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observed and calculated excess volumes which in- 
crease with X12. 

Among nonpolar mixtures for which adequate 
equation-of-state data for the pure components are 
available, the hydrocarbon-perfluorocarbon systems 
appear unfortunately to be unique in being characterized 
by large positive interactions X12. It is difficult there- 
fore to reach a decision between alternative explana- 
tions attributing the error in the calculated excess 
volumes to a peculiarity of the fluorocarbons on the one 
hand or to the large values of X12 for their mixtures with 
hydrocarbons on the other. Detailed experimental 
studies on systems exhibiting LCST's would be in- 
formative in this connection. 

Acknowledgment. This work was supported by the 
Directorate of Chemical Sciences, Air Force Office of 
Scientific Research Contract No. AF49(638)-1341. 

fluorocarbons in exhibiting a much larger excess volume 
than is predicted by theory. 

Alternatively, the discrepancies noted may be related 
to  the large positive values of Xlz for the hydrocarbon- 
perfluorocarbon systems. Thus, the theory may be- 
come inaccurate when applied to  any system for which 
X12 is large. In opposition to this hypothesis, it is to 
be observed that the previous investigations of solu- 
tions* offer no intimation of a disparity between 

(11) An inverse dependence of the intermolecular energy EO on the 
volume V has been assumed in the derivation1*3 of eq 1 .  If instead we 
write EO = -cons tan t /P  with m > 1 (ca. 1.3 for n-CeHi4-n-CsFir), the 
calculated excess volume is increased and values calculated for other 
excess quantities also are brought into better agreement with observa- 
tion. The parameter C, then given by C = (yv/R)/[l + 3m + 3 / 4 ,  
is diminished somewhat as well. However, representation of the equa- 
tion of state for both the fluorocarbon and the hydrocarbon components 
is rendered less satisfactory by such revision, which would also entail 
introduction of an additional parameter. For these reasons we have 
not made use of this device. 
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Abstract: Quantum yields at 405 mp for the addition of phenanthrenequinone to stilbene, diphenylethylene, and 
triphenylethylene in benzene solution are independent of the olefin concentration over a wide range but vary with 
the structure of the olefin. cis-Stilbene and trans-stilbene react at different rates but give rise to a common product. 
This reaction is accompanied by cis-trans isomerization for which @CS-TS = @TS-CS. The system reaches a station- 
ary translcis isomer ratio of 0.7 i 0.05, which is close to that reported for some photostable, high-energy sensitizers, 
but which in this case represents a balance between the rates of isomerization and adduct formation. Measure- 
ments with a,a'-stilbene-dz indicate a kinetic isotope effect for adduct formation. The results are consistent with 
the formation of the spectroscopic triplet state of trans-stilbene by classical energy transfer and of a short-lived 
common association complex between triplet quinone and the cis- or trans-olefin, which is partitioned between 
decay to a nonspectroscopic excited state and collapse to adduct. The intersystem-crossing efficiency for phen- 
anthrenequinone is inferred to be unity. 

henanthrenequinone (PAQ) adds photochemically P to olefins. This is a general reaction for certain 
1,2-diketones which was first reported by Schonberg 
and Mustafa' and which has been carried out on a 
preparative basis with a large number of olefins. The 
reaction yields adducts of structure I (eq 1). It was 

I 

established by Pfundt and Schenck that only excitation 
of PAQ leads to adduct I ;  separate excitation of the 
olefin produces no conversion of PAQ.2z3 On the 
basis of limited kinetic measurements, these authors 
DroDose a mechanism in which an excited state of P A 0  

is postulated to result from the interaction of this inter- 
mediate with a second, ground-state PAQ m ~ l e c u l e . ~  

PAQ has a triplet energy of 48.8 k~a l /mole ,~  and it 
was anticipated and found that, with the stilbenes, 
adduct formation is accompanied by cis-trans isom- 
erization. Sensitized olefin isomerization is well docu- 
mented, but the detailed mechanism of this process can 
by no means be regarded as e~tabl ished.~ The question 
arises as to  whether there is a relation between adduct 
formation and isomerization and whether, in general, 
olefin-sensitizer intermediates participate in the isomer- 
ization brought about by low-energy sensitizers. The 
detailed kinetic study of the reaction of PAQ with 
stilbene and with two other phenyl-substituted eth- 
ylenes was undertaken to firmly establish a mechanism 
for the addition reaction and to shed light on the role of 

Forms a biradical intermediate with the olefin. A d d G  
(1) A. Schonberg and A. Mustafa, J .  Chem. Soc., 387 (1944). 
(2) G. 0. Schenck, 0. Neumiiller, and R. Koch, Strahlentherapie, 

(3) G. Pfundt, Doctoral Dissertation, Gottingen, 1962. 

