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Abstract

The emission spectroscopy of fluorene has been studied at asilicagel /air interface at surface loadings from 1.5% to 77.1% of amonolayer.
Both monomer and excimer-like emissions are observed on the surface. The excimer-like emission, centered at 350 nm, arisesfrom excitation
of ground-state van der Waals pairs of fluorene molecules. Photolysis into the van der Waals dimers at room temperature does not lead to
dissociation into constituent monomers; however, irradiation of fluorene monomers at a silica gel/air interface leads to production of 9-
fluorenone asthe only identifiable photoproduct in 72% yield. Fluorenetriplet and cation radical are both observed at thesilicagel / air interface
by transient diffuse reflectance spectroscopy. Sensitization of singlet molecular oxygen by silica-sorbed methylene blue, in the presence of
co-sorbed fluorene, does not lead to fluorene oxidation, thus suggesting that oxidation by direct photolysis does not involve an energy transfer
mechanism. An electron transfer oxidation mechanism is proposed to account for the observed photochemical oxidation of fluorene at the

silicagel/air interface. © 1997 Published by Elsevier Science SA.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAH) aretoxic, many
are carcinogenic, and the widespread occurrence of these
pollutants in the environment makes the photo-oxidation of
PAH a topic of current interest. Sixteen PAH have been
designated aspriority pollutants[ 1]. Small PAH (anthracene
and phenanthrene) inthelower troposphere have been shown
to reside primarily in the gas phase at ambient temperatures;
however, as the temperature is decreased, even small PAH
begin to partition onto atmospheric particulates [ 2] . At upper
tropospheric levels, where ambient temperatures are well
below those at the Earth’ s surface and unfiltered sunlight has
astronger UV component, photochemical transformationsof
PAH at the particulate/ gas interface can be expected to play
arole in controlling the environmental fate of these anthro-
pogenic pollutants.

Concentrations of water-insoluble inorganic particles in
the troposphere, are estimated to be in the range of 1—

Abbreviations: PAH, polycyclic aromatic hydrocarbon; FL, fluorene; FLO,
9-fluorenone; ESR, electron spin resonance; HPL C, high performanceliquid
chromatography; SCE, standard calomel electrode
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300 mg m~2 [3]. Insulators such as SiO,, Al,QOs, silicoalu-
minates and CaCO; are estimate to comprise 20-30% of
inorganic atmospheric particulates [ 3]. One objective of our
research is to understand the mechanisms of PAH photo-
chemical transformations at interfaces which model this
important class of environmental media. The highly polar
surfaces of non-semiconducting inorganic oxide particulates
found in the environment are simulated to a first approxi-
mation by commercial silicas and aluminas. A knowledge of
the mechanisms of photochemical degradation of PAH at the
solid/air interface of relatively clean silicas and auminas
provides important environmental fate data and a basis for
investigating photochemical mechanisms on native environ-
mental particulates. A second objective of our researchisto
elucidate the fundamental role of substrate-surface inter-
actionsin controlling the photochemistry.

Previouswork in our laboratories hasfocused primarily on
determining the products and mechanisms of the photochem-
ical oxidation of PAH sorbed onto silicas and adluminas [4].
It has generally been found that those PAH which are good
acceptors of singlet molecular oxygen (e.g. anthracene, phe-
nanthrene, tetracene, etc.) react by an energy transfer mech-
anism with subsequent decomposition of thermally unstable
peroxide and/or dioxetane products [4]. Several PAH that
are not good acceptors of singlet molecular oxygen (e.g.
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naphthalene, 1-methylnaphthalene) readily undergo photol-
ysisat thesolid/air interface by what appearsto bean electron
transfer mechanism [4j]. The identity of theinitial electron
acceptor (e.g. Lewisacid site, molecular oxygen etc.) isnot
known; however, superoxide formed from photolysis of
naphthalene at a silica gel/air interface has been directly
observed by ESR [4j].

