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Triplet-excitation transport kinetics in ultrathin molecular pores and wires
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Institute of Molecular and Atomic Physics, National Academy of Sciences of Belarus, 220072 Minsk, Belarus
(Received 22 April 1999

The results of investigation of the decay kinetics of phosphorescence and delayed fluorescence of disordered
chrysene and of chrysene in porous matrices are presented. It is shownTra?aK for these samples the
triplet excitation transport is dispersive with a rate coefficient which varies with time by the power law. The
value of the exponent depends on the microscopic properties of the medium and on its topology. In disordered
chrysene, one-dimensional transport takes place. An increase in temperature leads to the transition to three-
dimensional energy migration. The introduction of solid chrysene into porous glass leads to a drastic change in
the decay kinetics of its delayed luminescence. Transport of triplet excitation of chrysene in porous matrices is
dispersive at any temperature. The investigation of the time dependence of the rate coefficient of triplet-triplet
annihilation for chrysene in porous glass and in natural mineral chrysotile-asbestos has shown that the porous
system topology of silicate glass is similar to the topology of the three-dimensional percolation cluster.
[S0163-182699)05539-3

I. INTRODUCTION In Refs. 11 and 12 the substance was introduced into the
matrix by its sublimation in vacuum. In this case, the mol-
Many chemical and biological processes occur in pores oecules are deposited on the pore surface and the matrix is not
microchannels. Molecular or polymer chains, fibers, fila-completely filled. The investigation of such obects provides
ments, and networks exist in most synthetic, natural, andhformation not about the topology of the porous network of
biological organic systems, from organic conductors to neuthe glass, but about the topology of the substance deposited
ron transmitters. Molecular exciton kinetics in thin filaments©n the pore surface. The results of the investigation of energy
is relevant to all these systems. Therefore, it is of practicafransfer between molecules on the pore surfateshow,
interest to study the molecular reaction inside microchannelghat this topology can really be one dimensional.
The molecular kinetics inside channels may be very different Below the results of the investigation of the influence of
from the conventional kinetics, depending on the geometry?Orous matrix on energy transport in solid chrysene obtained
and size of the channels. Therefore, porous g|assesy roc@ the method of tl’lplet-trlplet annih”atio-n are presentEd.
and related materials have commanded much interest and ti&ese results enable us to draw a conclusion about the topol-
fractal nature of pores has been the subject of much discu&gy of the porous network of the glass because in this paper
sion. The spectroscopic methods are also used widely fdhe method of preparing samples was changed. The sub-
investigating the nature of porous systelitSHowever al-  Stance was introduced into porous glass by immersing the
though the fractal properties of porous g|asses were provel@tter into its melt. In this case we can Speak of Complete or
Convicing]y by hte e|ectrongraphicy neutrongraphiC, andalmOSt Complete fIIIIng of the pores with the substance. The
x-raying investigations;” the nature of the pore network has choice of chrysene as the object of investigation is due to the
been highly controversal from the point of view of spectro-following factors. The luminescence spectrum of chrysene
scopic studies. It was argued, on the one hand, that it is ks in the visible region. It possesses both phophorescence
random (percolation-like network with a fractal dimension @and delayed fluorescence, and they are well separated spec-
of the order of twd® On the other hand, it was argued to be trally. Chrysene has a fairly high-quantum yield of phospho-
one-dimensional rather than fractaEnergy transfér'®and  rescence as compared to other aromatic hydrocarbons. All
exciton kinetics! also have been used for the characterizathis makes it much easier to carry out investigations.
tion of such networkse.g., pore networks of porous media
The investigation of the triplgt—triplet annihilgtion kinetics Il. EXPERIMENT
allows to study the transport in disordered films, polymers
and membranes as well as paradigms of heterogeneous Chrysene was purified by the following method. At the
chemical kinetics. It is also a tool for studying the topology, first stage chrysene was purified by recrystallization from a
morphology, and structure of molecular aggregates, strandsaturated solution in hot benzene preliminarily passed
pores and domain boundaries. This method is based on thbrough a filter with pores 0.4m in diameter. This process
anomalous energy diffusion in disordered, confined and/owas repeated three times. At the second stage chrysene was
low-dimensional media. Using this technique, it waspurified by chromatography in a column with silica gel 30
argued? that the effective spectral dimension of the porecm in height and 2 cm in diameter. As eluent, benzene at
network in porous glass is 1.05, i.e., effectively one-T=60°C was used. For investigations chrysene was placed
dimensional. in a deairated cell.
From our point of view this contradiction is due to the  As matrices, we used porous glasses produced by soda-
peculiarity of methods of preparing samples in the last caseborosilicate glass leachifiyand natural mineral chrysotile-
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asbestos. The porous glass represented by the model of chefficient is time-dependent, leading to a more complex rela-
otically arranged spher&shas the following characteristics. tionship between the delayed fluorescence and the phospho-
The average diameter of pores is 7 nm, the concentration iescence decay. In this case, the triplet-triplet annihilation
2x10%cm ™3, the specific surface is 150%fam ™3, the total  reaction rate in such systems has been explained in terms of
volume of the pores is 0.25-0.27 &fam®. Chrysene was the number of distinct site§(t), visited by a random walker
introduced into the porous glass by immersing the matrixn equivalent media® For random walks on fractal struc-
into its melt. In this case, there is complete filling of the tures, the time dependence $fis given by*>%°

