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Mechanisms ( 
Photosensitized Oxidatic 

There are several different types of photosensitiz 
oxidation which may be important in biological systen 

Christopher S. Fo< 

Photosensitized oxidations have been 
of interest to chemists and biologists 
since Raab's discovery that microor- 
ganisms are killed by light in the pres- 
ence of oxygen and sensitizing dyes (1). 
These conditions cause pathological ef- 
fects (referred to as "photodynamic ac- 
tion") in many organisms, including the 
human. The effects include cell damage, 
induction of mutations or cancer, and 
death, and are a consequence of the 
photooxidation of sensitive cell constit- 
uents. Both in vivo and in vitro, nucleic 
acids are damaged (largely by oxida- 
tion of guanine residues), enzymes are 
deactivated, and polypeptides and pro- 
teins are damaged (2). Also, carbohy- 
drates are degraded (3). Closely re- 
lated nonpathological photosensitized 
oxidation-reduction processes are im- 
portant in photosynthesis (4). 

Recent studies on simple chemical 
systems have led to rapid advances in 
the understanding of photosensitized 
oxidations. In particular, not one path- 
way but a number of different ones have 
been shown to occur. The path actually 
followed in a given system is a sensitive 
function of the conditions; some of the 
factors governing the pathway are dis- 
cussed in this article. Coverage of the 
literature is highly selective, rather than 
exhaustive. 

With few exceptions, photosensitized 
oxidations proceed by way of the trip- 
let sensitizer (Sens) (5), probably be- 
cause the triplet has a much greater 
lifetime than the excited singlet. The 

29 NOVEMBER 1968 

most effective sensitizers 
those which give a lot 
state in high quantum yie 

Sens -> 'Sens -> 3Sens 
hv 

Because of limitatior 
consider only photoser 
tions which occur in tt 
oxygen (aerobic photooxi 
in this category there ar 
reaction, (i) those in whi 
interaction of the sensi 
with oxygen and (ii) t 
the interaction is with th 
The efficiency of each p, 
the relative values of t] 
substrate concentrations, 
action of sensitizer triple 
(ks) and with oxygen 
rate of triplet decay (kd 
cies of the two paths c 
by various deactivatior 
subsequent stages of th< 
are limited by the qua 
triplet sensitizer formati 

O2z$ c 

ens Senses 
kd Sf (k S 

In oxygen- or air-satu 
oxygen concentration is 
10-2 to 10-3M (6). Sine 
ably close to 109M-1 se 
will predominate unless 
[S] is on the order of 1 
Conversely, even traces 
inhibit path B if ks or 

SCOIENCE 

examples will illustrate the relationships. 
For benzophenone in pure isopropyl 
alcohol (as substrate, 13M) under 02 

(10-2M), the ratio ko2/ks is about 103 
Df (8), ko2[O1/ks[S] is about 1, and path 

A and path B are occurring in roughly 
)|n equal proportions. However, in the ab- 

sence of certain specific reactants (dis- 
cussed below), path A leads only to 

ed quenching of sensitizer triplet, and no 
permanent chemical reaction occurs. 

IS. Under these conditions path B is only 
partly inhibited. By contrast, for eosin 
in ethanol as substrate (and for many 
other dyes in alcohols), it can be calcu- 
lated (7, 9) that ko21ks is about 107 (104 
higher than the ratio for benzophenone). 
Thus, even at low oxygen pressures, 
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X = CH2 OCH2, O, and so on 

( hhv/Sens O 

kH 02 H 

Fig. 1. 

A process of electron transfer to oxy- 
gen, followed by further reactions, was 
proposed by Weiss as a general mecha- 
nism for dye-sensitized photooxidations 
(11); however, it is probably not im- 
portant under most conditions because 
of its low efficiency. 