Fluorene (FL) is among the PAH which have been ele-
vated to the status of priority pollutant [1]. When sorbed on
different atmospheric particulate substrates, FL has previ-
ously been determined to have photolytic half-livesof 110 h
(silicagdl), 62 h (alumina), 37 h (fly ash) and > 1000 h
(carbon black) [5]. Theroleof the surfacein controlling the
observed differencesin photolytic half-liveswasunexplained
in the previous work and the mechanism and products of
photodegradation werenot investigated. Thisreport describes
the spectroscopy and photochemistry of FL at asilicagel/air
interface and is a continuation of our efforts to understand
PAH photochemistry under controlled conditions which
alow for mechanistic interpretation and give resultsthat are
relevant to environmental processes.

2. Experimental details
2.1. Materials

Fluorene (Aldrich Chemica Co. Inc., Milwaukee, WI;
purity 99%) was recrystallized from ethanol twice before
use. 9-Fluorenone (Aldrich; technical grade) was recrystal-
lized from cyclohexane twice before use. Methylene blue
(Aldrich; reagent grade) was used as received.

The physical characteristics of the silica gel used in this
work are identical to those previously reported [4]. The N,
BET surfaceareafor thesilicagel wasdetermined (Autosorb,
Quantachrome Corp.) to be 274 m? g~ * with an averagepore
size of 60 A [4e]. The silica gel used in these experiments
contained less than 10 ppm iron, 141.4 ppm aluminum and
less than 4.9 ppm copper [4g]. Thesilicagel was used after
activation by heating for 24 h at 200 °C under air, followed
by cooling to room temperature in a desiccator charged with
anhydrous CaSO, (Drierite®, Aldrich). The silica gel was
loaded with FL (1.0x10 °mol g%, 1.5% monolayer;
25%10"°mol g~*, 3.9% monolayer; 1.0xX 10" *mol g~ 4,
15.4% monolayer; and 5.0x10~*mol g~*, 77.1% mono-
layer) by adsorption from acyclohexane (Baxter Healthcare
Corp., Burdick and Jackson Division, Muskegon, MI; HPLC
grade) solution following the procedure outlined in earlier
papers [4]. The percent monolayer coverageiscalculated as
previously described [4i], assuming a fractal dimension of
2.8forthesilicagel [6], and cross-sectional areasof 16.2 A2
and 46.2 Afor nitrogen and FL respectively. Thecalculation
yields asurface areaof 180.2 m? g~ * availableto FL.

2.2. Photolysisand product analysis

Irradiation was done in quartz tubes irradiating with a
300 nm Rayonet photoreactor (irradianceof 2.68 x 10 pho-
tons cm~2 s~ 1) employing a horizontal tube orientation as
previously described [4]. Photolyses were done under an
atmosphere of air introduced directly into the tubes from the
laboratory or under argon (Air Productsinc., Knoxville, TN;
ultra high purity) introduced after evacuation of the sample
to 5 wm of mercury for 10 h. Photoproducts were removed
by washing the silica gel first with methylene chloride and
then with methanol. Products were analyzed by GC using an
interna standard method and calibration with known mate-
rials of identical chemical structure.

2.3. Spectroscopic measurements

Steady state diffuse reflectance spectrawererecorded ona
Cary-4 spectrophotometer equipped with an integrating
sphere. Samples for emission spectrawere prepared by load-
ing FL on silicaasdescribed above and placing thedry sample
in a 2 mm pathlength flat cell attached to a greaseless stop-
cock through an Ace-Glass® # 7 fitting. Thecell wasattached
to a vacuum line and evacuated overnight to a pressure of
5+ 2 wmHg of mercury. The sample was back-filled with
argon and the spectra were recorded immediately after
removing the sample from vacuum. Baseline correction was
donewith aspectrum recorded fromidentical silicagel which
had not been loaded with organics. Emission spectra were
recorded from the sample front face on a Spex Fluorolog
fluorimeter equipped with double monochromators in the
excitation and emission paths (1.76 nm bandpass) . Emission
spectraare reported fully corrected.

Transient absorption spectrawere recorded after excitation
with 266 nm light from a Quantel Y G-660A NdYAG (Con-
tinuum, Santa Clara, CA) laser (4-10 mJ per pulse of 8 ns
duration). The signal was collected using an apparatus pre-
viously described [7].

