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Summary 

Benzene and polycyclic aromatic hydrocarbons (PAHs) incorporated in 
rigid matrixes have long-lived lowest triplet states which are at the origin of the 
photophysical and photochemical processes that are not observed in fluid solu- 
tions. In particular, PAHs are photolysed in alkane and alcohol matrixes at 77 K, 
yielding the monohydrogenated radical and dihydro derivatives. For triphenylene, 
chosen because it gives a fluorescent dihydro photoproduct, we showed that the 
reaction is biphotonic and involves an upper triplet state. The overall quantum 
yield is very small and the efficiency of the second-photon process depends dras- 
tically on wavelength. 

The data indicate a triplet energy transfer to the neighbouring alkane mole- 
cules which, in their triplet state, are dissociative, producing a hydrogen atom and 
a solvent radical molecule, These radicals can be trapped by the PAH molecules. 
Thus the photolysis of PAHs is most probably indirect. The particular case of 
benzene is discussed and the processes described here are related to other known 
reactions of PAHs in rigid matrixes. 

1. Introduction 

Polynuclear aromatic hydrocarbons (PAHs) constitute a fairly homoge- 
neous series of compounds whose photophysical as well as photochemical be- 
haviours have been intensively investigated El]. In aerated liquid solutions the 
main photochemical event expected to occur is photooxidation [2], while in 
deaerated solutions the process which has attracted much attention, although it is 
limited to specific cases, is photodimerization [3]. 

In contrast, in rigid solutions PAHs appear to be relatively stable with re- 
spect to UV irradiation except in some very specific matrixes such as boric acid 
glass (see ref. 4 for a review) where, even at room temperature, they can be 
completely photoionized to give the radical cation. An important property of most 
PAHs in rigid matrixes is the long lifetime of their lowest triplet state which can 
be of the order of seconds, Thus large conversion to the lowest triplet state, from 
which a second photon can be absorbed, is easily obtained. This is why PAH 
molecules are useful for studying the properties of highly excited triplet states. 
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The photochemical consequences of this biphotonic process are mainly photo- 
iqnization [4] of the solute and solvent sensitization (see ref. 5 for a review). 
Since hardly any significant change in the aromatic concentration has been found 
in solvent sensitization experiments, it has been accepted that PAH molecules do 
not undergo any permanent photoreactions during the process [6,7], i.e. the 
internal conversion process must be faster than any chemical reactions with the 
neighbouring molecules. 

Contrasting with these conclusions, however, are reported observations of 
the photochemical degradation of certain PAHs during matrix experiments re- 
quiring high intensity irradiation [8 J. We have confirmed the existence of such 
a photodegradation by observing the decrease in absorption spectra on WV irradi- 
ation of many PAHs in paraffinic, alcoholic and polymeric matrixes at 77 K as 
well as at 4.2 K, the only condition being that the solvent was able to give hydro- 
gen atoms [9, lo]. 

The aim in this review is to present arguments showing that, contrary to 
what is admitted for the photochemistry of benzene in glasses (a one-photon 
mechanism from the T1 state 111, 12]), one of the reactions identified as being 
responsible for the photodegradation of PAHs in rigid matrixes occurs via a two- 
photon mechanism with the lowest triplet state as intermediate. The efficiency 
of this reaction has been estimated and we discuss whether it is a new reaction 
of an upper triplet state or an indirect reaction after solvent sensitization. 

The choice of the aromatics for studying the phenomena was guided by 
specific properties allowing data to be readily interpretable. For example, tri- 
phenylene proved to be the most suitable PAH to study in in sihc photolysis since 
it yields a fluorescent photoproduct that is easily distinguishable from the parent 
emission. For isolation and identification purposes, however, phenanthrene, an- 
thracene and naphthalene were preferred to triphenylene because of the greater 
stability at room temperature of the isolated photoproducts. 

2. In situ identification of products formed from the photolysis of triphenylene 
in methyl cyclohexaue glass 

The fluorescence and absorption spectra before and after irradiation of tri- 
phenylene in methyl cyclohexane glass (MCH) with unfiltered light from a me- 
dium pressure mercury arc (HP 125 W) are shown in Fig. 1. Two systems of 
absorption bands appear on irradiation. Spectrum I disappears after the glass 
has softened; it is assigned to the monohydrogenated radical AH, *[9, lo]. A 
different behaviour is observed for spectrum II which is left unchanged after the 
glass has been melted and cooled again at 77 K. 