In the presence of suitable acceptors, 
sensitizers (dyes and aromatic hydro- 
carbons), and oxygen, a reaction occurs 
which may be very efficient. Acceptors 
such as dienes, dienoid heterocycles, and 
polycyclic aromatic compounds add 
oxygen to give endoperoxides (I in Fig. 
1); olefins react to give hydroperoxides 
(II) (7, 12). The reactions are analogous 
to the Diels-Alder reaction, and the 
Alder "ene" reaction (13), respectively. 
The reactions are very smooth, and pre- 
paratively useful because of their high 
yields and specificity; the double bond 
of olefins always shifts to the allylic 
position. The following observations 
are relevant to the mechanism (7, 14). 
(i) The reaction proceeds by interaction 
of triplet sensitizer with oxygen (accep- 
tors do not quench the triplet, in gen- 
eral). (ii) A new, kinetically distinguish- 
able intermediate (X) is formed 
quantitatively from dye triplet at O2 
concentrations above 10-5M; sensitizer 
is regenerated, and can undergo hun- 
dreds of cycles. This reaction competes 
with and completely overshadows elec- 
tron transfer to oxygen. (iii) The inter- 
mediate (X) either reacts (kAx) with ac- 
ceptor (A) to give the product (AO2) 
or decays (k4x); good acceptors trap it 

Occupancy 
highest orbi State 

I ? 1 

S- 

Fig. 2. 

of 

quantitatively even at low concentra- 
tions. The intermediate is electrophilic 
and very selective. It fails to react at all 
with most compounds (for example, al- 
cohols); in this case the only observable 
effect is quenching of the triplet sensi- 
tizer. The reaction scheme is summa- 
rized below. 

Mj 
P AO2 

3Sens - x 
-"" 

0 

02 kd 2? 

Two possibilities for X are consist- 
ent with the facts noted above: (i) ex- 
cited oxygen, formed by energy transfer 
from dye to oxygen (15, 16) 

'Sens + 02 --> Sens +f 02* 

or (ii) a sensitizer-oxygen complex 
(Sens-O) (14, 17) 

'Sens + 02 -> Sens- 0- 

It is experimentally very difficult to 
distinguish between these two mech- 
anisms (which are kinetically equiva- 
lent); until recently, most workers pre- 
ferred the sensitizer-oxygen complex. 
The discovery that excited-singlet mo- 
lecular oxygen is produced in high yield 
in the chemiluminescent reaction be- 
tween NaOCI and H20, (18) opened a 
new route to investigation. 

NaOCI + H202 -> NaCl + H202 + '02 

Reactions of singlet oxygen. Oxygen 
has two metastable singlets, with spec- 
troscopic symmetry notations ~1g+ (37 
kilocalories) and 'Ag (22 kilocalories). 
The l'A state is long-lived and survives 
at least 108 collisions with methanol in 
the vapor phase, whereas the 12Eg+ state 
survives no more than ten collisions 
under the same conditions (19). The 
lA0 state is the principal product of the 
OCI-/H202 reaction (18). The states 
of the oxygen molecule and their elec- 
tronic configurations are shown in Fig. 2. 

Singlet oxygen, produced in the hy- 
pochlorite-H202 reaction (20, 21) by 
electrodeless discharge (22) or in any of 
several other ways (23-25), reacts with 
dienes and olefins to give products 
identical to those of the photooxygena- 
tion. 

itols Energy In order to compare the reactions of 
chemically produced singlet oxygen with 

+-- 37 kcol those of the reactive species in the 
photooxygenation, we have compared 

- 22 kcl product distributions and stereoselec- 
tivity, relative reactivities of acceptors, 
and the ratio of the decay rate (kdx) 

ground stote to the reaction rate (kAx) of the inter- 
mediate for the two reactions. 

