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Abstract 

Oxygen quenching of fluoranthene and benzo [ b ] fluoranthene adsorbed on silica gels (pore size between 2.2 and 100 nm) was investigated 
via time-resolved and steady-state measurements. In contrast with fluorescence spectra and lifetimes, excitation spectra of adsorbed fluoran- 
thenes were strongly altered compared with solutions. Quenching efficiencies and rate constants were found to coincide for the two fluorescers 
but to depend on pore size, on the surface area covered, on the presence of inert gases and in a time-dependent manner on the series order of 
gas addition. Since saturation of quenching occurs, the results support a Langmuir-Hinshelwood mechanism of the quenching reaction. Data 
evaluation yielded heats of adsorption of oxygen between 24 and 31.5 kJ mol- 1, higher values being found in material of small pore size. 
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1. Introduction 

The investigation of fluorescent molecules adsorbed on 
silica gels has a long tradition starting with the studies of 
Kautsky and coworkers [ 2,3 ] about 60 years ago which were 
the first to prove the formation of  singlet oxygen. Adsorbed 
as well as covalently bound fluorescence probes can be 
employed for monitoring surface properties and dynamic 
processes on surfaces [4].  Still under discussion is the mech- 
anism of fluorescence quenching by oxygen; in the literature, 
papers can be found in favour of quenching by coadsorbed 
oxygen (Langmuir-Hinshelwood mechanism [ 5-7 ] ) ( [ 7 ] 
is Part I of  this series of  papers) as well as of  quenching 
directly from the gas phase (Eley-Rideal mechanism [ 9 -  
11 ] ). Also, the effects of  the silica gel pore size on quenching 
reactions have been reported [12],  and enhancement of 
quenching by inert gases has been described [9,10] that still 
awaits a convincing explanation. Additional interest in the 
quenching mechanism arises from possible applications of 
such systems to oxygen sensors [ 13-15]. 

"~ For Part lII, see Ref. [ 1 ]. 
* Corresponding author. 
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All these open questions prompted us to study oxygen 
quenching in silica gels varying in mean pore size from 2.2 
to 100 nm. As fluorescent adsorbates we chose fluoranthene 
and benzo [b] fluoranthene for their comparatively long flu- 
orescence lifetimes (50-70 ns in degassed solution [ 16,17 ] ), 
that allow us to observe quenching over a large range of  
quencher concentrations. Some studies on fluoranthene can 
be found in the literature describing the facts that (i) in 
solution the fluorescence is quenched at a rate distinctly below 
diffusion control [ 16,17], (ii) excited fluoranthene does not 
generate singlet oxygen [18,19] and (iii) fluoranthene 
(being an anthropogenic compound) serves as a photosen- 
sitizer with antiviral activity in a plant [20].  Also, there has 
been some discussion on $2 fluorescence in the literature [ 21 -  
231. 
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2. Experimental details 

2.1. Substances 

Fluoranthene (Aldrich; purity 98-99%) was recrystallized 
three times from ethanol. Benzo[b]fluoranthene (Aldrich; 
purity 99%) was used as supplied. Data of the silica gels used 
are collected in Table 1. They cover microporous gels (silica 
gel 22), mesoporous gels (Si 40, 60, 100 and 150) and 
macroporous gels (Si 1000). Solvents were spectroscopic 
grade throughout. 

2.2. Adsorption of fluoranthenes 

These silica gels were dried for 24 h at 80-100 °C and at 
ambient pressure to remove physisorbed water but to retain 
silanol groups [ 24]. To 5 ml of dry n-pentane solutions 
containing fluoranthene or benzo [b] fluoranthene at known 
concentrations, 1 g of the respective silica gel was added, the 
mixture was sealed and allowed to stand for 2 days at room 
temperature. The solution was separated from the solid, its 
volume was determined and its content of (not adsorbed) 
aromatics was measured spectrophotometrically. Pentane left 
on the solid was evaporated in vacuo at room temperature. 
Samples thus prepared were stored in a desiccator until meas- 
urement. Another preparation method, adsorption via the gas 
phase [ 25 ], did not affect the results [ 1 ]. 