(4) This value was obtained from the emission spectra of PAQ in 
aliphatic hydrocarbons at 77°K; cf. N. A. Shcheglova, D. N. Shigorin, 
and M. V. Gorelik, Zh.  Fir. Khim., 39 (4), 893 (1965). 

( 5 )  G. S. Hammond, J. Saltiel, A. A. Lamola, N. J. Turro, J. S. 
Bradshaw, D. 0. Cowan, R. C.  Counsell, V. Vogt, and C. Dalton, J. Am.  
Chem. Soc., 86, 3197 (1964). This paper cites earlier references. 

114, 22 (1961). 
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olefin-sensitizer intermediates. Further mechanistic in- 
formation was sought by measurements with the 1,2- 
dideuteriostilbenes. 

Experimental Section 

Materials. Purities were established by gas chromatography 
(gc) using a n  F & M Model 720 temperature-programmed instru- 
ment with columns packed with appropriate substances (silicon 
grease, Carbowax 1500, and  Triton X-305, 20% on Chromosorb-P, 
and by thin layer chromatography (tlc) on aluminum oxide coat- 
ings. 

A. Solvents. Acetone and chlorobenzene were purified by 
fractional distillation. Ethyl acetate was treated with acetic 
anhydride prior to  distillation, and acetic acid was distilled from 
phosphorus pentoxide. Carbon tetrachloride and tetrachloro- 
ethylene (both spectral grade) were used without further purifica- 
tion. ?-Butyl alcohol was dried over sodium sulfate, refluxed over 
sodium, and finally distilled from sodium. Benzene satisfactory 
for the kinetic experiments was obtained by preparative-scale gas 
chromatography of CP  benzene (16 ft X 1 in. column of 18% 
Triton X-305 on Chromosorb-P at  70") and subsequent distillation. 

B. Reactants. Commercial PAQ, after initial recrystallization 
from benzene or ethanol, was chromatographed on silica gel. The 
PAQ eluted with ethyl acetate and recrystallized from benzene was 
free of detectable impurities. tram-Stilbene (Eastman Kodak) 
was converted into its dibromide6 from which it was regenerated by 
treatment with zinc.7 Analysis of material prepared in this manner 
by tlc and gc showed it to  be free of the cis isomer. In some kinetic 
experiments scintillation grade tram-stilbene containing less than 
2 %  of the cis isomer as the sole impurity was used without further 
purification. cis-Stilbene (Eastman Kodak) was freed of the t rum 
isomer by chromatography on alumina.* Pure samples of 1,l-  
diphenylethylene were obtained by gc of commercial material 
(4 ft X 0.25 in. column of 20% silicone grease on Chromosorb-P 
at 270"). Triphenylethylene (Eastman Kodak) was recrystallized 
from ethanol. 2-Acetonaphthone and naphthalene from the same 
source were recrystallized from ligroin and ethanol, respectively. 

Deuterated Stilbenes.g Diphenylacetylenelo in hexane was 
allowed to  react with deuterium (99.SZ purity) in the presence of 
10% palladium-on-charcoal until 1 molar equiv of the gas was 
absorbed. The cis-stilbene-l,2-d2 was freed from small amounts of 
the t r a m  isomer and diphenylacetylene by chromatography on 
alumina using hexane as eluent. The fraction used for kinetic work 
contained at least 99.85% of the cis isomer (gc). truus-Stilbene- 
1,2-d2 was obtained by the iodine-catalyzed photoisomerization, 
which can be conveniently followed by periodic spectral measure- 
ments, of the cis comp0und.g The material had mp 122.5-124' 
after recrystallization from ethanol (lit.g 123.8-125 ') and contained 
at  least 97 % of the trutis isomer (gc). Analysis by the falling-drop 
method indicated 16.40 atom of deuteriumll (calculated 16.67 
atom %). 

Preparative-scale irradiations of PAQ 
were carried out in a modified version of the immersion apparatus 
described by Schenck.12 A filter solution (1 X lop4 M naphthala- 
zine in xylene) served to exclude light below 390 mp. PAQ (0.226 
g, 1.09 mmoles) and trans-stilbene (1.075 g, 5.96 mmoles) in 280 
ml of t-butyl alcohol were deoxygenated with a stream of nitrogen 
in the irradiation assembly, which was maintained at  30" by the 
circulation of water from a constant-temperature bath. The 
vigorously agitated suspension of PAQ was irradiated with a 250-w 
mercury lamp. After 15 min the PAQ had dissolved and a solid 
began to  separate which was filtered after a total of 90 min of 
irradiation. Recrystallization from ethanol furnished 0.094 g 
(22 %) of colorless adduct, mp 245-247 (lit. l 3  225 "). 