3. Results
3.1. Seady-state spectroscopy

As the surface loading of FL is increased from
1Xx 10" °mol g~ *to 5x 10~ * mol g~ * there is acontinuous
changein the excitation spectrum (Agn =330 nm), Fig. 1. As
the surface coverage isincreased, the intensity of the excita-
tion spectrum decreases and aweak band beginsto appear on
the red edge of the spectrum. The arrows in Fig. 1 show the
changein spectral intensity with increasing surfacecoverage.
Analogous spectral shifts are also observed in the diffuse
absorption spectra at the same surface coverages. Similar
absorption and excitation shifts with increasing surface cov-
erage have previously been observed for other PAH onsilica
gel at comparable loadings [4,8].
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Fig. 1. Excitation spectrum (Aem= 330 nm), of FL at surface loadings of
1X1075 1x10 % and 5X 10~ *mol g~ *. The arrows show the direction
of fluorescence intensity change with increasing surface coverage.

Thefluorescence of FL at asilicagel/air interface (surface
loading of 1X10~*mol g~%) is >95% quenched by air.
This behavior is consistent with previous observationsin our
laboratory [4]. The fluorescence spectra (Ao = 260 nm) of
FL on silicagel at surface loadings from 1x 10" > mol g~ *
to5x 10~ * mol g~ *areshowninFig. 2. Thesespectrareveal
a dramatic shift in the emission maximum to longer wave-
lengths with increasing surface coverage. The increased flu-
orescenceintensity onthered edge of thespectrumisassigned
to an excimer-like emission centered at ca. 350 nm. Theloca-
tion of the excimer-like emission maximum closely resem-
bles that from FL van der Waa’'s dimers formed in a
supersonic jet (centered at 357 nm) as opposed to the exci-
mer emissioninsolution (centered at 370 nm) [9]. Excimer-
like emission from PAH ground-state associated pairs and
higher order aggregateson silicagel surfaceshavepreviously
been observed by ourselves and others [4,8].

Fig. 3 showsthe excitation spectra (A, = 375 Nm) for FL
on silica at surface loadings from 1x10 °mol g~ * to
5% 10~ *mol g~*. The monitoring wavelength was chosen
by virtue of the small amount of monomer emission observed
at 375 nm. The spectrain Fig. 3 reveal a weak absorbance,
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Fig. 2. Fluorescence spectra (Aex =260 nm) of FL on silicagel at surface
loadingsof 1X107°, 110" *and 5x 10~ * mol g~ . The arrows show the
direction of fluorescence intensity change with increasing surface coverage.
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Fig. 3. Excitation spectra (Aem=375 nm) for FL on silica at surface load-
ings of 1x107°, 1x10"* and 5X 10~ *mol g~*. The arrow shows the
direction of fluorescence intensity change with increasing surface coverage.

extending to approximately 350 nm, that grows in as the
surface coverage is increased (indicated by the arrow in
Fig. 3). The onset of the new band is shifted red by approx-
imately 4500 cm~* relative to the monomer emission. The
fluorescence (A= 310 nm) associated with the new absorp-
tionisalsoshown (Fig. 4) tointensify asthesurfacecoverage
isincreased. The emission associated with thenew absorption
clearly corresponds to the excimer-like emission. Photolysis
of a sample under argon (FL surface loading of
5X107*mol g~ a 320nm (10 min., 8 nm bandpass,
2.47% 10" photons cm~2s™ 1), a wavelength where the
ground state pairs absorb, does not result in any apparent
change in the fluorescence spectral profile, thus demonstrat-
ing that the ground-state pairs on the surface do not readily
dissociate upon excitation.

