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In the last few years laser techniques have become 
increasingly available and attractive to the organic 
chemist. This is largely due to the commercial availa- 
bility of reliable and powerful lasers, transient digitizers, 
and other electronic components necessary to carry out 
laser flash experiments. In this Account I discuss our 
studies in the area of biradical reactions; this is an area 
in which laser flash photolysis techniques have proven 
extremely useful. I will try to emphasize the possibil- 
ities, use, and limitations of the technique, which I 
believe should become increasingly common in the 
study of problems in organic chemistry. 

The biradicals I will be discussing have been gener- 
ated as intermediates in the Norrish type I1 r e a ~ t i o n ~ * ~  
and the photoenolization of o-alkyl-substituted carbonyl 
 compound^.^ 

A Glimpse at the Technique of Laser Flash 
Photolysis 

Since the initial publication5 on the application of 
laser techniques to the measurement of transient optical 
absorptions, a number of technological improvements 
have made this type of experiment faster, easier, and 
more accurate. 

The components necessary to carry out laser flash 
photolysis experiments can be divided into four groups: 
(A) the excitation source, (B) a monitoring system, (C) 
a detection system, and (D) signal processing facilities. 
Components B and C are effectively a spectrophotom- 
eter, which is required to have special characteristics 
of signal and time response. 

The excitation source (A) is a pulsed laser. In almost 
all our studies we have used nitrogen lasers, which 
produce 337.1-nm pulses of 3-10 mJ and a duration of 
-8 ns; the short duration of the pulse makes the time 
domain accessible by laser techniques about 3 orders 
of magnitude shorter than that accessible by conven- 
tional flash photolysis. Other possible excitation 
sources include excimer, ruby, neodymium, and dye 
lasers, which when combined with frequency multipliers 
provide an ample range of wavelengths from the far-UV 
well into the infrared region. As a general guideline, 
a laser must be able to generate M transient in the 
monitored volume to be useful, and this requires en- 
ergies in the 1-100 mJ/pulse range. 

The monitoring system consists of a light source, 
quite frequently a xenon lamp, a series of lenses and 
filters to concentrate the appropriate spectral region on 
the sample, another series of lenses and filters to direct 
the light into the monochromator slit, and a mono- 
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chromator (See Figure 1). In order to achieve good 
signal-to-noise ratios in the short time scales used, it 
is frequently convenient to “pulse” the lamp. That is, 
the intensity of the monitoring beam is increased by a 
factor of 10-100 for a few milliseconds, while the ex- 
periment is carried out. This also increases the relative 
UV output of the lamp. Given the short duration of 
the experiments, the pulsed monitoring lamp can be 
regarded as a continuous wave source in this time 
frame. Excitation of the sample is usually carried out 
at  90° or at  a small angle, as shown in Figure 1. The 
small angle approach leads to stronger signals: although 
at the expense of a reduction in the reaction volume and 
an increase in the (sometimes undesirable) sensitivity 
of the system to fluorescence and scattered light. 

The detector system (C) consists of a photomultiplier 
(PMT, suitably wired to achieve fast and linear re- 
sponse at high light intensities), a unit capable of 
measuring the intensity of the monitoring beam (scope 
or A/D converter), and a unit capable of storing a signal 
vs. time profile, i.e., a fast scope and camera or a tran- 
sient digitizer. 

Signal processing (D) is where most variations can be 
found. Calculations based on photographs can be 
carried out manually or by feeding digitized data to a 
computer. If a transient digitizer is available, the data 
can be fed directly to the computer, making the in- 
strument at  least 1 order of magnitude more time ef- 
ficient. The same computer can be used to control the 
experiment; in our laboratory we have been rather 
successful in developing this approach? in which a small 
computer serves to control the experiment, as well as 
to provide data gathering, processing, storage, and 
hardcopy facilities. 