PAQ-Stilbene Adduct. 

(6) "Organic Syntheses," Coll. Vol. 3, E. C. Horning, Ed., John 

(7) W. M. Schubert, B. S. Rabinovitch, and N. R. Larson, J .  Am. 

(8) M. Calvin and H. W. Alter, J .  Chem. P~J's., 19, 765 (1951). 
(9) Cf, N. Tunkel, Doctoral Dissertation, Rutgers University, 1955. 
( I O )  Reference 6, p 377. 
(1 1) Measured by Josef Nemeth, Urbana, Illinois. 
(12) G. Schenck, Dechema-Monograph,, 24, 105 (1955). The modi- 

fied design, which was suggested b y  Dr. H. Koller, is described in the 
M. S. thesis of D. H. Lambert, Northeastern University, 1964. 

(13) A. Butenandt, L. I<arlson-Poschmann, G. Failer, U. Schiedt, 
and E. Bickert, Ann., 575, 123 (1951). 

Wiley and Sons, Inc., Ne\\ York, N. Y . ,  1955, p 350. 

Chem. Soc., 74, 4590 (1952). 

Similarly, cis-stilbene gave an adduct in 9 %  yield, mp 244-250", 
after 45 min of irradiation. Every test applied showed the two 
adducts to  be identical. A mixture melting point showed no 
depression, and the ultraviolet, infrared, l 3  and nmr spectra were 
indistinguishable. Further, tlc under several conditions failed to 
effect a separation. 

Apparatus and Procedure for the Kinetic Measurements. The 
monochromatic irradiation assembly14 consists of a 500-w mercury 
lamp, a grating monochromator, a shutter, lenses to  provide a 
collimated beam of light, a constant-temperature cell holder 
(+O.lo), and an  Eppley thermopile with a basic sensitivity of 
0.124 mvjmw c m P .  These components are linearly arranged in 
the order given, with the thermopile directly behind the cell holder. 
The output of the thermopile is recorded on a strip chart recorder 
which is calibrated with reference signals from a precision potenti- 
ometer. At 405 mp, the wavelength utilized in the kinetic experi- 
ments, this apparatus furnishes intensities of about 2 mw/cm* 
(4 X 1015quanta/cm2 sec). 

The irradiations were carried out in rectangular Pyrex spectro- 
photometer cells of 1-cm path length. Since only an accurately 
masked area was illuminated, the solution was agitated throughout 
the photolysis by means of a magnetic stirrer. Separate tests 
established that the mixing was complete and rapid enough so as 
not to affect instantaneous measurements of the transmitted in- 
tensity. Solutions for kinetic runs were prepared by introducing 
aliquots of stock solutions of the reactants into a bulb to which the 
irradiation cell is attached. The solvent was completely removed 
on a high-vacuum line; pure, degassed benzene, which was stored 
over calcium hydride, was distilled into the bulb. The assembly 
was then sealed under vacuum. The initial concentration of PAQ 
and the volume of the solution were determined from its optical 
density at 407 mp. Data recorded for each experiment were: 
(1) the dark response (shutter closed) and the intensity of the 
unattenuated light beam before and immediately after photolysis, 
(2) the intensity transmitted by the cell and solvent (lo), and (3) 
the intensity transmitted by the cell and solution during photolysis 
( I )  as a function of time. It can be readily shown that the total 
intensity of light absorbed at any time (I,,tJ is given to a good 
approximation l 4  by 

where F is constant factor which includes the area irradiated, a 
correction for variations in intensity across the beam, and correc- 
tions for reflections from glass-air interfaces. Optical densities 
(D = log Zo/Z) measured with the irradiation apparatus agree to 
2~0 .01  with values obtained with a spectrophotometer. Runs 
under a given set of conditions were made at least in duplicate. 
Quantum yields were computed from the least-squares slopes of 
log [(Zo/Z) - 11 L'S. time plots (see Results). 

Since it was established that at very high olefin-to-PAQ ratios 
(-1OO:l) air had a negligible effect on the reaction,I6 the rate of 
isomerization of the stilbenes was measured in nondegassed solu- 
tions. The irradiation cell was provided with a serum-cap-covered 
opening through which microliter samples were withdrawn periodi- 
cally during irradiation. The cis-truns isomer distribution was 
determined by gc using a 4 ft X 0.25 in column of 20% silicone 
grease on Chromosorb-P at 250". By varying the column tem- 
perature it was shown that no  thermal isomerization occurs. 