pores with substance and the substance topology coincides ;

with the topology of its porous network. S(t)et!, O<f<1l. 4

‘The chemical composition and the structure of naturalrhe exponent is related to the characteristic dimension of
mineral chrysotile asbestos are described in Ref. 17. Thg,e mediumd,, the spectral dimensicl:2° by f=d./2.

monocrystalline layers of chrysotile asbestos have a natural The triplet-triplet annihilation reaction rate coefficient,
curvature of 8.8 nm and, when growing, they roll up insidek(t)’ is in turn related ta(t) by?L:22

and outside forming fibres in the form of hollow cylinders

with an external diameter of 20-30 nm and an internal di- k(t)cdS(t)/dtct ", h=1—f, O<h=<1, (5
ameter of 2—10 nm. Bundles of fibres packed parallel to one . .
another in a hexagonal lattice form transparent crystals WitH\{hereh=O, expresses motions in locally homogeneous en-
a length of up to a few centimeters. vironments or environments that are effectively homoge-

After the preparation of samples chrysene was removef€0Us for the time scale of the experiment:1/3 corre-
. rFponds to migration on the percolation cluster at the critical

the case of chrysotile asbestos, chrysene was removed fropr(?'m;_ and _the Y?:“m_%‘S corresponds to the motion in
the surface of fibres by its sublimation in vacuum at a temN€-dimensional filaments. _ . L
Therefore, for the reaction of triplet-triplet annihilation in

perature of 200 °C. Then the samples were placed in cella. : . X .
from which air wsa exhausted isordered and low-dimensional media we can write

The delayed luminescence spectrum was registered on the —(dp/dt) gect"p2. (6)
SDL-2 spectrometer by means of a disc phosphoroscope. To ann
study the decay kinetics of delayed luminescence, a second By combining Egs(2), (5), and(6) we see that the time

harmonic of a ruby laser\;=347nm) was used as the dependence di(t) can be obtained from
source of excitation. The decay luminescence was recorded

photoelectrically with the aid a FEU-118 PM tube, a SRM-2 Idflllzjoct’h, (7)
monochromator, and a S9-8 digital storage oscillograph con- . .
nected to a DVK-3 computer. The kinetics given in this pa-whereldf(t) and1,(t) can be measured as functions of “”.‘e

] via delayed fluorescence and phosphorescence, respectively.
per resulted from the averaging over 50 pulses. > ) ;

The plot of logo(l4¢/ly) vs loget is expected to be linear

with the slope—h. The value ofh obtained from these plots
gives information about the topology of the system over

The reaction under consideration is fusi@nnihilation ~ Which migration of energy occurs.
of two chrysene triplet excitations to form a higher excited
singlet which decays very rapidly to the first excited singlet IV. RESULTS AND DISCUSSION

