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Abstract: The sensitization of stilbene isomerization by the strongly solution phosphorescent palladium(II) and platinum(II) 
porphyrins has been investigated. These complexes, which have relatively long triplet lifetime and triplet energies well below 
the spectroscopic triplets of the stilbenes, are efficient sensitizers. Although sensitization of the 1,2-diphenylpropenes appears 
"normal", sensitization of the stilbenes results in quantum yields for the cis to trans process greater than unity and trans-rich 
photostationary states. The results can be explained by a quantum chain process in which the metalloporphyrin serves both as 
an energy donor and an acceptor. In contrast to quantum chain processes previously observed with conjugated dienes which 
involve interchange of acceptor triplets and occur at relatively high concentrations, the phenomena observed here occur at rela
tively low donor and acceptor concentrations. The results suggest the intermediacy of a sensitizer-acceptor cage-encounter 
complex which may have different preferred geometry and altered nonradiative decay properties compared to the free stilbene 
triplet. 

Introduction 

Although it is one of the most thoroughly studied of all 
photoreactions occurring in solution, the triplet sensitized 
photoisomerization of the stilbenes continues as the subject of 
several current investigations.2 Perhaps the two most intriguing 
features of the sensitized stilbene isomerization are the sensi
tization promoted by sensitizers having triplet energies lower 
than the spectroscopic triplets of the stilbenes and the variety 
of mechanisms for quenching of stilbene triplets by different 
substances. It has been shown in several cases that sensitization 
by energy transfer to the ds-stilbenes, both isomers of the 
1,2-diphenylpropenes, and several other nonrigid systems with 
sensitizers having low-lying triplets can occur with rate con
stants considerably greater than predicted on the basis of the 
energies of spectroscopic states of the donors and acceptors.3-6 

Although the phenomenon can be regarded as well established, 
several of the mechanistic details regarding "nonvertical" 
energy transfer remain unresolved.5-7 While much has been 
inferred about the role of the acceptor in these processes, rel
atively little has been determined regarding the role of the 
sensitizer triplet. Excited states of several olefins such as the 
1,2-diphenylpropenes are indicated to have short lifetimes and 
a nonplanar geometry, and the dominant and often exclusive 
channel for return to the ground state is rapid radiationless 
decay of the twisted state intermediate in geometry between 
trans and cis isomers. The stilbene triplet has a measurable (ca. 
110 ns) lifetime8 and it can be quenched in solution by inter
action with a variety of substances including oxygen,9'10 ni-
troxides,13,14 azulene,2'4,15 and /3-carotene.17 The consequence 
of quenching is quencher dependent. The latter two quenchers, 
which have very low-lying triplets, are believed to quench by 
triplet energy transfer; quenching results in selective formation 
of fttz/w-stilbene.2'16 Oxygen quenches the stilbene triplet 
without altering the cis/trans decay ratio9 while di-re/t-butyl 
nitroxide quenches with a slight enhancement of the cis/trans 
decay ratio.13,14 The simplest explanation consistent with these 
observations is that oxygen and the nitroxide quench the 
twisted stilbene triplet by a process not involving energy 
transfer while /3-carotene and azulene quench a transoid triplet 
in an energy transfer process.2 

The possibility of energy transfer from a transoid stilbene 
triplet to a potential triplet energy acceptor coupled with the 
occurrence of rapid energy transfer from "energy-deficient" 
triplet sensitizers to m-stilbene allows the possibility of a 

quantum chain process for photoisomerization as indicated by 

e q l - 3 . 1 7 , 1 8 

S - ^ s ' * - S 3 * (1) 

S3* + cw-stilbene — stilbene3* + S (2) 
stilbene3* + S — trans- stilbene + S3* (3) 