2.3. Surface coverage 

The surface area OF covered by fluoranthenes was calcu- 
lated according to OF=n~d/nm, where had (tool/g) is the 
amount of molecules adsorbed (determined spectrophoto- 
metrically taking into account the rest of solution left on the 
solid; see above) and nm is the amount of adsorbate needed 
to form a monolayer, n m is derived from n m =a/O-NA with a 
the specific surface area of the silica gel (Table 1), tr the 
area occupied by an adsorbed molecule and NA Avogadro's 

Table 1 
Silica gels used in this study 

Gel Specific Mean pore Supplier 
surface area a diameter b 
(m 2 g - l )  (nm) 

Si 22 Not available 2.2 Sigma (for column 
chromatography ) 

Si 40 651 3.7 Fluka (for column 
chromatography) 

Si 100 400 8.6 Fluka ( for column 
chromatography ) 

Si 150 340 15 Aldrich (type 62) 

Si 1000 20 100 Merck (LiChrospher 
Si 1000) 

According to a N2 Brunauer-Emmett-Teller analysis by supplier. 
b As stated by supplier. 
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Fig. 1. (a) Excitation spectra of solid fluoranthene and of a 10 -4 tool dm -3 
solution of fluorantbene in ethanol. (b) Fluorescence spectra of the samples 
in (a). 

number, o- was estimated to be 55 .~2 for fluoranthene and 
75 ~2 for benzo[b] ttuoranthene. For Si 22 the specific sur- 
face area a was not available. We assume that a ( Si 22) >t a (Si 
40) and accordingly OF(Si 22) ~ OF(Si 40). 6)0, the surface 
area covered by oxygen, was calculated from gas-kinetic 
expressions (see Section 4). 

2.4. Spectroscopic methods 

UV-visible spectra were taken on Acta (M4 or M7) or 
Perkin-Elmer (Lambda 19) spectrometers. For measuring 
fluorescence spectra a Spex (Fluorolog 2) ttuorometer in 
front-surface geometry was used. Emission spectra are cor- 
rected for photomultiplier sensitivity and for variations in the 
excitation light intensity; excitation spectra are uncorrected 
with respect to the intensity of the excitation light source. 
Fluorescence decay curves were measured in 1 mm cuvettes 
after evacuation ( 10 .5 mbar for 3 h at room temperature) and, 
if appropriate, after subsequent filling with the desired gas 
mixture. To obtain decay profiles an apparatus described ear- 
lier [26] was used. This apparatus includes a nitrogen laser 
(emitting at 337 nm) as excitation source and it was tested 
by reproducing lifetimes of published systems: quinine bi- 
sulphate in 0.5 M H2SO4 (~'= 20 + 1 ns [27] ), 9,10-diphen- 
ylanthracene in cyclohexane (~-= 9 + 0.5 ns [ 28 ] ). All meas- 
urements were performed at room temperature. 

3. Results 

3.1. Spectra 

Fig. 1 displays fluorescence excitation spectra of solid 
fluoranthene and of an ethanolic solution as well as the cor- 
responding emission spectra. The latter appear quite similar 
except for the long-wavelength tail, which in the crystal case 
shows some increase in intensity reminescent of excimer 
emission. The (non-corrected) excitation spectrum in solu- 
tion exhibits the same peaks and shoulders as the correspond- 
ing absorption spectrum. In the excitation spectrum of solid 
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Fig. 2. Fluorescence excitation spectra of fluoranthene adsorbed (a) on various silica gels at low surface coverages (0.01-0.05), (b) on Si 40 at various surface 
coverages, OF, compared with dissolved ( 10 -4 mol dm -:~ in ethanol) and crystalline fluoranthene and (c) on Si 1000 at two surface coverages OF. 

fluoranthene, however, a marked red shift is observed prob- 
ably owing to intermolecular interactions in the crystal [ 30- 
33 ]. Adsorbed samples at low surface coverage (below 0.05) 
behave intermediately; as shown in Fig. 2(a), excitation 
spectra are red shifted except for the silica gel with the largest 
pore size. At small pore sizes or at high coverages, the spectra 
become more similar to the crystal case (Figs. 2(b) and 2(c) 
respectively). Corresponding but less systematic features can 
be obtained for benzo[ b ] fluoranthene (Fig. 3). It should be 
noted that the excitation and fluorescence spectra did not 
change when samples were stored for up to 1 year. This 
indicates that the adsorbed samples are in their thermody- 
namic equilibrium. 

