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a b s t r a c t

The spectra and kinetics of fluorescence decay of 1,2-benzanthracene (1,2-BA) molecular clusters

adsorbed in nanoporous borosilicate glasses were investigated. It has been shown that the type of the

decay kinetics of delayed fluorescence is determined by the annihilation of triplet excitons in crystalline

and percolation clusters. The influence of an external magnetic field on the annihilation rate constant of

triplet excitons in the adsorbed 1,2-BA molecules has been studied. The response of the molecular

clusters to the magnetic field strongly depends on temperature, pore size and time scale of the

observation. Clusters with the crystal structure dominate in the decay kinetics of triplet–triplet

annihilation (TTA) and delayed fluorescence in the initial microsecond period of time after excitation.

Amorphous clusters determine the form of decay kinetics of delayed fluorescence in the millisecond

range. The increase in the pore size and concentration of the adsorbate lead to the dominance of

crystalline components. The results presented here can be used to develop techniques for probing the

structure of the adsorbed layer in nanoporous systems examining the effect of an external magnetic field

on the annihilation delayed fluorescence (ADF) kinetics.

& 2012 Elsevier B.V. All rights reserved.ри
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1. Introduction

Processes of transformation of electronic excitation energy in
homogeneous bulk media are well studied, both theoretically and
experimentally [1,2]. Effects of the confined space on these
phenomena have received less attention, although such objects
include porous matrices, colloids, micelles, Langmuir–Blodgett
(LB) films and nanoparticles. Common to all of them is the fact
that the dimensions of the confined space, in which these
processes take place, are comparable to the size of the embedded
species and the photoreaction kinetics in such systems cannot be
described by classic equations of formal chemical kinetics [3,4]. At
present, interest to photoprocesses in confined space at nanoscale
is rising owing to the progress in nanotechnology and nanoma-
terials. One can expect to observe non-traditional kinetics for
molecular reactions in small spatial domains of nanostructured
systems [5–9].

The reaction of spin-selective triplet–triplet annihilation can
influence the optical properties of molecular crystals [10,11], liquid
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solutions [12,13], polymers [14], and micellar systems [15]. The
role of TTA in deactivation of the excited electronic states of
electroluminescent substances was proven [16,17].

Theoretical models of TTA in homogeneous environments
were developed in the classic works [10,13,18,19]. In Refs.
[20,21] the competitive effect of the magnetic field and the
external heavy atom on the TTA in solution was experimentally
studied. The theoretical interpretation of the effects of the spin–
orbit interaction and magnetic field in the triplet pairs were given
in Refs. [22–25]. In Ref. [26], the larger change in the intensity of
the annihilation delayed fluorescence in the magnetic field was
registered for two-component systems. It was explained by the
fact that the annihilation proceeds through the stage of charge
transfer [22].

More refined interpretation of experimental data on TTA was
presented later [27–30]. The system dimension effects in TTA were
studied [4,31,32]. Using the statistical approach and a Monte-Carlo
method it was shown that the TTA rate constant depends on the
dimension. The nonexponential kinetics of triplet–triplet annihila-
tion delayed fluorescence in LB films was described using a
combination of formal-kinetics and percolation models [33,34].
The effect of disorder on the process of TTA and the values of the
observed magnetic effects are given in Ref. [35]. Simple analytical
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expressions are given in this article. They allow to estimate the
degree of disorder of the structure and total annihilation probability.

It is known that annihilation of triplet excitons proceeds
according to the following reaction:

TTA process is sensitive to the external magnetic field
[1,10,11]. An external magnetic field effect the evolution of the
total spin of triplet pairs. Thus, three of nine possible combina-
tions of the triplet pairs in the zero-field have triplet component
and only one combination represents the singlet component. In a
magnetic field, at the time of formation of the triplet pair, the
spins combine in such a manner that the singlet component is
distributed over a larger number of states of the pair and to six
spin, combinations can include a singlet component. At high
external magnetic field only two spin states of the pair have a
singlet component. Thus, the triplet annihilation rate should first
increase with increasing field, and then fall in strong fields up to a
value less than in zero field.

