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Abstract - Excimers and exciplexes are shown to sensitise the photo-oxida- 
tion of both a sulphide (di-t-butyl sulphide) and an alkene (citronellol). 
Evidence is presented for the intermediacy of singlet oxygen in these photo- 
oxidation reactions. The ability of excimers and exciplexes to decay to 
yield triplets, oxygen quenching of which may result in the generation of 
singlet oxygen, has important consequences for interpreting the mechanisms 
of photo-oxidation in reactions sensitised by electron acceptors, e.g. 9,10- 
dicianoanthracene. 

The two main photo-oxidation mechanisms are 

classified as Type I and Type II processes. 

The Type I mechanism involves reaction of oxy- 

gen with radicals whereas Type II reactions 

involve singlet molecular oxygen as the oxi- 

dising species. Recently there has been a surge 

of interest in sensitised photo-oxidation 

reactions mediated by electron transfer 

processes El1 (Scheme 1). 

D l l** __, D+' + A: 

A7 + 30* + A + 02' 

D 
+. 

+ 02 __j, oxidation products 

+. 
D + 30* + oxidation products 

Scheme 1 

The most widely used sensitiser for these reac- 

tions is 9,10-dicyanoanthracene but methylene 

blue, a widely used sensitiser for singlet oxy- 

gen mediated photo-oxidation reactions, has 

been found [21 to sensitise the photo-oxidation 

of trans-stilbene by an electron transfer 

mechanism. Evidence for the intermediacy of 

radical ions can be obtained by ESR [31 studies 

coupled with negative results from tests for 

the involvement of singlet oxygen. However, in 

some cases, e.g. the 9,10-dicyanoanthracene 

sensitised photo-oxidation of 1,4-dimethylnaph- 

thalene [41, product studies have indicated the 

involvement of both singlet oxygen mediated and 

electron transfer mechanisms. 

Little attention has been paid to the fact that 

electron transfer reactions of excited singlet 

states may yield triplets, which can give rise 

to singlet oxygen production in the presence of 

oxygen C5,61. Nevertheless the possibility 

arises that excimers and exciplexes may behave 

as sensitisers of singlet oxygen as outlined in 

Scheme 2. The ability of excited complexes to 

1 
D* + A 

(DA) I or 

< JD + 'A* 

'(DA) 

3 
D* +A ti 

or 

D 
+ 3At t-_- D+' + A’ 

3 
A* + 302 j '02 + A 

3 
D* + 302 __+ '02 + D 

Scheme 2 

generate triplet states is dependent upon the 

efficiency of other non-radiative and radiative 
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decay processes, e.g. In polar solvents dls- 

sociation to radical ions may be an important 

process, which lead to their deactivation. 

In order to elucidate the utility of excimer 

and exciplex forming systems as sensitisers 

of singlet oxygen their ability to sensi- 

tise the photo-oxidation of di-t-butyl sul- 

phid2 and citronellol, which are known to be 

reactive towards singlet oxygen, was investi- 

gated. To test whether singlet oxygen is the 

species responsible for oxidation, use has 

been wde of the solvent isotope effect upon 

the life-time of singlet oxygen [7,81. The 

magnitude of an observed kinetic solvent 

Isotope effect upon a singlet oxygen mediated 

photo-oxidation reaction is given by [9,10]:- 

Rate D kd.+ (kr + kq ) [Subst.] + It" [Senta.] 

-E 
RateH kd + (kr + kq ) [Subst.] + k" [Sena.] 

(where k 
d 

and k 
d 

are the unimolecular decay 

constants for singlet oxygen in the non-deu- 

terated and corresponding deuterated solvent 

respectively, 

kr 
is the rate c.onstant for reaction of sing- 

let oxygen with substrate (Subs.), 

kq and kq” are the rate constants for quenching 

of singlet oxygen by the substrate (Subat.) 

and the sensitiser (Sens.1 respectively) 

For the observed kinetic solvent isotope ef- 

fect to be maximal the concentration of both 

the substrate and the sensitiser must be kept 

as low as possible in order that 

kd >> ((kr + kq) hubs.1 + k” [Sens.l). 

It was necessary to use an eprotic solvent 

rather than a protic solvent since protic 

solvents are able to influence the formation 

of exciplexes derived from amines (and other 

compounds capable of forming hydrogen bonds). 