Fluorescence spectra of adsorbed samples appear more 
uniform (Fig. 4) compared with the excitation spectra. At 
low coverages (0.05 or less) (Fig. 4(a))  the emission of the 
sample with the largest pore size is almost like that in solution, 
resembling the excitation spectrum (Fig. 2(a) ). In the other 
gels, some more quanta are emitted in the long-wavelength 
portion of the spectrum, as in the crystalline case ( Fig. 1 (b) ). 
Interestingly, the high energy onsets of fluorescence are 
almost the same for all samples in spite of the differing exci- 
tation spectra. When the samples are excited at 450 nm, i.e. 
outside the absorption region of monomers in solution or in 
the low coverage case, only a broad long-wavelength emis- 
sion is found (Fig. 5). Fluorescence spectra of adsorbed 
benzo[b]fluoranthene (Fig. 6) coincide for Si 22, 40 and 
100 but exhibit a slight (6 nm) hypsochromic shift in Si 150. 
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Fig. 3. Fluorescence excitation spectra of benzo[b]fluoranthene adsorbed 
on various silica gels at low surface coverages OF (0.008-0.015). 
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Fig. 4. Fluorescence spectra of fluoranthene adsorbed (a) on various silica 
gels at low surface coverages Ov (0.01--0.05) and (b) on Si 40 at various 
surface coverages OF. 
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Fig. 5. Fluorescence spectra of adsorbed and crystalline fluoranthene upon 
excitation at 450 nm. 
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Fig. 6. Fluorescence spectra of benzo [b] fluoranthene adsorbed on various 
silica gels at low surface coverages O F (0.008-0.015). 

3.2. Fluorescence lifetimes 

Generally decay curves followed first-order kinetics within 
the accuracy of determination. An example is reproduced in 
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Fig. 7. (a)  Fluorescence decay in vacuo of the fluorescence of fluoranthene 
adsorbed on Si 40. (b)  Logarithmic plot of the data in (a) with the linear 
regression line. 

Table 2 

Lifetimes of fluoranthene fluorescence in the absence of quenchers (solid 
samples evacuated; solutions degassed by four freeze-pump-thaw cycles) ; 
values are the averages of at least ten measurements, and standard deviations 
are given 

Environment Covered surface Lifetime 
fraction OF q" (ns)  

Fluoranthene 
Si 22 ~< 0.015 465:1.5 

Si 40 = 0.0002 44.5 5:1.5 
Si 40 =0 .015 47.5 +2 .5  

Si 40 =0 .10  4 0 + 2  
Si 100 =0.035 45.5 4-2.5 

Si 150 = 0.045 46.55:1.5 
Si 1000 =0 .05  44.5 + 1 

Si 1000 =0 .50  245:1 
Solid crystals - 27 ± 2 
n-Heptane - 47 a 
Toluene - 51 ± 2 h 

Cyclohexane - 53 c 

Benzo [b] fluoranthene 
Si 22 ~< 0.008 48.5 ± 2.5 

Si 40 = 0.008 50 5:2 
Si 100 =0 .012  485:3.5 
Si 150 =0.015 47 .5+  1 
n-Heptane - 44.3 " 

"F rom [ 17], c < 10 -6 mol dm -3. 

b From [28].  

c From [ 16], c = 10 -3 mol dm -3. 

Fig. 7. Fluorescence lifetimes in the absence of quenchers 
derived from such curves are given in Table 2 for fluoranthene 
and benzo [ b ] fluoranthene under various conditions. In order 
to allow the adsorbed molecules to find their equilibrium sites 
on the silica gel surface, the lifetimes were measured at least 
1 week after the preparation of the sample. Lifetime values 
did not change upon repeating the experiments even after 
storing samples for more than one year. From inspection of 
the table it follows that (i) for both the molecules the lifetimes 
on silica gel and in diluted solution are similar while the 
fluorescence of a crystalline fluoranthene sample decays more 
rapidly and (ii) there is a dependence of the lifetime on the 
surface area OF covered by fluoranthene. 

