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Abstract

In an experimental study of catalyzed photosensitedransisomerization of 1-(3,5-di-tertbutylstyryl)pyrene, three different cata-
lysts, anthracene, 9-methylanthracene and 9,10-di-chloroanthracene were used. The most efficient catalytic process was observed w
anthracene was used as the catalyst. The quantum yield was 11.5 times higher than that of the uncatalyst isomerization. The use of differ
catalyst shows that the quantum yield for the photoisomerization strongly depends on properties of the added catalyst. The most importz
properties of the catalyst seem to be proper triplet energy and long triplet lifetime.

The limits for the catalysis dfis-transisomerization chain process was also investigated by model calculation. From this calculation it
is concluded that a high quantum yield is not equivalent with efficient catalysis. The most efficient catalysis is reached when the triplet stat
energy of the catalyst is around 1.5 kcal/mol above the triplet energy d&-themer. For this optimum of the catalytic effect, quantum
yield in the absence of the catalyst is close to unity. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction is needed to isomerize one double bond. Our interest in
cis-trans photoisomerization started when we found that
The photochemicatis-trans isomerization of olefins is multiple intramolecular isomerizations could occur in large
one of the simplest, but also one of the most interesting macrocycles via an initial absorption of only one photon
and studied photoreactions. This reaction can occur in the[4]. This eventually led us to examine linear molecules
singlet as well as the triplet statésee, e.g. [1,15,16]) by  with several conjugated double bonds. We have reported
a diabatic or an adiabatic process. In a diabatic process,both intramolecular multiple photoisomerization as well
the reaction starts on the excited state surface and is com-as intermolecular quantum chain reactions [5,17-21]. The
pleted on the ground state energy surface. The decay fromprobability for multiple photoisomerization is higher in the
the excited state to the ground state usually occurs whentriplet state than in the singlet state due to the longer life-
the isomerization is halfway with a 9Qwist around the  time of the triplet state. However, one case of a twofold
C=C double bond. In an adiabatic process the product is isomerization in the singlet state has been reported [5].
formed in an excited state. It is the shape of the excited state In system that follows an adiabatic mechanism, the iso-
potential energy surface that determines the reaction path. merization usually occurs by an intermolecular quantum
The first adiabatic triplet stateis-trans photoisomer-  chain process. This system can show a quantum yield that
ization was reported in the beginning of the 1980s by exceeds unity since the initial excitation energy is used
Tokumaru and co-workers [2]. They termed this reaction as several times [1,15,16}In a quantum chain process the
“one-way photoisomerization”. Shortly thereafter, Sandros excitation energy of, i.e. a triplet state exciteansisomer,
and Becker [3] reported an adiabatic singlet state photoi- 3trans’, is transferred to a ground statie-isomer producing
somerizations. In most cases, the absorption of one photona 3cis* which isomerizes into a newtrans’. Such quantum
chain process will show high efficiency provided that the
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for energy transfer to occur. If the excited state lifetime of 2.2. Isomerizations

Strans® is short, the addition of a second compound with

similar triplet energy astrans’ but with a longer triplet The solutions of SP were irradiated in an optical bench
lifetime could function as a catalyst and increase the length arrangement from applied photophysics, using a 150 W
of the quantum chain process. We have shown that it is xenon arc lamp and a monochromator adjusted to 480 nm.
possible to catalyze an adiabatis-transisomerization by ~ The isomerization was followed by analytical HPLC
adding such a catalyst [6,7]. We have also found that the (spherisorb CN f, with hexane as eluent). The photon
efficiency of the quantum chain process depends stronglyfluxes were determined by ferrioxalate actinometry. The re-
on the properties of the catalyst. duction of the oxygen concentration in the sampleisfSP/

In this paper, we report a study of the optimal conditions CQ/catalyst in toluene was accomplished either by nitrogen
for catalyzed quantum chais-trans photoisomerizations.  flushing or degassing by five freeze-pump-thaw cycles.
Complementary experiments to the earlier study as well as
calculations based on a theoretical reaction model have beerp 3. Laser flash photolysis
carried out.