With more than 30 different olefins 
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which yield more than one product, the 
product distributions in the two reac- 
tions are identical, within the limits of 
experimental error of the analyses (26, 
27). There are thus no detectable differ- 
ences in stereoselectivity, a result which 
might have been expected were a bulky 
sensitizer complexed with the reactive 
intermediate at the transition state. The 
kinetic behavior of the two intermedi- 
ates is also indistinguishable (28). The 
relative reactivities of a large number of 
different acceptors toward the intermedi- 
ates in the two reactions were deter- 
mined by competition experiments, and 
found to be the same, within the limits 
of experimental error. The ratio (kdX) / 
(kAX) for the intermediate was deter- 
mined by measuring product yield as a 
function of acceptor concentration, and 
was also found to be the same for the 
photochemical and nonphotochemical 
reactions. Any complexing of oxygen 
with sensitizer would be expected to 
alter both the rate of reaction and the 
rate of decay of the intermediate. The 
evidence thus favors the intermediacy 
of free singlet oxygen in the photooxy- 
genation; experiments showing that the 
intermediate is volatile also support this 
conclusion (15, 29, 30). Arguments 
based on the lifetime of the intermedi- 
ate ( > 10-6 second) and on the type of 
chemistry observed strongly suggest 
(21) that the oxygen is in the tAg state, 
rather than the lg9+ state or a vibration- 
ally excited ground state (29). A cau- 
tionary note should be added, however: 
the triphenylphosphite-ozone complex 
[(C6H50) 3PO3] has been described as 
a source of singlet oxygen and is effec- 
tive in carrying out oxygenations of the 
type described above (25). However, it 
has recently been reported that this 
complex reacts with acceptors at tem- 
peratures far below the point at which 
it gives off oxygen (31). The complex 
also appears to give relative reaction 
rates with acceptors which differ from 
those of the photochemical intermedi- 
ate [in contrast to our results with the 
H202-OC1- reagent (27, 28)]. It seems 
likely that the triphenylphosphite-ozone 
complex acts as an oxygen transfer 
agent, and there may be various degrees 
of "freedom" of the singlet oxygen in 
certain cases. 

Possible involvement of lEg+ 02 in a 
photooxidation has recently been sug- 
gested (32). On theoretical grounds, 
Kearns had suggested that sensitizers of 
triplet energy (ET) > 37 kilocalories 
(the energy of Eg+ 02) should produce 
17'-+ oxygen as the primary product of 
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energy transfer, whereas sensitizers with 
ET < 37 kilocalories should produce 
only 'AgO2 (33). Kearns et al. recently 
showed that an otherwise-difficult-to- 
explain sensitizer dependence of the 
photooxidation products from A4- 
cholestene-3-8-ol could be rationalized 
on the basis of different reactions of 
tlg+ and 1AgO2 (32). However, the re- 
ported dependence of product on ac- 
ceptor concentration (34) is not con- 
sistent with any simple kinetic scheme 

involving only leg+ and A9O02 (35); 
further experimentation is necessary 
for a clarification of these phenomena. 

Further complications are introduced 
by the fact that singlet oxygen can also 
be produced (probably in very low 
yield) from 02-. or HO2.) (36) and 
could, therefore, in principle, also be 

produced via the electron transfer path 
or by some of the mechanisms dis- 
cussed in the next section; this path is 

probably of negligible importance, how- 
ever. Koizumi has recently interpreted 
some of his data in terms of a short- 
lived complex, Sens+ . . 0 2- (37) 
[this is one formulation for the sensi- 

tizer-oxygen complex (38)]; however, 
it is clear that Koizumi's complex can- 
not be intermediate in the photooxy- 
genation reaction because it is formed 
in too low yield (< 2 x 10-3 of deac- 

tivating collisions) (9). 

Sensitizer-Substrate Interaction 

A bewildering variety of reactions is 

possible when either the oxygen pres- 
sure becomes low enough or enough of 
a sufficiently reactive substrate is pres- 
ent to make reaction between triplet 
sensitizer and substrate compete with 

oxygen quenching. The major modes of 
reaction are hydrogen-atom, electron, 
or energy transfer. Several very com- 

plex sequences of reactions have been 
shown to occur by these mechanisms 
in apparently simple systems. I will dis- 

tinguish between primary reactions and 
the subsequent reactions of primary 
species. 

Primary reactions. A very well estab- 
lished reaction between triplet sensi- 
tizer and substrate leads to oxidation of 
the substrate and reduction of the sensi- 
tizer in the primary step; both hydrogen- 
atom (39) and electron transfer reac- 
tions (40) have been shown to occur. 
Alcohols act as hydrogen donors for 
excited ketones and quinones and [much 
less efficiently relative to reaction with 

oxygen (7)] for dyes. Phenols and some 
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Fig. 3. 

amines are much more efficient reduc- 
tants than alcohols, and are capable of 

reacting with excited dyes at rates com- 
petitive with that of oxygen (41-43). 
The consequences of hydrogen-atom 
and electron transfer are similar (the 
processes are often difficult to distin- 
guish), and the primary products are 
radicals or radical ions. 