Moreover, this spectrum compares well with the excitation spectrum of the 
compound responsible for the new emerging fluorescence. An examination of this 
fluorescence reveals that it has the characteristic feature of the phenanthrene 
chromophore. Accordingly the new fluorescence and absorption spectra II are 
attributed to a reduced form of triphenylene resulting from the saturation of one 
C=C bond to leave a phenanthrene chromophore. A comparison of the fluores- 
cence spectra of the photoproduct with those obtained from reduced triphenylene 
[9, 101 confirms that it does correspond to a dihydrotriphenylene-type com- 
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Fig. 1. Electronic spectra after irradiation of triphenylene (5 x lo-” M) in MCH at 77 K with a 
medium pressure mercury lamp. (a) Absorption spectra: curve 1, before irradiation; curve 2, after 
10 min of irradiation; spectrum I, AH2. radical; spectrum II, addition product A&R. {b) Fluores- 
cence spectra (A.,, = 325 nm): curve 1, ti,, = 0; curve 2, ti,, = 30 min; curve 3, ti, = 60 min. The 
relative amount of the growing photoproduct was measured from the change IF’ - Z:=’ in the 
fluorescence intensities at 370 nm on irradiation. The intensities were normalized with the triphen- 
ylene band at 353 nm to correct for experimental irreproducibilities. Measurements were conducted 
for low conversion factors (less than 10%). 
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pound. Further insight has been given by experiments with polyethylene as the 
rigid matrix which traps the permanent photoproducts [ 111. It can be concluded 
from these experiments that the photoproducts result most probably from the 
attachment of one solvent molecule RH to the triphenylene AH solute to give 
AHzR 1 (Fig. 2). 

3. Isolation and identification of stable photoproducts obtained by irradiation of 
polycyclic aromatic hydrocarbons in cyclohexane at 77 K 

The preparation and identification of photoproducts was conducted using 
anthracene, phenanthrene and naphthalene since their dihydro derivatives are 
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stable known compounds. Some of them were synthesized by conventional meth- 
ods for identification. Owing to the low solubilities of PAHs in alkane solvents 
and their high extinction coefficients, the preparation of sufficient amounts of 
photoproducts for analysis required not only the irradiation of a large volume of 
the solid solution but also small sample thicknesses. The best procedure was to 
introduce the ground solid solution directly into liquid nitrogen and to irradiate 
the stirred suspension with a low pressure helicoidal mercury lamp through a 
clear silica Dewar [lo]. 

After irradiation the solutions were warmed up and evaporated. The ex- 
tracts were dissolved in the minimum volume of methanol and separated by high 
performance liquid chromatography (HPLC). Mass spectrometry (VG Micro- 
mass 16 F) was then used to analyse the fractions. 

For phenanthrene [ 141 and anthracene [15], the analysis revealed three 
types of products: (1) oxidized derivatives of PAHs which eluted first; (2) cyclo- 
hexyl dihydro derivatives 2 (Fig. 2) resulting from the addition of one solvent 
molecule to the aromatic; (3) cyclohexyl phenanthrene and anthracene 3 (Fig. 2). 
Most of the compounds identified are probably formed during melting from radi- 
cal oxidation or recombination. However, the presence of 9-cyclohexyl-9,10- 
dihydroanthracene 2 and cyclohexyl-9, lo-dihydrophenanthrene confirm the 
attachment of one solvent molecule to the aromatic. Comparing these results 
with those obtained with triphenylene we may state with confidence that their 
formation does occur in the rigid solution. 

For naphthalene, dihydrocyclohexylnaphthalene was not detected. Instead 
mass spectra indicate the formation of tetrahydrocyclohexylnaphthalene, dicyclo- 
hexylnaphthalene, cc- and P-cyclohexylnaphthalene and naphthols (a and p forms). 
For benzene, apart from the occurrence of substituted hexadiene which is well 
known [ 111, we identified the formation of cyclohexylbenzene and dicyclohexyl- 
benzene. Irradiation of perylene under the same conditions yielded no photo- 
product detectable by HPLC. 