In the experimental part of the investigation we have  Excitation of CQ by using a tripled Nd:YAG laser pumped
studied the effect of the triplet energy and triplet lifetime dye laser (coumarine 486;7 ns FWHM) [10] made it possi-
of the catalyst on the catalytic efficiency by using different pe to determine the triplet lifetime of SP and the catalysts, as
catalysts. The photoisomerization of 1-(3,5-di- tertbutyl- \ye| as the diffusion constant of the system SP/CQ/catalyst.

styryl)pyrene (SP) was chosen and camphorquinone (CQ)The triplet lifetimes are corrected for triplet—triplet annihi-
was used as the triplet sensitizer (Fig. 1). The concentration|ation by extrapolating to zero intensity.

of the catalyst was varied while the concentration of sub-

strate (SP) and the triplet sensitizer (CQ) was held constant.

We have used anthracene and some anthracene derivatives, Theoretical modeling of catalysis of a quantum chain
as catalysts since their photophysical and photochemicalprocess

properties are well known. The triplet lifetime of the cata-

lyst and the substrate were varied by changing the oxygens3 1. Reaction model

concentration in the solution, and consequently the oxygen

quenching rate. The photoisomerization was assumed to proceed by a

guantum chain process and to follow an adiabatic triplet
sensitizetis-transisomerization pathway, described by the

_ following reactions.
2. Experimental

Excitation:

2.1. Materials Sens— 1Seng I, excitation rate Q)

1 3 ;

Sen$ Sen$ @isc 2

1-(3,5-di-tertbutylstyryl)pyrene (SP) [8] was synthesized - )

by a Wittig reaction from (3,5-di-tertbutylbenzyl)triphenyl- Energy transfer:
phosphonium bromide and 1-pyrencarboxaldehyde. A stan-, 3oe
dard procedure for the Wittig reaction, and the purification ~S€NS +Z — Senst°Z* Ixz ®)
of the product mixture and s_eparatlpn of the isomers by 3gon 4 + E — Sens3E*  Ixg ()
HPLC, was used [9]. The purity obtained was >99.5% and
the total yield of the different isomers were 90%. SE*+Z > E+37Z" kegz (5)

Catalyst and sensitizer
hv

t-B ‘ t-Bu
7
t-SP

Ay

Fig. 1. cis-trans isomerization in the presence of a catalyst, anthracene, 9-methylanthracene or 9,10-di-chloroanthracene and CQ as the sensitizer.
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Isomerization: 4. Results and discussion
37* — 3p* - 3E* (6) 4.1. The effect of the triplet energy of the catalyst
3% 3%
E"="p K 7 The isomerization ofcisSP (0.2mM) to transSP

was studied using three different catalysts (0—20 mM),

Unimolecular decay: CQ (50.0mM) as triplet sensitizer, and with toluene as

3p* L E kg ©) sqlvent. The oxygen congentra_tion _flushing was mini-
mized by flushing the solution with nitrogen. Anthracene,
p* > aZ+ (1—a)E kp 9) 9-methylanthracene and 9,10-di-chloroanthracene were se-

lected as catalysts, which have the triplet energies 42.5,
To derive at Eq. (14), valid for the catalyzed triplet-sensitized 41.4 and 40.7 kcal/mol, respectively [12]. The triplet en-
cis-transisomerization, energy transfer to and from the cat- ergy levels are 43.0kcal/mol faris-SP and 40.8 kcal/mol
alyst as well as the decay of the triplet state of the catalyst for transSP [8]. The diffusion constant was determined

have to be considered. by laser flash photolysis to.x 10°M~1s~1. The triplet

Energy transfer with catalyst: lifetimes oftrans-SP Kkp) and the catalystk¢ay) were also
measured by laser flash photolysis. The triplet lifetimes of

33ené + Cat— Sens+3 Cat*  Ixcat (10) the catalysts were corrected for self-quenching. Kbg

3 3 was substituted fokcat+ ksqca{Cat]. No photodegradation

E* 4 Cat— E +°Cat’  ketecat, ketcat (11) of the catalysts was observed. When the concentration of
3 3 the catalyst is varied, the quantum yield for the isomeriza-
Cat' + Z — Cat+°Z" ketcaz (12) tion shows a maximum at a certain concentration of the

catalyst. At much higher concentrations of the catalyst the
guantum chain process is terminated by self-quenching of
the catalysts triplets (Fig. 2).