Electron transfer (e-transfer) from 
sensitizer to an oxidizing substrate is 
also known (43, 44), although it ap- 
pears to be less common. Metal ions 
such as Fe3+ are suitable oxidants; elec- 
tron transfer to oxygen is mentioned 
above. Some electron-rich excited mole- 
cules eject electrons directly into solu- 
tion, in a special case of this reaction 
(45). The various primary redox proc- 
esses which occur on sensitizer-substrate 
interaction are shown below: 

'Sens + SH > Sens H. + S. 
H-a ton 

transfer 

'Sens + S > Sens-* + S+ 
e-transfer 

'Sens + S -----> Sens+- + S-* 
e-transfer 

Sens* " Sens+. - e-*(solv.) 
e-ejection 

A further complication which can 
occur is that excited dyes can transfer 
electrons to ground-state dyes (Koizumi 
"D-D" mechanism) (9, 10, 46, 47). 
The rate constant (kD-D) for this process 
is only slightly less than ko2 for some 

dyes, so this reaction can become im- 

portant at low O2 or high dye concen- 
tration. 

3Sens + Sens -------- Sensox + Sensred 
D)-l) 

Reactions of primary species. The 

complexity of the sensitizer-substrate 

path is largely a result of the variety of 

secondary reactions open to the initially 
formed redox pair. Many of these proc- 
esses can be detected only by means of 
sensitive techniques such as flash spec- 

0 

R 
OH 

O0 

Rsl 
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troscopy and electron spin resonance, 
which allow the observation of short- 
lived species. 

Electron and hydrogen-atom transfer 
reactions are often followed by a rapid 
reverse reaction regenerating the sensi- 
tizer in its ground state, so that the 
only observable effect is quenching of 
the excited sensitizer. [In some cases 
this process may produce excited species 
and lead to such phenomena as delayed 
fluorescence (48).] An example of this 
type of reaction is the quenching of 
eosin triplet by p-phenylenediamine 
(PPDA) (44). 

3Eosin + PPDA -- Eosinred + PPDAox 
------> Eosin + PDA 

A second reaction of importance is 
combination of radical species produced 
in electron or hydrogen-atom transfer 
reactions. For example, in the absence 
of air, hydroxybenzhydryl radicals (III 
in Fig. 3) formed by hydrogen abstrac- 
tion by benzophenone dimerize, form- 
ing benzpinacol (IV) (49). 

Instead of combining, intermediate 
radicals may disproportionate. For ex- 
ample, semiquinone radicals (V in Fig. 
4) (or radical anions) yield quinone 
(VI) and hydroquinone (VII) (50). 
[This process is very common with dyes; 
equal amounts of leuco dye and start- 

ing dye are produced (51).] 
Intermediate radicals can react rap- 

idly with oxygen to give peroxy radicals 
which, in turn, abstract hydrogen to 

yield hydroperoxides (a process not to 
be confused with the formation of al- 

lylic hydroperoxides by the "singlet oxy- 
gen" mechanism). Depending on the 
source of the hydrogen, new radicals 
may or may not be produced, and may 
result in conventional radical chain 
autoxidation (52). An example of a 
reaction which does not go by way of 
a chain is the reaction with oxygen of 

hydroxyisopropyl radicals (VIII in Fig. 
5), formed by hydrogen abstraction 
from isopropyl alcohol by triplet ben- 

zophenone, to give peroxyradicals (IX); 
these are reduced by the semireduced 

benzophenone radicals to give the final 

product hydroxyhydroperoxide (X) and 

regenerate benzophenone (53). 

0 

R sR 

R + 111 
1 0 

Z 

Fig. 4. 
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Electron or hydrogen-atom transfer 
reactions of the primarily produced 
radical species are often very important. 
For example, oxygen reacts rapidly with 
semireduced dye intermediates (10, 51) 
such as that from eosin, to give the 
regenerated dye and 02-. [The princi- 
pal reaction of 02-' in solution seems 
to be disproportionation (54).] 

Eosin,red + 2 ------ Eosin +- 02-' 

2 02-* 02 - H202 
2H+ 

In a similar reaction in the absence 
of oxygen, hydroxyisopropyl radicals 
(VIII in Fig. 6) produced from iso- 
propyl alcohol by hydrogen abstraction 
are further oxidized by benzophenone 
to form acetone (49). 