Ill. THEORY

T 4T, S —S,. 1) As with other organic substanc&s?® fast cooling of
chrysene melt forms a nonequilibrium solid with both struc-
Due to the short singlet lifetime of chrysene, tBe state  tural and energetic disorder. Within such sample quasicrys-
rapidly decays. This decay is characterized by the emissiotalline regions exist with little energetic disorder. Forming
of a photon(prompt fluorescengeHowever, the time scale the boundaries these regions are areas of much greater struc-
of delayed fluorescence is determined by the time requirecural disorder, characterized by an energy bandwith of about
for two triplet excitations to meet via migration in the me- 200 cn 1.2 In crystalline chrysene, rapid triplet transport
dium and can be as long as the natural triplet lifetithd 3.  leads to delayed fluorescence on the scale of nano- or micro-
The intensity of delayed fluorescence at any tilpe seconds. Delayed fluorescence at longer times is attributed to
l4¢(t), is proportional to the number of annihilation events, a slowing of triplet excitation transport by substitutional, en-
ngs(t), ergetic, or structural disorder. Therefore, delayed fluores-
cence and phosphorescence decays were monitored in the
las(t)cngs(t)c(dp/dt) apn, (2)  millisecond regime. Figure 1 shows the delayed lumines-
cence spectrum of solid chryseneTat 77 K. In the long-
wave portion of the spectrum in the 500-700 nm range, lu-
épinescence corresponding to its phosphorescence is
Observed. In the short-wave portion, luminescence coincid-
ing, as to the spectrum, with its fluorescence is observed.
_ 2 This luminescence corresponds to delayed fluorescence aris-
(dp/dt)annep”. Qe . : : I . .
ing from the triplet-triplet annihilation. Figure 2 gives the
However, in low-dimensional or heterogeneous media, thelecay kinetics of phosphorescence and delayed fluorescence
classical kinetics no longer holds. The annihilation rate cofor time ranges 0.01-1 s. The phosphorescence decay is

wherep(t) is the density of triplet excitons.

Classically, the triplet-triplet reaction rate coefficient is
independent of time. The standard, classical, second-ord
rate law gives
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FIG. 1. The spectrum of steady-state luminescddeshed ling
and of delayed luminescen¢solid line) of disordered chrysene at log,,( t/ sec)
77 K. The delay at the moment of registratiga,=1 ms.

FIG. 3. The dependence of Iggdfllﬁ) on log;gt from 10 ms to
similar to the exponential onsee Fig. 2. On long times the 1 s for various chrysene samples befdight character and after
decay time is 1.33 s. The kinetics of delayed fluorescence i&lark charactgrannealing. Triangles correspond to the fast cooled
not exponential. Figure 3 shows the dependence for the irmelt of chrysene; circles—to chrysene in porous glass, squares—to
tensity ratio according to formulé?7). It is seen that this chrysene in chrysotile asbestos. Straight lines correspond to the
dependence is linear on the whole time interval investigated/alue ofh at which the experimental data are described by(Eyg.
Analysis of the dependence shown in Fig. 3 for solid chry-

sene gives a value df close to 0.5. This value coincides pe concluded that the sample’s subsystem in which energy
with the value ofh obtained for the solution in the polysty- transport and annihilation take place is extremely ramified. It
rene matrix with a chrysene concentration of 0.ZMtcan  makes sense to assume that the surface of excited state en-
ergy of chrysene molecules can include fractal-like canyons
|! on which the triplet excitation migration occurs prior to the
....uu.....,”"" annihilation process. And the geometry of these canyons is
?AAA“;: close to that of the chrysene molecule clusters in a low-
YN concentration solution. At the same time, the topology of
AAA“AAA“A these canyons can also correspond to one-dimensional chan-
Shana,, e nels for whichh=0.5%
, , YV After this investigation the disordered chrysene sample
0 was subjected to annealing during 24 hTat200°C. As
TT seen fro_m Fig. 2, suqh a procedure Ieads_to a significant
ML T T YOS change in the decay kinetics of delayed luminescence of the
Al sample. The analysis of the dependence for solid chrysene
given in Fig. 3 permits to conclude that after the annealing
faus, changes have taken place in the sample. It is seen that most
uu““ significant changes in the energy transport kinetics take place
. . L4 on short times. On times shorter than 50 ms there is a marked
0 ceenes, decrease in the parametervalue, by one half. This effect
“‘.‘.‘“ bl LT TT PO points to a decrease in the samples disorder after their an-
nealing. At the same time it follows from Fig. 3 that for the

loge(1/1)
»

aua, dependence of qu(ldfll,zj) on logpt in the 0.1-1 s range its
“A.““ behavior for the annealed samples coincides with the behav-
. . . 444y ior of the dependencies obtained for fresh samples. In other
00 02 04 06 08 1.0 words, there is a linear portion with a slope corresponding to
the value ofh close to 0.5. Such a behavior indicates that in
the process of annealing there is a decrease in the value of