Stage of spatial separation of excitons unreacted at the first
meeting is an important step in the process of spin-selective pair
annihilation of triplet excitons. After this stage triplet excitons can
migrate separately up to possible repeated interaction. The change
of total spin state of a coherent pair of excitons occurs in the
meantime. This can lead to the formation of the desired spin
component for the occurrence of TTA. At this stage the control of
spin dynamics under the influence of an external magnetic field is
possible for the implementation of the annihilation reaction. Prob-
ability of repeated meeting of reagents may depend on the spatial
dimension of the system and efficiency of excitons migration.

The aim of this paper is to study the triplet–triplet annihilation
in 1,2-benzanthracene molecules adsorbed on nanoporous
glasses. One may expect that the pore size and topology of the
inner surface would impose certain restrictions on the geometry
ð1Þто
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of the adsorbed molecular systems and the migration behaviour
of triplet excitons. Direct contact of migrating triplet excitons at
TTA and modulation of its rate by a magnetic field can be used as
a sensitive tool for probing the structural features of nanoporous
materials and specificity of the reactions in nanodisperse systems.

If the molecules in nanopores glass form clusters with a
structure close to that of the crystal, the specificity of walks of
triplet exciton in such clusters will be close to the dynamics of
exciton migration in molecular crystals. It should lead to the
magnetic effects that are characteristic of crystals. However, the
structural disorder is present in the molecular clusters. In this
case a temperature dependence of ADF and magnetic effects
corresponding to locally inhomogeneous structures should be
expected.
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Fig. 1. NLDFT pore size distributions calculated with the model of cylindrical

pores using the nitrogen adsorption–desorption isotherms for glasses I (1), II

(2) and III (3) at SBET¼116, 268 and 190 m2/g, and average pore radius 2.5, 3.9 and

11.1 nm, respectively.

Р

2. Experimental

Borosilicate glass samples with composition Na2O–B2O3–SiO2

(courtesy of Institute of Glass Chemistry, Russian Academy of
Sciences) and three different pore sizes, 2.5, 3.9 and 11.1 nm, were
used as the porous matrices denoted as Glass I, Glass II and Glass III,
respectively, in the form of square slides, 5�5 mm2 and 0.5 mm in
thickness. Structural characterisation of glasses was carried out by
measuring low temperature (77.4 K) nitrogen adsorption–
desorption isotherms at relative pressure p/p0 from 10�4 to 0.99
with a Sorptomatic-1990 (Thermo Electron Corporation) adsorption
analyser. Before measurements, samples were degassed at
�10�3 Torr and 130 1C for 6–8 h to remove the surface moisture
and other possible contaminants.

Specific surface area (SBET) was determined by the Brunauer–
Emmett–Teller (BET) method [36]. It was 116, 268 and 190 m2/g
for Glass I, II and III, respectively. Pore size distributions (PSD)
were calculated using molecular non-local density functional
theory (NLDFT) method with the cylindrical pore model [37]
(Quantachrome software, version 2.02) (Fig. 1).

Aromatic hydrocarbon molecule 1,2-BA molecules was used as
organic additive. The nature of the electron-excited states and
spectroscopic properties of the 1,2-BA molecules were studied by
various authors [38–41].

Adsorption of 1,2-benzanthracene molecules onto porous
glasses was carried out from a hexane solution at concentration
C¼10�4

�10�2 mol/l. A glass sample was placed in the solution
for 1 h, and then it was dried in an oven for 2 h at 100 1C. The
amount of adsorbed 1,2-BA molecules was determined from the
optical density of the solution before and after sorption.