Protic solvents also affect the decay proces- 

ses of such exciplexes and consequently af- 

fect the yield of triplets. We have shown 

that the quantum yield of triplet production 

from 1-(N-methyl-anilinoj-2-(l-naphthyl)- 

ethane is larger when MeOD rather than MeOH 

is used as solvent (0.14 and 0.11 respecti- 

vely) t.61. If the photophysical properties 

of the sensitiser are sensitive to the isoto- 

PiC composition of the solvent, Equation 1 no 

longer holds. In acetonitrile, which was 

chosen as the solvent for the photo-oxidation 

reactions , the lifetime of singlet oxygen has 

been reported 171 to be between 9 and 22 

times shorter than in CD3CN. 

Results and Discussion 

In order to determine the magnitude of the 

kinetic solvent Isotope effects upon known 

singlet oxygen mediated reactions of dl-t- 

butyl sulphide and citronellol, their rose 

bengal sensitised photo-oxidations were 

studied in CD3CN and CH CN. 
3 

Rose bengal is a 

well known sensitiser of singlet oxygen but 

observed kinetic solvent isotope effects upon 

photo-oxidation reactions using rose bengal 

may be slightly low as a consequence of soms 

quenching of singlet oxygen by the dye ClOl. 

The resultant solvent isotope effects upon 

the rate of the dye-sensitised photo-oxida- 

tion reactions (Table 1) were low but measu- 

rable. Consequently, the evaluation of kine- 

tic solvent isotope effects upon excimer and 

exciplex sensitised photo-oxidations of both 

the sulphide and the alkene represents a fea- 

sible method for determining the role of 

singlet oxygen in these processes. 

Excimers “we most of their stability to exci- 

ton resonance and very little to Coulombic 

interactions. Therefore, excimers .sre far 

more likely to decay to yield triplets than 

radical ions. To determine whether the re- 

sultant triplets were capable of sensitising 

the photo-oxidation of the sulphide and the 

alkene it was necessary to evaluate the uti- 

lity of the parent aromatic hydrocarbons as 

sensitisers. The results in Table 1 indicate 

that both naphthalene and pyrene are effec- 

tive sensitisers and the kinetic solvent ISO- 

tope effects upon these reactions are indica- 

tive of the involvement of a diffusional 

process of singlet oxygen. Both an intra- 

molecular excimer forming system, di-(l-naph- 

thylmethyl) ether (tif monomer = 0.015, 

@$ 
excimer = O-03,$ excimer = 0.11) Clll, and 

the intermolecular pyrene excimer sensitised 

the photo-oxidation of the sulphide and the 

alkene (Table 1). The concentration of pyrene 

was sufficiently high that very little fluores- 

cence from the unquenched pyrene monomer sfn- 

glet state was observed. Consequently most of 

the singlet oxygen should have been produced 



T
a
b
l
e
 
1
 

R
a
t
e
s
 
o
f
 
a
n
d
 
k
i
n
e
t
i
c
 
s
o
l
v
e
n
t
 
i
s
o
t
o
p
e
 
e
f
f
e
c
t
s
 
(
i
n
 
C
D
3
C
N
/
C
H
3
C
N
)
 
u
p
o
n
 
t
h
e
 
p
h
o
t
o
-
o
x
i
d
a
t
i
o
n
 
o
f
 
d
i
-
t
-
b
u
t
y
l
 
s
u
l
p
h
i
d
e
 
a
n
d
 

c
i
t
r
o
n
e
l
l
o
l
 
(
b
o
t
h
 
5
 
x
 
1
0
 -
3
 
M
)
 
u
s
i
n
g
 
a
 
r
a
n
g
e
 
o
f
 
s
e
n
s
i
t
i
s
e
r
s
 
i
n
 
o
x
y
g
e
n
a
t
e
d
 
a
c
e
t
a
n
i
t
r
i
l
e
 
s
o
l
u
t
i
o
n
 
(
)
i
e
x
 3
0
0
 
o
r
 
3
5
0
1
~
s
)
.
 

S
e
n
s
i
t
i
s
e
r
 
S
y
s
t
e
m
 

d
i
-
t
-
b
u
t
y
l
 

s
u
l
p
h
i
d
e
 

C
i
t
r
o
n
e
l
l
o
l
 

(
R
a
t
e
 
(
M
 
s
-
l
)
 

s
o
l
v
e
n
t
 
i
s
o
t
o
p
e
 

R
a
t
e
 
(
M
 
s
-
l
)
 

