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Abstract 

The photolysis of acenapthene (ACE) has been studied at a silica gel /a ir  interface. Direct photolysis leads to l-acenaphthenol as the 
principal photoproduct. Secondary photochemical conversion of the alcohol into l-acenaphthenone is also observed. Reactions leading to 
formation of both I -acenaphthenol and l-acenaphthenone are attributed to electron-transfer oxidation mechanisms and the cation radical of 
ACE is directly observed by transient diffuse reflectance spectroscopy. Preconditioning the silica gel by heating at 200°C in air partially 
removes physisorbed water from the silica surface and photochemical conversion of ACE is observed to occur faster. © 1998 Elsevier 

Science S.A. 
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1. In troduct ion  

Polycyclic aromatic hydrocarbons (PAH) are toxic, many 
are carcinogenic, and the widespread occurrence of  these 
pollutants in the environment makes the photochemical oxi- 
dation of  PAH a topic of current interest. Acenaphthene 
(ACE) is among the sixteen PAH singled out by the Envi- 
ronmental Protection Agency as priority pollutants [ 1 ]. ACE 
is reported to have a low vapor pressure (approximately 3 Pa 
at 25°C) and a sizable organic carbon sorption partition coef- 
ficient, log K o c ~ 4  [2]. ACE has been estimated to react 
with singlet molecular oxygen at a rate < 60 M -  J s -  ~; [ 3 ] 
however, 1,8-dimethyl naphthalene, which is structurally 
very similar to ACE, is reported to react with singlet molec- 
ular oxygen at a rate of  2.7 X 103M i s i [4} .Whensorbed  
on different atmospheric particulate substrates, ACE has been 
determined to have photolytic half-lives of 2 h (silica gel), 
2.2 h (alumina) and 44 h ( fly ash) [ 5 ]. The observed effects 
of the substrates on the reported half-lives at the solid/air 
interfaces are unexplained for ACE, as for other PAH. A 
detailed mechanistic understanding of  the photochemical 
reactions of  a series of  PAH on a number of  substrates is 
required to understand the observed differences in photolytic 
half-lives. Previous work in our laboratories has focused on 
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determining the photoproducts and mechanisms of the pho- 
tochemical oxidation of  PAH sorbed onto silicas and alumi- 
nas [6-15] .  This study is a continuation of  our efforts to 
understand PAH photochemistry under controlled conditions 
which allow for mechanistic interpretation and give insight 
into environmental processes. 

Water-insoluble solid inorganic particles are found in the 
troposphere at concentrations estimated to be in the range of 
1-300 mg m -s  [ 16]. Insulators such as SIO2, A1203, sili- 
coaluminates and C a C O  3 are thought to contribute up to 20-  
30% of inorganic atmospheric particulates [ 16]. The highly 
polar surfaces of  inorganic oxide particulates found in the 
environment are simulated to a first approximation by com- 
mercial silicas and aluminas. Small PAH (anthracene and 
phenanthrene) in the lower troposphere have been shown to 
reside primarily in the gas phase at ambient temperatures. At 
upper tropospheric levels, where ambient temperatures are 
well below those at the earth's surlhce, even small PAH will 
reside sorbed on particulates and photochemical transfor- 
mations at the particulate/gas interface can be expected to 
play a role in controlling the environmental fate of  these 
pollutants [ 17]. 

2. E x p e r i m e n t a l  

ACE (Aldrich Chemical, Milwaukee, WI; purity 99%) 
was recrystallized from ethanol twice before use. 1,8- 
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Naphthalic anhydride (Aldrich; technical grade) 1,2-acena- 
phthenedione (Aldrich; technical grade) and acenaphthylene 
(Aldrich; purity 99%) were recrystallized from cyclohexane 
twice before use. 2,3-Naphthalenedicarboxaldehyde 
(Aldrich; reagent grade), l-acenaphthenol (Aldrich; purity 
99%) and 2,5-dimethylfuran (Aldrich; 99%) were used as 
received. 1 -Acenaphthenone was prepared by oxidation of l - 
acenaphthenol in acetone with dropwise addition of Jones 
reagent [ 18 ]. 