The efficiency of the quantum chain process is strongly

In an earlier paper [6] the theoretical treatment of such cat- dependent on the triplet energy of the catalyst. The efficiency

alytic processes has been discussed and the following equadecreases with decreasing triplet energy of the catalyst. The

tion is proposed to describe the catalysis of the isomeriza- €fficiency is about 11.5 times and 2.5 times higher with

Unimolecular decay with catalyst:

Scat* — Cat kcat (13)

tion:
(1 — ) + ketez[ Z] /Kkp + ketecafCat]/Kky — (ketcaw (xcat + ketecalCatl/Kkp)[E£])/
d[E] (kcat(1 — xcap) + ketca[E] + ketcaz[Z]))
13t 1+ kcat(xcat + ketecalCat]/Kkp) / (kca(1 — xcat) + ketcar[E] + ketcaz[Z])

In earlier papers we have investigated three other catalyticanthracene and 9-methylanthracene, respectively, than that
systems [6,7]. The agreement between the experimental re-of the uncatalyst isomerization. Almost no catalytic effect
sults and calculations using Eq. (14) has been good. For thewas observed for 9,10-dichloroanthracene.

catalytic system otis-SP/CQ/catalyst only the linear part

of Eq. (14) is considered because the isomerization was run ;

to low conversion only. Thus, Eqg. (14) can be simplified as- 4.2. The effect of oxygen quenching

suming [E] = 0, to Eq. (15). This simplification has been  piferent methods of oxygen removal were tested, in
used in the evaluation of two of the earlier catalytic systems ,qar to see how the effective triplet lifetime of the catalyst

[7].

J[E] _ (1 — a) + ketez[ Z] /Kkp + ketecalCat]/Kky
19t 1+ kcat(xcat + ketecalCat]l/KKp) / (kcat(1 — xcad + ketcaz[Z])

(15)

The rate constants of the energy transfei; 7, Ketzcat and
Ketcarz in Eq. (15) can be calculated using the Sandros [11] and the substance influences the catalytic efficiency. In this
equation (Eq. (16)) if the diffusion constarkyi;) and the study the most efficient catalytic system from the earlier ex-

differences between the triplet energies of the energy donorperiments above was chosen, i.e., anthracene 15 mM. At first

and acceptor4Er) are known: oxygen was removed from the sample simply by flushing
with nitrogen. The catalytic efficiency was about 11.5 times
kit (16) the efficiency of the uncatalyzed reaction. Then, for com-

~ 1+exp—AET/RT parison, the sample was degassed by five freeze-pump-thaw
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Fig. 2. Experimentally obtained and calculated quantum yields for the isomerizatiois-8P as a function of the concentration of the catalysts: (a)
anthracene, (b) 9-methylanthracene, (c) 9,10-di-chloroanthracene. The concentratisS®fwas @ mM at /,.

cycles to lower the oxygen concentration in the solutions  Furthermore, the triplet energy differencer 32*—S3E*
more efficiency. The quantum yield was then increased to was assumed to be at almost 5kcal/mol, which is a large
30 and the catalytic efficiency was 23 times the efficiency value for aromatic compounds with extendedgsystems
of the uncatalyzed reaction. likely to undergoZ/E-photoisomerizations.
Our basic idea is that for mo&E photoisomerizations,
which can undergo quantum chain processes, i.e., are adi-
5. Model calculations abatic, it is possible to catalyze the photoisomerization by
adding a compound with a proper triplet energy and long
The theoretical modeling of the catalysis of the quan- triplet lifetime. If the triplet lifetime of theE-isomer of
tum chain process was done by calculations using Eqg. (15)the substrate is very long and if the triplet energy differ-
as described above. The equation has six independenence betweerZ-and E-isomers is zero there is no point
variables, which all can be varied. Two of these are the in adding an extra compound. However, in most cases the
energy differences between the triplet states ofZhand triplet lifetime of theE-isomer is short and there is a small
E-isomers(AE 3Z*-3E*) and between the triplet states of but significant difference between the triplet energies of the
the E-isomers and catalystA E 3Z*—3Cat*). Another two Z-and E-isomers. In Fig. 3, we show some results of our
are the concentrations of thisomer and the catalyst and model calculations.
the last two are the lifetimes of tHe-isomer and the cata- The values of the variables which depend on the cat-
lyst. This study focuses on the catalytic optimum and how alyst that lead to a maximum of the quantum yield are
to maximize the quantum yield. The experimentally studied shown in the diagram. The choice of the concentrations
system was used as a starting point to find whether or notand the lifetimes are based on our experimental system
the catalytic process has a maximum value. SP/CQ/anthracene. The maximum of the quantum vyield
The variables were given realistic values based on the and the catalytic efficiency is plotted as a function of the
previous experimental results. It is not realistic to use very triplet energy difference between this- andtransisomers
high concentrations of the catalyst and the substrate since(20 mM, triplet lifetime 20us) and a catalyst (15 mM, triplet
the quantum chain process will then be terminated by lifetime 500us). The quantum yield decreases but the cat-
self-quenching of the triplets. Such self-quenching is not alytic efficiency increases with increasing energy difference.
included in the model. Calculations assuming very long A large value of the quantum yield does not have to be
triplet lifetimes of the catalyst and reactants are not realistic the same as an efficient catalytic process. A typical triplet
since oxygen quenching will always occur even in carefully energy difference between thie and theZ-isomers of a
degassed solutions. substrate, which can isomerize adiabatically, is 1-3 kcal/mol
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Fig. 3. Calculated quantum yield and catalytic efficiency for ¢ietrans isomerization as functions of the triplet energy different betweerctkeand
trans isomers. The calculations were preformed ooisisomer concentration of 20mM and a triplet liftime of= 21 s and a catalyst concentration
of 15mM and a lifetime oftcae = 500us.
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Fig. 4. Calculated values of catalytic efficiency and the substance concentration as functions of the triplet energy different betise@ndtiansisomer.