Photoexcitation of adsorbed 1,2-BA molecules was carried out
by the third harmonic of a Nd laser LCS-DTL-374QT (lex¼355 nm,
t¼7 ns, E¼5 mJ). Spectral and kinetic measurements were per-
formed in a photon counting mode. The temperature effects were
studied by placing samples in an evacuated optical cryostat.

To determine the effect of the external magnetic field (EMF) the
registration of the decay kinetics of delayed fluorescence was carried
out with or without the EMF applied. Initially measurements were
carried out five-ten times without the field. After that an electro-
magnet was switched on and the kinetics of the delayed
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Fig. 2. Absorption spectra (1) and fluorescence spectra of 1,2-BA molecules (2–5)

in ethanol (1 and 2) and adsorbed onto porous glasses (3–5): (3) glass I,

CBA¼3.2�10�4 mol/l; (4) glass I, CBA¼3.8�10�2 mol/l, and (5) glass II,

CBA¼4.2�10�4 mol/l.

Fig. 3. The concentration dependence of fluorescence spectra of 1,2-BA molecules

adsorbed onto glass III: (1) CBA¼5.3�10�3 mol/l, (2) CBA¼2.3�10�2; and (3)

CBA¼0.1 mol/l. Spectrum of molecular crystal of 1,2-BA (4).
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fluorescence annihilation was measured at least five times for each
value of the field induction. After each measurement the electro-
magnet was switched off. The procedure was repeated at different
values of the magnetic induction B. The obtained data were ave-
raged for each B value, and the magnetic effect g(B), determined by
Eq. (2) was estimated as a relative change in the intensity of the
delayed fluorescence in the presence and in the absence of EMF
using the following equation:

g Bð Þ ¼
IB�I0

I0
� 100% ð2Þ

where IB and I0 are the intensities of delayed fluorescence in the field
and without the field, respectively.
 о

3. Results and discussion

All three glasses have PSD peaks around the values given by
the supplier, however glass II and glass III have additional peaks
at the lower R (pore radius) values (Fig. 1). Glass I has more
uniform PSD, whereas glass II, beside the main peak at R¼3.9 nm
has more narrow pores at Ro1 nm (Fig. 1). Glass III has two
broad peaks at R¼10–11 nm and ca. 3 nm. These structural
features can affect the photochemical behaviour of the adsorbed
1,2-BA molecules because of enhanced confined space effects in
narrower pores and changes in the intermolecular interactions
between adsorbed molecules.

Absorption (curve 1) and the fluorescence of 1,2-BA in ethanol
with a concentration 10�5 mol/l (curve 2) and in glasses I, II
(curves 3–5) are shown in Fig. 2. The resulting absorption and
fluorescence spectra have a strong vibronic structure character-
istic of aromatic hydrocarbons and coincide with those of other
authors for the 1.2-BA molecules [38,39]. The fluorescence spectra
of 1,2-BA molecules in the porous glass shift slightly towards
longer wavelengths in comparison with the ethanol solution
(Fig. 2). Red shift of the fluorescence spectra in porous glass
indicates the formation of 1,2-BA molecules in solid clusters.
Changing of the intermolecular interactions both within the
cluster and with the surrounding matrix leads to a shift of the
electronic levels of 1,2-BA molecules [42].

A red-shifted excimer fluorescence band of 1,2-BA molecules
appears in the spectrum with increasing of luminophore
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concentration in the pores. Excimer fluorescence is observed in
crystals and concentrated solutions of aromatic hydrocarbons
[1,43].

The fluorescence spectra of 1,2-BA molecules adsorbed onto
glass III with broader pore sizes from solution at concentration
CBA¼5.3�10�3 and 2.3�10�2 mol/l are similar in the shape and
position of bands to the fluorescence spectra of 1,2-BA molecules
adsorbed onto glasses I and II with narrower pore sizes (Fig. 3,
spectra 1 and 2). A very intensive fluorescence band at lmax¼

425 nm (curve 3) was observed at CBA¼0.1 mol/l. It should be
noted that the position of the fluorescence band at lmax¼425 nm
practically coincides with the band in the spectrum of fluores-
cence of the molecular crystal of 1,2-BA (Fig. 3, spectrum 4).