Spectral Measurements. These were made with a Beckman 
DK-1 spectrophotometer using a constant-temperature cell block. 
Under the conditions of the kinetic experiments (concentrations 
were PAQ - 5 X M and olefins -IOp2 M).  only the PAQ 
absorbed light at wavelengths greater than 390 mp. The adduct 
spectra in benzene are all very similar and show maxima near 
350 and 370 mp with e = 1.6 X IO3. The maximum of PAQ at 407 
mp ( e  1.86 X lo3,  benzene) conveniently almost coincides with a 
mercury emission line. Adherence to  Beer's law in  the range 1-5 
x 10-4 M was found for PAQ at 367 and 407 mp and For the stil- 
bene photoadduct at 367 mp. It was shown by comparing the 
calculated and observed densities of mixtures that there is no 
ground-state complex formation between the quinone and stilbene, 
and that the spectra of the quinone and its adduct are additive. 
A degassed solution of PAQ and frutrs-stilbene bhowed no spectral 
changes on  standing in the dark for 80 days. 

(14) A detailed description of this apparatus wi l l  be published (H. P. 

(15) Cf. also S. Malkin and E. Fischer, J .  Phys.  Chem., 68, 1153 
Wolf, J. J. Bohning, P. A. Schnieper, and I<. Weiss). 

( 1964). 
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340 360 3 80 400 420 440 
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Figure 1. Photolysis of PAQ and trans-stilbene in benzene. The 
initial concentrations were PAQ 4 x M and rruns-stilbene 
4 X M .  The numbers on the curves represent the irradiation 
time in minutes. 

Results 

Addition Reaction. To obtain meaningful rate data, 
it was first necessary to establish conditions under 
which adduct formation is the predominant reaction. 
Under preparative conditions, the isolated yields of 
adduct were found to be low even when light absorption 
was confined to the PAQ. The photolysis of PAQ 
in a number of purified and thoroughly outgassed 
solvents resulted in its disappearance even in the ab- 
sence of olefin. In two cases (acetic acid, acetone) 
about 50% of the PAQ was regenerated when the cells 
were opened to air. This is indicative of the formation 
of 9,10-dihydroxyphenanthrene, which is known to 
undergo rapid air oxidation.16 With respect t o  
reactivity and the solubility of the reactants, benzene 
appeared most suitable. Its further purification by 
preparative-scale gas chromatography provided a 
solvent which was adopted for the kinetic work in 
view of the following facts. 

1. Irradiation of PAQ in this solvent under standard 
kinetic conditions results in the disappearance of only 
25 % in 60 min, and oxygen regenerates 60 % of the 
reacted PAQ. In the presence of IO-* M trans- 
stilbene, 86% of the PAQ reacts in the same time and 
none is re-formed with oxygen. 

In the absence of olefin, irradiation gives rise to  
isosbestic points at 354 and 365 mp and a new peak at 
357 mp. With trans-stilbene, isosbestic points appear 
at 357 and 372 mp, and the photoadduct peak appears 
at 367 mp3<l7 (Figure 1). 

Using the decrease in optical density at 407 mp 
as a measure of the PAQ which has reacted in con- 
junction with the extinction coefficients at 367 mp 
for PAQ and adduct, 90-95% yields of adduct can be 
calculated from the optical densities at 367 mp of 
stilbene reaction mixtures. 

Clearly the olefin almost completely suppresses the 
side reaction with the solvent, the nature of which re- 
mains obscure. 

In the presence of an excess of olefin, the disappear- 
ance of quinone follows the simple rate law -d[Q]/dt 
= @Jabs ([Q] = PAQ concentration, = quantum 
yield) for 75-80 of reaction. l8 Introducing the 

2. 

3. 

(16) P. Ramart-Lucas, J. Matti, T. Guilmart, and M. Grumey, Bull. 

(17) Cf. also G. 0. Schenck, Srrahlentherupie, 115, 597 (1961). 
SOC. Chim. France, 1215 (1948). 

0.501 , , , \ n,  

4 12 20 28 
Time, sec X loM2. 

Figure 2. Determination of @A according to eq 3. Initial concentra- 
tions were PAQ -5 x lo-* M and olefins 4 X M :  (A) cis- 
stilbene, (B) triphenylethylene, (C)  rrans-stilbene; (D) 1,l-diphenyl- 
ethylene. 

definition Iabs = lo’ - I’ = Zo’[l - exp(-2.3e[Q]d)], 
where d is the path length in cm, E is the extinction 
coefficient of PAQ at 405 mp, and Io’ and I’ represent 
the incident and transmitted light intensities (einsteins/l. 
sec) corrected according to eq 2, and integrating lead to  

log [(10/0 - 13 = log [(IO/l) - Il init ial  - @AIO’et (3) 
Some representative plots of eq 3 with PAQ:olefin 
ratios of 100 are shown in Figure 2, while Table I lists 
the quantum yields for all the olefins studied. 