S
o
l
v
e
n
t
 
i
s
o
t
o
p
e
 

e
f
f
e
c
t
 

e
f
f
e
c
t
 

R
o
s
e
 
b
e
n
g
a
l
 
(
1
 x
 
1
0
 -
5
 
E
Q
a
 

3
.
2
2
 
x
 
l
O
-
7
 

3
.
8
 

N
a
p
h
t
h
a
l
e
n
e
b
 

5
.
6
8
 
x
 
i
o
m
7
 

4
.
1
 

P
y
r
e
n
e
 
m
o
n
o
m
e
r
b
 

1
.
2
8
 
x
 
1
0
 -
6
 

4
.
2
 

N
p
C
H
2
0
C
H
2
N
p
b
 

8
.
8
6
 
x
 
1
0
 -
7
 

3
.
2
 

P
y
r
e
n
e
 
e
x
c
i
m
e
r
 

1
.
4
8
 
x
 
1
0
 -
6
 

2
.
4
 

1
-
C
y
a
n
o
n
a
p
h
t
h
a
l
e
n
e
b
 

2
.
8
6
 
x
 
1
0
 -
6
 

3
.
2
 

N
a
p
h
t
h
a
l
e
n
e
 
(
2
.
5
 x
 
l
o
-
'
 M
)
/
l
-
c
y
a
n
o
n
a
p
h
t
h
a
l
e
n
e
 

(
2
.
5
 x
 
1
0
 -
2
 
M
)
 
3
.
7
5
 
x
 
1
0
 -
7
 

2
.
2
 

-
6
 

P
y
r
e
n
e
 d
'
e
/
l
,
4
-
d
i
c
y
a
n
o
b
e
n
z
e
n
e
 
(
1
 x
 
l
o
-
'
 M
)
 

3
.
8
2
 
x
 
1
0
 

2
.
6
 

3
.
4
1
 
x
 
1
0
 -
6
 

1
.
4
7
 
x
 
1
0
 -
6
 

3
.
0
4
 
x
 
1
0
 -
6
 

2
.
4
5
 
x
 
1
0
 -
6
 

5
.
6
3
 
x
 
1
0
 -
6
 

c
 

c
 

c 

2
.
1
 

2
.
0
 

C
 

1
.
7
 

C
 

C
 c c 

P
h
e
n
a
n
t
h
r
e
n
e
e
 

x
 
1
0
 -
2
 

(
1
.
5
 

M
)
/
9
-
c
y
a
n
o
p
h
e
n
a
n
t
h
r
e
n
e
 

-
2
 

(
3
x
1
0
 

M
)
 

P
y
r
e
n
e
 d
,
e
 /
t
r
i
p
h
e
n
y
l
a
m
i
n
e
 

(
7
.
5
 x
 
1
0
 -
2
 
M
)
 

N
P
(
C
H
~
)
~
 
N
-
N
 

(
C
H
2
)
2
-
N
 
3
 

b
 

3
.
4
4
 
x
 
l
o
-
6
 

2
.
0
 

5
.
2
9
 
x
 
1
0
 -
6
 

c
 

3
.
6
 

-
7
 

x
 
1
0
 

1
.
3
 

1
.
9
 

-
6
 

x
 
1
0
 

1
.
0
 

5
.
3
1
 
x
 
l
o
-
7
 

2
.
9
 

1
.
1
4
 
x
 
1
0
 -
6
 

1
.
0
 

7
.
8
 
x
 
1
0
 -
7
 

d
 

1
.
3
4
 
x
 
1
0
 -
6
 

1
.
0
 

a
 
-
 
u
s
i
n
g
 
d
a
y
l
i
g
h
t
 
f
l
u
o
r
e
s
c
e
n
t
 
l
a
m
p
s
 
a
n
d
 
a
 
2
%
 
a
q
u
e
o
u
s
 
p
o
t
a
s
s
i
u
m
 
c
h
r
o
m
a
t
e
 
l
i
g
h
t
 
f
i
l
t
e
r
 
s
o
l
u
t
i
o
n
.
 

b
 
-
 
O
D
 
0
.
7
 
@
 
3
0
0
1
~
~
.
 

c
 
-
 
n
o
t
 
d
e
t
e
r
m
i
n
e
d
.
 

d
 
-
 
O
D
 
0
.
4
2
 
@
 
3
5
0
~
1
1
.
 

e
 
-
 
g
r
e
a
t
e
r
 
t
h
a
n
 
9
0
%
 
m
o
n
o
m
e
r
 
q
u
e
n
c
h
e
d
.
 

N
p
 
=
 
1
-
n
a
p
h
t
h
y
l
.
 