The basic output from the system is a profile of 
changes in optical density (AOD) vs. time at  a given 
wavelength. It should be noted that the signal is not 
the optical density of the transient, but rather its dif- 
ference from the absorption due to the precursor. 
Transient spectra are obtained by repeating the mea- 
surements at  different wavelengths and reading the 
optical density at  a given time after the laser pulse. 
From the time evolution of the signal it is frequently 
possible to determine the kinetic laws of the system. 
Most of the examples included herein follow first- or 
pseudo-first-order kinetics; for these, the “lifetime” 
refers to the reciprocal of the rate constant for transient 
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Figure 1. Laser flash photolysis system. 

decay and corresponds to the time required for the 
concentration to decay to e-l (1/2.718) of its initial 
value. Typical instruments can resolve lifetimes in the 
10-ns to 100-p~ range.8 
Biradical Generation, Characterization, and 
Lifetimes 
AU the reactions discussed in this Account occur from 

the triplet manifold. In the case of simple aromatic 
ketones, intersystem crossing occurs in the 10-lo-lO-ll 
s time scale and as a result is frequently the only process 
in which the singlet state participates. 

In order for a transient species, in this case a birad- 
ical, to be amenable for time resolved laser flash pho- 
tolysis study, its formation has to be substantially faster 
than its decay, so that significant concentrations build 
up during the experiment. In other words, the biradical 
lifetime should be longer than both the laser pulse and 
its triplet precursor lifetime. Reaction 1 is an example 
which meets these conditions. to* - f O H  (1) 

1 2 

The lifetime of 2, T ~ ,  is 97 ns in methanol (vide infra), 
which compares with a triplet lifetime (TT) of 4.7 ns and 
the pulse duration of ca. 8 ns.l0J1 Naturally, it is 
necessary to establish that TT is short enough in ex- 
periments that do not require knowledge of the birad- 
ical lifetime.12 Fortunately, triplet lifetimes can be 
determined by a variety of other t e c h n i q ~ e s . ~ J ~ J ~ - l ~  

I will now use reaction 1 to illustrate how one can 
establish if a transient observed in a laser flash exper- 
iment is the Norrish type I1 biradical. Tests that in- 
volve intermolecular reactions are mentioned briefly 
and will be discussed in more detail in other sections. 
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(11) Small, R. D., Jr.; Scaiano, J. C. J. Phys. Chem. 1977,81,828-832. 
(12) Note that the actual value of the triplet lifetime is not used in any 

calculations; it is simply neceeaq to establish that it is sufficiently short 
that it will not interfere in biradical studies.I3 

(13) Bays, J. P.; Encinas, M. V.; Scaiano, J. C. Macromolecules 1980, 
13, 815-820. 

(14) Grotewold, J.; Soria, D.; Previtali, C. M.; Scaiano, J. C. J. Pho- 
tochem. 1972/73,1, 471-479. 

(15) Scaiano, J. C.; Grotewold, J.; Previtali, C. M. J. Chem. Soc., 
Chem. Commun. 1972, 390-391. 

(16) Wagner, P. J.; Thomas, M. J.; Harris, E. J. Am. Chem. Soc. 1976, 
98, 7675-7679. 

(17) E.g.: Wagner, P. J.; Kelso, P. A.; Kemppainen, A. E.; Zepp, R. 
G. J. Am. Chem. Soc. 1972,94, 7500-7505. 

21262131. 

I I I 1 
400 450 500 

X ( n m )  

Figure 2. Transient spectra from biradical2 in methanol and 
(insert) typical decay trace monitored at  415 nm. (Reproduced 
with permission from ref 18. Copyright 1977, North-Holland 
Publishing Co.) 

(A) Laser excitation of y-methylvalerophenone in 
methanol leads to the transient spectrum of Figure 2, 
which is virtually identical with that of the radical 
PhC(OH)CHs.18~19 
(B) The lifetime of this transient is 97 ns (see insert 

in Figure 2) and is not affected by addition of typical 
triplet quenchers; however, its yield of formation is 
reduced, thus showing that it has a triplet state pre- 
cursor. 
(C) Addition of electron acceptors leads to electron 

transfer processes characteristic of ketyl radical sites; 
experiments of this type also allow the evaluation of TB, 
and these values have been found to be in excellent 
agreement with those obtained by direct detection (see 
point B).10J1s20 

(D) Addition of typical radical scavengers, such as 
thiols, reduces the biradical lifetime and leads to ketyl 
radical f ~ r m a t i o n . ~ l - ~ ~  

(E) Substrates that are good scavengers in laser ex- 
periments also quench product formation to the extent 
predictable from the laser data. 