Three other intense fluorescence bands with peaks at 495, 530
and 572 nm were registered in the excimer emission of 1,2-BA
molecules adsorbed from 0.1 mol/l solution on glass III (Fig. 3,
spectrum 3). In this case observed bands belongs to the eximer
centres of different spatial configurations [44].

The fluorescence spectral data show that the adsorbed 1,2-BA
molecules forms solid-state nanostructures in the glass nano-
pores. In narrower pores of glasses I and II, 1,2-BA molecules
clusters of amorphous structure are formed. 1,2-BA molecules
adsorbed in broader pores of glass III forms crystallites and
excimer centres along with amorphous clusters, the former
becoming particularly noticeable with increasing surface content
of the adsorbate. The presence of excimers of different structures
in the glass suggests that wide pores have less restriction on the
structure of molecular clusters than the narrow pore.

Delayed fluorescence was observed at pulsed laser photoexci-
tation of 1,2-BA molecules adsorbed onto evacuated glasses. The
delayed fluorescence spectra coincide with the spectra of fast
fluorescence of the corresponding samples. The observed delayed
fluorescence should be attributed to the annihilation delayed
fluorescence arising as a result of annihilation of migrating triplet
excitons of 1,2-BA molecules.

The ADF intensity decay curves of 1,2-BA molecules adsorbed
in glass pores are shown in Fig. 4. The initial part of the kinetics of
fluorescence decay can be described by a power function, and the
long-term part is described by the exponential function for 1,2-BA
molecules adsorbed on all glasses studied independently of the
pore size or the concentration of the adsorbed 1,2-BA molecules.
The exponent values of the power function (n) and duration of
fluorescence (t) calculated using the exponential part of the
kinetic curves of ADF, are presented in Table 1. As shown in
Ref. [1] for the formal-kinetic model at high power optical
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Table 1
Values that characterise the kinetics of delayed fluorescence of the 1,2-BA

molecules in porous glass.

Glass C (mol/l) T (K) n t (ms) h1 (0.01–0.1) (ms) h2 (1.0–5.0) (ms)

I 3.8�10�2 100 0.4 3.7 0.4 0.6

200 0.6 3.6 0.4 0.6

II 3.2�10�2 100 0.6 4.0 0.5 0.6

200 0.6 3.0 0.6 0.6

III 9.1�10�4 100 0.2 7.0 0.25 1.0

200 0.5 3.8 0.35 1.0

2.3�10�2 100 0.5 2.2 0.25 1.0

200 0.5 2.0 0.5 1.0

10�1 100 0.75 2.4 – –

200 1.2 0.5 – –

Fig. 4. (a) The decay kinetics of ADF 1,2-BA molecules adsorbed at T¼100 K on

glasses: (1) I, CBA¼3.8�10�2 mol/l, (2) II, CBA¼3.2�10�2 mol/l, (3 and 4) III,

CBA¼(3) 2.3�10�2 and (4) 0.1 mol/l; (b) the distribution function of the reaction

rate constant.

Fig. 5. (a) Temperature dependence ADF intensity of 1,2-BA molecules in porous

glasses: (1) I, CBA¼3.8�10�2 mol/l, (2, 3) III at (2) CBA¼9.1�10�4 and

(3) 10�1 mol/l; and (b) the distribution function of the triplet level dispersion

energy.

D.A. Afanasyev et al. / Journal of Luminescence 136 (2013) 358–364 361
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excitation, when the decrease of triplet electronic excitation
occurs mainly due to bimolecular decay kinetics of the attenua-
tion obeys a power law. The index n is equal to 2, when the rate of
decay of bimolecular channel of electronic excitations triplet is
much higher than the rate of monomolecular decay. Value of the
index n calculated from the decay kinetics ADF decreases for
increasing the share of monomolecular decay channel.