Similar reactions of primary inter- 
mediates have been shown to be im- 
portant in several cases where appar- 
ently simple overall reactions occur; 
otherwise invisible intermediates have 
been observed by flash spectroscopy (9, 
10, 37, 46, 47). An example is the 
anaerobic oxidation of allylthiourea 
(ATU) by eosin at high concentrations, 
which proceeds via the D-D mechanism. 

0-0- 

(CH3)2COH -- t(CH3)2C -OH 

[The direct process, with the same over- 
all reaction, occurs at lower dye con- 
centrations (9)]. 

'Eosin - ' eosinox + eosinre(d 

Eosinox + ATU - eosin + ATUox 

Overall: 'cosin + ATU > 
eosinred + A_TUox 

A second example of this type of 
indirect mechanism occurs in the reac- 
tion between methylene blue (MB), fer- 
ric ion, and ethylenediaminetetraacetic 
acid (EDTA) (55). 

3MB 1- EDTA - MBred F-1 EDTAox 

MBred -+ Fe34 ------> MB + Fe2+ 

Overall: 
EDTA + Fe' ----` EDTAox + Fe' 

h7/Sens 

It has often been proposed that dye- 
sensitized photooxidations proceed via 
energy transfer from triplet sensitizer 
to acceptor, followed by oxidation of 
the excited acceptor (56). A require- 
ment for energy transfer is that the 
acceptor must have a triplet energy 
lower than that of the sensitizer; triplet 
levels of sensitizing dyes are very low 

OOH 
I 

--- 
(CH3)2G -OH + (G6H5)2C=O 

2C OH 

S mX 

Fig. 5. 

(CGH3)zC-OH (CZC=o 0 (C6C 0 C-0H 

Fig. 6. Fig. 6. 
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Fig. 7. Primary interactions. 

(on the order of 40 kilocalories), so this 
condition will rarely be satisfied (57). 
One case where energy transfer appar- 
ently occurs is in the sensitized decom- 
position of the polyene fungicide pi- 
maricin (58); 02 is not required, so this 
is not a reaction of the general "photo- 
dynamic" type and, in fact, is probably 
not an oxidation. Triplets are usually 
quenched by oxygen (with energy trans- 
fer), rather than reacting with it. 

'Sens + A -- Sens + 'A 
'A -Ao 

oxidant 

In addition, mechanisms involving ex- 
citation of a ground-state complex 
(Sens... A) (59-61) or formation of an 
excited-state complex (Sens ... A)* of 
sensitizer and acceptor (62) have been 
proposed. 

Sens + A ; Sens... A - 
hv 

(Sens... A)* ---- > products 
oxidant 

'Sens + A --> 

(Sens... A)* - products 
oxidant 

Complexing probably is important in 
macromolecular systems, partly because 
the yield and lifetime of triplet are af- 
fected (60, 61). Excited-state com- 
plexing mechanisms were originally 
proposed for photooxidation of the 
aromatic hydrocarbon rubrene (62); 
however, this reaction goes by the sin- 
glet oxygen mechanism (7). Both ground- 
and excited-state complexing mecha- 
nisms can lead to the same consequences 
as other sensitizer-substrate reactions. 
With furocumarins, permanent covalent 
bonding of sensitizer to substrate occurs; 
the reaction occurs in the absence of 
oxygen and is, therefore, not of the 
ordinary photodynamic type (63). 

Summary of Mechanisms 

The scheme of Figs. 7 and 8 sum- 
marizes the most important of the 
mechanisms of photosensitized oxida- 
tion which have been discussed. Sub- 
strate (S) may be solvent (for example, 
alcohols) or an added solute; acceptors 
(A) are compounds which react in the 
photooxygenation (singlet oxygen type) 
reaction; under certain conditions they 
can also serve as substrates for the 
direct reaction with sensitizer (to give 
radical-type products). 

