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Abstract

The influence of the pore size of calcinated (773 K) porous glasses (average pore diameters, 40, 80 and 300 A) on the
ratio R of the emission intensity of the excimer-like fluorescence to that of the monomer fluorescence of pyrene adsorbed
on porous glass was examined. R decreased with increasing pore size. The results were interpreted on the basis of the
photophysical processes of adsorbed pyrene molecules on the surfaces. The ratio of the quantum efficiency for excimer
formation from excited dimeric pyrene was estimated to be 1:0.23:0.11 for PG40, PG80 and PG300. The fractal nature of
the surfaces of the individual porous glasses played an important role in the photophysical processes of pyrene encapsulated

in the pores.
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1. Introduction

Photophysical studies of aromatic molecules adsorbed
on solid surfaces yield valuable information on the
surface properties of the support materials [1-37].
Pyrene is an excellent photophysical probe molecule
because it has a long fluorescence lifetime, forms em-
issive excimers and has a fluorescence spectrum sensitive
to the polarity of the environment. Measurement of
the steady state and time-resolved fluorescence spectra
of pyrene adsorbed on solid surfaces has revealed that
some of the adsorbed species form bimolecular ground
state associations (BGSAs) from which excimer-like
emission occurs on excitation [11,13-15,20,22,24,25,28,
31,36,37]. The formation of the excimer-like configu-
ration from the dimeric adsorbed state is very rapid
(less than 1 ns), indicating that the geometry, which
emits the excimer-like fluorescence, originates from the
conformation of the BGSAs. The effect of pore size
on the fluorescence spectrum of adsorbed pyrene on
solid surfaces is also an interesting problem [30-35].
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In previous papers, we have reported the fluorescence,
fluorescence excitation and time-resolved fluorescence
spectra of pyrene adsorbed on calcinated (773 K) Vycor
glass (average pore diameter, 40 A) [36]. The influence
of the evacuation temperature after the adsorption
procedure on the fluorescence spectrum was noted [37].
This paper investigates the influence of the pore size
on the fluorescence character of adsorbed pyrene and
the ratio R of the emission intensity of the excimer-
like fluorescence to that of the monomeric fluorescence
of pyrene adsorbed onto three porous glasses (diameters,
40, 80 and 300 A; hereafter abbreviated as PG40, PG80
and PG300 respectively). It is concluded that the pore
size of the porous glass plays an important role in the
photophysical processes of adsorbed pyrene molecules
at the solid surfaces.

2. Experimental details
2.1. Materials

Pyrene (supplied by Wako Co.) was purified by
repeated recrystallization from ethanol and by 230 passes
through a zone refiner. Cyclohexane (supplied by Wako
Co., Luminasol grade) was used without further puri-
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fication. Three different porous glasses (PGs) were
used: PG40 is porous Vycor glass (Corning, Code No.
7930; average pore diameter, 40 A; Brunauer—
Emmett-Teller (BET) surface area, 155 m? g~'); PG80
(average pore diameter, 80 A; BET surface area, about
100 m? g~') and PG300 (average pore diameter, 300
A; BET surface area, about 50 m? g~') were prepared
in accordance with the literature [38]. The pore size
(width) distribution and BET surface areas for the
three PGs were evaluated from the nitrogen adsorp-
tion—-desorption isotherm using a Carlo Erba Sorpto-
matic or ASAP 2000 automatic surface area analyser.

2.2. Adsorption procedure

Since the detailed adsorption procedure and deter-
mination of the extent of adsorption of pyrene on
porous glass have been described previously [37], only
an outline of the procedure is presented here. Prior
to the experiments, a sheet of porous glass (1 mmX5
mm X 20 mm) was heat at 773 K for more than 6 h
in air to remove all carbonaceous impurities. The sheet
was transferred to a quartz cell and degassed in vacuo
(less than.1X10~° Torr) at 773 K for 5 h and cooled
to 295 K. The adsorption of pyrene molecules onto
the porous glass was carried out by pouring a degassed
cyclohexane solution of pyrene into the quartz cell in
which the preheated porous glass had been placed in
vacuo at 295 K. The cyclohexane solutions were sub-
jected to five or six freeze-~pump-thaw cycles to remove
oxygen before the adsorption procedure. After im-
pregnation for over 5 h, the supernatant solution was
removed by decantation and then evacuated in vacuo
for 5 h at 373 K (because 373 K is higher than the
boiling point of cyclohexane (353 K), a “dry” surface
was generated). The quartz cells were sealed under
vacuum, and these samples were used for the mea-
surements.

The amount of pyrene adsorbed on the porous glass
was determined by measuring the difference between
the absorption spectra of the original and supernatant
solutions [37]. The surface coverage of pyrene in the
experiments was determined from the amount of pyrene
adsorbed on the porous glass assuming that an adsorbed
pyrene molecule occupies a surface area of 100 A?
[20]. The amount of pyrene adsorbed on the porous
glass (C), C'? and the corresponding surface coverage
for PG40, PG80 and PG300 are given in Table 1.