While quantum chain processes, although rare, have been 
observed in other systems,19"23 there has until now not been 
clear-cut evidence for the importance of this process in inter
molecular cases. We were able to observe its intramolecular 
counterpart in a study of zinc and magnesium porphyrin 
complexes with the stilbene-like pyridyl ligands l-(a-naph-
thyl)-2-(4-pyridyl)ethylene (NPE) and 4-stilbazole.18,24 With 
these complexes, the coupling of rapid ligand exchange with 
efficient intramolecular occurrence of steps 2 and 3 as shown 
above permits a quantum chain and photocatalytic process to 
occur with a quantum efficiency, #c—t * 7.24 A study of the 
process using flash spectroscopy indicates that essentially all 
triplets of the ligand-olefin are deactivated by step 3 such that 
the quantum yield is limited only by decay of the metallopor
phyrin; a kinetic analysis of the process leads to the relationship 
given by eq 4 where kel is the rate constant for the intramo
lecular analogue of step 2 and k& is the reciprocal of the por
phyrin triplet lifetime. The measured values and those calcu
lated by eq 4 agree well. 

, _ ffisc *e t ,,-, 
<Pc t̂ - —; W 

Kd 

The ready occurrence of a quantum chain process via in
tramolecular energy transfer encouraged us to examine the 
possibility that more general intermolecular counterparts 
should occur. In principle such a process should occur readily 
provided that the energetics of the stilbene derivative and 
sensitizer allow reactions 2 and 3 to occur with high efficiency. 
In the intermolecular case, however, the short lifetime of the 
stilbene triplet should permit such a process to occur only at 
high sensitizer concentrations or in solvents where a strong 
solvent cage exists since rapid unassisted decay of the "free" 
stilbene triplet should break the chain. Furthermore, the sen
sitizer triplet should have a sufficient lifetime and energy to 
permit efficient operation of step 2. Although a number of 
sensitizers having energies in the 40-45 kcal/mol range could 
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potentially mediate such a process, the palladium(II) and 
platinum(II) porphyrins appeared to be particularly attractive 
candidates for use in such a study for a number of reasons. 
These complexes, in which the porphyrin is bound to a d8 metal 
ion, are very stable as square planar complexes and there is 
little tendency in the ground state to bind additional ligands. 
The strong phosphorescence of these complexes in fluid media 
coupled with their long excited state lifetimes indicate that even 
relatively slow bimolecular energy transfer processes should 
occur with moderate efficiency and be readily detectable.25-27 

In the present paper we report a study of the photosensitization 
of stilbene and 1,2-diphenylpropene isomerization by palla
dium and platinum porphyrins. Results of this study indicate 
that an intermolecular quantum chain process can indeed occur 
for the cis- to trans-stilbene isomerization but that, surpris
ingly, the intermolecular excited state interaction between 
sensitizer and stilbene appears more complex than its intra
molecular counterpart. Thus while simple energy transfer steps 
can account for all the phenomena in the latter case, the in
termolecular case appears to involve the introduction of new 
decay channels not present in either sensitizer or acceptor 
alone. 

Experimental Section 

Materials. The rrans-stilbene was either Baker Ultrex or zone re
fined from James Hinton. Since the m-stilbene obtained from Aldrich 
contained a yellow impurity, it was chromatographed on reagent 
alumina and then vacuum distilled. Purity of the olefins was deter
mined to be greater than 99.2% by vapor phase chromatography. 
Samples of purified trans- and cis- 1,2-diphenylpropene were supplied 
by Dr. D. A. Hunter and used without further purification. 

Octaethylporphyrin was a gift of Dr. Fred Hopf. meso-Tetra-
phenylporphyrin was prepared by the Adler28 modification of the 
Rothemond method.29 Since the porphyrin obtained by this method 
is contaminated by small amounts of mwo-tetraphenylchlorin, the 
crude product was purified30 by refluxing with 2,3-dichloro-5,6-di-
cyanobenzoquinone. The porphyrins were metalated by the method 
of Eisner and Harding.31 The bisbenzonitrile palladous chloride and 
bisbenzonitrile platinous chloride used in the metalation reaction were 
prepared from Alfa Ventron PdCb and PtC^, respectively.32 Palla
dium octaethylporphyrin (PdOEP) was purified by column chroma
tography on alumina by elution with 6% methylene chloride, 94% 
benzene; palladium tetraphenylporphyrin (PdTPP) was chromato
graphed on alumina using a 3:2 solution of benzene and chloroform. 
Both palladium porphyrins were recrystallized from chloroform-
methanol. Owing to difficulty in separating the platinum tetraphen
ylporphyrin (PtTPP) from the porphyrin starting material by con
ventional column chromatography, the reaction mixture was dissolved 
in benzene and purified by medium-pressure liquid chromatography 
on Woelm silica gel using chloroform as the eluent, followed by re-
crystallization from chloroform-methanol. Purity of the palladium 
and platinum porphyrins was checked by UV-visible spectroscopy 
and by emission spectroscopy to ensure that no free base porphyrin 
was present. 