The excitation (Aen=475nm) and fluorescence
(Aex=310 nm) of the ground-state pairs (surface coverage
of 5X107*mol g~ ) are shown together in Fig. 5. From
these spectra we assign a 0-0 transition for the ground-state
pairs to the crossing point at 320 nm (3.87 eV, 89.3 kcal-

mol ~1) and the maximum for the excimer-like emission to
350 nm (3.54 eV, 81.7 kcal mol ~1). Fluorescence and exci-
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Fig. 4. Thefluorescence (Aex = 310 nm) associated with the new absorption
at surfacecoveragesof 1x1075,1x 10~ *and5x 10~ “ mol g~ *. Thearrow
shows the direction of fluorescence intensity change with increasing surface
coverage.
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Fig. 5. Theexcitation (Aem=475 nm) and fluorescence (Aex = 310 nm) of
the ground-state pairs at a surface coverage of 510~ *mol g~ %

tation spectra for FL (2.5x10"°>mol g~ %) on silica (not
shown), where primarily monomeric FL ispresent, allow for
assigning a monomer 0-0 transition at 306 nm (4.05eV,
93.4 kca mol ~1). The 0-0 value assigned to the monomer
on silicais dlightly red shifted relative to the value reported
for FL in heptane (301 nm, 4.12 eV, 94.9 kcal mol 1) [10].
The red shift in the 0-0 transition is expected for a m—m*
transition in the more polar environment of the silicasurface
[10].

3.2. Time resolved spectroscopy

Thetransient diffusereflectance spectrumfor FL at asilica
gel/air interface (surface loading of 25X 10 °>mol g~ ) is
shown in Fig. 6. Absorption maximaare observed at approx-
imately 380 nm (strong), 450 nm (weak) and 510 nm
(weak). The intensity of the transient signal at 380 nm is
partially quenched by oxygen; however, the transient at
450 nm is not similarly quenched, as shown in Fig. 7. The
oxygen sensitivity of the 510 nm transient can not bereliably
determined from our data. The 380 nm band is seen to decay
in the nitrogen purged sample to afinal intensity coincident
with that observed in the air saturated sample. The portion of
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Fig. 6. The transient diffuse reflectance spectrum for FL at a silica/air
interface, surface loading of 2.5X 10~ > mol g™~
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Fig. 7. Tempora profile of of the transient signal from Fig. 6 recorded at
380 and 450 nm in nitrogen purged and aerated samples.

the 380 nm transient that is quenched by oxygen is assigned
to the triplet of FL, as previously reported in polar solvents
[11]. The observed quenching of the 380 nm band in the
nitrogen purged sample is attributed to residual oxygen dif-
fusing out of small pores where it was not removed by the
nitrogen purge. We credit the decay of the triplet to oxygen
guenching due to the observed lifetime being considerably
shorter than the 150 ps lifetime reported for FL triplet in
hexaneat 300 K [11]. The portion of thetransient absorption
at 380 nm that isnot quenched by air is assigned to the cation
radical of FL, as previously reported for the cation radical in
solution [12]. The origins of the 450 nm and 510 nm tran-
sients are tentatively assigned to 9-fluorenone radical anion
and 9-hydroxyfluorenyl radical respectively [13].

Owing to the range of pore sizes present in the silica sur-
face, itispossiblefor oxygento diffuseinto small poreswhich
are inaccessible to larger PAH molecules. Oxygen in these
smaller pores is difficult to remove, even under vacuum.
Partial removal of oxygen from the larger pores resultsin a
silica sample where the PAH and residual oxygen are segre-
gated. Examination of the fluorescence from samplesimme-
diately after evacuation reveals strong PAH fluorescence;
however, slow diffusion of oxygen out of the smaller pores
gradually replenishes some of the oxygen removed from the
larger cavitieswherethe PAH resides. A slow decreaseinthe
fluorescence intensity is observed in these samples [4]. The
fluorescence is recovered by re-evacuating the sample. Flu-
orescence quenching in silica-sorbed PAH is more closely
examined elsewhere [ 14].