A number of other ketones besides 1 also led to de- 
tectable biradicals. There are other examples where the 
triplet and biradical lifetimes are of comparable mag- 
nitude. For example, this is the case for 3 which leads 
to biradical 4.24-26 

3 
OH 0 
I I I  

4 
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Table I 
Selected Biradical Lifetimes at Room Temperature 

biradical solvent ralns ref 

Scheme I 

methanol 
wet acetonitrilea 
benzene 

wet acetonitrile 

wet acetonitrile 

wet acetonitrile 

wet acetonitrile 
methanol 

wet acetonitrile 

wet acetonitrile 

methanol 

wet acetonitrile 

wet acetonitrile 

water (pH 8 .0)  
water (pH 11.0) 

97 
16 
30  

40  

2000 

1500  

580 
300 

24 

930  

1600  

2200 

600 

2000 
1200 

11 ,  28 
28 
28 

24 

29 

3 0  

3 0  
31 

30 

30 

21 

32  

32  

33 
33 

a Wet acetonitrile refers t o  the solvent with 10-20% 
water. 
composition. 

See original publications for detailed solvent 

In cases like this, we have shown that the triplet 
lifetime can be ”tuned” to a conveniently short value 
by addition of a triplet quencher, selected so that it will 
not produce absorptions in the region of interest.24 In 
general, dienes are a convenient choice. Naturally, the 
quenching of the triplet state lowers the yield of bi- 
radical formation, therefore leading to weak signals; in 
many cases signal averaging techniques can overcome 
these problems.24 

Table I summarizes some representative lifetimes for 
biradicals derived from the Norrish type II reaction and 
the related photoenolization of o-methylbenzoyl deriv- 

(24) Bays, J. P.; Encinas, M. V.; Small, R. D., Jr.; Scaiano, J. C. J .  Am. 
Chem. SoE. 1980,102,727-734. 

(25) Salvin, R.; Meybeck, J.; Faure, J. J. Photockm. 1976/77,6,9-16. 
(26) Salvin, R.; Meybeck, J. J. Photochem. 1977, 7, 411-415. 

\ 4  

atives. Many of these values were obtained from elec- 
tron transfer studies (vide infra). All the biradicals in 
Table I have been derived from triplet-state reactions 
and are believed to be triplet states.loJ9 This aspect will 
be developed in more detail in the section on para- 
magnetic quenchers. The biradicals generated as in- 
termediates in photoenolization can also be regarded 
as the triplet states of the corresponding enols, e.g., 

5a 
5b 

Solvent effects on the lifetimes of Norrish type I1 
biradicals show an enhancement of the lifetimes in polar 
solvents.% We have proposedlg that the results reflects 
an increase in the average distance between the radical 
sites in hydrogen bonding media, which in turn leads 
to a decrease in the rate of intersystem crossing. Con- 
sistent with this, polar solvents decrease the yield of 
cyclization products.34 

The behavior of biradicals in micelles can be regarded 
as a special case of solvent effects. The lifetime for 2 
in sodium dodecyl sulfate micelles is 92 ns35 and com- 
pares well with a value of 97 ns in methanol; this is 
indicative of a very polar environment and is in 
agreement with the high quantum yields of fragmen- 
tation observed in micellar solution.36 

Another example where the distance between the 
biradical ends seems to play a role in determining its 
lifetime is the case of 6, where 7B = 17 ns in methanol.37 
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6 
Up to this point I have not discussed the mechanism 

of the type I1 reaction, simply to emphasize that in 
principle laser studies do not require a detailed 
knowledge of the ultimate products of reaction. How- 
ever, laser photolysis studies on systems where the 
products are not known or where a rough idea of the 
quantum yields involved is not available are of little 
value. Schemes I and I1 show the mechanisms of the 
Norrish type I1 and photoenolization reactions, illus- 
trated for y-methylvalerophenone and o-methylaceto- 
phenone, respectively. In the latter the syn and anti 
conformers lead to kinetically distinct triplets; this has 
been discussed in detail by Wagner, Wirz, and our- 