Thiophene-free benzene and spectroquality pentane used as solvents 
were stirred over sulfuric acid until the acid layer no longer turned 
yellow. They were then neutralized, washed with distilled water, and 
dried over magnesium sulfate before passing through a column filled 
with alumina. This was followed by distillation from P2O5. 

AU samples were degassed by six or more cycles of freeze-pump-
thaw on a vacuum line in Pyrex ampules made from 13 X 100 mm 
lipless test tubes with standard taper ground-glass joints fused at the 
top for connection on the vacuum line. The solutions were sealed at 
a final pressure of less than 5 X 1O-6 Torr. 

Quenching Rate Studies. Emission spectra for Stern-Volmer plots 
were obtained using a Hitachi MPF-2A spectrofluorimeter equipped 
with a R446 phototube. Solutions of palladium or platinum porphyrins 
which were not degassed did not show any emission. 

Flash Spectroscopic Studies. Quenching rate constants were also 
determined from flash spectroscopic studies33 of emission lifetimes 
of the palladium and platinum porphyrin triplets. Between the flash 
lamp and the sample, Corning 3-73,4-72, and 4-74 filters were used 
to eliminate the wavelengths of stilbene and 1,2-diphenylpropene 

absorbance and metalloporphyrin phosphorescence. First-order rate 
constants for triplet decay (&d) were obtained from plots of the In of 
the oscilloscope deflection at time t after an arbitrary time to after the 
flash vs. t. Triplet lifetimes were calculated as T = 1/fcd. 

Photoisomerization Studies. For photostationary state measure
ments the samples were placed in a water bath in a merry-go-round 
and irradiated with a Hanovia 450-W medium-pressure mercury lamp 
in a Pyrex sleeve. Corning 3-73 filters were used to eliminate the 
wavelengths which the stilbenes and 1,2-diphenylpropenes absorb. 
The solutions were irradiated for 1 week in the case of the palladium 
porphyrins and 2 weeks in the case of the platinum porphyrin to ensure 
that the photostationary state had been reached. Absorption spec
troscopy using a Perkin-Elmer 576 ST spectrophotometer showed that 
porphyrin decomposition did not occur upon lengthy irradiation. The 
extent of cis-trans isomerization was obtained by vapor-phase chro-
motography using a Varian 1400 Aerograph with a 6 ft X Vs in. 10% 
W-98 on Diatoport S column or a Hewlett-Packard 5750 gas chro-
matograph with a fluorosilicate 10 ft X V8 in. 5% FS1265 Chromosorb 
G column. Both gas chromatographs were equipped with a flame 
ionization detector. Mass balance analysis showed that the lengthy 
irradiation did not cause decomposition of the stilbenes. 

The quantum yield studies of isomerization were carried out by 
irradiating the samples in the water bath of a merry-go-round with 
a Hanovia 450-W medium-pressure mercury lamp surrounded by a 
Pyrex sleeve using Corning 3-70 and 4-97 filters to isolate the 545-nm 
mercury line and Corning 3-73 and 5-58 filters to isolate the 435-nm 
mercury line. The intensity of the exciting light was monitored by 
Reinecke salt actinometry34 using either a Bausch & Lomb spectronic 
210 UV spectrophotometer or a Perkin-Eimer 576 ST spectropho
tometer. Isomerizations were carried to very low conversions to prevent 
appreciable back-reaction and a back-reaction correction35 was made. 
The extent of isomerization was determined by vapor phase chro
matography under the same conditions described for the photosta
tionary state measurements. The amount of rra«s-stilbene present 
after the cis -» trans isomerization was compared to an internal 
standard of anthracene added after irradiation to check for linear 
detector response. 