At 100 K the n value varies only slightly between glass samples
with different PSD but similar contents of the adsorbed 1,2-BA
molecules. This value increases in the initial part of the decay curve
for 1,2-BA molecules adsorbed onto glass III at CBA¼0.1 mol/l. The
long-term parts of the decay curves for 1,2-BA molecules adsorbed
onto glasses I and II have practically identical t. The t value decreases
for 1,2-BA molecules adsorbed on glass III.

Ре
It was shown [45,46] that the local structural heterogeneity
of multilayer Langmuir–Blodgett films of aromatic molecules
leads to the dispersion of the triplet levels that is manifested in
the temperature dependence of the rate of migration of triplet
excitons.

The distribution functions of the reaction rate constant f(k) for
the decay kinetics of ADF (Fig. 4b) were calculated using the
following integral equation:

IDF ðtÞ ¼

Z kmax

kmin

f ðkÞexp �ktð Þdk, ð3Þ

where kmin and kmax are the minimal and maximal k values in
integration. Solution of Eq. (3) is well known ill-posed problem due
to the impact of noise on measured data, which does not allow one
to utilise exact inversion formulas or iterative algorithms. There-
fore, Eq. (3) was solved using a regularisation procedure based on
the CONTIN algorithm [47] under nonnegativity condition (f(k)Z0
at any k) and an unfixed value of the regularisation parameter (a)
determined on the basis of the F-test and confidence regions using
the parsimony principle.

The heterogeneity of both the pore size distribution (Fig. 1)
and 1,2-BA molecular cluster structure in these pores causes the
complex shape of the f(k) function with three to four peaks
(Fig. 4).

A monotonic decrease in the emission intensity with a small
shoulder in the range from 200 to 220 K is observed with increas-
ing temperature (Fig. 5, curve 1) for 1,2-BA molecules adsorbed on
glass I. The temperature dependence of the ADF (curves 2 and 3)
has a significant maximum for 1,2-BA molecules adsorbed on glassй К
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Fig. 6. Description of the decay kinetics with ADF (glass III) percolation model [48]

at temperatures: (1) 100, (2) 140, (3) 180, and (4) 235 K.

D.A. Afanasyev et al. / Journal of Luminescence 136 (2013) 358–364362
III. The triplet level dispersion increases with increasing amount of
1,2-BA molecules adsorbed in the pores. For the temperature range,
in which the intensity of the ADF increases, non-homogeneous
broadening of triplet levels can be described by the following
equation:

IDF ¼ I0exp
�DE

kT

� �
ð4Þ

where I0 is the intensity of delayed fluorescence at 100 K, IDF is the
current ADF value and DE is triplet level dispersion value. To
consider the nonuniformity of the systems, Eq. (4) can be trans-
formed into integral equation:

IDF tð Þ ¼

Z Emax

Emin

f Eð Þexp
�E

RgT

� �
dE, ð5Þ

where Emin and Emax are the minimal and maximal E values in
integration, Rg is the gas constant. Eq. (5) was solved using the
CONTIN algorithm similar to solution of Eq. (3).

From the results obtained it follows that the dispersion of the
triplet energy levels depends on the concentration of molecules in
the pores. The structure of the adsorbate cluster becomes more
heterogeneous with increasing concentration, which is reflected by
broadening of the f(E) distribution (Fig. 5b). In narrower pores of
glass I molecules of 1,2-BA form quasi-one-dimensional chain
structure. As evidenced by the absence of a pronounced maximum
on the temperature dependence of ADF intensity, the local envir-
onment of the luminescent centres remains uniform. A monotonic
decrease in the yield of fluorescence with increasing temperature is
related to intensification of intra- and intermolecular processes
leading to nonradiative deactivation of the triplet centres. The local
environment around each molecule changes both in larger pores of
glass III and with increasing adsorbate concentration inside pores,
causing nonuniform broadening of triplet levels. Increasing tem-
perature leads to the emission of excitons from their traps, and
facilitates their migration and the formation of triplet pairs.