Table I. Quantum Yields for the Addition of PAQ to Olefinsa 

Olefin 
Quantum 

yield (@*Ib 
trans-Stilbene 0.066 f 0.002~ 
cis-Stilbene 0 . 1 4  i: 0.005 
 CY,^ ’-truns-Stilbene-dz 0.069 0.002 
a,: ’-cis-Stilbene-d2 0.17 i 0.005 
Triphenylethylene 0.11 i. 0.004 
1,l-Diphenylethylene 0.035 =k 0.001 

a With 405-mp light, in benzene at  25”.  Initial PAQ and olefin 
concentrations are -5 x 10-4 and ~5 x M ,  respectively. 
b Slope (eq 3) divided by {,,’e. e Average of ten determinations 
with intensities in the range 1.5-3.3 X 10-6 einstein/l. sec. 

At this point it is pertinent to examine why there are 
deviations from eq 3 toward the end of the photolysis. 
It should be noted that the plots invariably curve up- 
wards; i.e., there is an apparent decrease in quantum 
yield. The effect is particularly noticeable with trans- 
stilbene, where the appearance of cis-stilbene as the 
reaction proceeds cannot be responsible since this iso- 
mer is more reactive. Apart from mechanistic con- 

(18) 1,l-Diphenylethylene, the least reactive olefin, was only followed 
for 60% of reaction. 
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siderations, other causes to be explored are: (1) the 
fact that the adduct or a product of side reactions is a 
more efficient quencher of excited PAQ than stilbene, 
and (2) the formation of side products which show 
absorption in the 400-mp region. With respect to the 
first possibility it was found that added adduct at twice 
the PAQ concentration has essentially no  effect on the 
trans-stilbene reaction (aA = 0.063). Naphthalene and 
2-acetonaphthone, which have been reported to quench 
benzophenone triplets at close to diffusion-controlled 
rates, l9 and which seemed to constitute reasonable 
model quenchers of PAQ in view of an early estimate of 
its triplet energy as -65 kcal,*O produced no change in 
+A for the trans-stilbene reaction. 

Case 2 appears to account for the lack of linearity at  
high conversion. Thus when a second charge of PAQ 
(as solid) is added to  a photolyzed trans-stilbene-PAQ 
(100: 1) reaction mixture and the solution is rephoto- 
lyzed, the apparent quantum yield is about 20% lower 
than for the initial photolysis. Subsequent additions 
of PAQ and photolyses show increasingly smaller 
decreases in the slopes, as if the component responsible 
for the change was gradually being eliminated. This 
behavior is entirely consistent with the appearance of a 
small amount of absorption in the 400-mp region 
which would cause the actual PAQ concentrations to  be 
significantly lower than the apparent concentrations 
at high conversion. 

The quantum yields quoted in Table I are independent 
of the olefin concentration provided that a reasonable 
excess of olefin is maintained. With trans-stilbene, 
there is no appreciable decrease in rate until the olefin: 
PAQ ratio is less than 3 : 1. Under conditions where 
the reaction rate is independent of the olefin concentra- 
tion, it is also insensitive to oxygen. As shown in Table 
11, the quantum yields for the stilbene reactions show a 
small temperature dependence. 

Table 11. Temperature Dependence of the 
Stilbene-PAQ Reactiona 

- +A - 7--- 

Temp, frans- cis- 
“C Stilbene St i 1 bene 

11 0.067 i 0.002 0.16 i. 0.01 
26 0.065 0 .14  
40 0 061 

a Sti1bene:PAQratiois 100: 1 

cis-trans Isomerization. Data for the stilbene reac- 
tions in which ca. 4 X l e 4  M PAQ was photolyzed 
under standard conditions are presented in Table 111. 
Isomerization quantum yields were determined from 
the initial rates of light absorption and the initial 
slopes of the isomerized stilbene concentration cs. 
time curves, in each case starting with the pure isomer 
(Table IV). The estimated uncertainty of -5  % in the 

(19) G. S .  Hammond and P. A. Leermakers, J .  P h j s .  Chem., 66, 
1148 (1962). 

(20) This value was based on the stationary-state traris/cis ratio of 
piperylene achieved by sensitized isomerization.?1 The large discrep- 
ancy between this and the spectroscopic value4 is undoubtedly due to 
the photochemical addition of PAQ to the 1,3 diene.?* 

(21) G. S .  Hammond, N. J. Turro, and P. A. Leermakers, ibid., 66, 
1144 (1962). 