3.3. Oxygen quenching 

The fluorescence lifetimes and intensities were measured 
as functions of oxygen pressure. Spectra were not affected 
by the presence of oxygen. The lifetimes measured before the 
quenching experiments (Table 1 ) were reproducible after re- 
evacuation of samples. Quenching data are given in Fig. 8 in 
the form of Stern-Volmer plots according to the equation 

I ~" 
- - 1 + ~-kqp(O2) (1) 

I o - ~ -  o qOQ 

derived from intensity as well as from lifetime measurements 
for fluoranthene at various pore sizes. In Eq. (1) ,  I is the 
fluorescence intensity, ~ the fluorescence quantum yield, r 
the fluorescence lifetime, p(O2) the oxygen pressure and kq 
the quenching constant; the suffix Q denotes the presence of 
quencher which is oxygen throughout. The figure shows that 
the quenching efficiency (expressed as I/I o or ~'/~'o) 
increases with increasing pore size. In mesoporous gels (Si 
40, 60, 100 and 150), however, the quenching efficiencies 
almost agree. Fig. 8 also reveals that there is a levelling off 
of the values as a function of oxygen pressure rather than a 
linear dependence as expected from Eq. (1) .  Only for the 
macroporous gel Si 1000 does the Stern-Volmer plot appear 
linear. Benzo [ b ] fluoranthene gives analogous results (Fig. 
9). 

In Figs. 10 and 11, Stern-Volmer plots for fluoranthene 
quenching at various surface coverages OF are given. In 
mesoporous (Fig. 10) and macroporous (Fig. 11) gels, 
increasing surface coverage leads to reduced quenching effi- 
ciency. At a very low coverage (0.002%), however, this trend 
appears to be reversed. 
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Fig. 8. Stern-Volmer plots according to Eq. ( 1 ) from (a)  lifetime data and 
(b)  intensity measurements of the fluorescence of  fluoranthene adsorbed on 
various silica gels. The broken and full curves are plotted using Eq. ( 5 ) -  
(7 ) ;  see text. 
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Fig. 10. Stem-Volmer plots according to Eq. ( 1 ) from (a) lifetime data and 
(b) intensity measurements of the fluorescence of fluoranthene adsorbed on 
Si 40 at various surface coverages OF. The full curves are plotted using Eq. 
(5)-(7); s ee  text.  

3.4. Gas mixtures 

Three photochemically inert gases were investigated: 
nitrogen, argon and carbon dioxide. The pure inert gases did 
not quench the fluorescence of fluoranthene and 
benzo[b]fluoranthene up to pressures of 1 bar. In mixtures 
with oxygen, interesting time-dependent phenomena were 
observed, depending on the series order of the addition of the 
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Fig. 11. Stern-Volmer plots according to Eq. ( 1 ) from (a) lifetime data and 
(b0 intensity measurements of  the fluorescence of fluoramhene adsorbed on 
Si 1000 at two surface coverages OF. The broken and full curves are plotted 
according to Eqs. ( 5 ) - (7 ) ;  see text. 
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Fig. 12. Ratios of lifetimes in the absence (~') and presence of O~ ( to ) ,  i.e. 
quenching efficiency, as a function of time t after the addition of gases. 

gases to evaluated samples. These effects are illustrated in 
Fig. 12. In this figure the quenching efficiency of a reference 
system, pure oxygen at 50 mbar, did not change with time 
(horizontal line in Fig. 12). A slightly enhanced but time- 
independent efficiency of quenching is observed when sep- 
arately mixed oxygen (50 mbar) and nitrogen (500 mbar) 
are added. When oxygen is added first and nitrogen thereafter, 
a considerable enhancement of quenching occurs, which after 
about 1 h approaches the value of the system containing pre- 
mixed gases. When, however, nitrogen is added first and 
oxygen thereafter, an initial decrease in quenching efficiency 
takes place, which increases within the first hour after addi- 
tion to reach the final value of the other two samples with gas 
mixtures. That is the eventual quenching efficiency is inde- 
pendent of the order of addition and slightly exceeds that for 
pure oxygen (as previously found for other fluorescent probes 
[9,10] ). The described temporal behaviour qualitatively 
agrees for all three inert gases as well as for Si 40, Si 1000 
and Si 22, the latter needing somewhat longer equilibration 
times. In Table 3, therefore, the ratios ~'/~'Q of  the lifetime in 
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Table 3 
Oxygen quenching efficiencies (lifetime divided by lifetime quenched) for fluoranthene and benzo [ b] fluoranthene adsorbed on various silica gels at different 
surface coverages ~9 in the presence of inert gases (p(O2) = 50 mbar; p( N2, At, C O J  = 500 mbar); standard deviations are given 

