~ '; @, 4.1 mmol
1. @, 0 mmol 17",
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Equations (17) and (18) give
d[E] kecaue(XcaKky + kepca[Cat] ) [E] [PE*]
— =(1—-a)Kk BE* +kc 3E* Z1 + at 3E* C _ CalE\AC, etECat _
ar (T ORREE el 2 ke ot = o hocual Bl +hocglZD) 1 (19)

Equations (15), (17) and (19) give

ALE] _ (1—a) +karsl 2]/ Kk, + kewrcw [Cat] / Kk — kecur(Xca + kerca [Cat] /K&y) [EV/ [kca] = Xeu) + kecar E] +kacazl Z1]

Idt 1+ kea(Xc + kapcu[Cat]/ Kk /Tkcu(1 = Xcu) +Kacuel E1 + kacazl 2]] e
(20)
4. Results energy intermediate between those of the reactant and the
product. Anthracene has a long triplet lifetime (about 100
Samples of Z and biacetyl in methylene chloride containing is) and its triplet energy (42.5 kcal mol ™ ') is intermediate
anthracene in various concentrations were irradiated at 436 between those of Z and E, which are 43 kcal mol ! and 41
nm. The quantum efficiency for the formation of E was clearly kcal mol ™' respectively. Furthermore, the catalyst should
dependent on the anthracene concentration (Fig. 1). Numer- have a Franck-Condon triplet, i.e. there should be as much
ical integration of Eq. (20) with different values of the rate energy available for sensitization as is required for excitation.
constants was carried out. The photon flux was determined Another important feature is photostability. The triplet state
in the absence of anthracene (Fig. 1) using the rate constant of anthracene is photostable in this system (no degradation

for energy transfer from *E* 10 Z which had previously been could be detected under the conditions used).

foundtobe 1.2X 108 M ' s~ ! [4b]. ' One set of parameters The presence of a triplet exciplex or a long-lived encounter
which gives a fairly good fit to the experimental data from complex combined with ‘‘non-vertical’’ energy transfer
irradiations of samples in the presence of anthracene is (Fig. might also further enhance the efficiency of the catalytical
1) a=0.5, kypca=1.7X10° M~ 57!, ke, =1%10% 571, process. In our case a long-lived excited-state complex is not
1/Kky=35%10"% s, kycue=3.0X10° M~ s~' and needed to explain the catalysis although it might contribute
kecaz=2.1%X10°M~'s"'.2 to aminor extent. In the photocatalytic stilbene isomerization,

sensitized by metalloporphyrins, a complex long-lived
enough for the isomerization and energy transfer processes

§. Discussion to occur has to be present [3].
We intend to design other systems to study this type of
In Fig. 2, a simple description of the catalytical processis catalysis. One objective is to find a catalyst which can also
attempted. For simplicity, the 3p* state is ignored here since conveniently be used as a sensitizer.

it in principle does not affect this discussion. Two important
features of the catalyst are a long triplet lifetime and a triplet

! This value is for a methylcyelohexane solution, although the experiments 6. Conclusion
reported in this paper have been done in methylene chloride to allow for
higher anthracene concentrations. No correction has been made for this

s‘?lve:t clhdu:gc. Thusf;here m:y be soimle minor numerical deviations, but We have found a new and simple way to catalyse adiabatic
this should have no effect on the principle. o . S . W r
2 Qbviously, several other combinations of rate constants might also give c‘f trans phpto:§omernzat!ons. Itis tol ea;_lyl to,sa}' hethe
good fits to the experimental values, so that the values of these rate constants this mcghamsm IS Qf any 1mp9rtance In biofogica systems,
should not be taken too literally. such as in the chemistry oi vision at very low light fluxes.
Energy
3Cis‘ SCis.
3 »
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: ; A : :
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Fig. 2. llustration of the effect of a catalyst on a quantum chain process.
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