Results 

The palladium and platinum porphyrins are conveniently 
excited using the mercury lines at 435 or 545 nm where the 
porphyrins have strong absorption (Figure 1). At this wave
length there is no measurable absorption by either the stilbenes 
or 1,2-diphenylpropenes. Irradiation of metalloporphyrin so
lution containing stilbenes or 1,2-diphenylpropenes in benzene 
or pentane leads to isomerization of the olefin as the only de
tectable reaction. Even prolonged irradiation leads to no net 
decomposition of either porphyrin or olefin. Photostationary 
states of essentially identical composition are achieved by 
prolonged irradiation starting from either isomer. The mea
sured photostationary state values for the various olefin-sen-
sitizer-solvent combinations are given in Table I. As data in 
Table I indicate, there is little difference in the photostationary 
state composition for a given olefin-sensitizer-solvent com
bination for different concentrations of sensitizer or olefin over 
the range studied; the values thus can probably be regarded 
as concentration independent. 

As mentioned earlier, the platinum(II) and palladium(II) 
porphyrins exhibit room temperature phosphorescence in so
lution and have relatively long triplet lifetimes. Consequently, 
it is possible to investigate triplet quenching processes either 
via steady-state luminescence quenching or via flash photolysis. 
Both techniques were used for quenching of the metallopor
phyrin triplet by the stilbenes and 1,2-diphenylpropenes. In 
contrast to the intramolecular olefin-metalloporphyrin com
plexes24 it was found that both stilbenes and 1,2-diphenyl
propenes quench the metalloporphyrin triplets with rate con
stants in the range 105-106 M - 1 s_ 1 . No new transients were 
detected either by conventional (microsecond) flash photolysis 
or by luminescence spectroscopy. Metalloporphyrin lifetimes 
and quenching constants obtained in this study are given in 
Table II. 
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Figure 1. Absorption spectra of metalloporphyrins in benzene: (—) PdTPP, ( ) PdOEP, ( ) PtTPP. Left-hand ordinate is extinction coefficient 
at the Soret (350-450-nm range) region XlO -5 . Right ordinate is extinction coefficient in visible range (480-600 nm) XlO -4 . 

Quantum yields for metalloporphyrin-sensitized isomer
ization were measured for benzene solutions with concentra
tions of olefin great enough to quench all sensitizer triplets. 
These values are listed in Table III. Quantum yield experi
ments were carried only to low conversions; however, a back-
reaction correction35 was applied for both #c-*t and #t—c- Al
though quantum yields from trans to cis are moderate, the 
quantum yields in the reverse direction exceed unity for all 
three porphyrins. In contrast the PdOEP sensitized cis to trans 
isomerization of cis-1,2-diphenylpropene in benzene was found 
to proceed with #c—t = 0.37. 

Discussion 

PdOEP Sensitization of 1,2-DiphenyIpropene Isomerization. 
In contrast to the behavior observed with the stilbenes in pre
vious photosensitization studies, photosensitized isomerization 
of the 1,2-diphenylpropenes appears to be a relatively simple 
process.3,4 Evidently the 1,2-diphenylpropene triplet is non-
planar and it cannot be quenched by substances having low-
lying excited states such as azulene.4'15 The simpler behavior 
of the 1,2-diphenylpropenes and other trisubstituted diar-
ylethylenes is due to the presence of only a single minimum on 
the triplet surface corresponding to a twisted geometry; the 
triplet minimum is close to a ground state maximum such that 
very rapid radiationless decay occurs and competitive 
quenching via energy transfer is improbable. 