It is obvious that the actual mech- 
anism or combination of mechanisms 
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which occurs in a given photooxidation 
system is a complex function of condi- 
tions. The large value of ko2 makes re- 
action with 02 predominate in oxygen- 
ated systems of dyes, except at very 
high concentrations of dye or powerful 
reductants, or at very low oxygen con- 
centrations; however, in the absence of 
a suitable acceptor for 102, the singlet 
oxygen part of this path leads only to 
quenching, and low-efficiency processes 
via other paths may become visible. In 
biological systems, binding of sensitizers 
to macromolecules (60, 61) would be 
expected to favor sensitizer-substrate 
interactions even at high 02 concentra- 
tions; dye aggregation should favor the 
D-D mechanism. In addition, the re- 
actions with oxidizable substrates of 
H202 formed in various processes must 
be considered, and concurrent nonpho- 
tochemical autoxidation may occur, 
particularly if peroxides which act as 
initiators are formed in the photochem- 
ical reaction. A considerable part of the 
confusion in the literature has resulted 
from attempts to explain all sensitized 
oxidation phenomena by one mecha- 
nism. 

In light of the above scheme, it is 
worth discussing the reported oxidations 
of some biologically important sub- 
strates under photodynamic conditions 
(dye-sensitized, aerobic). Macromolec- 
ular systems are not discussed here be- 
cause the importance of substrate-dye 
binding is difficult to evaluate. I attempt 
to distinguish only between '"singlet 
oxygen" (sensitizer-02 path) and "radi- 
cal" (sensitizer-substrate path) chem- 
istry. 

Biological Substrates 

Enamines. As a model for hetero- 
cyclic compounds of biological interest, 
the photooxidation of enamines has 
been studied (64). Even in cases in 
which no allylic hydroperoxide can be 
formed, cleavage of the C-C double 
bond occurs smoothly. A sensitizer- 
substrate mechanism has not been 
ruled out, but a singlet oxygen mechan- 
ism appears more likely. An oxygenated 
intermediate is formed which is stable 
at low temperatures. The structure of 
the intermediate is not certain, but it 
may be a dimeric peroxide of structure 
XI (Fig. 9). A simple monomeric dioxe- 
tane (XII) or zwitterion (XIII) is not 
consistent with the nuclear magnetic 
resonance spectrum of the intermedi- 
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ate; XII or XIII may, however, be in- 
termediate in the formation of XI. 

Histidine. The oxidative destruction 
of histidine is the major cause of de- 
activation of many enzymes (2). The 
photooxidation is efficient, and only the 
neutral form reacts (65-67). The prod- 
ucts have not been established, but the 
point of attack is the imidazole ring, 
which is cleaved (68, 69). From the re- 
ported kinetics, the mechanism of the 
proflavin- and methylene-blue-sensitized 
oxidation appears to be the same as 
that of furfurol (65, 66, 70, 71); furans 
(20, 21), oxazoles (24, 72), and imida- 
zoles (73, 74) are excellent acceptors 
for chemically generated singlet oxygen. 
Triphenyl imidazole (XIV in Fig. 10) 
gives the hydroperoxide (XV), which 
cleaves under mild conditions to give 
product XVI (73). 

Tetraphenylimidazole cleaves in an 
exactly analogous fashion; however, in 
this case [as with the enamines (64)], a 
hydroperoxide cannot be an interme- 
diate (74); the nature of the actual in- 
termediate has not yet been established, 

but it may be analogous to that in the 
enamine case. The oxidation of histidine 
probably also proceeds by a singlet 
oxygen mechanism to give analogous 
products, although, at low oxygen pres- 
sures, a contribution from a sensitizer- 
substrate mechanism is probable (71). 
N-Benzoyl histidine gives aspartic acid 
in a reaction which can be rationalized 
in a similar manner (74). 

Methionine. Methylene-blue- and ri- 
boflavin-sensitized oxygenation of me- 
thionine produces methionine sulfoxide 
(65, 69, 75, 76). Since the points of 
attack of aerobic oxidation (the sulfur) 
and anaerobic oxidation (probably hy- 
drogen on the carbon in the position a 
to the amino group) (75) are different, 
the evidence is against a sensitizer-sub- 
strate mechanism for the aerobic oxi- 
dation. The kinetics appear consistent 
with a singlet oxygen mechanism (65, 
70). Photosensitized oxidation of simple 
dialkyl sulfides similarly produces sulf- 
oxides in a very efficient reaction (7, 
77). Preliminary experiments support 
the interpretation that olefins and sul- 

Sensred + Sox (or Senso) ) Sens + S (or Sens) 

2Sensred (or Sox) - . Dimeric products 

2Sensred (or So) - Disproportionation 

Sensred (or Sox) -- peroxyradicals --- hydroperoxides 

Sensred (or Sre'd) + oxidant - Sens (or S) + oxidantred 

Sox (orSensox) + reductant S (or Sens) + reductantox 

2 02; 2- 02 + H202 (other reactions of O0 may possibly occur.) 