For curve fitting of the kinetics of ADF decay in the clusters of
1,2-BA molecules in nanopores, we applied a combination of the
formal kinetics and percolation [14,48] models. This approach was
used previously to describe the annihilation of triplet excitons of
aromatic molecules in Langmuir–Blodgett films, which followed
nonexponential decay kinetics of ADF [33,34]. Our analysis showed
that the initial part of the experimental kinetic curves is well
approximated by a power function with power index n¼0.2–0.6 at
lower concentrations of adsorbed 1,2-BA molecules irrespective of
pore size in the selected range of temperatures. For homogeneous
media, the fact that the initial part of the kinetics of decay can be
described within the formal kinetics model points to the annihila-
tion of migrating excitons in nanoclusters with a structure close to
crystalline. Evidently, the number and size of the ‘‘crystalline’’
clusters increases at high concentrations (�0.1 mol/l) of the
adsorbed 1,2-BA molecules in larger pores. This leads to an increase
in the rate constant of the triplet excitons annihilation which is
manifested in increasing power index n up to 0.75 and 1.2 at
temperatures of 100 and 200 K, respectively (Table 1).

TTA rate constant related to the percolation clusters becomes a
time-dependent parameter [14,48,49], and the reaction of TTA is
given by:

d½T�

dt
¼�k tð Þ ½T�2 ð6Þ

The TTA reaction rate coefficient k(t) is expressed by the
dependence:

k tð Þ �
dSðtÞ

dt
� t�h, 0rhr1, ð7Þ

where S(t) is the number of locations visited by the excitation in
the process of random walks. Parameter h characterises the degree
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of local inhomogeneity. Its lower limit, h¼0, corresponds to the
motion in a homogeneous medium, and the upper limit h¼1
characterises the motion in locally heterogeneous clusters.

Given the fact that the phosphorescence intensity IPh is
proportional to the density of triplet excitations, and the intensity
of ADF IDF is proportional to the concentration of triplets, the time
dependence of k(t) can be found from the following relationship:

IDF

I2
Ph

� k tð Þ � t�h ð8Þ

The plot ln(IDFXIPh
2 ) vs. ln(t) must be linear with slope h. The

dependence of IDF(t) on IPh(t) can be obtained experimentally. In
the absence of phosphorescence, the parameter h can be deter-
mined from the plot of ln(IDF) vs. ln(t). This gives a less accurate
value of h, but qualitatively the trend remains unchanged.

The description of the decay kinetics of ADF using a percola-
tion model is shown in Fig. 6. In the temperature range of 100–
200 K, the entire time interval can be divided into two regions,
with linear dependence of ln(IDF) on ln(t) but with a different
slope (h) (Fig. 6). The initial part of the kinetic curve (up to 0.1 ms)
is characterised by a linear plot with a small slope. At 100 K
h1¼0.25, which corresponds to the exciton migration in a
medium with a homogeneous structure. Increasing temperature
of glass leads to the migration of excitons typical of a percolation
cluster near the percolation threshold (h¼0.33) [50].

An increase in the value of h1 with increasing concentration of
the molecules adsorbed in pores (Table 1) indicates enhancement
of the local heterogeneity in the crystalline clusters, in which the
annihilation of excitons occurs.

In the millisecond range, the h2 values changed from 0.6 to
1 with increasing concentration of the adsorbate. It reveals the
annihilation of triplets in the percolation clusters with a signifi-
cant local heterogeneity. It should be noted that at temperatures
above 200 K for all glasses the two regions merge into one and the
complete kinetics of ADF is described by a linear dependence of
ln(IDF) vs. ln(t) with a slope of hE0.5 for all concentrations
studied. The value hE0.5 coincides with the value obtained for
solid solutions of chrysene, a polyaromatic hydrocarbon [50].