Although the PdOEP triplet sensitized isomerization of the 
1,2-diphenylpropenes was not extensively investigated, enough 
data were obtained to indicate that the sensitization in this case 
is apparently a "normal" process in which no reverse energy 
transfer occurs. The PdOEP triplet was quenched by both 
isomers of 1,2-diphenylpropene with rate constants very close 

to those obtained for other sensitizers having similar triplet 
energies.3 For example, the values obtained for 1-acetylpyrene 
(Ej = 45.5 kcal/mol) and 7,12-dimethylbenz[a]anthracene 
(Ej = 44.3 kcal/mol) fall respectively slightly above the 
slightly below those given in Table II for the 44.8 kcal/mol 
PdOEP triplet.3 

For a "normal" sensitized isomerization the simplest 
mechanism is given by eq 1, 5-7. 

S3* + cis olefin — ^ olefin3* + S (5) 

S3* + trans olefin 
k6 

olefin3* + S (6) 

(7) 

From this mechanism, it can easily be shown that the trans/cis 
ratio in the photostationary state is given by 

olefin3* —>• a(trans) + (1 — a) cis 

\C /PSS k(,\\ — a/ 
(8) 

It has been well established that a for the 1,2-diphenylpropenes 
is 0.44;3,4 the "predicted" value for the photostationary state 
using eq 8 and the measured quenching constants is 78% cis, 
which is in fair agreement with the measured values of 67% cis. 
For the scheme outlined above it can be shown that the initial 
quantum yields are given by 0c_t = 0?se a and #jLc = 0fsc(l

 — 

a) under conditions where all the sensitizer triplets are cap
tured by the olefin. For the palladium and platinum porphyrins 
intersystem crossing efficiencies have not been determined 
precisely, although for the palladium porphyrins estimates in 
the range 0.7-0.9 have been made using different techniques.36 
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Table I. Photostationary States for Metalloporphyrin Sensitized Isomerization of Stilbenes and 1,2-Diphenylpropenes 

Sensitizer" 
Starting 
substrate 

Substrate 
concn X 103 M Solvent % cis, pss 

PdOEP 

PdOEP 

PdOEP 

PdOEP 

PdTPP 

PdTPP 

PtTPP 

PtTPP 

cw-Stilbene 

//•ans-Stilbene 

m-Stilbene 

fnzns-Stilbene 

ci's-Stilbene 

r/w/5-Stilbene 

cw-Stilbene 

frans-Stilbene 

PdOEP 

PdOEP 

cis-1,2-Diphenylpropene 

trans-1,2-Diphenylpropene 

0.65 
1.30 
1.95 
0.84 
1.37 
2.31 
1.84 
3.68 
5.52 
7.36 
1.01 
2.41 
4.13 

15.4 
25.6 
35.8 
46.1 
16.5 
23.4 
44.1 
63.2 
13.2 
20.0 
26.8 
27.0 
34.0 
78.5 

120 
145 

8.7 
21.8 
32.7 
40.9 

6.5 
18.7 
39.1 

Pentane 

Pentane 

Benzene 

Benzene 

Benzene 

Benzene 

Benzene 

Benzene 

Benzene 

Benzene 

25.3 
27.4 
28.6 
25.8 
27.1 
27.1 
18.4 
18.3 
18.5 
18.1 
16.5 
16.7 
16.5 
17.2 
16.5 
16.9 
17.3 
16.1 
16.0 
17.2 
17.8 
37.1 
37.3 
36.9 
36.1 
38.4 
37.4 
37.3 
37.0 
68.7 
69.0 
68.5 
68.8 
66.6 
66.9 
66.3 

" Degassed solutions, sensitizer concentrations 5-50 X 10~6 M; Corning 3-73 filter used to remove UV absorbed by substrate. 