The physical characteristics of the SiO2 (J.T. Baker, Phil- 
lipshurg, PA; reagent grade, 60-200 mesh) used in this work 
are identical to those previously reported [8]. The N2 BET 
surface area for the SiO2 was determined to be 274 m 2 g 
with an average pore radius of 60 ,~. The SiO~ was used both 
unactivated and activated by heating for a minimum of 24 h 
at 200°C in air. The activated SlOe was cooled to room tem- 
perature in a desicator charged with anhydrous CaSO 4 prior 
to sorbing ACE. The SiO2 was loaded with ACE (2.5 X 10 5 
tool/g, 4.5% monolayer; 1.0 X 10 4 tool/g, 18% monolayer; 
and 5.0 X 10 4 tool/g, 90% monolayer) by adsorption from 
a cyclohexane (Baxter Healthcare, Burdick and Jackson 
Division, Muskegon, MI; HPLC grade) solution following 
the procedure outlined in earlier papers [6-15]. Photolysis 
was done in quartz tubes, irradiating with a 300 nm Rayonet 
photoreactor ( irradiance of 2.68 X 10 ~5 photons cm 2 s- ~ ) and 
employing a horizontal tube orientation as previously 
described [ 6-15 ]. Photolysis was done under an atmosphere 
of air introduced directly into the tubes from the laboratory 
or under argon (Air Products, Knoxville, TN; ultra high 
purity) introduced after evacuation of the sample to 5/xm of 
mercury for 10 h. Photoproducts were removed by first wash- 
ing the SiO2 with methylene chloride and then with methanol. 
Products were analyzed by GC using an internal standard 
method with instrument responses determined from known 
materials. All products, except 1,8-naphthalenedicarboxal- 
dehyde, were analyzed against materials of identical chemical 
structure obtained as detailed above. 1,8-Naphthalenedicar- 
boxaldehyde was analyzed using commercially available 2,3- 
naphthalenedicarboxaldehyde as a standard. 

Steady-state diffuse reflectance UV-visible spectra were 
recorded on a Cary-4 spectrophotometer equipped with an 
integrating sphere. Baseline correction was done with the 
spectrum recorded from a sample of SiO2 that had not been 
loaded with organics. Diffuse Reflectance IR spectra were 
recorded on a Bio-Rad FTS-60 ( Bio-Rad Laboratories, Digi- 
lab Division, Cambri~dge, MA) Fourier transtbrm spectro- 
photometer. The spectrophotometer was calibrated and the 
baseline was recorded from a finely divided, oven-dried, KBr 
powder (Aldrich Chemical). The sample was prepared by 
mixing the SiO2 with the KBr ( 1:3 respectively). Calibration 
as well as baseline and.spectra measurements were pertbrmed 
after flushing the spectrometer sample chamber tbr 5 rain 
With dry ni'trogen. Emission spectra were recorded on a Spex 
Fluorotog fluorimeter and are reported fully corrected. Tran- 
sient diffuse reflectance spectra were recorded after excitation 
with266 nm light from a QuanteEYG-660A NdYAG (Con- 

tinuum, Santa Clara, CA) laser (4-10 mJ/pulse of 8 ns dura- 
tion). The signal was collected using an apparatus previously 
described [ 19]. Transient absorption data are plotted as the 
difference in reflected intensity of a broad-band probe flash 
measured with and without laser excitation (AR) divided by 
the reflected intensity of the probe flash with no laser exci- 
tation (R). 

3. Results 

3.1. Photochemistry 

Photolysis of ACE at a preconditioned silica gel/air inter- 
face (2.5 X 10 s mol g J loading) leads to the generation of 
identifiable photoproducts l-acenaphthenone (1), 1-acena- 
phthenol (2), 1,8-naphthalenedicarboxaldeheyde (3), acen- 
aphthequinone (4), 1,8-naphthalic anhydride (5) and 
acenaphthylene (6). Product chemical structures are shown 
in Scheme 1 and the mole percent yield of each product, the 
mole percent of recovered ACE and the material balance are 
given in Table 1. The material balance remains fairly high 
(above 73%) through the first 6 h of photolysis. The largest 
single photoproduct is alcohol 2 (typically 64-68% of the 
products), and the second largest product is ketone 1 (typi- 
cally 15-17% of the products). Traces of 6 (approximately 
0.3-0.4 mole percent) are present in the starting material. 
Products 3, 4, and 5 are partly derived from singlet molecular 
oxygen mediated oxidation of 6, as previously demonstrated 
[ 12 ]. The increased yield of 6 at longer photolysis times may 
result from dehydration of alcohol 2. Direct photolysis of 
ACE was not stopped by the presence of co-sorbed 2,5- 
dimethyl furan (4.6 X 10 4 mol g -  ~ ), a good singlet oxygen 
trap [20]. Likewise, the formation of 6 was not stopped by 
the presence of 2,5-dimethyl furan; however, the formation 
of 3, 4 and 5 was inhibited. Direct photolysis of ACE at a 
lower surface coverage (2.5 X 10 6 mol g L) on precondi- 
tioned silica proceeded approximately five times faster than 
photolysis at the higher surface coverage; however, the prod- 

