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Abstract 

The photo-oxidation of perylene in aqueous solutions of a polymeric photocatalyst was investigated to probe the mechanism of polycyclic 
aromatic hydrocarbon degradation. Perylene and other hydrophobic molecules are efficiently solubilized in aqueous polymer solutions with 
distribution coefficients as high as 4 × 106. The rate of perylene photo-oxidation was much more rapid in aqueous polymer solutions than in 
organic solvents. In organic solvents, 102 sensitizers (rose bengal) had little effect on the reaction, but electron acceptors, such as dicyanob- 
enzene, caused an acceleration in rate. Naphthoquinone was suggested as a potential electron acceptor in the naphthalene-containing polymer, 
and it was shown to be formed in small concentrations by polymer oxidation. It was concluded that the polymer plays several key functions 
in perylene photo-oxidation: (1) solubilization of the hydrophobic molecule; (2) energy migration through the polymer coil and energy 
transfer, providing additional photochemical energy to the reactants; (3) the enhancement of oxidation by photoinduced electron transfer via 
provision of an electron acceptor and facilitation of charge separation. 
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1. Introduction 

Recent studies carried out in this laboratory have focused 
on the preparation [ 1,2], characterization [ 1-3] and photo- 
catalytic properties [4-9] of water-soluble copolymers 
beating covalently attached aromatic chromophores. Hydro- 
phobic interactions between the aromatic chromophores and 
water result in the formation of hydrophobic microdomains. 
Sparingly water-soluble organic compounds are readily sol- 
ubilized within these microdomains. The high local concen- 
tration of aromatic chromophore found along the polymer 
backbone results in efficient light-harvesting systems in 
which the energy of photons absorbed at sites remote from 
the solubilized molecule may migrate through the polymer 
and be transferred to the solubilized molecule. The polymers 
have been shown to act as sensitizers for a number of different 
photochemical reactions in aqueous solution: (1) photo- 
oxidation of polycyclic aromatic hydrocarbons (PAHs) 
[ 4,5 ] ; (2) photodechlorination of polychlorinated biphenyls 
(PCBs) [6] ; (3) photo-oxidation of styrene [7] ; (4) pho- 
tolysis of undecanone [8]; (5) photoisomerization of 7- 
dehydrocholesterol to previtamin D 3 [9]. The term 
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Scheme 1. 

"photozyme", short for photochemical enzyme, is used to 
describe polymers with the properties given above. 

As part of an ongoing investigation of the potential of 
photozymes for wastewater clean-up, the photo-oxidation of 
perylene in photozymes bearing phenyl, naphthyl, phenan- 
thryi or carbazolyl groups was investigated. In particular, the 
mechanism of perylene photo-oxidation in the naphthyl-con- 
taining photozyme was probed. The structures of perylene 
and PSSS-VN, a copolymer of p-styrenesulfonate and 2- 
vinylnaphthalene, are shown in Scheme 1. 

The ready availability and high reactivity of oxygen make 
photo-oxidation one of the more important reactions of elec- 
tron-rich PAHs in the environment. In general, the photo- 
oxidation of PAHs with oxygen occurs by reaction with 
photochemically generated singlet oxygen (102) or by pho- 
toinduced electron transfer to produce radical ions followed 
by reaction with an oxygen species (02, 102 or O z )  [10]. 
A photocatalyst may function by enhancing either of these 
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reactions. For instance, a ~O2 sensitizer, such as rose bengal, 
can greatly enhance the rate of photo-oxidation of molecules 
which react with ~O2. An electron acceptor, such as chloranil, 
can speed up the photoreaction of many electron-rich mole- 
cules with oxygen [ 11,12]. In a previous publication [4] 
from this laboratory, it was suggested that perylene photo- 
oxidation occurs via reaction with tO 2, although this is at 
odds with the observation that perylene is relatively unreac- 
tive with IO 2 compared with other PAHs [ 13]. In this paper, 
evidence is provided that perylene oxidation in photozyme 
solution is mediated by photoinduced electron transfer. 