( 2 2 )  G. 0. Schenck, Z. Eiektrochenr., 64, 997 (1960). 

Table 111. PAQ-Sensitized cis-trans Isomerization of Stilbenesa 

Initial concentrations 
Total 

PAQ stilbene --- transleis ratio -- 
x 104 x 102 Initial Final 

~ 

4 49 4 51 0 054 0 077 
4 59 4 61 0 32 0 35 
4 06 4 00 1 11 1 02 
4 73 4 74 4 26 2 70 
4 33 4 32 330 16 2 
4 35 4 33b 25 9 9 5  
4 31 4 30c 0 0084 0 039 

At 25” in benzene. Solutions were irradiated for 45 min. 
a,cu’-tra/zs-Stilbene-d2. cu,cu’-cis-Stilbene-d2. 

Table IV. Quantum Yields for the PAQ-Sensitized 
Isomerization of Stilbene. 

Starting isomer Quantum yield 

cis 0 .45  + 0 .03  
t ram 0.43  i 0.03 

a In benzene at 25”, PAQ and stilbene concentrations -5 x 10-4 
and 5 X 10-2 M, respectively. 

quantum yields leads to the conclusion that aCs- TS = 
@TS+CS for stilbene. 

The data of Table I11 indicate that a stationary 
trans-/cis-stilbene ratio ( R )  is ultimately reached. A 
series of consecutive PAQ additions and photolyses 
were carried out with solutions in which the initial 
values of R were close to 1, and the stationary ratios 
Rs = 0.7 for stilbene and Rs = 0.8 for a,a’-stilbene-dz 
were obtained by the extrapolation of plots of R 
against the reciprocal of the total amount of PAQ 
reacted. The uncertainty in these values is again large 
(at least 10.05). The sensitized isomerization is not 
quenched by the adduct. 

Discussion 
Consideration must first be given to the Pfundt- 

Schenck mechanism,* for which the key steps are 
h v  

Q e Q* (4) 
Q* + C=C --+ X ( 5 )  

X + Q - + A i - Q  (6 )  
X + C=C + Q (7) 

Here Q and Q* represent ground-state and excited 
PAQ, respectively, X a “biradical” addition complex, 2 4  

and A the adduct. Even if modified for the occur- 
rence of isomerization by expanding eq 5 and 6 into 
separate steps for cis and trans isomers, the mechanism 
gives @A = a[Q]/(b + [Q]), where a and b are constants 
if a large excess of olefin is employed. We propose 
that this mechanism is inapplicable because (1) within 
the limitations imposed by minor side reactions, is 
independent of the PAQ concentration;*j (2) the mech- 

(23) For stilbene-d?, +CS-TS > 0 ~ s - c ~  barely within the error limits. 
The possible occurrence of an isotope effect in cis-trans isomerization 
is obviously highly pertinent to the mechanism of this process, and to 
the problem of radiationless transitions in general. Further isomeriza- 
tion experiments with deuterated substrates, unsensitized and sensitized 
with stable compounds, are in progress. 

(24) Cf. G. 0. Schenck, Plenary Lecture, Fifth International Sym- 
posium on Free Radicals, Uppsala, Sweden, 1961. 

(25) The side reactions could obscure dependence on [Q]. Hoaever, 
since they are small in extent ( - 5 % )  we believe that, with 6 of signifi- 
cant magnitude, dependence on [Q] would lead to lack of linearity in 
plots of eq 3 at much smaller conversions than is actually the case. 
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the same distribution of adducts Ia and Ib, which differ 
with respect to  geometry about the 2,3 bond of the 
dioxene ring, from the cis- and trans-olefins.30 The 
energy of TS’ (50 kca1)26 is approximately matched with 
that of Q’. Classical energy transfer (eq 12) must be 
invoked, for in its absence the quantum yields of adduct 
formation become independent of R. 

anism ascribes a specific “quenching” role to  ground- 
state PAQ (eq 6 )  (if participation by a third molecule is 
necessary, any molecule, i.e., solvent, olefin, or adduct, 
should be satisfactory); (3) @A being invariant with 
changes in olefin concentration implies that the reverse 
step of eq 4 is unimportant. The model then predicts 
identical @A values for cis and trans isomers. In fact, 
it can be readily shown that any mechanism in which a 
single intermediate is partitioned between decomposition 
into isomers and formation of adduct leads to  
independent of R. 