2.3. Spectral measurement

The absorption and fluorescence spectra were re-
corded using a Hitachi 220 recording spectrometer and
a Hitachi F-300 fluorescence spectrometer respectively.
The quartz cells containing the porous glass for emission
measurements were aligned at an angle of 30° to avoid

Table 1
Amount of adsorbed pyrene on the porous glasses, square root of
the amount of adsorbed pyrene and the corresponding surface
coverage

Amount of adsorbed c'”2 Surface
pyrene C coverage
(10° mol g™ 1)
PG40
0.17 0.41 0.00065
0.56 0.75 0.0022
52 2.3 0.020
28 53 0.11
30 55 0.12
PG80
0.16 0.40 0.00098
1.5 1.2 0.0091
11 3.4 0.069
PG300
0.10 0.32 0.0013
1.2 1.1 0.015
8.2 29 0.099
19 4.4 0.23

reflection of the exciting light into the slit of the
monochromator. The data were transferred to an NEC
PC-9801 microcomputer for processing.

Correction is needed to compare the fluorescence
intensity of the pyrene monomer with that of the
excimer-like intensity in the three glasses. The relative
intensity of the pyrene monomer fluorescence at 470
nm to that at 393 nm in dilute ethanol or glycerol
solutions is about 100:3. Therefore a value of 3.0 was
subtracted from the intensity of adsorbed pyrene at
470 nm to obtain individual R values.

3. Results and discussion
3.1. Influence of pore size on the fluorescence spectra

Figs. 1, 2 and 3 show the dependence of the fluor-
escence spectrum of pyrene on the amount of pyrene
molecules adsorbed on PG40, PG80 and PG300 re-
spectively. The excitation wavelength of 372 nm cor-
responds to the 'Ly, transition of pyrene. It can be seen
that the entire fluorescence spectrum is composed of
the monomer-like emission (Fy), exhibiting a sharp
vibrational fine structure at around 380430 nm, and
the excimer-like emission (Fg), exhibiting a broad band
at around 440-550 nm. The ratio R of the intensity of
Fy, to Fg increases in the order PG40 >PG80 > PG300.
R also increases with increasing amount of adsorbed
pyrene.

Fig. 4 shows the fluorescence spectrum of pyrene
adsorbed on PG40 excited at 334 nm, which corresponds
to the 'L, transition region of pyrene. The characteristic
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Fig. 1. Dependence of the fluorescence spectrum on the amount of

adsorbed pyrene on PG40. Amount of adsorbed pyrene: 1, 1.7X1077
mol g~%; 2, 2.8x107° mol g~'. Excitation wavelength, 372 nm.
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Fig. 2. Dependence of the fluorescence spectrum on the amount of

adsorbed pyrene on PG80. Amount of adsorbed pyrene: 1, 1.6 X 1077
mol g% 2, 1.1xX107° mol g~!. Excitation wavelength, 372 nm.
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Fig. 3. Dependence of the fluorescence spectrum on the amount of
adsorbed pyrene on PG300. Amount of adsorbed pyrene: 1,1.0x 107

mol g~'; 2, 1.9X107% mol g~'. Excitation wavelength, 372 nm.

fine structure of the fluorescence spectrum for mon-
omeric pyrene is evident. No significant difference is
observed between the fluorescence spectra for different
amounts of adsorbed pyrene. Similar fluorescence be-
haviour was also observed for PG80 and PG300. The
372 nm band (the 0-0 band) has a relatively high
intensity compared with that in polar solvents [39-41].
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Fig. 4. Dependence of the fluorescence spectrum on the amount of

adsorbed pyrene on PG40. Amount of adsorbed pyrene: 1, 1.7x 1077
mol g='; 2, 2.8%x10~° mol g~'. Excitation wavelength, 334 nm.

c"g°(mot g1

Fig. 5. Relationship between R and C'%: (1) PG40 (@); (2) PGS0
(M); (3) PG300 (A). Full lines are the result of the least-squares
method.

The results indicate that the adsorbed pyrene molecules
on the surfaces are surrounded by a relatively polar
environment. The dependence of the fluorescence spec-
trum of pyrene on the excitation wavelength indicates
that there are more than two ground state species of
pyrene; one is the monomeric form and the other is
the BGSA which leads to excimer-like emission due
to geometrical relaxation of its excited state
[11,13,22,24,25,36,37].

3.2. Influence of pore size on the photophysical
processes

Fig. 5 shows the relationship between R and the
square root of the amount of adsorbed pyrene C'?
((moles per gram of porous glass)'?) for the three
porous glasses. The R values are dependent on the
amount of adsorbed pyrene and on the diameter of
the porous glass.

Based on the proposed photophysical processes of
adsorbed pyrene molecules on the dry surface of silica
gel pores (Fig. 6) [25,37], R can be represented as

R=a[(1+8KC)"”—1] (1)
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Fig. 6. Dynamics of photophysical processes of pyrene adsorbed onto
porous glass. M and D indicate monomeric and dimeric pyrene. M*
and D* are excited monomeric and dimeric pyrene (excited directly
from M and D). K denotes an equilibrium constant between ground
state monomeric and dimeric pyrene. E;* and E,* represent two
excimers of pyrene with different configurations on the surface. They
are generated from the geometrical relaxation of D*.