Therefore, it can be concluded that at temperatures above
200 K the adsorbed 1,2-BA molecules are arranged in structures,
which have similar size and topology regardless of the pore size.

Thus, the data obtained prove that the adsorption of aromatic
molecules in nanopores of glass leads to formation of molecular
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clusters in the adsorption layer. Annihilation triplets in the
clusters with a homogeneous structure dominate in the initial
stage of the ADF. In the millisecond range, the ADF kinetics is
formed by triplet excitons straying in the percolation clusters. The
conclusion about the fractal nature of the distribution of dye
molecules in nanoporous glass is based on the study of the
intermolecular energy transfer [51].

Further details regarding random walks and molecular interac-
tions in nanosized pores can be obtained by studying the modula-
tion of the TTA rate constant with an external magnetic field [52,53].
An important step in the spin-selective pair annihilation of triplets
is the spatial divergence of a non-annihilated pair at their first
encounter. During this time, a change in the total spin state of a
coherent pair of triplets occurs, which can be influenced by the
external magnetic field. Their second encounter can lead to a
successful interaction provided a sufficient spin component is
available. The probability of this secondary event depends on the
system dimension, the migration efficiency of excitons and their
interaction. Effects of the magnetic field on the annihilation of
migrating excitons and diffusion of triplet molecules in crystals and
liquids were studied in detail and discussed elsewhere [10–13,53].

The influence of EMF on the kinetics of ADF of 1,2-BA
molecules adsorbed in porous glasses was studied at different
temperatures. The magnetic field was directed tangentially to the
substrate surface along its short side. Evaluation of the magnetic
field effects was performed by measuring the ‘‘instantaneous’’
intensity at different times after excitation.

The negative magnetic effect observed for glasses I and II at all
concentrations and for glass III at CBA below 0.1 mol/l, is character-
istic of disordered systems (Fig. 7, curves 1–3). The positive
magnetic effect is observed for glass III with largest nanopores at
CBA¼0.1 mol/l (Fig. 7, curve 4), which is characteristic of crystal
structures [10]. It should be noted that the magnetic effect for all
samples is independent of the time of registration at 100 K. The
results show that the magnetic effect g(B) (Eq. (1)) increases with
increasing pore size (curves 1–3).

The experimental results show that the pore size of the glass
matrix and concentration of 1,2-BA molecules significantly affect
the nature and magnitude of the observed magnetic effects.
Positive magnetic effect is present in some samples. Positive
g(B) shows the presence of clusters in the pores of the ordered
molecular orientation. We have made evaluation of the degree of
ordering of molecular clusters, using the analytical expressionsит

о

Fig. 7. The effect of the magnetic field on the intensity of the delayed fluorescence

at T¼100 K. g(B) was measured at 0.01 ms after the laser pulse. (1) glass I,

CBA¼3.8�10�2 mol/l; (2) glass II, CBA¼3.2�10�2 mol/l; (3) and (4) glass III,

CBA¼2.3�10�2 and 0.10 mol/l, respectively.
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given in Ref. [35]. The analysis of data on the effect of magnetic
field on the ADF at T¼100 K. The analysis showed that only the
glass III at concentration CBA¼0.1 mol/l (Fig. 6, curve 4) the
degree of ordering of clusters is 50%. The degree of disorder in
the cluster cannot be calculated for the remaining samples.
Positive magnetic effect is not for them (curves 1–3). As part of
the model the growth of g(B) with the increase of the pore
diameter can be related to the difference in the degree of disorder
in the orientation of the molecules or the change in the ratio of
the dissociation rate constants and triplet–triplet annihilation
rate (kdis=kannih).

These data are consistent with theoretical analysis [54], which
showed that the value of the magnetic modulation of the TTA rate
constant increases with increasing pore radius.