1 2 3 

4 5 6 
Scheme 1. 
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Table 1 
Mole percent of products and remaining ACE as a function of photolysis time on silica preconditioned by heating at 200°C in air 

279 

Photolysis time (h) 

0.5 1 2 4 6 8 

Acenaphthene (ACE) 83.1 80.2 70.6 56.6 50.9 38.2 
Acenapthenone f 1 ) 0.346 0.884 1.75 2.78 3.51 5.37 
Acenaphthenol (2) 1.44 3.78 7.92 11.20 14.4 16.7 
1,8-Naphthalene-dicarboxaldehyde (3) 0.166 0.618 1.38 2.2:3 3.33 3.65 
Acenaphthequinone (4) 0.22 
1,8-Naphthalic anhydride (5) 1.74 
Acenaphthylene (6) 0.304 0.347 0.667 0.325 1.31 1.06 
Total 85.356 85.829 82.317 73.135 73.45 66.94 

Surface loading 2.5 × 10 5 mol g ~. 

uct distribution was essentially the same as observed at the 
higher coverage. This result is in agreement with our previous 
observations of surface coverage effects on PAH photochem- 
istry at preconditioned silica gel / air interfaces [ 6-15 ]. 

Direct photolysis of ketone I (2.5 x 10 5 tool g ~) sorbed 
on preconditioned silica resulted in no significant loss of the 
starting ketone over a photolysis period of 2 h. Photolysis of 
ketone 1 co-sorbed with ACE (2 .5X10 5 m o l g  ~ each) 
yielded a similar result. Photolysis of alcohol 2 on precon- 
ditioned silica led to the formation of ketone 1. Small amounts 
of  3, 4 and 5 were formed from trace impurities of  6 present 
in the alcohol. Photolysis of alcohol 2 in the presence of co- 
sorbed 2,5-dimethylfuran also led to the formation of ketone 
1; however, the conversion of trace impurity 6 to give singlet 
molecular oxygen derived products 3-5 was stopped under 
the reaction conditions. 

Photolysis of ACE on silica gel (2.5 X 10 5 tool g 1 ) that 
had not been preconditioned by heating in air at 200°C pro- 
ceeded approximately three times slower than photolysis at 
the same coverage on the preconditioned surface. Photolysis 
on the non-preconditioned surface gave a slight increased 
yield of alcohol 2 (76% of the products). 

3.2. Steady-state spectroscopy 

As the surface loading of  ACE on preconditioned silica is 
increased from 1 X 10 5 tool g-~ to 5 X 10 a tool g-~ there 
is a continuous change in the diffuse reflectance spectral 
profile, Fig. 1. As the surface coverage is increased, absorp- 
tion on the red-edge of the spectrum is seen to increase and 
the maximum of the first band shifts to the red by 5 nm over 
the range of surface loadings investigated. Similarly, the flu- 
orescence spectra of ACE on preconditioned silica gel (under 
an atmosphere of argon) are observed to undergo a change 
in spectral profile with increasing surface loadings from 
l x l 0  5molg  ~ t o 5 x 1 0  4mol/g,  as shown in Fig. 2. The 
fluorescence spectra reveal two effects of increasing surface 
coverage: ( 1 ) a bleach on the blue-edge of the spectrum and 
(2) an increase in fluorescence intensity on the red-edge of 
the spectrum. Further insight into the nature of these spectral 
changes is given by the fluorescence and excitation spectra 
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Fig. 1. Diffuse reflectance spectra of ACE on preconditioned silica at surface 
Ioadingsof (A)  1×10  5molg-  ~ ( B ) 5 x I 0  5molg  l a n d ( C ) 5 x l 0  4 
mol g ~. 

3011 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

0.0 ,.-- 

350 400 450 51)0 

Wavelength (nm) 

Fig. 2. Fluorescence spectra of ACE (under an atmosphere of argon) on 
preconditioned silica gel at surface loadings of 2.5 × 10 6 mol g ~, 1 x 10- 5 
tool g ~, 1 × 10 -4 tool g-~ and 5 × 10 -4 tool g -  ~. The arrows in the figure 
show the direction of spectral change with increasing surface coverage. 

shown in Fig. 3. All spectra in Fig. 3 were recorded at a 
surface loading of 5 .0x  10 -4 tool g - t .  The fluorescence 
spectrum (Curve A; A~x = 288 nm) is normalized at the 335 
nm maximum. The excitation spectra (Curves B, C and D) 
were recorded by monitoring the emission at 335, 350 and 
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Fig. 3. Fluorescence spectrum (Curve A) of ACE (under an atmosphere of 
argon ) on preconditioned silica gel at a surface loading of 5 X 10 4 mol g ' 

( A~x = 288 nm) and excitation spectra ( Curves B-D,/~tem = 335 nm, 350 nm 

and 390 nm respectively).  