Biradical lifetimes show very small or no temperature 
dependence. For example, for 2 and 5 in methanol: 

selves.43031%~40 

-log ( T ~ / S )  = 7.20 - 150/0 for 219 

-log ( T ~ / s )  = 7.51 - 1630/8 for 541 

where 0 = 2.3RT with R T  in cal/mol. The low preex- 
ponential factors and the insensitivity of the lifetimes 
to the enthalpy changes associated with decay have 
been taken to indicate that biradical lifetimes are de- 
termined by the rates of triplet-singlet intersystem 
~rossing.’~J~ 

The lifetime of 2 has been shown to be insensitive to 
magnetic fields of up to 2000 G; this suggests that the 
interaction between the ends is large enough that it 
cannot be overcome by the Zeeman splitting5 produced 
in this field.lg 

The interaction between radical sites must, never- 
theless, be small in comparison with enthalpy changes 
associated with chemical reactions, since the biradicals 
display in their reactions with diamagnetic scavengers 
typical monoradical properties. Further, the biradical 
spectrum of Figure 2 reflects simply the absorption of 
the ketyl ~hromophore .~~ Acid-base properties also 
seem to be rather insensitive to the presence of a second 
radical site; thus, the pKa of 7 is 10.0, very similar to 
that for the ketyl radical, PhC(OH)CH3.33i42 

NMez 

7 

Intermolecular Biradical Processes 
Hydrogen Abstraction. Given the short lifetimes 

of type I1 biradicals (see Table I), hydrogen abstraction 
studies are only viable with molecules with very labile 
hydrogen atoms. Wagner reported in 1972 that type 
I1 biradicals abstract hydrogen from thiols, and the 

(37) Bays, J. P.; Scaiano, J. C.; Sheppard, J. W., to be published. 
(38) Wagner, P. J.; Chen, C.-P. J. Am. Chem. SOC. 1976,98, 239-241. 
(39) Das, P. K.; Scaiano, J. C .  J. Photochem. 1980,12, 85-90. 
(40) Haag, R.; Wirz, J.; Wagner, P. J. Helv. Chem. Acta 1977, 60, 

(41) Scaiano, J. C. Chem. Phys. Lett. 1980, 73, 319-322. 
(42) Hayon, E.; Ibata, T.; Lichtin, N. N.; Simic, M. J. Phys. Chem. 

1972,76,2072-2078. Lutz, H.; Breheret, E.; Lindqvist, L. J.  Phys. Chem. 
1973, 77, 1758. 
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Scheme I1 

IhV 
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* O* @ti3 

HO @H2 

i 

Table I1 
Absolute Rates of Hydrogen Abstraction by  Biradicals” 

biradical source substrate k/M-‘ s - ’  a 

y -met hylvalerophenone Bu ,SnH 1.1 x 106 

valerophenone ~-c,H,,sH 1.13 x 107 
y-methylvalerophenone n-C,H,,SH 9 x l o6  

At 22 “C in 1 . 2  M pyridine in benzene. For 
comparison, abstraction by tert-butyl radicals a t  27 “C 
occurs with k = 1.9 x l o 6  M-’ s-’.‘+‘+ 

results from competitive studies were used to estimate 
biradical lifetimes.21p22 We have recently reexamined 
this reaction using laser  technique^.^^ Reactions 3 and 
4 illustrate the mechanism in the case of 2. 

Ph 
I 

P h  
I 

- I  
OH ‘B products c 

Ph 
I 

(3)  

A characteristic of these reactions is that when the 
biradical is trapped (reaction 41, the lifetime of the 
detectable chromophore (i.e., ketyl) is actually in- 
creased. The reason is that biradicals are much shorter 
lived than free radicals; the latter can be regarded as 
stable species in the time scale of these experiments. 
We have demonstrated that the kinetic analysis is 
straightforward in this case, because the kinetics of 
biradical decay coincide with the kinetics for ketyl 
radical formation.23 

Table I1 shows values of rate constants for hydrogen 
abstraction by biradicals. It is noteworthy that the rate 
of abstraction from tri-n-butylstannane for the birad- 
icals is in excellent agreement with the value measured 
for tert-butyl r a d i c a l ~ , 4 ~ ~ ~  thus supporting Wagner’s 
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proposal that these biradical processes reflect mono- 
radical behavior.21*22 

The quenching of the photofragmentation of valero- 
phenone by phenols is believed to result from a com- 
bination of triplet quenching and biradical scavenging,45 
the latter involving abstraction by the alkyl site. 