FIG. 2. Decay kinetics of phosphorescericecles and delayed the spread of energy levels of chrysene molecules, but this
fluorescencétriangles of chrysene samples befofiight character ~ €ffect is local. Indeed, the decay kinetics of delayed fluores-
and after(dark charactgrannealing on times 0.01-1 s. Top to bot- ce€nce at the initial stage is determined by the triplet excita-
tom: fast cooled melt of chrysene, chrysene in porous glass, antions that have travelled small distances during their lifetime

chrysene in chrysotile-asbestds=77 K. prior to the moment of annihilation. For such excitations we

t (sec)
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observe a decrease in the valuehofExcitations whose an- 0&%}%

nihilation occurs on later times migrate considerably greater ‘a %00,

distances. As to the transport of such excitations, the medi- 1 AAAAAM °°°000°ooooooooo
um’s properties remain unchanged upon annealing. N

Figure 2 also shows the decay kinetics of delayed lumi-
nescence of chrysene in porous glass after the annealing pro- 2
cedure. The introduction of the substance into the porous 0
matrix leads to a change in the decay kinetics. This change is %Z%b
especially sharp in the decay kinetics of phosphorescence. 4
There appears a fast component on short times which most AAAAAAA
probably arises from the quenching on the pores surface. It is
knowrf® that molecules of the type of pyrene, perilene, coro-
nene, chrysene, etc. are adsorbed on the surface of porous
silicate glasses mainly in places where complexes with
charge transfer are formed. These complexes have weak lu- N
minescence with a short lifetime whose spectrum is shifted *
towards the red region. The nature of such centres is still not Al
clearly understood. They can be peroxide groups located in- .xgx
side small pores on the matrix surface or impurities incorpo- wEx
rated in the structure and surface bonds. It is clear that such -2} *‘*x:“xxx x
complexes can act as traps on which quenching of migrating *x**:xxﬁﬁx
excitation takes place. Figure 3 shows the dependence of . . . Mot ™
Ioglo(ldf/lg) on logpt. The plot demonstrates the presence of
one linear portion in the 0.01-1 s range with a slope corre- t(ms)
sponding to the value=0.35 (d;=1.3). This value should o _
be observed accordinglt’olg’zoif the topology of the porous FIG. 4. Degay kinetics of phosphorescet(lcmcle_s) and delayed
system of the glass corresponds to the three-dimensional pdfuorescencetriangles of chrysene samples on times 5-500 ms.
colation cluster with fractal dimensionalitg;=2.5, which | OP to bottom: fast cooled melt of chrysene, chrysene in porous
completely coincides with the fractal dimensionality of our 9'2SS: @nd chrysene in chrysotile-asbestos 95 K.
glassd;=2.5-2.7*