390 nm respectively. As the monitoring wavelength is moved 
to longer wavelength, the red-most band in the excitation 
spectrum is seen to reduce in intensity and a second species 
is observed under the ACE monomer profile. It is the for- 
mation of the new species that causes the increased absorption 
on the red edge of the diffuse reflectance absorption profile 
with increasing surface coverage, and the new species also 
corresponds to the increased intensity on the red edge of the 
fluorescence spectrum. The fluorescence of ACE on silica gel 
(surface loading of 1 X 10 -~ mol g - ' )  is 97% quenched 
under an atmosphere of air. Efficient fluorescence quenching 
of silica-sorbed PAH in air has previously been observed [ 6-  
15,21]. 

The new species that appears as the surface loading is 
increased is tentatively assigned to ground-state pairs, or 
higher aggregates, of ACE. An analogous change in the dif- 
fuse absorption spectral profile was previously observed for 
l-methoxynaphthalene on silica gel at similar loadings [ 8 ]. 
The red-shift of the absorption spectrum at higher surface 
coverage is a phenomenon that we have observed on several 
occasions when studying the spectroscopy and photochem- 
istry of PAH at silica gel / air interfaces [ 6-15 ]. The spectral 
assignment is further supported by the correspondence to the 
increased emission intensity observed on the red-edge of the 
fluorescence spectrum at higher surface coverage. The 
increased emission intensity is probably due to an excimer- 
like emission. Excimer emission has previously been reported 
from ACE in solution (Ama x = 400 n m ) [  22 ]. Excimer-like 
emission from ground-state associated pairs, and higher order 
aggregates, at silica-gel air interfaces is consistent with obser- 
vations previously reported by ourselves, and others [ 6-15 ] 
[21 ]. The bleach on the blue edge of the fluorescence spec- 
trum, observed with increasing surface loading, is likely due 
to reabsorption in the spectral region where the fluorescence 
and absorption overlap (an inner filter effect). 

The normalized absorbance from the diffuse reflectance IR 
spectra of non-preconditioned (curve A) and preconditioned 
(curve B) samples of the SiO2 used in this study are shown 
in Fig. 4. The spectral intensities of curves A and B have been 
normalized at 3749 c m -  '. The change in the spectra upon 

heating is due to partial loss of physisorbed water from the 
S u r f a c e .  

3.3. Time resolved spectroscopy 

The transient diffuse reflectance spectrum for ACE at a 
preconditioned silica gel/argon interface (surface loading of 
2.5 x 10 - s  mol/g)  is shown in Fig. 5 at 14, 26, 43 and 71/~s 
after laser excitation. Maxima are observed in the spectral 
profile at approximately 390, 440, 600 and 650 nm. The 
maximum is most intense in the first spectrum, recorded at 
14 ~s after laser excitation, and is seen to undergo a slight 
decay through 71 p~s. Samples purged with O> show a similar 
spectral profile at 390, 600 and 650 nm; however the 440 nm 
peak is strongly quenched. We assign the transient at 390, 
600 and 650 nm to the cation radical of ACE. The assignment 
is consistent with fhilure of Oz to quench these bands, and is 
supported by previously reported absorption peaks at 388, 
602 and 660 nm for the cation radical [ 23 ]. The band at 440 
nm is assigned to the triplet-triplet absorption. This assign- 

1.6 

1.4 

1.2 

8 t.0 
= A 

0.8 / 

0.4 B j 

0.2 

0.0 ~ 
3,800 3,3110 2,800 2,300 !,800 1,300 800 

mavenumbers 

Fig. 4. Normalized absorbance from the diffuse reflectance IR spectra of 
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Fig. 5. Transient diffuse reflectance absorption spectrum for ACE at a pre- 
conditioned silica ge l / a i r  interface ( surface loading of 2.5 X 10 5 mol g - ' ). 
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ment is supported by oxygen quenching of the absorption and 
the previous assignment of the triplet-triplet absorption in 
solution at a wavelength of 433 nm in ethanol [ 24]. 