.-
I”

I-
x -.
.. --

I”
.II

--
- 

-.
..-

 “_
..-

_l
.l_

^.
“^

 
..-

- “.
x_

..-
- _

.._
 

~
~

_~
~

-~
__

~
“~

~
,_

~
~

~
-~

_~
._

_~
~

~
__

~
~

__
~

__
_ 

_ 
_ 

_ 
_ 

_ 
__

 _
 

_ 



R. S. DAVIDSON and J. E. F’RAIT 

via the pyrene excimer. The di-(l-naphthyl- 

methyl) ether sensitised reactions exhibited’ 

solvent isotope effects consistent with the 

involvement of singlet oxygen. The quantum 

yields of singlet oxygen production by pyrene 

monomer and excimer have been reported to be 

1.45 and 0.47 respectively in air saturated 

bezene solution C121. Oxygen quenching of 

both the singlet and t:iplet excited states 

of pyrene can lead to the generation of sing- 

let oxygen. The singlet-triplet splitting of 

pyr?ne excimer (<7880 cm-‘) is estimated to be 

insufficient cl21 for oxygen quenching of the 

sin&let excimer to generate singlet oxygen. 

Scheme 3 illustrates the processes leading to 

singlet oxygen production from pyrene monomer 

and excimer. 

PyreneS + 
1 

302 + pyreneT 
1 

+ lo2 

PJr=n% + + lo2 
1 

302 __+ PpreneS 
0 

(pyrene axeimer~ 
Sl 

+3Q2+pyrene 
T1 

+ pyrene 
SO 

(pyrene exci.mrIS -pyreneT + pyreneS 
1 1 0 

Scheme 3 

The low solvent isotope effect upon the rate 

of the pyrene excimer sensitised photo- 

oxidation of the sulphide may be due to sig- 

nificant quenching of the singlet oxygen as a 

result of the high concentration of pyrene in 

solution (triplet pyrene has been reported 

Cl31 to quench singlet oxygen via a pyrene- 

oxygen complex with some charge-transfer 

character). 

In contrast to excimers, exciplexes are mainly 

stabilised by Coulombic interactions. Conse- 

quently triplet production will be in competi- 

tion with decay to yield radical ions, espe- 

cially in highly polar solvents like acetoni- 

trile. In aprotic solvents the isotopic com- 

position of the solvent is not expected to 

affect the rate of an electron transfer 

process. 

It is well known that the fluorescence of 

many polycyclic aromatic hydrocarbons is 

quenched by electron donors and acceptors [5, 

141. This was established for the following 

systems : pyrene/triphenylamine, pyrene/l,4- 

dicyanobensene, naphthalene/l-cyanonaphthalene 

and phenanthrene/9-cyanophenanthrene. These 

were used to sensitise oxidation reactions 

under conditions where > 90% of the aromatic 

hydrocarbon fluorescence was quenched by the 

electron donor. The low solvent isotope 

effects upon the rates of photo-oxidations 

“Sing naphthalenell-cyanonaphthalene, phe- 

nanthrene/9-cyanophenanthrene and pyrene/l,4- 

dicyanobenzene relative to those obtained for 

the dye-sensitised reactions may be due to 

the formation of radical ions in these 

systems which lead to the formation of the 

superoxide anion. This species has been 

shown to be an efficient quencher of singlet 

oxygen Cl51. This quenching process would 

contribute to a diminution of the solvent 

isotope effect. Pyrene/l,4_dicyanobenzene 

has been shown [161, by laser flash photoly- 

SiS and transient photoconductivity experi- 

merits, to undergo ionic dissociation from 

both the non-relaxed and equilibrium exciplex 

in acetonitrile solution. However, the re- 

sults in Table 1 indicate that even this type 

of iiltermolecular exciplex forming system 

yields triplets, oxygen quenching of which 

leads to the production of singlet oxygen. 

The low kinetic solvent isotope effect obser- 

ved for the intermolecular exciplex system, 

pyreneftriphenylamine, sensitised reaction is 

probably due to both ionic dissociation of 

the exciplex and quenching of singlet oxygen 

by the amine, which is present at a high con- 

centration (7.5 x 10 -2 M)C171. Laser flash 

photolysis studies revealed that the quantum 

yield of pyrene triplets is around ten times 

greater for the pyreneitriphenylamine system 

than for pyrene, at the same concentration, 

in the absence of the amine. The mechanisms 

of the reactions which utilised intramolecu- 

lar exciplex forming systems, i.e. 