A meaningful discussion of the kinetic results is 
possible in terms of a simple mechanism (eq 8 to  17) 
which includes many of the steps proposed by Ham- 
mond and co-workers for sensitized cis-trans isomeriza- 
tion.5 In these equations, the symbols not defined pre- 

Q =e= Q” (8) 

Q” + Q’ (9) 

Q‘ + TS + X (10) 

Q ’ + C S + X  (11) 

Q’ + TS e TS‘ Q (12) 

hu 

ka 

ks 

k4 

ks 

ks 

k-s 

k7 

X - A  (13) 
ka 

X - + p + Q  
k9 

TS’ + p 
kio 

p + TS 
kii 

p --+ cs (17) 

viously have the following significance: Q“,  excited 
singlet state of PAQ; p, a nonspectroscopic excited 
state of stilbene as defined by H a m m ~ n d ; ~  TS and 
CS, trans- and cis-stilbene; Q’ and TS’, the spectro- 
scopic triplet states. The direct excitation process 
CS + CS’ is not included in view of the sizable energy 
difference between Q’  (48.8 kcal) and CS’ (57 kcal).26,27 
The scheme includes a collision complex (X) of finite 
lifetime between Q’  and olefin, which is implied in the 
original discussion of the p state,28 and which provides 
a link between energy transfer and Schenck’s “biradical” 
mechanism. 29 With stable sensitizers (benzophenone, 
etc.) X decays only to p and ground-state sensitizer. 
With a reactive sensitizer such as PAQ, X is partitioned 
between decay to  p and collapse to  product. We take 
the physical identity of the products isolated from cis- 
and trans-stilbene to be strong evidence for the existence 
of a common intermediate. It is reasonable to  suppose 
that the change in geometry leading to nonplanar p 
takes place in the complex X. Freedom of torsional 
motion in energy-rich X would be expected to  furnish 

(26) D. F. Evans, J.  Chem. SOC., 1351 (1957). 
(27) Only the minimum number of steps required to account for the 

results are included. Steps such as TS’ +. TS and TS’ - CS, which are 
potentially significant, are omitted because their inclusion leads to com- 
posite constants from which no information can be gleaned which is 
not also available from the simple scheme. It is obvious that the 
change TS’ +. CS requires passage through a nonplanar state such as p. 

(28) G. S. Hammond and J. Saltiel, J .  Am. Chem. Soc., 85, 2516 
(1963). 

(29) G.  0. Schenck and R. Steinmetz, Bull. Soc. Chim. Belges, 71, 
781 (1962). 

Ia Ib 

Application of the steady-state hypothesis to  transient 
species leads to  the rate equation 

where, for convenience, we have defined K3 = k3/(k2 

The appearance of a in eq 18 introduces a rate depend- 
ence on [Q] such that the quantum yields decrease 
with increasing conversion. However, we can reason 
that the extent of transfer between TS’ and Q is negligi- 
bly small. Thus a can be taken as unity, and we can 
generate the expressions listed in Table V for the 
conditions R >> 1 and R << 1, corresponding to  
reactions which start with trans-stilbene and cis-stilbene, 
respectively. As Table I11 shows, when these condi- 
tions apply initially, they remain unchanged for a 
significant part of the reaction. Numerical values for 
ratios of constants were computed from the expressions 
of Table V and the experimentally determined quanti- 
ties, and are listed in Table VI. The ratio k4/k5 was 
obtained by applying the stationary-state condition 
dR/dt = 

+ k3), K7 = k7/(k7 + ks), and a = k9/(kg + k-6[Ql)o 

Table V. Expressions for the Quantum Yields Base on Eq 1 8 ~  

*A KaKi 

Within experimental error, the intersystem-crossing 
efficiency for PAQ (K3)  is unity and klo = kll for stil- 

(30) In a private communication, G.  0. Schenck and G. Pfundt 
have indicated that the adduct of mp 245-250’ isolated by us from 
reactions with cis- and trans-stilbene has the trans configuration Ib. 
The cis adduct (structure Ia) melts -80’ lower, and in benzene or 1-butyl 
alcohol the isometric adducts are formed in comparable amounts: G. 
0. Schenck and S. Farid, Tetrahedron, in press. 

(31) Thus we already know that k-S[Q] >> ke cannot hold, for thena 
= 0 and @A becomes independent of R. The range of [Q] is 5 x 10-4 
to 1 X 1 0 - 4  M during photolysis. This is about two orders of magni- 
tude lower than the sensitizer concentrations employed in Hammond’s 
extensive study of stilbene isomerization,6 and on the basis of these data 
is close to the infinite dilution limit. In fact, the data on quenching by 
azulenes indicate that k- B = 102kg is reasonable. This gives a = 0.95- 
0.99 during the decomposition of 4 X 

(32) [TS] + [CS] = SO - ,([Q]o - ,  [Q]), where SO is the total initial 
substrate concentration. This equation yields (Rs + 1) d[CS]/dr = 
d[Q]/dr which, with appropriate substitution, affords k4/ks as a function 
of experimentally measured parameters. 