System O ~'/~'Q 

Si 22-fluoranthene-O2 
Si 22-fluoranthene-O2-N2 
Si 22-fluoranthene-O2-Ar 
Si 22-fluoranthene-O2-CO2 
Si 40-fluoranthene-O2 
Si 40-fluoranthene-O2-N2 
Si 40-fluoranthene-O2-Ar 
Si 40-fluoranthene-O2-CO2 
Si 40-fluoranthene-O2 
Si 40-fluoranthene-O2-N2 
Si 40-fluoranthene~)2-Ar 
Si 40-fluoranthene-O2-CO2 
Si 40-fluoranthene~O 2 
Si 40-fluoranthene-O2-N2 
Si 40-fluoranthene-O2-Ar 
Si 40-fluoranthene-O2-CO 2 
Si 1000-fluoranthene-O2 
Si 1000-fluoranthene-O2-N2 
Si 1000-fluorant hene-O2-Ar 
Si 1000--fluorant hene-O2-CO, 
Si 22-benzo [ b ] fluoranthene-Q 
Si 22-benzo [b] fluoranthene-O2-N2 
Si 22-benzo [ b ] fluoranthene-O2-Ar 
Si 22-benzo [ b ] fluoranthene-O24202 
Si 40-benzo [ b ] fluoranthene-O2 
Si 40-benzo [ b ] fluoranthene-O2-N 2 
Si 40-benzo [ b ] fluoranthene-O2-Ar 
Si 40-benzo [ b ] fluoranthene-O2-CO2 

<0.015 
<0.015 
<0.015 
~<0.015 

0.00002 
0.00002 
0.00002 
0.00002 
0.015 
0.015 
0.015 
0.015 
0.1 
0.1 
0.1 
0.1 
0.05 
0.05 
0.05 
0.05 

< 0.008 
< 0.008 
~< 0.008 
< 0.008 

0.008 
0.008 
0.008 
0.008 

1.55+0.15 
1.75+0.15 
1.804-0.15 
1.654-0.15 
1.70+0.10 
1.95 4-0.15 
1.854-0.10 
1.85 5:0.15 
1.85 4- 0.20 
2.25 4- 0.25 
2.15 5:0.20 
2.05 4- 0.20 
1.405:0.10 
1.45 + 0.15 
1.40 4- 0.20 
1.45 + 0.20 
1.80+0.10 
1.85 + 0.25 
1.75 4- 0.20 
1.85 4- 0.30 
1.554-0.15 
1.60 4- 0.20 
1.50 ± 0.20 
1.50 5:0.20 
1.90 4- 0.20 
!.95 5:0.15 
2.005:0.15 
1.90 4- 0.20 

the absence to that in the presence of oxygen are listed for 
equilibrated systems, i.e. values measured at least 2 h after 
the gas addition. Inspection of the table reveals that quenching 
efficiencies increase with increasing pore size and decrease 
with increasing ~ge, except for very low surface coverage on 
Si 40 (as in the absence of inert gases), and that the presence 
of inert gases increases the efficiency slightly. 

4. Discussion 

4.1. Spectra 

When excitation spectra at almost constant low surface 
coverages ( ~9~< 0.05) are compared (Fig. 2(a) ), a depend- 
ence on pore size becomes obvious. In the macroporous Si 
1000 the spectrum is not very different from that of a mon- 
omeric fluoranthene in dilute solution. The observed red shift 
upon decreasing the pore size points to the formation of J- 
aggregates, i.e. head-to-tail aggregates [34,35]. We can be 
quite sure that these aggregates are equilibrium states formed 
after adsorption of monomers rather than artefacts of the 
preparation since (i) the spectra remain unchanged when 
stored for 1 year, (ii) the peaks in the monomer spectrum are 
not observable once the aggregates are present (Fig. 2) and 
(iii) a different preparation method [ 1 ] leads to identical 

results. A prerequisite for the formation of aggregates is 
motion of aromatic molecules on silica gel surfaces, which is 
known to occur [ 36,37 ]. This motion, on the contrary, would 
allow the aggregates to disjoin and form a system of adsorbed 
monomers, if this was the thermodynamically stable situa- 
tion. In accordance with the above interpretation, ground- 
state aggregates grow with increasing surface coverage as 
indicated by the extending red shift. 