Np(CH&@kPh and 

n 
Npk3& N-N (CH.& N 

3 
, 

were, unlike the intermolecular complexes, 

complicated by competing radical reactions 

of the sensitisers. These caused the oxida- 

tion reactions to exhibit induction periods, 
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which were prolonged in the presence of radi- 

cal inhibitors e.g. Tinuvin 770. U.V. spec- 

troscopy revealed that the degradation pro- 

ducts stabilise the l-naphthylakylamines to 

further decomposition. We attribute the 

observed sensitisation of photo-oxidation 

reactions by these compounds to singlet oxy- 

gen produced by oxygen quenching of the trip- 

let states of the degradation products. One of 

the products is l-naphtheldehyde and this was 

found to be a" effective sensitiser for the 

photo-oxidation of both the sulphide and the 

alkene. The solvent isotope effects upon the 

rates of these photo-oxidation reactions were 

4.2 and 3.5 respectively indicating that l- 

naphthaldehyde can sensitise the production of 

singlet oxygen. By choosing di-t-butyl sul- 

phide, which does not contain any abstractable 

a-hydrogens, as an acceptor for singlet oxygen 

the chance of reactions occuring via radical 

intermediates of the type RCHSR is minimised. 

These experiments have established the feasi- 

bility of using intra- and intermolecular 

excited complexes as sensitisers of singlet 

oxygen, in polar solvents. In some cases 

9,10-dicyanoanthracene sensitised photo- 

oxidations, e.g. of 1,4_dimethylnaphthalene 

c41, give rise to products which are COnsis- 

tent with the involvement of both singlet 

oxygen mediated and electron transfer mecha- 

nisms. Our results suggest that intermediate 

excited complex formation could be responsi- 

ble for some singlet oxygen production. Exci- 

ted complexes can result from sensitiser-oxy- 

ge" (path a), sensitiser-substrate (path b) 

and/or substrate oxygen (path c) interactions 

3O 
A 4l** .2, (A-O,)* 

bD 

1 

(A-D)* 

1 

A +'D* 

or 

A + 3D* 

Scheme 4 

I 
a 

3D2 + CD-O,>* 
e 

as outlined in Schemes 2 and 4. Foote and 

co-workers [181 have recently reported that 

oxygen quenching of both the singlet and 

triplet excited states of 9,10_dicyanoanthra- 

cene gives rise to singlet oxygen production 

in benzene and acetonitrile solutions. Such 

behaviour can only be energetically feasible 

if the singlet-triplet splitting of the sen- 

sitiser exceeds the excitation energy of sin- 

glet oxygen (7880 cm -l) . 

Experimental 

UV spectra were recorded on a Perkin Elmer 402 
spectrophotometer. Glc analyses were recorded 

a Perkin Elmer Sigma 3 gas chromatograpt 
ziing a Perkin Elmer 10% SE 30 chromosorb W 
60-80 mesh column. 9-CyanophLnanthrene, 1,4- 
dicyanobenzene, di-t-butyl sulphide, pyre"=, 
triphenylamine (all Aldrich) naphthalene, 
potassium chromate (both BDH), Tinuvin 770 
(Ciba-Geigy), rose bengal (Eastman -Kodak), 
acetonitrile (Fisons AnalaR grade), acetoni- 
trile -d (Goss Intruments Ltd) and l-naphthal- 
dehyde i Koch-Light) were used as supplied. 
Citronellol (Aldrich) was distilled prior to 
use. We thank Dr. R.A. Beecroft for the di- 
(1-naphthylmethyl) ether and N-(2-(I'-naphth- 
yl)ethyl)-N'-(Z-(I-azacyclopentyl)ethyl-1,4- 
cyclohexane. The N-methyl, N-phenyl(l-naphth- 
yl)ethylamine was prepared by lithium elumini- 
urn hydride reduction of N-phenyl-1-naphthyl 
acetamide. The acetamide was made by reaction 
of 1-naphthylacetyl chloride with N-methyl- 
aniline. The reactions were carried out 
according to the procedure described by 
Trethewey cl91. Physical and spectroscopic 
data confirmed the structure of the N-methyl, 
N-phenyl(l-naphthyl) ethylamine. 

Pyrex photolysis tubes containing the sensi- 
tiser and substrate in the appropriae solvent 
were flushed with a stream of oxygen (dry and 
carbon dioxide-free) for twenty minutes, 
stoppered and irradiated within a circular 
array of fluorescent lamps with a maximum 
emisbion at either 300 nm (16 x Rayonet RPR 
3000 A) or 350 nm (16 x 8 W Sylvania F8T5/ 
BLB). The rate of loss of substrate was 
followed by glc analysis. The dye sensitised 
reactions ware carried out as described above 
using fluorescent daylight lamps (8 x 20 W, 
Cryselco) and a 2% aqueous potassium chromate 
light filter solution. 

To study the decomposition of sensitisers 
the photolyses ware carried out in 1 cm 
quartz cuvettes, flushing with oxygen (prior 
to irradiation) was ceased after five rather 
than twenty minutes. Laser flash photolysis 
studies were carried out as previously des- 
cribed [201. 
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