Table II. Quenching of Metalloporphyrin Triplets by Stilbenes and 1,2-Diphenylpropenes" 

T 0 , /US 

Method 
cw-Stilbene 

kq 

Correlation coefficient 
//w«-Stilbene 

kq 

Correlation coefficient 
cis-1,2-Diphenylpropene 

kq 
Correlation coefficient 

trans-1,2-Diphenylpropene 
kq 
Correlation coefficient 

PdOEP (pentane) 

555 
jO/Jb 

3.28 X 106 

1.00 

3.34 X 106 

0.999 

Sensitizer 
PdOEP (benzene) 

500 
/ 0 / /6 

1.37 X 106 

0.993 

1.52 X 106 

0.982 

1.98 X 105 

1.00 

6.81 X 105 

0.995 

T°/TC 

5.32 X 105 

0.946 

9.69 X 104 

0.809 

PdTPP (benzene) 

358 
I°/Ib 

1.75 X 105 

0.995 

1.03 X 105 

0.986 

PtTPP (benzene) 

54 
I°/Ib 

6.68 X 105 

5.02 X 105 

0.998 

" Degassed solutions; rate constants determined by linear regression analysis. * Measured by phosphorescence intensity quenching. c Measured 
by reduction of triplet lifetime as determined by flash photolysis. 

Comparison of the value 0 c^ t = 0.37 obtained with PdOEP 
and ris-l,2-diphenylpropene with a = 0.44 gives (j>\sc = 0.84, 
which appears to be a reasonable value. 

Pd and Pt Porphyrins Sensitization of Stilbene Isomeriza
tion. Both isomers of the stilbenes quench triplets of the three 
porphyrins used as sensitizers with rate constants which are 
in the same range as those obtained for the stilbenes and other 
sensitizers having triplet energies in the 42-45 kcal/mol 

range.3'4 Interestingly there is little variation observed between 
quenching constants for cis and trans isomers with any of the 
three sensitizers; in contrast kfjks is 3.02 for 1-acetylpyrene 
and 1.86 for 7,12-dimethylbenz[a]anthracene,3 the sensitizers 
closest in energy to PdOEP and PtTPP, for which the values 
are 1.05 and 0.76, respectively. Evidence that a simple sensi
tization and radiationless deactivation/isomerization process 
as outlined in eq 1, 5-7 is not occurring comes from a com-
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Table III. Quantum Yields for Metalloporphyrin Sensitization of 
Stilbene Isomerization 

Process" 

4>t—C 

PdOEP 

1.58 ±0.03» 
0.30 ±0.01» 

Sensitizer 
PdTPP 

1.36±0.3C 

0.24 ± 0.01d 

PtTPP 

1.34±0.01c 

" Degassed benzene solutions, porphyrin concentrations 5-100 X 
10-5 M; irradiation wavelengths 435 nm for PtTPP and 546 nm for 
PdOEP and PdTPP. b Concentration 0.186 M. c Concentration 1.44 
M. d Concentration 0.646 M. e Concentration 2.84 M. 

parison of predicted and measured photostationary states. For 
the three sensitizers the values predicted for (t/c)pss in ben
zene using eq 8 are 0.66, 1.01, and 0.91 for PdOEP, PdTPP, 
and PtTPP, respectively. The measured values are 4.49, 4.88, 
and 1.67 for the same sensitizers; in each case the stationary 
states are far richer in trans isomer than predicted. The reason 
for this is readily apparent when the quantum yields are ex
amined. The measured <£t_c values are slightly lower than 
would be predicted for a simple isomerization proceeding only 
by unassisted decay of the stilbene triplet, but the values for 
4>c^t exceed unity in each case. Although the measured 
quantum yields for the intermolecular metalloporphyrin sen
sitized isomerization are not as dramatically large as those 
observed with intramolecular sensitization,19 it appears clear 
that in the intermolecular sensitization a quantum chain pro
cess is also occurring. 