Fig. 8. Reactions of primary products. 
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hv/Sens 

02 
3X 

R ?-? H 

NC- -C> 
R . NR2 

Fig. 9. 
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fides compete for a common interme- 
diate (78) and thus both proceed via 
the singlet oxygen path. The reaction 
can be formulated as proceeding via an 
unstable persulfoxide (XVII in Fig. 11), 
which oxidizes a second mole of sulfide 
(two moles of sulfide are consumed 
per mole of oxygen) (77). Further oxi- 
dation to the sulfone is much slower 
(79). 

Tryptophan. The kinetics of the meth- 
ylene-blue-sensitized oxidation of tryp- 
tophan are not consistent with a pure 
singlet oxygen mechanism (65, 70). 
Grossweiner and Zwicker reported ob- 
serving tryptophyl radicals from eosin 
and ovalbumin by electron spin reso- 
nance even in the presence of air (80). 
The major product is N-formylkynure- 
nine (XVIII in Fig. 12) (81), which is 
closely analogous to the products of 
cleavage of enamines and of imidazoles 
discussed above. However, indoles are 
very sensitive to cleavage of the pyrrole 
ring in nonphotochemical oxidations 
(82). The data are insufficient for a 
definite statement about mechanism at 
this time. 

As mentioned above, phenols are 
much more powerful reductants for ex- 
cited dyes than alcohols are. For exam- 

ple, with eosin and phenol, ko2/k 0.2 
(41). Thus, in moderate concentration, 
phenols can be oxidized by direct inter- 
action with excited dyes even in the 
presence of oxygen. The products from 
2,6-di-t-butyl phenol (XIX in Fig. 13) 
and other hindered phenols have been 
characterized, and are in accord with a 
mechanism involving phenoxy radicals 
(83). 

The kinetics of methylene-blue-sensi- 
tized tyrosine oxidation are not consist- 
ent with a pure singlet oxygen mecha- 
nism (65, 70). Strong evidence has been 
presented for a dye-substrate interaction 
in aerobic eosin-sensitized tyrosine oxi- 
dations (41, 80). All evidence thus 
favors a sensitizer-substrate reaction; 
since the reaction proceeds best via the 
anion (65, 67), an electron transfer 
mechanism seems attractive. The aro- 
matic ring is believed to be cleaved (69). 

Other amino acids and amines. With 
the exception of cysteine, which is oxi- 
dized in the dark as well (84), most 
other amino acids are relatively inert to 
photosensitized oxidation. Cystine is 
slowly oxidized, apparently via the sulf- 
oxide (69). 

Secondary and tertiary amines are 
oxidized; the products are poorly char- 
acterized. Reports of both. N-oxide (85) 
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and a-hydroperoxide (7, 86) formation 
have been published. Both reports may 
be correct, as the products are not iso- 
lated in high yield and amines react 
rapidly with peroxides to give N-oxides. 
Anaerobically, amines are oxidized by 
benzophenone to form imines by an 
electron or hydrogen transfer mecha- 
nism (87). Very little is known about 

any of these reactions. 
Allylthiourea has been extensively 

studied as a model photooxidation sub- 
strate. With dyes, ko2/ks is such that 
the aerobic oxidation at low substrate 
and dye concentrations proceeds via a 

sensitizer-oxygen path, thus probably 
via a singlet oxygen mechanism (9, 47). 
Thiourea oxidation produces a sulfinic 
acid (XX in Fig. 14), the expected 
product of singlet oxygen attack (88). 
The corresponding product is probably 
formed from allylthiourea, but is un- 
stable under the reaction conditions (88). 

Guanine derivatives. The chemistry of 

guanine photooxidation is only partly 
understood, and very little mechanistic 
work has been done. The primary iso- 
lable products are often those of exten- 
sive degradation (89, 90); they can be 

explained in terms of a singlet oxygen 
mechanism, as can the products of oxi- 
dation of other purines (90, 91). 