2. Experimental details 

2.1. Materials 

The preparation and purification of poly(sodium p-styre- 
nesulfonate-co-2-vinylnaphthalene) [ 1 ] and poly (sodiump- 
styrenesulfonate-co-N-( 6-acryloyloxyhexyl )carbazole ) [2] 
have been described previously. Poly(sodium p-styrenesul- 
fonate-co-styrene) [ 14] and poly(sodium p-styrenesulfon- 
ate-co-9-vinylphenanthrene) [ 15 ] were prepared in a similar 
fashion. Solutions of sodium styrenesulfonate, hydrophobic 
monomer and AIBN (0.5-1 mol.%) were dissolved in 
dimethylsulfoxide (DMSO), degassed during three freeze- 
pump-thaw cycles and heated at 60 °C for 24 h. The polymers 
were precipitated in acetone, purified by exhaustive dialysis 
(12 000-14 000 MW cut-off) with deionized water and 
freeze dried. The composition of the polymers was deter- 
mined by UV spectroscopy and/or elemental analysis. 

Perylene, 1,4-dicyanobenzene and dimethyl terephthalate 
were purchased from Aldrich Chemical Company and were 
used as received. Deionized water from a Millipore Milli-Q 
water purification system was used to prepare polymer solu- 
tions. Methanol, tetrahydrofuran (THF), benzene and ace- 
tonitrile (CHaCN) (Spectrograde, Caledon Laboratories) 
were used for the preparation of solutions for solubilization, 
fluorescence and photochemical experiments. 

2.2. Solubilization of  probes 

Perylene was solubilized by injecting microliter quantities 
( 10- 3 M in THF or CH3CN ) into milliliter quantities of water 
or aqueous photozyme solution. The resulting solutions were 
shaken for several minutes and then left to equilibrate over- 
night. The extent of solubilization of perylene was monitored 
by fluorescence spectroscopy and the concentration of pery- 
lene was determined by comparison with a calibration curve. 

2.3. Spectroscopic measurements 

The steady state emission spectra were measured with an 
SLM 4800S spectrofluorometer. Absorption spectra were 
measured with a Hewlett-Packard 8451A spectrophotometer. 
Gas chromatography (GC) analysis was performed using a 

Hewlett-Packard 5890 gas chromatograph equipped with a J 
and W Scientific DB-1 capillary column (dimethylsiloxane 
packing, 25 m × 0.25 mm (inside diameter) × 0.25 ~m (film 
thickness) ) and a flame ionization detector (FID). 

2.4. Photochemical reactions 

Irradiation at 280 nm was performed with a deep-UV irra- 
diation system (Optical Associates Inc., model 780) 
equipped with a 280 nm interference filter. The incident light 
intensity was measured with a radiometer which had been 
calibrated against ferrioxalate. Direct irradiation of perylene 
at 428 or 439 nm was achieved with an SLM 4800S spectro- 
fluorometer. Light from the 450 W xenon lamp was passed 
through a grating monochromator such that a 16 nm wide 
band of light centered at 428 or 439 nm impinged on the 
sample. Irradiation with solar-simulated light was performed 
with a "home-built" apparatus with a 275 W sunlamp and a 
500 W mercury discharge/tungsten filament industrial lamp 
[ 16] or a Sciencetech 5511-01 solar simulator with a 1000 
W xenon lamp equipped with air mass 1.5 (AM 1.5) filters. 
Solutions were bubbled with oxygen prior to or during irra- 
diation. The rate of photo-oxidation was determined by mon- 
itoring changes in the UV, fluorescence or GC of the solution. 