4. Primary mechanism of the reaction 

As already reported, the reaction does not occur in degassed solutions at 
room temperature. This observation indicates a reactive state whose formation is 
favoured by low temperature and rigidity of the medium. Accordingly a triplet 
state reactant seems very probable. Two types of experiment were made to check 
(a) that the reaction occurs via a two-photon mechanism and (b) that the second 
photon is absorbed by the lowest triplet state. 

Details on these experiments are reported in ref. 16. They were carried out 
with triphenylene in MCH. The rate of formation of the photoproduct was mea- 
sured by monitoring the increase in its fluorescence intensity during irradiation. 
A plot of the logarithm of the formation rate versus the logarithm of the irradia- 
tion intensity is shown in Fig. 3. The calculated slope has a value of about 1.8 
which is very close to the theoretical value 2 expected for a two-photon rnecha- 
nism. The identification of the intermediate state required a two-beam experi- 
ment. The first beam was provided by the fourth harmonic (A = 265 nm) of a 
neodymium laser delivering 3 ns pulses of light. Since the intersystem crossing 
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Fig. 3. Irradiation of triphenylene in MCH at 77 K (iti,, = 260 nm). A plot of the rate u of photo- 

product formation vs. the irradiation intensity I; the broken line corresponds to a slope of 2. 

Fig. 4. 

rate constant for triphenylene is about 50 ns [17] the triplet state is not heavily 
populated during the laser pulse and absorption of the laser light from this state 
is limited (Fig. 4). 

Subsequent to the laser excitation 80 % [ 171 of the molecules in the S, 
state relax to the lowest triplet state. Triplet molecules can then absorb the con- 
tinuous light from the second beam provided by a xenon 450 W arc whose light 
is filtered in the visible region to allow transmission in the T, + T1 absorption 
range of triphenylene [18]. This light is not absorbed by molecules in the ground 
state So. 

We used 60 consecutive pulses separated by a time interval of 90 s to allow 
complete relaxation of the system between laser pulses. We observed that, when 
the solid solution was irradiated with both the laser and the visible light, more 
than twice the amount of photoproducts was produced than when the laser pulses 
alone were used. For different deIays between the laser shots and the illumination 
of the sample by the visible light we observed that the rate of formation of the 
photoproduct was reduced with increasing delay time to an extent which cor- 
responds to the phosphorescence decay rate of triphenylene (Fig. 5). Clearly the 
triplet state of triphenylene is the intermediate absorbing the second photon. 

5. Quantum yield for the formation of the fluorescent photoproduct from the 
lowest triplet state 

The estimation of the quantum efficiency qmZR of the second photon should 
provide valuable information to elucidate the mechanism of the reaction. Un- 
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Fig. 5. A comparison of the phosphorescence decay of triphenylene (- ) with the photoproduct 
decay rate measured for various delays (d = 0 s, d = 7 s and d = 14 s) between the UV laser pulses 
and the visible light. 

fortunately the lack of data for T, t T1 absorption in the UV range and the 
difficulty of determining the amount of photoproduct formed allowed only a 
crude estimation of V,+H~~. Details on the experiments are given in ref. 16. The 
amount of photoproduct formed during irradiation for 2 h was estimated from 
the decrease in the absorption band of triphenylene. The fluorescent photoprod- 
uct was found to represent a small part of the total amount of degraded triphen- 
ylene (less than lo%, i.e. less than 2 % of the initial concentration). The absorp- 
tion rate for visible irradiation was calculated from the T, c T1 absorbance 
under the conditions of irradiation. For UV irradiation, all the photons were 
considered to be shared between So and T1 molecules proportionally to their 
populations. In this approximation we assumed similar extinction coefficients 
from the S, and T1 states, as observed in some cases 1191. 

A quantum yield of 5 x lOa was estimated for excitation of the triplet 
state by visible light (2 = 430 nm), while the quantum yield for excitation with 
UV light (A = 260 nm) was found to be roughly of the order of 1.5 x 104. 
AIthough these estimations are very approximate, they indicate that the photo- 
chemical pathway leading to addition products with the solvent represents a very 
small part of the total degradation process. Moreover, it appears that UV excita- 
tion is more than 1000 times more efficient than visible light excitation. 