Although the larger than unity quantum efficiencies indicate 
that a simple sensitization as described above for the 1,2-di-
phenylpropenes is not occurring, it is clear that the mechanism 
for the intermolecular sensitization is not quite so simple as that 
used to explain the intramolecular metalloporphyrin sensiti
zation of stilbene-like ligands. In the latter case, no quenching 
of metalloporphyrins triplets was observed, the photostationary 
states were >90% trans, and the cis to trans process over
whelmed the reverse. Thus for the intramolecular case, it is 
evident that nonradiative decay of olefin triplets is relatively 
unimportant. The presence of a sizable fraction of cis isomer 
in the photostationary state for the intermolecular process 
indicates that decay of olefin triplets must be competitive with 
quenching of the stilbene triplet to trans ground state by the 
metalloporphyrin. This is also consistent with the observation 
that encounters between metalloporphyrin triplets and stilbene 
ground states result in a net excited state quenching. That this 
is reasonable for the metalloporphyrins and stilbene can readily 
be seen. As mentioned earlier, if an energy transfer occurred 
between porphyrin triplet and stilbene to produce kinetically 
"free" stilbene triplets, there would be no possibility for a chain 
process with the porphyrin concentrations used (104-10-6 M) 
since the stilbene triplet would not survive long enough to be 
quenched. That the chain process is observable indicates either 
that a complex is formed between the sensitizer and acceptor 
or that a solvent cage holds the sensitizer and acceptor together 
long enough to permit multiple energy transfer events to 
occur. 

If the metalloporphyrin triplet and stilbene are held together 
long enough to permit an equilibration as indicated in eq 9, it 
would be anticipated that the major decay path would be ra-
diationless decay of the stilbene triplet by a factor of perhaps 
10 to 1, since despite the unfavorable equilibration constant 
for excitation on the olefin (estimated from the difference in 
"spectroscopic" triplets of trans-stilbene and PdOEP), the 
much more rapid decay of the stilbene triplet would dominate 
slow decay from the porphyrin. The observation that decay of 
"free stilbene" triplets is competitive but not dominant suggests 
that the stilbene potential surface may be modified in the 
presence of the porphyrin or that perhaps a complex is formed 
as will be discussed below. 

_ K-SXl(T' _ 

MP9*--St • > MP--St3* 

j*~io3 J k -w-io* (9) 

MP + S t MP + St 
The simplest kinetic model that will explain the observed 

results is given by eq 1, 10-15.37>38 

S3* + cis — [S + St3*] (10) 

S3* + trans — [S + St3*] (11) 

[S + St3*] — St3* + S (12) 

[S + St3*] — S3* + trans (13) 

St3* — a(trans) + (1 - a)(cis) (14) 

S3* — S (15) 

Using the usual steady state approximations the following 
expressions can be derived for initial quantum yields (under 
conditions where triplet porphyrin quenching is complete) and 
photostationary state ratios. 

*12 

*t-c = * k ( l - « ) (17) 
(trans) _ kwa + ku/kn , . „ , 

(cis)PSS Jt11 1 -a K ' 

Since measured quenching constants are nearly equal for the 
two isomers for all three sensitizers, the photostationary state 
ratios should be approximately equal to the ratio 0c_ t/0 t-*c. 
For PdOEP the quantum yield ratios predict a photostationary 
state of 16% cis while the measured value is ~17%; the pre
dicted and measured values for PdTPP are 15 and 17%, re
spectively. The quantum yield expressions, eq 16 and 17, pre
dict a "normal" quantum yield for the trans —• cis process but 
a value which can exceed unity for the reverse reaction de
pending upon the relative magnitude of the "propagation" step, 
&13, and the "termination" step, kn- If we use the value 0fsc 
= 0.84 for PdOEP determined from 1,2-diphenylpropene 
isomerization and a = 0.40,4 we obtain from eq 16 the ratio, 
k\-i/k\2 = 1.4, for partitioning of the species [S 4- St3*]. 

The above mechanism is attractive for its simplicity and for 
the fact that it allows for a quantum chain process. However, 
there is at least one aspect of the results that suggests that in
teraction between excited metalloporphyrin and stilbene may 
involve somewhat more than a cage encounter complex. As 
mentioned above, eq 17 predicts a "normal" value for #t—c-
Since (1 — a) « 0.6 for the stilbene triplet, values for 0t—c 
should be in the range 0.48-0.54, assuming $;sc values of 
0.8-0.9 for the palladium porphyrins. The measured values are 
clearly substantially lower. Since kinetically free stilbene 
triplets in benzene are well established to decay with a = 0.40,4 

it appears that there must be an additional process occurring 
in which nonradiative decay, presumably of stilbene triplets, 
occurs to give a greater fraction of fraw-stilbene. There have 
been previous observations of energy wastage in photosensi
tized isomerization of the stilbenes with other sensitizers;39,40 

in the case of the fluorenone-sensitized reaction an exciplex 
intermediate has been proposed.39 A mechanism, modified to 
account for this would replace eq 10-13 by eq 19-23 