Electron Transfer. Ketyl radicals are known to be 
excellent electron donors;46 thus, it is not surprising that 
biradicals with ketyl sites will behave ~ i m i l a r l y . ~ ~  
Biradical reactions of this type were the first ones 
studied with laser techniques,ll and many of the known 
lifetimes were derived from experiments of this type 
(see Table I). Paraquat dications (methyl viologen), 
PQ2+, have been the most commonly used acceptors, 
e.g., reaction 5. 

Ph Ph 
I I 

The radical cation, PQ'., has strong absorption bands 
at 398 and 603 nm and is easily The 
formation of PQ+. follows pseudo-first-order kinetics, 
leading to an experimental rate constant associated with 
its buildup that we will call kex The values of kexptl 
are related to the biradical &time (7B) and k,, ac- 
cording to eq 6. 

Thus, k,, and 7B can both be obtained from a study 
of the buildup of PQ+. for different concentrations of 
the electron acceptor PQ2+. The main advantage of a 
technique of this type is that is does not depend upon 
the detection of a different transient in each system; 
rather, the same species (PQ'.) can be monitored in all 
cases. This is particularly important in systems where 
the corresponding biradical shows only very weak ab- 
sorptions, as is the case for nonaromatic ketones.29p32*49 
PQ+. is unusually easy to monitor; in our early exper- 
iments'l we have shown that the monitoring system in 
the laser photolysis apparatus (light source, pulser, 
filters, lenses, and monochromator) can be replaced by 
an He/Ne alignment laser (A = 632.8 nm) of a type 
which is available in many laboratories. 

In these systems it is important to establish that the 
species trapped by PQ2+ is indeed the biradical and not 
some other transient such as the triplet state;50 there- 
fore, these experiments are limited to systems where the 
triplet lifetime is substantially shorter than the biradical 

(431 Carlsson. D. J.: Innold. K. U. J. Am. Chem. SOC. 1968.90.1055- 
1056; 1968,90,7047-705< ' 

1981. 103.7734-7742. 
(44) Chatgilialoglu, C.; Ingold, K. U.; Scaiano, J. C. J.  Am. Chem. SOC. 

~ . . ~  

(45j Dh, P.-K.; Encinas, M. V.; Scaiano, J. C. J.  Am. Chem. SOC. 1981, 

(46) E.g.: Hyde, P.; Ledwith, A. J.  Chem. SOC., Perkin Tram. 2 1974, 
1968-1772. Neta, P.; Simic, M. G.; Hoffman, M. Z. J.  Phys. Chem. 1976, 
80, 2018-2023. Neta, P.; Patterson, L. K. J.  Phys. Chem. 1974, 78, 
2211-2217. Patterson, L. K.; Small, R. D., Jr.; Scaiano, J. C. Radiat. Res. 
1977, 72, 218-225. Kemp, T. J.; Marins, L. J. A. J. Chem. Soc., Perkin 
Tram. 2 1980, 1708-1713. 

(47) Small, R. D.; Scaiano, J. C. J. Photochem. 1976/77,6,453-456. 
(48) Faxrington, J. A.; Ledwith, A,; Stam, M. F. J.  Chem. SOC., Chem. 

Commun. 1969, 254-260. Farrington, J. A.; Ebert, M.; Land, E. J.; 
Fletcher, K. Biochim. Biophys. Acta 1973, 314, 372-381. 

(49) Encinas, M. V.; Lissi, E. A.; Scaiano, J. C. J. Phys. Chem. 1980, 
84,948-951. 

(50) Das has recently measured absolute rate constants for several 
carbonyl triplets and shown that they frequently exceed l@ M-' 8-l. (Das, 
P. K. Tetrahedron Lett. 1981, 1307-1310.) 

103,4154-4162. 