3.3. Photochemistry

Photolysis of FL (2.5x10"°mol g~*) at asilicagel/air
interface leads to the generation of 9-fluorenone (FLO) as
the only isolable photoproduct. FLO accounts for up to
72 mol.% of the consumed FL. Some non-extractable and
unidentifiable material remainson thesilicaafter washingthe
surface. The FL photolysisproceeded witha9 h half life. The
half life observed on silica in this work cannot be directly
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compared with the values previously reported by others
because of differences in light sources and differences in
scattered light loss from different experimental setups. No
dark reaction was observed for FL on the silica surface over
a three day period. FLO does not undergo photochemical
degradation when adsorbed alone on silicagel.

Likewise, photolysis (650nm) of methylene blue
(1.7%x107°*mol g~1), aknown sensitizer of singlet molec-
ular oxygen on silica gel surfaces [15], in the presence of
co-sorbed FL (25X 10 °*mol g~ %) did not result in any
detectable consumption of FL or the formation of any oxi-
dation product. Good acceptors of singlet molecular oxygen
can be readily oxidized at the silica gel/air interface using
this methodology [4].

Direct photolysis (300 nm, 6 h) of FL (2.5x 10> mol
g™ and FLO(2.5X 10" °*mol g~*) co-sorbed on silicaled
to the loss of both species. The FL consumption (36%,
9.0x 10 ®mol g~ *) iswithin experimental error of theantic-
ipated FL loss (38%) based on the rate of photolysisin the
absence of co-sorbed FLO. Moreover, the amount of con-
sumed FLO (1.3 10~ ®mol g~ *) was equivalent to 26% of
the originally co-sorbed FLO in addition to all of the FLO
produced from photochemical oxidation of FL (assuming a
72% yield of FLO from FL photolysis, vide supra). Addi-
tionally, direct photolysis (300 nm, 2 h) of 9-hydroxyflu-
orene (2.5x107° mol g~1) sorbed on silica led to the
formation of FLO. The surface-sorbed 9-hydroxyfluorene
does not undergo any dark reaction over a period of 24 h.

4. Discussion
4.1. Sable ground state complexes

Ground-state pairing may arise as a consequence of the
method of loading the PAH onto the surface by adsorption
from solution. When the PAH is loaded onto the solid by
adsorption from a nonpolar solvent (usually cyclohexanein
our experiments), ground-state pairing is facilitated by what
we have described as a solvent pooling effect [4c]. As the
nonpolar solvent isremoved from the polar solid, some PAH
will be isolated in solvent pools and eventualy left on the
dry surface (these molecules give monomer emissions);
however, some solvent pools will contain two or more PAH
molecules and lead to ground-state pairing or clustering as
the solvent is removed. This process can lead to the obser-
vation of unique excimer-like emission from solid/air inter-
faces. Excimer-like emission may be observed at |oadings of
only afew percent of amonolayer in some cases [4c].

Ground state complexes of pyrene have been well studied
on silica gel, alumina and calcium fluoride and theoretical
interpretation of the associated potential energy surfaceshas
been given [16]. It was previously suggested that pyrene
interaction with surface silanols might influence the elec-
tronic polarization sufficiently to lend some stabilization to
sorbed pyrene ground-state pairs [ 16]. The excitation spec-

trum associated with the pyrene ground-state pairs was
shifted 800 cm™? to the red of the monomer [16]. In the
course of our previous work, we have observed excimer-like
emission from several PAH adsorbed on silica and alumina
surfaces [4]. Similar emissions have previously been
observed by other researchers as well [8]. Oxygen strongly
guenches PAH fluorescenceat inorganic oxide/ air interfaces,
and it is necessary to rigorously degas samplesto observethe
emission spectra. |ntroducing solvent vapor into dry samples
containing ground-state pairsis sufficient to allow molecular
motion and result in the disappearance of the excimer-like
emission [4c]. This experimental methodology offers the
unique opportunity to study the spectroscopy and chemistry
of PAH monomers and ground-state pairs (or aggregates) at
asolid/air interface.