The catalytic efficiency is strongly dependent of the triplet lifetime of the catalyst. In the diagrams the triplet lifetimes are the followingts(ajop0
500us; (c) 1 ms.
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Fig. 5. Calculation of the optimum catalytic efficiency is showing a strong effect of the triplet lifetime of the catalyst. In the diagram the optimum
catalytic efficiency, the concentration and the catalyst triplet energy are shown as functions of the triplet lifetime of the catalyst. Thensalvelati
preformed on the substance SRK3Z*-3E* = 40.8-430 kcal/mol, sp = 21us) and a catalyst concentration of 15 mM.
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Fig. 6. An optimum of the catalytic efficiency exsists for the catalytic process. This is clearly seen in the three dimension plot (a) and a cortpur plot (
In this plot the catalytic efficiency is shown as a function of the concentration o€itisomer and the triplet energy of the catalyst. The calculation
was performed on the substance SPECZ*-3E* = 40.87-430 kcal/mol, sp = 21us) and a catalyst concentration of 15mM angl; = 500s.
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[13]. In this energy interval the catalytic effect is limited to chain process where energy transfers between the molecules
a 5-25 fold increase in quantum yield for the chain process involved occur by fast collisions. An alternative mechanism
compared to the uncatalyzed reaction. However, by varia- for catalyzed photoisomerizations is also possible. Energy
tion of all of the variables the catalytic efficiency can be transfer and isomerization could occur within an excited
improved. The influence of the substrate concentration andmolecular complex between the catalyst and the substrate.
triplet energy difference on the catalytic efficiency is shown Such system has been reported by Whitten et al. [14,22]. Fur-
in Fig. 4 for three different triplet lifetimes of the catalyst. ther work on the catalysis of photoisomerization will clarify
The efficiency at the optimum value increases with in- the different possibilities with respect to the various mecha-
creasing triplet lifetime as expected. It is possible to achieve nistic schemes and whether or not catalytic photoisomeriza-
high catalytic efficiency at low substrate concentrations and tion do occur in nature. Catalyzed guantum chain processes
relatively small energy differences between the triplets of are certainly very effective ways of initiating biological pro-
thecis- andtransisomers. At the optimum point for the cat- cesses by light and constitute very sensitive photoprocesses.
alytic effect the quantum vyield for the uncatalyzed isomer-
ization is close to unity. Thus, it is not necessary to have a
high quantum yield for the uncatalyzed process. An added Acknowledgements
catalyst that increases the quantum yield above one acts as
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triplet state of the catalyst. Fig. 5 shows some results.
The optimum catalytic efficiency is calculated as a func- References
tion of triplet energy and lifetime of the catalyst (15 mM) and

the concentration of the substrate. The optimum efficiency
is not very sensitive to either the substrate concentration or
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requires some comments. Originally, we had the idea that
the triplet energy of the catalyst should be in between the
triplet energies of theZ- and E-isomers. Calculations have
shown this to be only partially correct. The optimum triplet
state energy of the catalyst is around 1.5 kcal/mol above the
triplet energy of thee-isomer. This optimum energy of the
catalyst decreases slightly with increasing triplet lifetime of
the catalyst.