Table 2
Results of the least-squares calculations for PG40, PG80 and PG300.
a is defined by Eq. (2) and X is the equilibrium constant in Eq.

(1). VvAr* and r; are the r-squared and correlation coefficients

Glass a K VAr? r

PG40 0.0396 4.43 2.54x1072 0.988
PG80 0.0498 0.802 1.87x1072 0.949
PG300 0.0351 0.549 337x107* 0.999

where K denotes an equilibrium constant between
ground state monomeric pyrene and dimeric pyrene on
the solid surface and is dependent on the preheating
temperature, adsorption procedure and diameter of the
porous glass, and a is defined as

_ €oPepPE

?7 WKeror

where ey and ep are the absorption coefficients for
monomeric and dimeric pyrene respectively at the ex-
citation wavelength, ¢g and ¢, are the fluorescence
quantum efficiencies for the emissions Fg and Fy
respectively and ¢gp is the quantum efficiency of excimer
formation from the excited dimeric unit (D*). It should
be noted that, at a sufficiently high concentration of
adsorbed pyrene molecules, Eq. (1) indicates that
RaC"? if 8KC> 1.

It can be seen from Fig. 5 that the experimental
results for the three porous glasses are well reproduced
by Eq. (1). Results of least-squares calculations for
PG40, PG80 and PG300 are given in Table 2. The
differences in @ and K are responsible for the differences
in the curves for the three porous glasses.

Since the spectral features of the emission F; and
Fg of adsorbed pyrene molecules are similar for the
three porous glasses, ev, ¢y, €5 and ¢ in Eq. (2)
may be unchanged or not substantially changed for the
three glasses. The origin of the difference in the curves

)

is therefore attributable to the difference in the values
of ¢gp and K. Reciprocal values of K for PG40, PG80
and PG300 are 0.226, 1.25 and 1.82 (1.00:5.53:8.05)
respectively. On the other hand, the a values decrease
as 0.0659, 0.0498 and 0.0351 (1.00:0.756:0.533). There-
fore it is impossible to explain the difference in the a
values by the difference in K, although the K value for
PG40 is extremely large. The difference in the a values
reflects other surface properties experienced by the
pyrene molecules on PG40, PG80 and PG300. The
difference between the curves in Fig. 5 must therefore
also be attributed to the difference in ¢gp, the quantum
efficiency of excimer formation from excited dimeric
pyrene. ¢ can be written as

dep=a X K X constant 3

The ¢gp ratio can be estimated as 1.0:0.23:0.11 for
PG40, PG80 and PG300 respectively. ¢gp in solution
depends on the diffusion between one excited pyrene
molecule and one ground state pyrene molecule. How-
ever, the process of excimer-like formation on solid
surfaces should be very fast [11,36] and not diffusion
controlled. The difference between the samples can be
attributed to the difference in the geometrical factor
due to the different diameters of PG40, PG80 and
PG300.

Fig. 7 illustrates a probable configuration of pyrene
molecules adsorbed into the pores of PG40, PG80 and
PG300. Because the diameter of PG40 is small, the
neighbouring pyrene molecules are not aligned in the
same plane and tend to have a face-to-face configuration.
On the other hand, the diameter of PG300 is relatively
large and hence the neighbouring pyrene molecules
can be aligned in the same plane. The configuration
in the pores of PG80 is intermediate between PG40
and PG300. It is well known that two molecules forming
an excimer are arranged in parallel or near-parallel
pairs [42]. Therefore we can conclude that excimer
formation from excited dimeric pyrene adsorbed in the
pores of a porous glass with a small diameter is easier
than that adsorbed in a porous glass with a large
diameter.
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Fig. 7. Illustration of the configuration of pyrene molecules adsorbed
into the pores of PG40, PG80 and PG300.
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4. Conclusions

The emission Fg of pyrene molecules adsorbed on
“dry” surfaces originates from “static” dimeric pyrenes
formed in the ground state. To form an excimer-like
geometry, after excitation of dimeric pyrene, relaxation
to a more favourable configuration is required. As-
sociation is affected by the heterogeneity of the ad-
sorption sites. In narrow diameter silica gel, a substantial
fraction of dimeric pyrenes in the ground state generate
an excimer-like conformation on excitation via a dynamic
process between neighbouring units involving intra-
molecular rearrangement. In this case, the face-to-face
conformation of dimeric pyrenes is effective for the
attractive forces between pyrene units. Therefore the
fractal nature of the solid surface [32-35] of the glasses
may reflect this tendency and play an important role
in the generation of the excimer-like configuration. The
excimer-forming order of the solid surfaces agrees with
the estimated surface fractal dimensions for PG40, PG80
and PG300 of approximately 2.9, 2.7 and 2.4 respectively
[32].
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