In spite of the fact that the excitation spectra exhibit aggre- 
gate formation, in the emission spectra monomer fluores- 
cence predominates by far (upon excitation at 337 nm, which 
is also the wavelength of  excitation for the time-resolved 
measurements). This in connection with the observed strict 
first-order decay kinetics means that, upon excitation of the 
aggregates, excited monomers are released which can emit 
fluorescence. This takes place as long as the excitation energy 
is sufficient to excite monomers, while low energy excitation 
results in an excimer-like emission (Fig. 5).  

4.2. Decay curves 

The small portion of  excimer emission, which appears in 
the long-wavelength tails of  the spectra (Fig. 4 (a ) ) ,  obvi- 
ously does not measurably affect the decay profile (which 
integrates the whole spectrum), since first-order kinetics are 
observed throughout. Thus a single species must be the emit- 
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ter, and possible sites of the adsorbed molecules must be very 
similar. These features of the system are fortunate for quench- 
ing studies and are possibly a consequence of our drying 
procedure which results in a homogeneous surface consisting 
of vicinal and geminal silanol groups [25]. 

4. 3. Quenching mechanism 

Since photochemical reactions of fluoranthene and 
benzo [ b] fluoranthene were not observed, we can attribute 
the reduced lifetimes and fluorescence intensities upon addi- 
tion of oxygen to fluorescence quenching. Except for Si 1000, 
Fig. 8-10 clearly exhibit saturation phenomena. The Eley- 
Rideal mechanism is therefore impossible, since it requires a 
proportionality of quenching efficiency and oxygen pressure. 
Also, the obvious dependence of the quenching on pore size 
disagrees with quenching from the gas phase exclusively. 

When, instead, the alternative Langmuir-Hinshelwood 
mechanism is operative, we have to expect a proportionality 
of quenching efficiency and the area (90 of the surface cov- 
ered by oxygen, so that Eq. ( 1 ) is modified to 

I ~- q~ 
- - 1 + 7"kQO o (2) 

IQ ~Q q)Q 

with O0 defined as 

(9o = K(O2)p(O2) 
1 + K(O2)p(O2) (3) 

where K(O2) is the equilibrium constant of adsorption and 
desorption: 

k~(02) 
K(O2) (4) kb(%) 

By substitution, Eq. (2) becomes 

"r 1 + 7"kQK(Oz)p(02) (5) 

~'o 1 + K(O2)p(O2) 

and after linearization we have 

Z-ZQ _ 1 1  _ _ 1  + _1 (6) 
z -  T o kQK(Oz) p(O2) k o 

or for steady-state intensity data 

~-IQ 1 1 1 
= - - -  + - -  ( 7 )  

I--IQ kQK(O2) p (02)  kQ 

Plots according to Eq. (6) and Eq. (7) respectively indeed 
reveal a linear relationship proving the Langmuir-Hinshel- 
wood mechanism, as shown by the examples in Fig. 13. The 
intersections of such plots with the y axis yield values for kQ, 
which are listed in Table 4. Values derived from time- 
resolved and steady-state measurements respectively agree 
within error limits but the latter always exceed the former, 
indicating some systematic difference in the two methods. 
Eqs. ( 5 ) - ( 7 )  were also used to fit the data in Figs. 8-11 as 
indicated by the full lines resembling the measured points 

~.~ • o F  ~ 5 % ( a )  / / / ~  

o~ 0.01 0.02 0.03 0.04 o. ~- ' ' ' ' b5 
mbar / p (02) 

A 
A Silicage122 (b) 
[] Silieage140 

, ~  2 • Silicage1100 
,,&, ~ Silieage1150 J 
Z c' ~' Silicagel 1000 ~ ~ ~  *~¢~ 

I " - "  ~ J Q F a ~  , i , i i 
u0 0.01 0.02 0.03 0.04 0.05 

mbar / p (O2) 
Fig. 13. Examples for plots according to the linearized Langmuir-Hinshel- 
wood Eqs. (6) and (7): (a) data from Fig. 11 (a) ; (b) data from Fig. 8 (b). 

and by the broken curves in the case of Si 1000. Since satu- 
ration is not reached in the latter gel, the data might be fitted 
by the Stern-Volmer equation as well, so that the Eley-Rideal 
mechanism cannot be excluded in this case. 