4. Discussion 

Alcohol 2, the major product formed in direct photolysis 
of ACE, comes from a pathway that is not mediated by singlet 
molecular oxygen. This conclusion is supported by the failure 
of 2,5-dimethylfuran to stop the reaction, as previously dem- 
onstrated for singlet oxygen mediated oxidation of other PAH 
at SiO2/air interfaces [6-15].  Photochemical stability of 
ketone 1 (sorbed on silica by itself or co-sorbed with ACE) 
rules out formation of alcohol 2 by secondary photolysis of 
ketone 1. Conversely, alcohol 2 is photochemically unstable 
on the silica surface and undergoes photolysis to give ketone 
1 by a mechanism that is not singlet molecular oxygen medi- 
ated. On the basis of these observations, alcohol 2 is consid- 
ered to be the initial photochemical product in the direct 
photolysis of ACE on silica and the origin of ketone 1 is 
assigned to the secondary photolysis of 2. The observed pho- 
tochemical stability of ketone 1 at the SiO2/air interface may 
be attributed to slow migration by PAH on SiO2 surfaces 
which prevents the triplet state of the ketone from abstracting 
hydrogen atoms from surface sorbed ACE. Additionally, effi- 

cient oxygen quenching of PAH excited singlet and triplet 
states at the silica/air interface, as demonstrated by the facile 
quenching of ACE fluorescence and triplet-triplet absorption, 
may also be responsible for the photochemical stability of the 
ketone. 

Steady-state spectroscopic results provide evidence for a 
continuous increase in the formation of ground-state pairs ( or 
higher aggregates) of ACE with increasing surface coverage 
on silica gel. Fluorescence spectroscopy reveals that ground- 
state pairs which lead to excimer-like emission are relatively 
low in concentration at ACE surface coverages less than 
2.5× 10 -5 mol g-~. Additionally, invariance in product 
distribution at 2.5 ×10 6 and 2.5 × 10 5 mol g-~ surface 
coverage demonstrates that ground-state pairs are not partic- 
ipating in the observed photochemistry. We are un- 
aware of any reports of ACE photodimerization. 

The observed photochemistry of ACE is consistent with a 
mechanism involving an electron transfer oxidation pathway. 
Data for other PAHs that are poor singlet molecular oxygen 
acceptors also supports an electron transfer photochemical 
oxidation pathway at SiO2/air interfaces [9,10]. The tran- 
sient spectroscopic data further supports this scenario and 
provides additional evidence for the formation of the cation 
radical of ACE upon excitation at the silica gel/air interface. 
A plot of cation radical AR/R intensity versus laser power 
would best determine if a monophotonic or biphotonic proc- 
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ess is responsible for the transient signal. Interpretation of the 
results of signal intensity versus laser power experiments is 
especially complicated, and often misleading, when dealing 
with weak signals as observed in the experiments described 
here [25]. Nonetheless, products attributable to electron- 
transfer processes, including superoxide, have previously 
been observed from the photolysis of naphthalene, l-meth- 
ylnaphthalene and 1-methoxynaphthalene at SiO2/air inter- 
faces with low intensity lamps [ 9,10]. The energy density in 
the conventional light sources used for our photoproducl stud- 
ies is certainly too low to induce biphotonic processes, and a 
monophotonic oxidation mechanism which is not mediated 
by singlet molecular oxygen is required to explain the data. 
The data is consistent with the mechanism shown in Scheme 
2. The mechanism in Scheme 2 may be augmented by the 
addition of a bimolecular step, shown in Scheme 3, a known 
reaction for solution phase oxidation; however, slow diffu- 
sion of surface-sorbed PAH and the observed invariance of 
product distribution at different surface loadings suggests that 
the bimolecular reaction in Scheme 3 does not play an impor- 
tant role in the observed photochemistry. 

Surface sorbed water is observed to promote alcohol for- 
mation at the non-activated silica/air interface. This effect 
likely arises from slowing the secondary photochemistry 
which converts alcohol 2 into ketone 1. The photochemical 
conversion of ACE to product is also slowed by the presence 
of water on the non-activated surface. The role of the surface- 
sorbed water in slowing these reactions may be to block 
surface 'active sites' by strong physisorption, thereby effec- 
tively reducing the ability of the surface to stabilize the highly 
polar intermediates formed during photochemical oxidation. 
Additional amounts of water could be removed from the 
surface by activation under more severe conditions, however, 
complete water removal would be accompanied by loss of 
silanol groups, leading to a dramatically different local envi- 
ronment for sorbed ACE [26]. These dramatic differences 
in the surface have been clearly demonstrated for naphthalene 
and pyrene sorbed on highly dehydrated silica [27]. The 
results presented here demonstrate a much more subtle effect 
observed at lower degrees of dehydration. 
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