2.5. Product analysis [4,17] 

The products of perylene photo-oxidation were purified by 
thin layer chromatography (TLC) or column chromatogra- 
phy (silica with CHCi3-acetone ( 1 9 : 1 )  (A) or CHC13- 
hexanes-acetone (6 : 3 : I ) (B) ). The reaction mixture from 
the irradiation of perylene--dicyanobenzene in CH3CN con- 
tained several products. Two major products were isolated 
and identified on the basis of their UV and mass spectral data 
[4,17]. 1,2-Perylenequinone (Rf=0.71 (solvent A) or 
0.63 (solvent B) exhibited the following spectral data: UV 
(A (nm) in methanol): 320 (shoulder), 334, 360, 440; 
mass spectrum (electron impact (El) ) :  282 (M+),  254 
( M + - C O ) ,  226 ( M ÷ - 2 C O ) .  3,10-Perylenequinone 
(Rf=0.52 (solvent A) or 0.50 (solvent B))  exhibited the 
following spectral data: UV ( A (nm) in methanol): 306, 318, 
335 (shoulder), 350; mass spectrum (EI): 282 (M +), 254 
(M ÷ - C O ) ,  226 (M + - 2CO). 

3. Results and discussion 

3.1. Solubilization 

Perylene was dissolved in aqueous solutions of phenyl- 
(PSSS-S), naphthyl- (PSSS-VN), phenanthryl- (PSSS- 
VPh) or carbazolyl-containing (PSSS-AHCz) polymers. 
The observation of intense perylene fluorescence and efficient 
energy transfer from the polymer chromophores to perylene 
revealed that perylene was solubilized within the polymer 
[ 4,5 ]. If the aqueous polymer solution is treated as two phases 
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Table 1 
Partition coefficients for PSSS-VN-water and octanol-water systems 

Table 2 
Photo-oxidation of perylene with artificial sunlight ~ 

Compound log/~o~, log Kvw Photozyme" Relative rate 

Anthracene 4.54 
9-Me-anthracene 5.07 
9,10-diMe-anthracene 5.25 
Perylene 6.50 
Hexachlorobenzene 5.50 

4.99 PSSS-(77% VPh) 2.2 
4.68 PSSS-(60% VN) 1 
4.90 PSSS-(44% AHCz) 1.3 
6.56 PSSS-(60% S) 1 
5.3 Benzene Not detected 

aRefs, l 18,24 ]. 

(polymer-water), the partition coefficient can be defined as 
shown in Eq. (1) 

K~,,,,, =X-P- (1) 
Xw 

where Xp and Xw are the weight fractions of perylene in the 
polymer and water phases respectively. The intensity of per- 
ylene fluorescence can be used to determine the perylene 
concentration in the polymer phase, while the concentration 
in water is given by the known water solubility (1.6 × 10 -9 
M) [ 18]. The partition coefficient Kpw was found to vary in 
the range (1-4) × 106 for the four polymers. 

A strong relationship between the partition coefficient for 
surfactant-water systems and the octanol-water partition 
coefficient thas been noted [ 19-22]. Solubilization data pre- 
viously measured for PAHs [5 ] and hexachiorobenzene [ 23 ] 
in PSSS-VN are compared with Kow in Table 1. A good 
correlation between Kpw and Kow is seen for these compounds. 
Thus the Kow values found in the literature [ 18,24] may serve 
as good indicators of Kpw for other hydrophobic compounds. 

3.2. Photo-oxidation 

The aqueous perylene-polymer solutions were saturated 
with oxygen and then irradiated with simulated sunlight 
(intensity of approximately one sun [ 16] ). The rate of reac- 
tion was determined by measuring the changes in the intensity 
of perylene fluorescence with irradiation time (Table 2). The 
products of perylene oxidation are non-fluorescent. The 
decay of perylene fluorescence was found to obey first-order 
kinetics. 

Although perylene photo-oxidation occurs in photozyme 
solution, no reaction was detected during irradiation in ben- 
zene. Perylene photo-oxidation in photozyme solution has 
been proposed to occur by reaction with IO 2, with ~O2 pro- 
duction sensitized by the polymer chromophores [ 4 ]. In this 
case, it might be expected that perylene photo-oxidation 
would be slowest in PSSS-S, since there is little or no overlap 
between its absorption spectrum and the solar spectrum or 
that of the lamps. However, perylene photo-oxidation occurs 
at similar rates in all four photozymes (Table 2). 