Evidence for cleavage of the type 
observed with enamines and histidine 
has recently been reported by Matsuura 
(92). Products of type XXI or XXII 

(Fig. 15), depending on the substituent, 
are among those formed on photooxi- 
dation of purines. 

Product XXI is exactly analogous to 

products found on photooxidation of 
furans in alcohols (93) or of some 
imidazole derivatives (74). Matsuura 

suggests a zwitterion intermediate 
(XXIII) in the formation of product 
XXII (92). Such a zwitterion could also 
account for the formation of dimeric 

peroxide intermediates in enamine oxi- 
dation, and for the imidazole cleavage 
reactions described above. 

Effect of Carotenoids 

Chlorophyll is an excellent photo- 
sensitizer for all types of photooxidation 
(5, 7, 14). Photosynthetic organisms, 
however, are apparently protected by 
carotenoids against the lethal effects of 
their own chlorophyll and of exogenous 
sensitizers; mutants lacking carotenoids 
are rapidly killed in the presence of light 
and oxygen (94, 95). The protective 
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effect of carotenoids is well established 
but not well understood; it has been 

suggested that this protective action is 
a principal function (94). 

It is well known that carotenoids 
quench triplet molecules efficiently 
(96). We have recently found that 
p-carotene in solution also is an ex- 

tremely efficient quencher for singlet 
oxygen (97). For example, 104M 
p-carotene inhibits 95 percent of the 

methylene-blue-sensitized oxidation of 
0.1M 2-methyl-2-pentene. It can be 
shown kinetically that, under these con- 
ditions, triplet methylene blue is not 

being quenched appreciably (the oxygen 
concentration is 100 times that of /j- 
carotene). Although the triplet energy 
of p-carotene is apparently not known, 
it may well be low enough so that 

1Ag-excited oxygen can transfer energy 
to it, producing triplet carotene and 

ground state oxygen. (However, other 
mechanisms for the quenching are pos- 
sible.) The fate of the triplet carotene 
is not established, but most of it must 
return to the ground state, since one 
molecule of p-carotene quenches at 
least 100 molecules of singlet oxygen. 
f-Carotene is equally efficient in inhib- 

iting oxygenation of 2-methyl-2-pentene 
by chemically produced singlet oxygen. 
These results are preliminary and sub- 

ject to refinement, but they must have 
some relevance to the protective action 
of carotenoids. In addition, if triplet 
carotene is produced in the quenching 
process and can perform a role in the 

photosynthetic cycle, a double function 
would be served: the toxic singlet oxy- 
gen would be removed, and the energy 
it had received from the chlorophyll, 
which would otherwise be lost, would 
be recovered as carotene excitation: 

3Chlorophyll + '02--> chlorophyll+ '02 

102 -+ /-carotene --> 02 + '/-carotene (?) 

These interpretations are highly specu- 
lative but suggest further experiments. 

Summary. The many established 
mechanisms of photosensitized oxida- 
tion are broadly grouped into two 
classes-those involving primary inter- 
action of excited sensitizer with oxygen 
or those involving its primary interac- 
tion with another molecule; the relative 
importance of the two paths depends 
on reaction conditions. Interaction with 

oxygen produces singlet oxygen, which 
is the reactive species in this type of 
oxidation. Mechanisms can be tenta- 
tively assigned to the photooxidations 
of some biological molecules; some 

photooxidations apparently proceed via 
a singlet oxygen mechanism, but others 
do not. New results suggest that part 
of the protective action of carotenes in 

biological systems may possibly derive 
from their ability to quench singlet 
oxygen. 
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reason for the lag relates to how much 
information can be economically stored 
in and retrieved from a computer. 

The state of the art of computer- 
assisted instruction has been compre- 
hensively reviewed by Atkinson and 
Wilson (1). An economic assessment of 
computer-assisted instruction (2), based 
on over 2 years of analysis, indicates 
that annual costs are now about $400 
per student for the drill and practice 
mode, and about $1000 per student 
for the tutorial mode. Furthermore, if 
computer-assisted instruction were ex- 
tended throughout the nation's public 
school systems, the annual costs could 
range from $9 billion to $24 billion. 

With the total annual public school 
expenditure in the United States at 
about $30 billion, or some $600 per 
student, other approaches should be 
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