Further evaluation of the data eventually delivers heats of 
adsorption for oxygen on the respective silica gel preparation: 
from the slope of straight lines such as shown in Fig. 13 we 
can obtain K(Oz); further, ka can be calculated from gas 
theory according to 

ka = 2 r° 
(2~.rmokBT) t/2 (8) 

and kd = ka/K(02) is related to the heat Q of adsorption: 

kd=Uaexp(-~--T) (9) 

With ro being the van der Waals radius and mo the mass of 
an oxygen molecule, we obtain, at 295 K, ka(02) = 3.54 × 10 s 
mbar-  1 s -  1. Ud is a fundamental frequency of the adsorbed 
molecule assumed to be 1013 s-~. With these numbers, Q 
assumes the values listed in Table 4. The values obtained are 
in the range expected for physical adsorption. (For N2 and 
Ar on silica gel, adsorption heats between 15 and 20 kJ mol -  1 

at room temperature can be found in the literature [ 38--40].) 
From inspection of the table it follows that Q assumes higher 
values in materials with narrow pores (at OF almost constant 
between 0.008 and 0.05). Qualitatively the same dependence 
on pore size for heats of adsorption is known from independ- 
ent experiments in zeolites [41]. 

At almost constant low surface coverage OF (between 
0.008 and 0.05) the quenching constants listed in Table 4 
increase with increasing pore size, i.e. by a factor of 4 when 
changing from the microporous Si 22 to mesoporous systems, 
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Table 4 
Quenching constants kQ derived from linearized Langmuir-Hinshelwood plots according to Eq. (6) and Eq. (7) with linear correlation coefficients r and heats 
of oxygen adsorption on the respective silica gel preparations calculated from Eq. (9); for kQ and Q the error limits from least-squares and error propagation 
analysis are given 

System OF kQ r Q 
( × 107 s-1) (kJ mo1-1) 

From •'/•'o 
Si 22-fluoranthene ~< 0.015 2.5 + 1 0.996 31.5 + 1.5 
Si 40-fluoranthene 0.00002 8.5 + 3.5 0.997 29 + 1.5 
Si 40-fluoranthene 0.015 19 5:8 0.995 26.5 + 1.5 
Si 40-fluoranthene 0.1 9 -t- 3.5 0.996 28 5:1.5 
Si 100-fluoranthene 0.035 13 5:5 0.996 27.5 q- 1.5 
Si 150-fluorantlaene 0.045 13 5:5 0.998 28 + 1.5 
Si 1000-fluoranthene 0.05 95:1:40 0.999 24 5:1.5 

From I/1o 
Si 22-fluoranthene ~< 0.015 5 5:2 0.999 29 + 1.5 
Si 40-fluoranthene 0.00002 11 5:4.5 0.999 27.5 5:1.5 
Si 40-fluoranthene 0.015 23 ± 9 0.999 26 + 1.5 
Si 40-fluoranthene 0.1 9.5 5:3.5 0.999 27 + 1.5 
Si 100-fluoranthene 0.05 22 ± 9 0.999 26 5:1.5 
Si 150-fluoranthene 0.05 26 ± 10 0.999 25.5 + 1.5 
Si 1000-fluoranthene 0.05 70 5:30 0.999 24.5 + 1.5 
Si 100(Ofluoranthene 0.5 2.5 5: I 0.994 30 + 1.5 

From r/~" o 
Si 22-benzo [b] fluoranthene ~< 0.008 2.5 5:1 0.992 31.5 + 1.5 
Si 40-benzo [b] fluoranthene 0.008 17 5:7 0.997 26.5 5:1.5 
Si 100-benzo [b] lluoranthene 0.012 17 5:7 0.998 26.5 + 1.5 
Si 150-benzo [b] fluoranthene 0.015 15 ± 6 0.998 27.5 + 1.5 