The photocatalytic efficiencies of perylene photo-oxida- 
tion in the four photozyme polymers were measured. With 
irradiation at 280 nm, most of the light is absorbed by the 
polymer chromophores. The concentrations of perylene 

aSolar simulator [ 16'] with intensity approximately equal to one sun. [Per- 
ylene] = 10- 6 M. b0.1 g 1- t polymer in water. 

Table 3 
Photo-oxidation: comparison of photozymes" 

Photozyme Polymer Perylene Quantum 
concentration concentration efficiency 
(g l  - l )  (M) 

PSSS-(77% VPh) 0.01 4 .0×  10 - s  1.0× 10 -4 
PSSS-(60% VN) 0.03 1,2 × 10 -7 1.4)< 10 -4 
PSSS-(44% AHCz) 0.03 3.2 × 10 - s  1.4× 10 -4 
PSSS-(60% S) 0.10 2.3 × 10 -7 2.5 x 10 -3 

alrradiation at 280 nm. 

before and during irradiation were determined by monitoring 
the intensity of perylene fluorescence. In each case, the rate 
of disappearance of perylene fluorescence was found to be 
first order in perylene. The apparent quantum efficiencies of 
perylene photo-oxidation in the four photozymes are sum- 
marized in Table 3. 

The quantum efficiency of polymer-sensitized perylene 
photo-oxidation is a combination of the efficiencies of several 
steps: ( 1 ) energy migration in the polymer; (2) energy trans- 
fer from the polymer chromophore to perylene or oxygen 
producing a reactive intermediate; (3) diffusion of the reac- 
tants; (4) reaction of the PAH with oxygen, where one or 
both exist as reactive intermediates (i.e. excited state, radical 
ion). Although the efficiency is low, the number of photons 
absorbed is high, such that the overall rate of photo-oxidation 
is rapid. 

All four photozymes are efficient photocatalysts for the 
oxidation of perylene at 280 nm. The most surprising result 
is that, once again, PSSS-S displays better photocatalysis 
than expected. 

3.3. Mechanism of perylene photo-oxidation 

White and coworkers [4,5] have shown that perylene is 
oxidized when irradiated in aqueous PSSS-VN solution. The 
major products of photo-oxidation are perylenequinones 
(Scheme 2), which are difficult to produce by conventional 
synthetic routes [ 17]. 

White and coworkers proposed that the quenching of 
excited naphthalene by oxygen produces singlet oxygen 
(~O2) which then reacts with perylene. Reaction with lO 2 
was postulated, since naphthalene is known to sensitize the 
formation of 102 and products typical of 102 reactions are 
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Scheme 2. 

Table 4 
Rate of perylene photo-oxidation on irradiation with simulated sunlight ab 

Sensitizer (concentration) Conditions Relative rate 

None Sunlight, CH3CN 1 
Rose bengal ( 10 -4 M) Sunlight, CH3CN 0.6 
Phenanthrene ( l 0 -4  M) Sunlight, CH3CN 1 
Dicyanobenzene ( 10 4 M) Sunlight, CH3CN 4 

"Irradiation with 1000 W Xe lamp (AM 1.5 filters). 
b[Perylene] = 3 × 10 -'~ M. 

observed when substrates such as anthryl compounds [ 5 ] or 
1,3-diphenylisobenzofuran [25] are oxidized in photozyme 
solution. However, perylene is also a 102 sensitizer [ 13], and 
thus a significant degree of photo-oxidation may be expected 
on direct irradiation if reaction with 102 is important. Thus 
the mechanism of the photo-oxidation remains uncertain. 
Identification of the mechanism may allow the design of more 
efficient photocatalysts for the photodegradation of this and 
other PAHs. 