Table I11 
Rate Constants for the Reaction o f  Various Electron 

Acceptors with the Biradical from yMethylvalerophenone 
at Room Temperatureu 

acceptor het/M-' s-' 

u u  

1.4 x 109 

2.6 x 109 

91 x l o 8  

7.6 X 10' 
I$. 

C O 2 H  

1.7 X 10' 

wCCzh >h' $ 2  x 107 

Cf ,HJ ,+  3.3 x i o 9  
p-C H OC H,N 5.5 x i o 9  

C S H P  

+ 

a In 20% water-acetonitrile unless otherwise indicated. 
In methanol. 

lifetime. It should be noted that the triplet lifetime 
tuning technique (using dienes) mentioned above can 
lead to complications if used when electron acceptors 
are present because triplet dienes can behave as electron 
donors;51 thus, a plot of kexptl vs. [PQ2+] could reflect 
properties of the diene triplet rather than those of the 
biradical. Occasionally, triplet quenchers can be safely 
added if the biradical lifetime is long enough that only 
very small concentrations of PQ2+ are required.30 

Typical ket values are in the 1-7 X lo9 M-' s-l range. 
Interestingly, the lowest value measured (7.5 X 108 M-l 
s-l) corresponds to the biradical for o-phthalaldehyde, 
the only species examined which has a a-radical site. 

The temperature dependence of the reaction of 2 with 
PQ2+ was measured in methanol; log (k,/M-l s-l) = 11.4 
- 2500/8,'O leading to ke, = 3.6 X lo9 M-l s-l at  25 "C. 

Table I11 summarizes kinetic data for the reaction of 
2 with several electron acceptors? it includes data from 
some recent experiments which demonstrate that type 
I1 biradicals are very reactive toward diazonium salts.52 

Addition to Unsaturated Systems. As in the case 
of hydrogen abstraction, the short biradical lifetimes 
require very reactive substrates for addition to be ef- 
ficient. Di-tert-butyl selenoketone has been shown to 
be an excellent biradical trap.53 No laser experiments 
were carried out on this system, but the combination 
of lifetimes obtained in laser experiments (see Table I) 

(51) A few other examples of electron transfer from triplet olefins to 
Paz+ have been reported Caldwell, R. A.; Pac, C. Chem. Phys. Lett. 
1979,64, 303-306. George, M. V.; Vijaya Kumar, Ch.; Scaiano, J. C. J .  
Phys. Chem. 1979,83, 2452-2455. 

(52) Scaiano, J. C.; Nguyen, Kim-Thuan J. Photochem. submitted for 
publication. 

(53) Scaiano, J. C. J.  Am. Chem. SOC. 1977, 99, 1494-1498. 
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Table IV 
Rate Constants for the Interaction of the Biradical from 
7-Methylvalerophenone with Paramagnetic Quenchers 

a t  Room Temperature 

257 

scavenger solvent k, /M-’  s-l ref 

oxygen methanol 6.5 X l o 9  57 
6.7 X l o 9  18  

t-BU ,NO* methanol 2.5 X l o 9  58 
benzene 1 . 2 ~  109 58 

Cu(acac), methanol 2 x l o 9  60 

with the results from steady irradiation studies lead 
a rate constant of 7 X lo8 M-l s-l for reaction 7 
benzene at  32 “C. 

Ph 
I I ‘ih 

to 
in 

L -I 

( 7 )  

Se-C( H 1 ( B u  -t l 2  k 
Addition to carbon-carbon double bonds is not fast 

enough (thus inefficient) to be studied by laser tech- 
niques, although the interaction of biradicals with 
methyl methacrylate has been shown to initiate polym- 
er izat i~n.”*~~ Interaction with oxygen is believed to 
reflect largely its paramagnetic properties and is dis- 
cussed separately. 

Interaction with Paramagnetic Species. The 
mechanism and kinetics of the reactions mentioned 
above do not differ substantially from those of typical 
monoradicals with similar substitution at  the reactive 
center. By contrast, the interaction of biradicals with 
paramagnetic species [oxygen, nitroxides, Cu(I1) com- 
plexes] occurs by pathways that are characteristic of the 
biradical and tend to reflect spin selection rules. In 
1973 we reported the first observation of such an ef- 
fectsg the photofragmentation of y-methylvalero- 
phenone (1) occurs with higher quantum yields in the 
presence of oxygen compared to the absence of oxygen, 
a rather unusual observation for a reaction that occurs 
exclusively from the triplet state. 