The most effective migration of triplet excitons is observed at
200 K. Under these conditions the mean free path of excitons
expands during the lifetime of the triplet state, and a large
number of centres with different spatial orientation is involved
in the annihilation process. These parameters can influence the
magnetic effect.

Analysis of the experimental data in the model of [35] gives
physically unrealistic results. This may be due to the fact that the
triplet annihilation reaction channel is not included in the derivation
of analytical expressions in order to simplify them. In the character of
the annihilation reaction may contribute to the processes associated
with the redistribution of the ratio between the triplet–singlet or
triplet–quintet pair states for the time of the trapped exciton [55].

Similar effect of the magnetic field on g(B) is observed at 200 K,
if measured at 0.01 ms after the laser pulse (Fig. 8). However, in
this case the magnetic effect is substantially decreased (compare
curves 3 and 4 in Fig. 7 and curves 4 and 5 in Fig. 8, respectively).

With increasing recording time (1–3 ms) only the negative
magnetic effect is observed for all systems studied with an increase
in the magnitude of the magnetic effect by 35–40% (Fig. 8, curve
5 vs. curve 6).

We can assume that the observed temperature dependence of
g(B) is due to changes in the migration behaviour of triplet excitons
in the microcrystalline and percolation clusters.
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Fig. 8. The effect of the magnetic field on the intensity of the delayed fluorescence

at T¼200 K. g(B) was measured at 0.01 ms after the laser pulse in (1, 3, 4 and 5)

and at 1 ms in (2 and 6) 0.1 and (2) glass I, CBA¼3.8�10�2 mol/l; (3) glass II,

CBA¼3.8�10�2 mol/l; (4), (5) and (6) glass III, 2.3�10�2 mol/l (4) and 0.10 mol/l

(5 and 6).
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4. Conclusions

Thus two types of clusters of aromatic molecules are formed in
porous glasses. Clusters with the crystal structure dominate in the
ADF decay kinetics in the initial period of time (a fraction of a
millisecond) after excitation. Amorphous clusters determine the
form of fluorescence decay in the millisecond range. The increase
in the pore size and concentration of the adsorbate lead to the
dominance of crystalline components. The results presented here
can be used to develop techniques for probing the structure of the
adsorbed layer in nanoporous systems examining the effect of an
external magnetic field on the ADF kinetics.

Broadening of the triplet energy levels is observed due to the
inhomogeneous structure of molecular clusters. This leads to
thermal activation process of TTA. The inhomogeneous broad-
ening of the triplet energy levels increases with the diameter of
the pores and the concentration of adsorbed molecules.

The data obtained on the influence of the external magnetic
field on the triplet–triplet annihilation rate constant support the
results of the kinetic studies. 1,2-benzanthracene molecules
adsorbed in nanopores of porous glass form clusters with differ-
ent structure, which depends on the pore size and the concentra-
tion of the adsorbate. During initial time after laser excitation, the
largest contribution in triplet–triplet annihilation delayed fluor-
escence intensity is due to triplet pairs which annihilate in the
clusters with ordered arrangement of molecules. This conclusion
is mainly based on the dependence of the speed of modulation of
the TTA by the external magnetic field that is typical of crystals of
aromatic substances [10]. The shape of the decay kinetics in the
millisecond range is determined by the pair annihilation of
triplets migrating in the percolation clusters. The dependence of
the magnetic field effects on the magnetic induction B is similar to
the magnetic field modulation of the TTA rate constant in
disordered systems [35]. The dependence of these effects on the
pore size indicates an important role of the dynamics of conver-
gence and divergence in the annihilation of triplets in confined
space of nanopores.

Noteworthy the large value of the negative magnetic effect
under effective migration of triplet excitons in randomly oriented
molecular clusters. Specific theoretical analysis is necessary for a
more complete explanation of the effect of external magnetic field
on the reaction of TTA in nanoscale systems with restricted
geometry. ит
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