6. Discussion 

Discarding the mechanism implementing ionization of the aromatic solute 
since no radical cations are observed, the main event after two-photon excitation 
reported so far in alkane matrixes at 77 K is solvent-sensitized radical formation. 
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To a much smaller extent we now have clear evidence that the solute is also in- 
volved in the reaction since the monohydrogenated radical and stable addition 
products of the solvent with the aromatic solute were found. The question that 
is raised by these results is whether the solvent radicals, the radical AH2 - and 
the reduced aromatic AH2R were formed by the same mechanism or whether a 
new reaction of the upper triplet aromatic should be invoked. 

For many aromatic-solvent systems the quantum yields v~. for the forma- 
tion of solvent radicals R - depend exponentially on the excess energy available in 
the triplet manifold [5]. The drastic increase we observed for the quantum yield 
($?PAH@ of formation of AHzR with triphenylene by shifting from the visible to 
the UV range suggests a similar wavelength dependence which might indicate 
that the same mechanism is at the origin of all the species detected. 

In solvent sensitization, Vinogradova et ~2. [20] have established that the 
primary reaction is most probably cleavage of a hydrogen atom from the solvent. 
Observations of molecular hydrogen are consistent with such a mechanism. The 
most widely accepted assumption is that the dissociation of the solvent occurs 
after a direct energy transfer to a dissociative state of the solvent molecule [12, 
20, 2 11. This mechanism is somewhat analogous to mercury-photosensitized 
hydrogen abstraction from alkanes by mercury in the gas phase [22] and follows 
a pathway which has still not been determined. 

Bagdasaryan has shown that cp u. depends essentially on the energy of the 
second photon and on the ionization energy of the aromatic but is independent 
of the solvent. An interpretation has been made in terms of a solute intermediate 
state whose formation probability determines the quantum yield qR__ It is de- 
scribed as a Rydberg state perturbed by the solvent (quasi-Rydberg state). The 
possibility that Rydberg states play a role in the photochemistry from highly 
excited states has been invoked in the photochemistry of ethylene [23] and can 
also be envisaged in the two-photon photochemistry of aromatics. If AH - radicals 
and AHzR products are formed in a step after the sensitized solvent dissociation, 
they may result from an attack on the relaxed aromatic by an II. atom or an R. 
radical or both depending on the mutual orientation of the aromatic in the solvent 
cage. The reaction must then be considered as an indirect or secondary reaction. 

Two-photon solvent sensitization is also known to occur for benzene and 
its derivatives [ 121. Using the same procedure as for other aromatics we irra- 
diated benzene in cyclohexane at 77 K. In addition to hexatriene formation we 
identified cyclohexylbenzene. However, the expected dihydro derivative, i.e. the 
cyclohexyl- 1,3_cyclohexadiene A’H2R, was not detected. 

In the gas phase 1,3-cyclohexadiene photodecomposed easily to give mainly 
benzene and to a smaller extent 1,3,4hexatriene [24]. Similar reactions are 
expected in the condensed phase [25]. Accordingly we can assume that the cyclo- 
hexylbenzene formed arises in part from the secondary photodecomposition of 
A’H2R formed by radical attack .of benzene by R - and H - radicals from the 
solvent. We note that the secondary reaction can aiso produce solvent-substituted 
hexatriene. This product is effectively the main photoproduct known so far to be 
obtained by irradiation of benzene in rigid glasses [7]. However, its formation 
has been observed to be monophotonic [7, 121 and to proceed via the lowest T1 
state by a concerted process [26]. If we accept these conclusions, then a very 
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small amount of hexatriene is due to the secondary photolysis of A’HZR formed 
by the above two-photon mechanism. 

Thus for benzene in rigid matrixes two different types of photolytic reaction 
can occur: a direct reaction from the T1 state and an indirect reaction after energy 
transfer to the solvent from a T, state. In contrast, it seems that only the second 
reaction is operative for polynuclear aromatics. We have no evidence that a reac- 
tion from the T1 state similar to that for benzene occurs, involving a ring opening. 
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