M of PAQ. 
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Table VI. Rate Constant Ratios for the PAQ-Stilbene Reaction 

k6 

System krlks k4/kb k4 + ks K3 K7 K o 

Stilbene 0 . 8 9 & 0 . 0 5  0 . 7 4 ~ 0 . 1  0 . 5 & 0 . 1  0.982C0.06 0 . 1 4 i ~ 0 . 0 1  0.532C0.03 
a,a’-Stilbene-da 0.70 f 0.04 0.17 =t 0.01 

bene. The data further indicate that all the processes 
which deactivate the PAQ triplet proceed at comparable 
rates. Since the decay of X is heavily in favor of the 
formation of the p state (Kx = 0.86), adduct formation 
can be viewed as a minor deactivating path, and the 
nonspectroscopic excitation of stilbene occurs at about 
the same rate as the classical energy transfer. The 
small temperature dependence of K7 (cf. Table 11) 
indicates that the decay of X to p and Q is favored at 
higher temperature and hence involves some activation 
energy. The temperature variation of the ratio K7k4/ 
(k4 + k6) is in the same direction as that of K7, but the 
magnitude is too small to  detect a significant influence 
Ofk4/(k4 + k6). 

The stationary trans/& ratio, R s  = 0.7, is close to  that 
reported for high-energy sen~itizers.~ However, in the 
present case it represents a balance between the rate of 
isomerization and the rate of addition. Since the 
addition of PAQ to cis-stilbene is faster than to  trans- 
stilbene, it is clear that for isomerization only R s  
would be much smaller than 0.7. 

Since the association complex X resembles the transi- 
tion state of thermal reactions, the appearance of second- 
ary deuterium isotope effect in adduct formation is 
not surprising. The formation of X may not only 
involve the appearance of torsional freedom about 
the central C-C bond of the olefin, but may also 
cause the geometry at the central carbon atoms to 
change from that appropriate for an sp2 hybridization 

to a configuration between sp2 and sp3. In this case 
(k4)D > (k4)H is expected,33 but the data indicate that 
(kd/ka)~ < (k4/k6)~. Consequently there is a strong 
implication that (k6)D > ( k 6 ) H ,  i.e., that the classical 
energy transfer occurs at less than the diffusion-con- 
trolled rate and is subject to an isotope effect.34 That 
(fQD > (K7)H can be readily accommodated if the 
olefinic carbon configuration in X is closer to sp2 
than to  sp3, and if the configuration in X and p are 
similar. Under these circumstances (k8)D = (k8)H 
and (k7)D > (k7)H. These arguments imply that an 
activation energy is involved in the formation of X and 
in its passage into adduct. 
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Excited Singlet Molecular Oxygen in Photooxidation 
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Abstract: Competitive photooxidation of three pairs of unsaturated compounds yields a single set of relative 
reactivities, whether sensitized by a dye (methylene blue or rose Bengale) or by the aromatic substrates themselves. 
This result seems, except in case of a remarkable coincidence, uniquely consistent with excited singlet oxygen as the 
reactive species and inconsistent with a series of biradical-like “moloxides” which would be different for each sensi- 
tizer. In pyridine, the relative reactivities with singlet oxygen are as follows : tetramethylethylene, 1 .O; 9,lO-dimethyl- 
anthracene, 1.0; 9,10-diphenylanthracene, -0.2; rubrene, 2.25; and 1,3-diphenylisobenzofuran, 38.5. Direct addi- 
tion to the triplet state of these acceptors is undetectable, with the possible exception of the last one where its contri- 
bution would be small. Energy considerations would indicate that the active molecules are in the lAg state. 

he purpose of this note is to present additional T experimental evidence for a mechanism via 
excited singlet oxygen molecules for the photooxidation 
in solution of organic compounds (acceptors) such as 
the polyacenes, in which a transannular peroxide is 

attention. It is generally agreed that it does not pro- 

ceed by direct addition of a ground-state oxygen mole- 
cuIe to a singlet excited molecule of the acceptor during 
the fluorescence quenching step. On the basis of the 
complex kinetic data previously accumulated, three 

formed. t hi^ type of reaction has attracted much (1) For recent discussions of photooxidation, see E. J. Bowen, 
Adcan. Photochem., 1, 23 (1963); and C. S. Foote and S. Wexler, J .  Am. 
Chem. SOC., 86, 3880 (1964). 
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