Laser experiments show that biradicals are efficiently 
scavenged by ~xygen.’~$~ Rate constants of -6.7 X lo9 
M-l s-l can be determined either by direct scavenging18 
or by monitoring the effect of oxygen on reaction 5 (i.e., 
with reaction 5 as a probe)? Similar experiments with 
other paramagnetic species, such as di-tert-butyl nitr- 
oxide or bis(acetylacetonato)copper(II),- lead to the 
rate constants given in Table IV. While the high rate 
constants could be expected, it is surprising that in all 
these examples the chemical processes taking place are 
quite different from those that could be expected from 

(54) Hamity, M.; Scaiano, J. C. J. Photochem. 1975,4, 229-232. 
(55) Small, R. D., Jr.; Scaiano, J. C .  Macromolecules 1978,11,840-841. 
(56) Grotewold, J.; Previtali, C. M.; Soria, D.; Scaiano, J. C. J. Chem. 

(57) Small, R. D., Jr.; Scaiano, J. C. Chem. Phys. Lett. 1977, 48, 

(58) Encinas, M. V.; Scaiano, J. C. J. Photochem. 1979,11,241-247. 
(59) For other examples involving l,Cbiradicala, see: Caldwell, R. A.; 

(60) Scaiano, J. C.; Lee, C. W. B.; Chow, Y. L.; Marciniak, B. J. Phys. 

Soc., Chem. Commun. 1973, 207. 

354-357. 

Creed, D. J. Phys. Chem. 1978,82, 264-2652, 

Chem., in press. 

Scheme I11 

hv ISC 
K - + - ’ K  

‘B, + products “a” 

3B + Q? + Q J  

‘Bb + products “b”  

typical monoradical behavior. For example, in the case 
of oxygen, we have shown that 75% of the quenching 
events leads to typical type I1 producta61 (fragmentation 
and cyclization) while the other 25% leads to the for- 
mation of hydroperoxides. In the case of y-phenyl- 
butyrophenone, the hydroperoxide has been charac- 
terized as 8. 

8 

This behavior was found to be independent of the 
structure of the type 11 biradical and of the solvent. We 
have proposed that the constancy of the 3:l ratio of 
products reflects the spin selection rules operative in 
this case; that is, two triplets (oxygen and the biradical) 
will lead to singlet, triplet, and quintet encounters in 
a 1:35 ratio. The hydroperoxides result from the singlet 
encounters and the type I1 products (fragmentation or 
cyclization and ground-state 302) from triplet encoun- 
ters. Thus, the product forming reactions are all spin 
allowed and take place with a 3:l probability ratio; 
quintet encounters are assumed to be dissociative. 

Similarly, in the case of di-tert-butyl nitroxide in 
nonpolar solvents the fraction of biradicals that leads 
to products is enhanced by addition of the scavenger. 
In all cases the basic explanation rests on the idea that 
partitioning of the biradical into products can be 
modified by addition of a paramagnetic quencher. 

While assisted intersystem crossing is an essential 
ingredient of any explanation of these effects, it should 
be noted that all modes of biradical decay (assisted or 
not) require intersystem crossing. In other words, the 
fact that intersystem crossing is rate determining does 
not mean that product ratios will change if the rate of 
intersystem crossing is modified. We have proposedlg 
that singlet biradicals can remember the conformation 
at  which intersystem crossing took place; further, the 
singlet biradical being very short lived (subnanosecond) 
preferentially leads to those products for which the 
nascent singlet biradical is already “preset”. Thus, any 
interaction capable of changing the average conforma- 
tion from which intersystem crossing takes place would 
be expected to exert some control on the product ratios. 
Quenching by paramagnetic species provides one ex- 
ample of such an interaction; very strong magnetic 

(61) Small, R. D., Jr.; Scaiano, J. C. J. Am. Chem. SOC. 1978, 100, 
4512-4519. 
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fields62 or magnetic isotope substitution at the radical 
sites may be other examples where product control can 
be exerted at  the triplet manifold level by controlling 
the conformations at  which intersystem crossing takes 
place. From a mechanistic point of view, singlet bi- 
radicals generated by different intersystem crossing 
mechanisms should be regarded as different species; 
Scheme I11 illustrates an example where lB, and ‘Bb 
represent singlet biradicals produced via spontaneous 
and assisted intersystem crossing, respectively, and lead 
to different products, or the same products in different 
ratio (“a” or “b”); Qt represents a paramagnetic 
quencher. 