UV spectroscopy was used to monitor the rate of disap- 
pearance of perylene when irradiated in the presence of sev- 
eral potential sensitizers (Table4) .  Irradiation of an 
acetonitrile solution of perylene with simulated sunlight 
caused very slow oxidation. When rose bengal, a IO 2 sensi- 
tizer, was added to the solution, the rate of photo-oxidation 
decreased. Indeed, the UV spectrum revealed that rose bengal 
was consumed more quickly than perylene during irradiation. 
Phenanthrene, a model chromophore for the PSSS-VPh pho- 
tozyme, had no effect on the rate of perylene photo-oxidation. 
However, in the presence of dicyanobenzene, an electron 
acceptor, the rate of perylene photo-oxidation increased. It 
should be noted that dicyanobenzene is not a true sensitizer 
since it absorbs little or no light during irradiation. Thus the 
energy used to drive perylene oxidation in this case was 
absorbed by perylene. 

A similar observation was made by Kitamura and Tazuke 
[26,27] during photoinduced charge transfer studies. Pery- 
lene was used as a cosensitizer to mediate electron transfer 
from dicyanobenzene to a leuco derivative or vinylcarbazole. 
In the absence of the leuco derivative or vinylcarbazole, per- 
ylene was consumed during irradiation. They also found that 
the rate of perylene disappearance was solvent sensitive, i.e. 
rapid in acetone, moderate in N,N-dimetbylformamide 
(DMF) and DMSO, but slow in THF [26]. 

If dicyanobenzene acts as a catalyst and mediates electron 
transfer between perylene and oxygen leading to oxidation, 
the concentration of dicyanobenzene should not change dur- 
ing irradiation. An acetonitrile solution of perylene and dicy- 

6 I I I i 

5 

4 
7. 
~ 3  

g 

I I I I 
0 0 . 0 2  0 . 0 4  0 . 0 6  0 . 0 8  O,I 

fOicyanobenzene3 (M) 
Fig. I. Stem-Volmer plot for quenching of perylene fluorescence by dicy- 
anobenzene. [Perylene] = 1X 10 -6 M 

anobenzene ( 2 ×  10 4 M in both) was analyzed by GC and 
TLC after irradiation for 1 h with 350450  nm light from a 1 
kW Xe lamp. Although about 80% of the perylene was con- 
sumed, the concentration of dicyanobenzene remained 
unchanged. TLC analysis revealed the same principal pho- 
toproducts as obtained by photo-oxidation in the photozyme 
solutions [4]. Thus dicyanobenzene acts as a catalyst, and 
product analysis indicates that a similar process may be occur- 
ring in both perylene-dicyanobenzene and perylene-photo- 
zyme systems. 

A fluorescence quenching experiment confirmed that dicy- 
anobenzene interacts with excited perylene. Perylene fluo- 
rescence was effectively quenched by dicyanobenzene. These 
results are displayed in the form of a Stern-Volmer plot 
(Fig. 1). The plot is based on the Stern-Volmer equation 
(Eq. (2))  for quenching kinetics 

/o 
- - =  1 +kqrf[Q] (2) 
I 

where Io is the fluorescence intensity in the absence of 
quencher, kq is the bimolecular rate constant for quenching, 
rf is the fluorescence lifetime of perylene and [Q] is the 
concentration of the quencher. Since the plot has a slope of 
kqrf=55.5 M - l  and r f = 6  ns for perylene [28], the rate 
constant for quenching is kq = 9 × 109 M -  1 s -  J. This value 
is about half the diffusion-controlled rate for bimolecular 
reactions in acetonitrile (kdif=2 X 10 l° M-1 s-1 at 25 °C), 
and means that half of the encounters between excited pery- 
lene and dicyanobenzene lead to quenching. With the dicy- 
anobenzene concentration used in the earlier experiment 
(Table 4), less than 1% of the excited perylene molecules 
will encounter dicyanobenzene during their lifetime. This 
explains the rather moderate rate enhancement. 