The catalytic efficiency for the catalysis as a function of
substrate concentration and triplet energy of the catalyst is
shown in Fig. 6. Clearly, there is a maximum with a catalytic

[1] T. Arai, in: V. Ramamurthy, K.S. Schanze (Eds.), Organic Molecular
Photochemistry, Marcel Dekker, New York, 1999 (Chapter 3).

[2] T. Arai, T. Karatsu, H. Sakuragi, K. Tokumaru, Tetrahedron Lett. 24
(1983) 2873.

[3] K. Sandros, H.-D. Becker, J. Photochem. 39 (1987) 301.

[4] M. Sundahl, O. Wennerstrém, K. Sandros, U. Norinder, Tetrahedron
Lett. 27 (1986) 1063.

[5] K. Sandros, M. Sundahl, O. Wennerstrom, U. Norinder, J. Am. Chem.
Soc. 112 (1990) 3082.

[6] M. Sundahl, O. Wennerstrém, J. Photochem. Photobiol. A 98 (1996)
117.

[7] M. Brink, H. Jonson, M. Sundahl, J. Photochem. Photobiol. A 112
(1998) 149.

[8] H. Okamoto, T. Arai, H. Sakuragi, K. Tokumaru, Bull. Chem. Soc.
Jpn. 93 (1990) 2881.

[9] M. Sundahl, O. Wennerstrom, K. Sandros, T. Arai, H. Okamoto, K.
Tokumaru, Chem. Phys. Lett. 168 (1990) 395.

efficiency of 69 for the case where the triplet energy of the [10] I. Anger, M. Sundahl, O. Wennerstrom, Chem. Phys. Lett. 238 (1995)
. . 2.
catalyst is ca. 42.4 kcal/mol and the substrate concentratlon[ll] K. Sandros, Acta Chem. Scand. 18 (1964) 2355.

is 0.2mM.

Are these conditions and the catalytic efficiency realistic?
As already mentioned we have been able to achieve very si
ilar results experimentally with our model system. It should

[12] I. Carmichael, G.L. Hug, S.L. Murov, Handbook of Photochemistry,

2nd Edition, Marcel Dekker, New York, 1993.

m_[13] T. Arai, K. Tokumaru, Chem. Rev. 93 (1993) 23.
[14] D.G. Whitten, P.D. Wildes, C.A. DeRosier, J. Am. Chem. Soc. 94

(1972) 7811.

be possible to reach the catalytic effect shown in Fig. 6 with [15] V. Jayathirta Rao, in: V. Ramamurthy, K.S. Schanze (Eds.), Organic

proper equipment to decrease the oxygen concentration in

the solution and thus lowering the oxygen quenching rate.

6. Concluding remarks

We have found four examples of triplet-sensitized photo-

Molecular Photochemistry, Marcel Dekker, New York, 1999 (Chapter
4)

[16] J. Saltiel, Y.-P. Sun, in: H. Durr, H. Bouas-Laurent (Eds.),

Photochromism: Molecules and Systems, Elsevier, Amsterdam, 1990,
p. 64.

[17] M. Sundahl, O. Wennerstrém, K. Sandros, T. Arai, K. Tokumaru, J.

Phys. Chem. 94 (1990) 6731.

[18] M. Sundahl, K. Sandros, O. Wennerstrom, T. Arai, H. Okamoto, K.

Tokumaru, Chem. Phys. Lett. 168 (1990) 395.

catalytic processes. We have also investigated the scope an@9] I. Anger, M. Sundahl, O. Wennerstrém, K. Sandros, T. Arai, K.

limitations of this catalytic process by the calculations based

Tokumaru, J. Phys. Chem. 96 (1992) 7027.

on a tentative mechanism. Further search for new and sim-[20] K. Sandros, M. Sundahl, O. Wennerstrom, J. Phys. Chem. 97 (1993)

5291.

pler systems will continue. As an example, we are looking [21] K. Sandros, M. Sundahl, J. Phys. Chem. 98 (1994) 5705.
for efficient systems where the catalyst and the sensitizer[22] J.A. Mercer-Smith, D.G. Whitten, J. Am. Chem. Soc. 100 (1978)

are the same. All the studied systems follow a quantum

2620.