Excimer emission has been reported from the excitation of
fluorene (FL) ground-state van der Waals pairs in a super-
sonic jet and from highly purified material in solution [9].
The dispersed fluorescence spectrum of the dimer isreported
to be structureless and centered at 357 nm (28 000 cm™ 1),
while the solution excimer is reported to be centered at
370 nm (27 000 cm~ 1) [9]. Theoretical model §fortheexci—
mer estimate the inter-ring distance to be 3.5A [17]. Ina
supersonic jet expansion, ground-state van der Waals pairs
dissociate upon excitation to givemonomer fluorescence [ 9] .
The red shift in excitation for the FL ground-state pairs
observed on silica (4500 cm™ 1) is much greater than the
shift previously observed for pyrene. Furthermore, the exci-
tation spectrum associated with the excimer-like emission
from FL ground-state pairs on the silica surface mirrors the
fluorescence and suggests that a Franck—Condon envelope
existsfor the surface-stabilized pair. Failure to dissociatethe
FL ground-state pairs upon exciting into the associated
absorption band demonstratesthe presence of aninsurmount-
able barrier to photodissociation on the silica surface at room
temperature. Clearly, the solution phase model for excimer
formation does not explain the complex behavior observed
at solid/ gas interfaces. We propose that the surface provides
abarrier to FL pair formation and dissociation, in additionto
the previously proposed stabilization of ground-state pairs
[16]. PAH diffusion on silica surfaces is known to be very
slow [18].

The effect of abarrier to ground-state pair dissociation, in
the case of FL on silica, isto alow for direct observation of
a Franck—Condon envelope for the pair. This absorption is
not normally observed in solution where a barrier sufficient
to maintain the repulsive ground-state pairs does not exist.
Thebehavior previously observed for 1-methoxynaphthalene
on silicais similar to that observed for FL [4e]. In our work
with 1-methoxynaphthalene, an excimer-like emission was
observed at the silica gel/air interface, although an excimer
emission from 1-methoxynaphthalene had not previously
been observed in solution [4e]. The excimer-like emission
observed on silica gel was attributed to ground-state pairing
(or higher aggregation) promoted by restricted PAH mobil-
ity induced by the surface.
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4.2. Photochemical oxidation

The lowest energy absorption band of FL is reported to
have a 0-0 transition at 33 200 cm~* (301 nm, 94.9 kcal-
mol ~*) and afluorescence quantum yield of 0.66 in solution
with a15 nslifetime (heptane) [10]. The lowest triplet state
of FL is68 kcal mol ~* above the ground-state and is approx-
imately 26.9 kcal mol ~* below the lowest excited singlet
state [ 10] . Thesinglet—triplet energy differencein FL isonly
sightly larger than the 22.5 kcal mol ~* required for singlet
molecular oxygen generation from excited singlet state
guenching by O, [19]. Molecular oxygen quenching of the
triplet state of FL leads to the formation of singlet molecular
oxygen with unit efficiency in solution [ 19]; however, reac-
tion of singlet molecular oxygen with FL is reported to be
quitesluggish (k< 0.1 M ~*s™1) [20]. Thedirect photolysis
of FL to give FLO at a silica gel/air interface appears to
proceed by a mechanism that is not mediated by singlet
molecular oxygen. Thisconclusionissupported by thefailure
of FL to react with sensitized singlet molecular oxygen at the
silicagel surface. Previously observed reactionsof other PAH
with sensitized singlet molecular oxygen on silica surfaces
serve to demonstrate the effectiveness of this method [4].

Photochemical oxidation of FL in solution (acetonitrile—
methanol; 9:1) activated by electron transfer catalysis (9,10-
dicyanoanthracene in the presence of methyl viologen and
FeCl,) gives 9-fluorenone in 82-98% yield [21]. We pro-
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pose a similar electron transfer mechanism for formation of
FLO at the silica gel/air interface. Products attributable to
electron-transfer initiated oxidation, including superoxide,
have previously been observed for naphthalene, 1-methyl-
naphthalene and 1-methoxynaphthalene photolysis at silica
gel/air interfaces with low intensity lamps [4ej].
1-Cyanonaphthal ene, apoor singlet mol ecul ar oxygen accep-
tor with arelatively high oxidation potential doesnot undergo
photolysis with any appreciable rate at asilicagel/air inter-
face [4j]. One PAH studied in our laboratory, 1-methoxy-
naphthal ene, notably undergoes photochemical oxidation by
both asinglet molecular oxygen mediated mechanism and an
electron transfer mechanisms at a silica gel/air interface
[4e].