If a similar process occurs during photo-oxidation in pho- 
tozyme solution, it may be possible to drive the reaction with 
light which excites perylene and not the chromophores of the 
polymer. A reaction of this type might explain the anomalous 
results for perylene photo-oxidation in PSSS-S: perylene 
photo-oxidation is equally rapid in this photozyme as in the 
photozymes with a much stronger overlap with simulated 
sunlight. If direct excitation of perylene is an important path- 
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Fig. 2. Intensity of perylene fluorescence vs. irradiation time in CH3CN Ca), 
benzene with dimethyl terephthalate (0.012 M) (b), CH3CN with dicy- 
anobenzene (0.010 M) (c), CH3CN with dimethyl terephthalate (0.012 M) 
(d) and H20 with PSSS-VN ( 1.02 g 1- ~ ) (e). Irradiation with 16 nm wide 
band centered at 428 nm for ( a ) - (d )  and 439 nm for (e). 

Table 5 
Rate of perylene photo-oxidation in the presence of electron acceptors on 
direct irradiation of perylene "b 

Acceptor (concentration) Conditions Relative rate 

None 428 nm, CH3CN < 1 
Terephthalate (10 -2 M) 428 nm, benzene < 1 
Terephthalate ( 10 -2 M) 428 nm, CH3CN 637 
Dicyanobenzene ( 10 -2 M) 428 nm, CH3CN 550 
PSSS-VN ( 1.02 g 1 - 1 )c 439 nm, H20 858 

alrradiation in spectrofluorometer with 16 nm wide band of light centered at 
wavelength noted. 
blPerylene ] = 1.2X 10 -6 M. 
CThe concentrations of naphthyl and benzenesulfonate groups are 3 × 10 3 
M and 2 ×  10 -3 M respectively. 

way for photo-oxidation, similar rates of reaction may be 
expected for the different photozymes. 

The grating monochromator of a spectrofluorometer was 
used to achieve a narrow band of light which was absorbed 
only by perylene. Irradiations were carried out in the presence 
of electron acceptors and the naphthalene-containing photo- 
zyme PSSS-VN. The changes in perylene fluorescence are 
displayed in Fig. 2 and summarized in Table 5. In the pres- 
ence of dimethyl terephthalate, dicyanobenzene and PSSS- 
VN, the rate of photo-oxidation is at least 550 times faster 
than that observed during irradiation of perylene alone. It 
should be noted that the concentration of the small-molecule 
sensitizers is 100 times higher than for the experiments in 
Table 4 and the rate acceleration is also much higher. 

As expected, the efficiency of the reaction is sensitive to 
the polarity of the solvent. Photo-oxidation in the perylene- 
terephthalate system is rapid in acetonitrile ( e =  38) but 
undetected in benzene (e = 2.3). Non-polar solvents, such as 
benzene, are poor solvents for radical ions. Thus ion pairs, if 
formed at all, are likely to remain in close contact and back 
electron transfer will be the principal reaction. 

It is possible to calculate the energetics of photoinduced 
electron transfer and determine in which systems perylene 

photo-oxidation will be observed [ 11,29]. The reaction of 
interest is the electron transfer between excited perylene and 
an acceptor 

p* + A - ~ p  + + A  - 

The free energy of this reaction is given by Eq. (3) 

AG~T = - E(P + / P * )  + E ( A / A  - ) (3) 

where E(P + / P * )  is the oxidation potential of excited per- 
ylene and E ( A / A  - ) is the reduction potential of the accep- 
tor. The oxidation potential of excited perylene can be 
expressed in the more easily obtained values of E*, the 
excited state energy, and E ( P  +/P) ,  the oxidation potential 
of ground state perylene 

E(P "+/P*) = E* - E ( P  +/P)  

Substitution in Eq. (3) leads to the Rehm-Weller equation 
(Eq. (4))  

A GeT = -- E* + E ( P  +/P)  - E ( A / A  - ) - C (4) 

where C, an electrostatic term, is typically 0.1 eV or less in 
polar solvents. 