Figure 2 shows the decay kinetics of delayed fluorescenceal behavior when the rate coefficient is no longer time de-
and phosphorescence of chrysene in the chrysotile-asbestpgndent. Such a transition has been really observed for
matrix. Unlike the porous glass, in this sample, the fast comvarious disordered systents®
ponent is not present in the phosphorescence decay kinetics. Figure 4 gives the decay kinetics of delayed luminescence
This can be due to its weaker quenching in the chrysotileof disordered chrysene at 95 K. An increase in the tempera-
asbestos matrix. At the same time the decay rate of chryserigre is accompanied by an increase in the portion of delayed
phosphorescence in this matrix is somewhat higher than ifluorescencéDF) in the delayed luminescence spectrum of
the case of the sample obtained by fast cooling of the melt. Ithe sample. It is seen from Fig. 4 that in this case there is an
is seen from Fig. 3 that in the time interval 0.08s a linear  increase in the decay rate of phosphorescence. These data
dependence with a slope corresponding to the value of theoint to an increase in the energy transport in the system.
parameteth=0.45 is observed. This value indicates that in Further increase in the temperature leads to an even greater
this matrix, as would be expected, one-dimensional energgnhancement of this effect. At temperatures higher than 110
transport is likely to be realized. The presence on timeK only delayed fluorescence is observed. Nevertheless,
shorter than 30 ms of the portion close to horizontal can b@nalysis of the decay kinetics of delayed luminescence of a
due to the fact that the system under study is not truly onegiven sample at 95 Ksee Fig. $ gives reasen to state that
dimensional. Therefore, on times corresponding to the valugven at this temperature the behavior of the system is very
of the excitation shift prior to the moment of annihilation, close to classical(=0.1). Thus, the influence of energetic
which is much smaller than the matrix channel diameter, thelisorder on the energy transport kinetics at such a tempera-
system should demonstrate three-dimensional behavior. ture is insignificant. In other words, a rise in temperature
should be noted that the experimental data obtained for thigermits separating the effects associated with the influence of
sample are close to the results obtained for disordered chrgnergetic disorder and geometry of the system on the time
sene after its annealing. It is quite possible that such a coirdependence of rate coefficients.
cidence is due to the fact that in the process of sample prepa- For chrysene in porous glass at 95 K the phosphorescence
ration one does not manage to completely remove théecay is slower and the delayed fluorescence is faster com-
chrysene from the surface of fibres and from the large porepared to the previous samplésee Fig. 4 The plot
between them. One way to solve this problem is the transiloglo(ldfllg) on loggt for chrysene in porous glass demon-
tion to higher temperatures. The dispersive character of erstrates the presence of a linear portion with a slope corre-
ergy transport in disordered media is due to the structurasponding to the value of the parametet 0.3. Two conclu-
and, consequently, energetic disorder characteristic of suchsaons can be drawn on the basis of this result. First, since the
kind of systems. It is obvious that as the temperature is inchange in the temperature does not practically affect the
creased, transition must take place to a homogenious, classransport kinetics of triplet excitation of chrysene in porous
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0.0 decay kinetics of delayed fluorescence for which the linear
dependence of qu(ldfllg) on logot is observed throughout
the time interval being investigated. It is seen that on times
longer 70 ms the experimental kinetics demonstrates a
slower decay than the theoretical one, which just leads to a
change in the dependence. At the same time analysis of the
delayed fluorescence decay shows that on a given time inter-
val the kinetics of DF chrysene in chrysotile-asbestos prac-
tically coincides with the kinetics obtained for disordered
chrysendcrosses in Fig. ¥ This points to the fact that in the
case of chrysotile-asbestos minerals, it is impossible to com-
pletely remove chrysene from their surfaces and from the
pores between the fibres whose size is much larger than the
A8 L . L . diameter of the channels.

10g,q( 1,/ 12

log,,(t/ ms) V. CONCLUSION

FIG. 5. The dependence of |Rﬂdf/|§) on logt from 5 ms to The investigation of delayed luminescence of disordered
500 ms for various chrysene samples. Squares correspond to tidarysene and of chrysene in porous matrices has shown that
fast cooled melt of chrysene; circles—to chrysene in porous glasghe triplet excitation transport in these system3 at77 K is
triangles—to chrysene in chrysotile asbestos. Straight lines corredispersive in nature. The annihilation kinetics of triplet exci-
spond to the value df at which the experimental data are describedtations is described by the rate coefficient, which depedends
by Eq (7). on time according to the power law. The value of the power

is determined by the microscopic structure of the sample and
glass, it can be stated that its dispersive character is due tts geometrical properties. At liquid nitrogen temperature the
the geometrical properties of a particular system. Second, thenergy transport in disordered chrysene is one-dimensional
effective topology of the porous system of silicate glass isdue to the large structural and, consequently, energetic dis-
really similar to the topology of the three- dimensional per-order typical of a given sample. As the temperature is in-
colation cluster, but in no way to quasi-one-dimensional tocreased, there is transition to three-dimensional migration of
pology. energy. In the case of chrysene in porous matrices, the anni-

A more complicated picture is observed for chrysene inhilation kinetics of triplet excitations is determined by the
chrysotile-asbestos. From Fig. 5 it is seen that on timesnatrix geometry and varies slightly with increasing tempera-
shorter than 70 ms a linear dependence with a slope corredre. Analysis of the decay kinetics of delayed luminescence
sponding to the value oh=0.45 is observed. On times of chrysene in porous and channel matrices has led to the
longer than 70 ms, however, there is a sharp change in theonclusion that the topology of the porous network of silicate
character of the time dependence of the rate coefficient foglasses is similar to the topology of the three-dimensional
the reaction of annihilation of triplet excitations of chrysenepercolation cluster, but not to the quasi-one-dimensional to-
in a given sample. In Fig. 4, the stars show the theoreticapology.
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