S3*+ cis-* [S, St]3* (19) 

S3*+ trans—[S, St]3* (20) 

[S, St]3* — S3* + trans (21) 

[S, St]3* — S + (1 - /3) cis + /3 trans (22) 

[S, St]3* — S + St3* (23) 
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where [S, St]3* is probably best described as a complex in 
which at least the properties of the triplet stilbene are modi
fied.41 Although a detailed kinetic analysis of this mechanism 
is a bit more complicated, the essential features are the addition 
of a new decay channel or "termination" step in which decay 
of the complex gives ground state stilbene with a different 
decay ratio than obtained for free stilbene triplets. The prop
agation/termination ratio is now given by £21/(^22 + ^23)- It 
is not possible from the available data to estimate relative 
values of £22 and k.23, but the three limiting cases can be ana
lyzed. If /3 = 1 (all decay within the "complex" leads to for
mation of trans-stilbene), <£t̂ c = 4>\K [(I — a)&23]/(&22 + 
^23), leading to a value for &23A&22 + ^23) = 0.6. Analysis of 
the expression for $c—t leads to the prediction that £21/̂ 23 = 
1.6. The second limiting case would have £23 « ^21 and £22 
such that no "free" stilbene triplets are formed. In this case, 
we obtain comparable values for kn and £22 and @ = 0.74, the 
fraction transformed by nonradiative decay of the complex [S, 
St]3*. The third limiting case where £22 « ^21 and ^23 is 
identical with the simpler mechanism described by eq 1, 
10-15. 

Although it is not possible to determine quantitatively the 
precise mechanism, the results can be satisfactorily explained 
in terms of the complex [S, St]3* having the stilbene in a dif
ferent geometry from that preferred by "free" stilbene triplets. 
Saltiel has analyzed the results of several studies involving 
quenching of the stilbene triplet by azulene, oxygen, and di-
tert-buty\ nitroxide to indicate that the "free" stilbene triplet 
exists in a preferred twisted geometry.2 Quenching by oxygen 
and the nitroxide can occur without requiring the stilbene 
triplet to obtain a transoid configuration. The strong depen
dence of azulene quenching on viscosity has been interpreted 
in terms of an equilibration between twisted and transoid forms 
in the presence of azulene which is followed by energy transfer 
from the transoid form to azulene.2 For the intermolecular 
chain process with the metalloporphyrins where the porphyrin 
is both the sensitizer and quencher, it appears that the complex 
formed must have the stilbene preferentially in a nearly tran
soid configuration. In such a complex, an altered potential 
surface for the stilbene triplet could result in a net lowered rate 
of decay by virtue of a smaller population of twisted triplets. 
While rapid quenching of the stilbene triplet by the metallo-
porphyrin to permit the quantum chain process should occur, 
nonradiative decay of a transoid stilbene triplet in the complex 
should lead to a greater fraction trans than for the free twisted 
triplet.42 

In summary, these investigations using long-lived low-energy 
sensitizers to both sensitize the formation of and quench ac
ceptor triplets indicate that substantial intermolecular quan
tum chain processes of this sort can indeed occur. Interestingly, 
the quantum chain processes observed here can occur at much 
lower substrate concentrations than those at which the 
mechanistically different sensitized diene isomerization 
quantum chain process occurs.19-23 However, the occurrence 
of the quantum chain process in these cases is due to formation 
of a relatively long-lived complex which modifies to some ex
tent the behavior and properties of the stilbene triplet. Thus, 
although it should be possible to induce similar processes with 
other sensitizer-acceptor systems, it would not be surprising 
to find a considerable dependence of these phenomena on the 
nature and structure of the sensitizer.44 
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