The Rehm-Weller equation was used to calculate the ener- 
getics of electron transfer from excited perylene (E* = 2.85 
eV; E ( P  +/P)  = 0.85 eV) [ 11 ] to a variety of acceptors. 
The polymer will provide mainly naphthalene and benzene- 
sulfonate groups as possible acceptors; however, neither of 
these groups can be considered as a strong electron acceptor. 
In addition to these groups, there may be smaller concentra- 
tions of naphthoquinone, as a result of naphthalene oxidation, 
and benzenesulfonic acid. As presented in Table 6, electron 
transfer from perylene to dicyanobenzene, terephthalate, 
naphthoquinone and toluenesulfonic acid is calculated to be 
exothermic. 

Toluenesulfonic acid was used as a model compound to 
test whether the benzenesulfonic acid groups of the photo- 
zyme might act as electron acceptors during perylene photo- 
oxidation. Conditions similar to those described in Table 5 
were used. In the presence of toluenesulfonic acid (0.01 M), 
irradiation at 429 nm caused no detectable perylene photo- 
oxidation in either methanol or acetonitrile. 

The styrenesulfonic acid groups of the polymer may play 
a role during perylene photo-oxidation in photozyme solu- 

Table 6 
Energetics for electron transfer from perylene to various acceptors as cal- 
culated by the Rehm-Weller equation (Eq. (4) )" 

Acceptor E(A/A - )  (eV) ~ AGeT (eV) 

Dicyanobenzene - 1.60 - 0.5 
Dimethyl terephthalate - 1.74 - 0.36 
Naphthalene - 2.29 + 0.2 
1,4-Naphthoquinone - 0.69 - 1.3 
Toluenesulfonic acid - 0.9 - 1.2 

"For perylene, E* = 2.85 eV and E ( P +  /P) = 0.85 eV [ 11 ]. 
bFrom Refs. ] 11,30]. 
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tions. Investigations of electron transfer reactions in polymers 
have revealed several important effects exerted by polymers 
on these reactions. Neighboring groups on a polymer back- 
bone can have a pronounced stabilizing effect on radical ions 
bound to the polymer [31-33].  Electron transfer reactions 
which do not occur for small molecules in solution are 
observed if either the acceptor or donor is bound to the pol- 
ymer. It has been postulated that sandwich complexes 
between the radical ion and neighboring group(s) are respon- 
sible for the stabilizing effect. The formation of the complex, 
analogous to an excimer or exciplex, leads to a sharing of the 
charge between two or more groups and to stabilizations of 
10 kcal m o l - '  or more [31-33]. Thus electron transfer to 
the styrenesulfonic acid group may occur in polymer solu- 
tions, but not in the small-molecule model experiments. 

Charged polymers (polyelectrolytes) can have a pro- 
nounced effect on electron transfer reactions. Electrostatic 
forces between the charges on the polymer and the radical 
ions can cause efficient separation of the ion pair [34-36]. 
If the ions are well separated, back electron transfer, an energy 
wasting process, is less likely. Thus perylene oxidation by a 
photoinduced electron transfer mechanism may be facilitated 
by both stabilization of one of the radical ions and efficient 
charge separation. 

Functional groups introduced as a result of polymer oxi- 
dation are another potential source of electron acceptors in 
the polymer. This possibility was evaluated for the naphthyl- 
containing polymer PSSS-VN. If polymer oxidation results 
in the formation of naphthoquinone groups, it may be possible 
to detect these groups. Indeed, during the irradiation of an 
oxygenated aqueous PSSS-VN solution, the intensity of 
naphthyl fluorescence decreased rapidly (Fig. 3). The oxi- 
dized polymer proved difficult to analyze for the presence of 
naphthoquinone groups. Although the intensity of polymer 
fluorescence decreased by 70% following 3 min of irradia- 
tion, the UV spectrum was essentially unchanged (Fig. 4). 
Similarly, no change was detected in the IR spectrum of the 
photo-oxidized polymer. This indicates that oxidation causes 
a minor structural change, perhaps as little as one new group 
per chain, but a change that efficiently quenches the naphthyl 
fluorescence of PSSS-VN. This is not surprising since a sin- 
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Fig. 3. Naphthyl fluorescence from PSSS-VN (0.21 g 1-~) following irra- 
diation in a Rayonet photoreactor (300 nm lamps) for zero time (a), 15 s 
(b), 1 min (c) and3 rain (d).)te,= 300 nm. 
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Fig. 4. UV spectrum of PSSS-VN (0.21 g 1-1 ) before ( ) and after 
( • . • ) irradiation in a Rayonet photoreactor (300 nm lamps) for 3 min. 
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Fig. 5. UV spectrum of 2-methylnaphthoquinone (3 × 10-4 M) in degassed 
50% isopropanol before ( ) and after (- - -) irradiation in a Rayonet 
photoreactor ( 300 nm lamps). 