From 1/Io 
Si 22-benzo[b] fluoranthene ~< 0.008 5 ± 2 0.999 29 5:1.5 
Si 40-benzo [b] fluoranthene 0.008 12 + 5 0.996 27.5 + 1.5 
Si 100-benzo[b] fluoranthene 0.012 13 5:5 0.995 27 5:1.5 
Si 150-benzolb]fluoranthene 0.015 14+6 0.999 27.5 + 1.5 

and by a factor of  15 in the macroporous Si 1000. The same 
trend was found by Drake et al. [9,10] and Wellner  et al. 
[9,12] when changing from mesoporous to macroporous 
gels. Among the mesoporous gels there is no significant dif- 
ference in kQ, as found previously for anthracene quenching 
on Si 60 and Si 100 [7] .  This may originate from the fact 
that there is a comparatively wide pore size distribution in 
the commercial  mesoporous silica gels (as revealed from data 
sheets of  the suppliers; cf. Table 1). For fluoranthene on a 
synthetic silica gel of  uniform pore size (3.5 nm),  however, 
values corresponding to between Si 22 and Si 40 were found 
(kQ = 10 s -  i; Q = 27 kJ m o l -  1 [ 1 ] ). We  can rationalize the 

pore size dependence of  k 0 by considering the increased heat 
of  adsorption in narrow pores (which should hold for the 
adsorbed fluoranthenes as well) .  This leads to a reduced 
translational mobil i ty of  the reaction partners on the surface 
and thus slows down the quenching rate constant. Reduced 
mobili t ies in narrow pores were independently found in 
energy transfer and excimer formation experiments respec- 
tively [42,43].  

Three experiments using Si 40 were performed in order to 
investigate the dependence of the rate constant of  fluores- 
cence quenching on the area OF covered by fluoranthene. It 
turned out that kQ passes through a maximum. The increase 

in kQ from very low to intermediate (a  few per cent) cover- 
ages is in keeping with the general observation that transla- 
tional mobilit ies on surfaces increase with 19 independent of  
whether only one sort of  molecule or mixtures are adsorbed 
[44--47]. This rise in mobil i ty was rationalized in terms of  

adsorbates sliding over coadsorbed molecules, the adsorption 
forces being reduced thereby. A reason for the decrease in kQ 
at very high 19F may arise from the aggregation phenomena 
discussed above; excited molecules inside an aggregate or 
cluster of  fluoranthene may be protected from oxygen, i.e. 
the necessary encounter complex of  oxygen and excited fluor- 
anthene (cf. [48] ) cannot be formed. 

4.4. Inert gases 

The observed dependence of  quenching efficiency on the 
order of  gas addition cannot be a consequence of  initial 
incomplete mixing in the gas phase which is quite fast, since 
it is brought about by interpenetration due to pressure differ- 
ences rather than by molecular diffusion. Inside the pores the 
transport of  molecules is considerably slower, since under 
the experimental conditions the mean free distance between 
gas molecules exceeds the pore radius (Knudsen range 
[49] ). Diffusion constants therefore become much smaller 
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[50]. Slow mixing inside pores, however, cannot be the only 
reason for the observed effects, since in that case the time 
needed to reach equilibration should shorten in macroporous 
gels which contradicts the results. Therefore we propose 
opposing effects of the coadsorption of gases to be respon- 
sible for the observations. On the one hand, coadsorption 
increases the mobility of oxygen, leading to the initially 
enhanced quenching rate when oxygen is adsorbed first. On 
the other hand, equilibration reduces the surface area covered 
by oxygen in the presence of inert gases according to 

K ( O 2 ) p ( 0 2 )  
Oo = (10) 

1 + K(O:)p(O2) + K(I)p(I)  

where K(I) andp(I )  refer to inert gases. The fact that in all 
cases after equilibration an eventual small increase in quench- 
ing efficiency is observed means that the former effect some- 
what exceeds the latter. In the case of primarily adsorbed N2, 
adsorption sites are occupied by the inert gas initially, so that 
the quenching efficiency increases until the equilibrium (10) 
is reached. 

5. Conclusion and outlook 

Oxygen quenching of fluoranthene and 
benzo[b]fluoranthene adsorbed on silica gels is well 
described by the Langmuir-Hinshelwood mechanism. A 
method for determining heats of adsorption from fluorescence 
quenching is opened, which should be applicable to all 
quenching gases. For more accurate data the pre-exponential 
factor Vd in Eq. (9) must be determined exactly from meas- 
urements at different temperatures. In applications of such 
systems to oxygen sensors the non-linear dependence of 
quenching on oxygen pressure and the slow equilibration 
upon mixing of gases have to be considered. 
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