The case of paramagnetic quenchers provides a good 
example where laser techniques can provide valuable 
information but emphasizes the need to complement 
laser studies with product and quantum yield data. 

Biradical-Biradical Reactions. Given the short 
biradical lifetimes, we should not be surprised that 
almost nothing is known about their self-reactions. In 
a recent study,19 we have shown that self-termination 
of 2 occurs with 2 4  -1O’O M-l s-l, but no product 
studies have been carried out. 
Biradicals in Polymer Systems 

The Norrish type I1 reaction is a common process in 
carbonyl-containing polymers.a@ Faurea was the first 
to detect biradicals of this type in the photochemistry 
of poly(pheny1 vinyl ketone) (PPVK). This study also 
showed that the spectroscopic properties of biradicals 
are quite similar to those of the analogous monoradicals. 
The lifetimes of type I1 macrobiradicals are usually 
similar to or slightly longer than those observed in small 
 molecule^.'^ Intermolecular reactions also show a sim- 
ilar pattern, with smaller rate constants in the case of 
 polymer^.^^,^^ 

The background on the measurement of 7B for PPvK 
is particularly interesting, because it emphasizes the 
importance of carrying out the measurements under 
conditions where the triplet lifetime is considerably 
shorter than 7& Fauress reported 7B = 70 ns in benzene, 
while our studies led to 7655 and 65 ns,13 respectively, 
under similar conditions. Reported triplet lifetimes for 
PPVK range from 7 to 100 ns, with a recent detailed 

(62) E.g., see: Doubleday, C., Jr. Chem. Phys. Lett. 1981,77,131-134. 
(63) De Schryver, F. C.; Smeta, G. In ‘Reactivity Mechanism and 

Structure in Polymer Chemistry”; Jenkins, A. D., Ledwith, A., Eds.; 
Wiley: New York, 1974; Chapter 14. 
(64) Ranby, B.; Rabek, J. F. ‘Photodegradation, Photooxidation and 

Photoetabilization of Polvmere”: Wilev: New York. 1975: Chauter 4. 
(65) Faure, J.; Fouaseik, J.-P.; Lougnot, D.-J.; Sdvin, R. N& J. 

(66) Bays, J. P.; Encinas, M. V.; Scaiano, J. C. Polymer 1980, 21, 
Chem. 1977, I, 15-24. 
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study leading to 57 ns at  20 “C in toluene-de for 
quencher-free macromolecules.67 Thus, the triplet 
lifetime is not substantially shorter than 7B. However, 
reexamination of the samples and results from our early 
experiments indicate that they had incorporated 
quencher end groups (produced in the type I1 reac- 
tion),68 which led to a considerable shortening of the 
triplet lifetime. Thus, even if we were not aware of it, 
we were “tuning” the triplet lifetime to a suitably short 
value. We believe that the same explanation must ap- 
ply to Faure’s whose data clearly show that 
the species monitored was the biradical, as proposed. 
In later experiments, with “better” samples, we had to 
add dienes to achieve essentially the same e f f e ~ t . ’ ~ ? ~ ~  

In the case of photoenolizations, macrobiradicals 
again show behavior much the same as that shown in 
the case of small  molecule^.^^^^@ Reactions of this type 
have been proposed to serve the purpose of photosta- 
bilization because of their ability to behave as an energy 
sink.70 

Concluding Remarks 
Biradicals produced as intermediates in the Norrish 

type I1 reaction and in the photoenolization of o-al- 
kyl-substituted carbonyl compounds show typical mo- 
noradical behavior in their reactions with diamagnetic 
substrates. Their reactions with paramagnetic species 
show characteristic behavior that reflects the operation 
of spin selection rules and the importance of intersys- 
tem crossing processes in biradical chemistry. 

I have attempted to illustrate in this Account studies 
in which laser techniques have proved extremely useful. 
Laser techniques should prove useful in the solution of 
many other problems in organic chemistry. A few other 
systems, including alkoxy radicals, group 4 radicals, 
carbenes, and various ylides, have been investigated in 
recent laser studies. Many other problems in organic 
chemistry will probably be examined by means of laser 
flash photolysis during the next few years. 
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