gle energy trap on the polymer backbone can efficiently 
quench naphthalene fluorescence because of energy migra- 
tion [37--40]. 

Fluorescence techniques can be used to confirm the pres- 
ence of naphthoquinone if the quinone is first converted to 
its hydroquinone, which is fluorescent. Naphthoquinone may 
be reduced to naphthohydroquinone by either chemical or 
photochemical means. The behavior of a model compound, 
2-methylnaphthoquinone, was investigated. Irradiation of an 
isopropanol-water solution of naphthoquinone, in the 
absence of oxygen, resulted in the formation of naphthohy- 
droquinone (Fig. 5). Naphthohydroquinone proved to be flu- 
orescent with a maximum emission at approximately 410 nm 
(Fig. 6). 

Following the photoreduction of oxidized PSSS-VN in 
oxygen-free isopropanol-water, a strong emission spectrum 
(Am~x = 400 rim) was observed (Fig. 6). With A~x = 346 nm, 
the naphthyl groups of PSSS-VN do not absorb light, and 
the fluorescence stems from another species, presumably 
naphthohydroquinone. It appears that photo-oxidized PSSS- 
VN contains naphthoquinone groups, and it may be these 
groups which serve as electron acceptors during perylene 
oxidation by photoinduced electron transfer. 

The experiments described in this section have led us to 
propose the reaction mechanism shown in Scheme 3 to 
explain perylene photo-oxidation in the photozymes. Excited 
perylene may be produced by direct excitation or by energy 
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direct excitation 
(i.e. <320 nm) ~ . . . . . . . . ~ ~  

N S N n q S N 

I energy 
migration I tran.ffe r 

N = naphthalene 
P = pcrylen¢ 
Q = polymer-bound 

electron aecq~tor 
S = styrcnesul£onate 

dircctcxci~on 
(i.e. 430nIn) 

p* + Q ,. p+, + % 

o r ( P  + Q * -  . p+. + % )  

Q', + 02 . Q + 02-. 

v+" + 02". (or 02 ) - Po 2 (or P02 +' ) 

Scheme 3. 

• . oxidation products 

/ . o  I , , , 

 o. r/i ' , , \  ,,,,,\ 

3 6 0  410  4 6 0  5 / 0  5 6 0  
Wove/encjth (rim) 

Fig. 6. Fluorescence spectra in 50% isopropanol: (a) 2-methylnaphthohy- 
droquinone; (b) oxidized PSSS-VN ( 0.1 g 1- i ) before photoreduction; (c) 
oxidized PSSS-VN (0.1 g 1- t ) after photoreduction, h~x = 346 nm. 

transfer from the chromophores of the photozyme. Electron 
transfer from excited perylene to an acceptor within the pol- 
ymer produces the perylene radical cation. The radical cation 
may react with ground state oxygen or a superoxide anion 
produced by the reaction of oxygen with the radical anion. 

If this is the mechanism for perylene, and perhaps other, 
oxidations, it may be possible to design polymers which are 
more suited to this task. Copolymerization of a small concen- 
tration of electron acceptor with the regular photozyme 
monomers may produce polymers which exhibit better 
photocatalysis. 
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