Transient spectroscopic data on silica are consistent with
the formation of both FL triplet and cation radical. The pro-
posed mechanism leading to initial FL photochemical oxi-
dation at the silicagel/air interfaceis shown in Scheme 1.

Solution phase photolysis of the proposed hydroperoxide
intermediatesformed in the reaction isreported to requirethe
presenceof trace amountsof Fe** [21]. Tracelevelsof Fe?™*
are present in the silicagel used inthisstudy. Thelast stepin
Scheme 1 may alternatively involve intermediate formation
of 9-hydroxyfluorene, which readily photolyzes on thesilica
surfaceto give FLO (videinfra).

When sorbed on silica by itself, FLO is photochemically
stable; however, FLOisobserved to bephotochemically reac-
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tive in the presence of co-sorbed FL. Photolysis of FLO in
the presence of co-sorbed FL does not generateisolable pho-
toproducts derived from FLO. A mechanism involving FLO
triplet state abstraction of a benzilic hydrogen atom from a
neighboring FL on the surface could account for the effect of
FL on the reactivity of FLO, although the lowest triplet state
of FLO has been shown to be relatively unreactive in hydro-
gen atom abstraction from aryl akanes [22]. A possible
mechanistic scenario, shown in Scheme 2, involves FLO as
both an electron and proton scavenger in the one-electron
oxidation of FL.

Thisreaction may also occur asFL O isformed asaproduct
during the direct photolysis of FL, as discussed above. Ten-
tative evidencefor thisreaction isseenin thetransient absorp-
tion spectrum, Fig. 6, where we assign the 450 nm and
510 nm transients to 9-fluorenone radi cal anion and 9-hydro-
xyfluorenyl radical respectively. Additional transient studies
of ketone and quinone oxidation of co-sorbed PAH at silica
gel/air interfacesis underway in our laboratories.

The suggested mechanism in Scheme 2 does not define
how the electron transfer from FL to FL O occurs. Addition-
aly, we have not addressed the observation that co-sorbed
FLO doesnot acceleratethe photolysisof FL. Thefreeenergy
change (AG) for an excited state electron transfer from FL
to FLO (S; dectronic state) is approximately — 3 kcal
mol ~ %, as calculated by the Rehm-Weller equation [23].
This value of AG is calculated based on an FL oxidation
potential of 1.65V (versus SCE) [24], a FLO reduction
potential of —0.87V (versus SCE) [25] and a FLO S,
energy of 63.2 kcal mol ~* [10]. The calculated AG isonly
approximate owing to neglect of the —e*s~ '+~ ! terminthe
Rhem—Weller equation. Thistermisusually small, though it
isdifficult to estimate the size of the term for an excited state
electron transfer at asilicagel /air interface wherethedielec-
tric of the bulk silica (&) isapproximately 3.8 [ 26], and the
donor—acceptor separation, r, is variable and not easily
defined. Although electron transfer to electronically excited
FLO may be thermodynamically allowed, the short S, life-
time of FLO (3 ns) would require a very fast excited state
electron transfer. Electron transfer to the T, state of FLO is
not as thermodynamically favored. We suggest that a mech-
anism whereby molecular oxygen servesasashuttleto trans-
port an electron from FL to FLO is more reasonable.
Intermediate transfer of the electron to oxygen (reduction

potential —0.87 V versus SCE) [27] from the S, excited
state of FL (Eox=165V versus SCE and E(S5~S,)
=4.12eV) iscaculated to havea AG of —1.59 eV (again
the —e*e™ 'r~! term is neglected). This process would be
more thermodynamically favored than excited state electron
transfer to FLO and it would account for the lack of accel-
eration of FL photolysis in the presence of FLO. Work to
definefurther theroleof oxygen and thesilicasurfacein PAH
photochemical oxidation at silicagel /air interfacescontinues
in our laboratories.
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