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Abstract—Kinetics of luminescence and the effective fractal dimensionality of porous media calculated from
itare interpreted within the framework of diffusion penetration of chromophores through a surface, resulting in
a decrease in their concentration inside a medium with increasing distance to its surface.

INTRODUCTION

In recent years, the dipole—dipole electronic excita-
tion energy transfer (ET) is often used as a tool for
studying various nanosystems [1-6] and porous media
[7-11]. The probability of ET strongly depends on the
intermolecular distance, relative orientation, and rela-
tive motion of the interacting chromophores (donors
and acceptors of the electronic energy). As a result, the
luminescence kinetics in the presence of ET yields
information on structural and dynamic parameters of
the system. This information can be obtained from
comparison of experimental and theoretical kinetics of
the luminescence decay and luminescence anisotropy.

The first theoretical studies of ET in porous media
(12, 13] were devoted to direct (irreversible) ET from
donors to acceptors. A porous medium was character-
ized by the fractal dimensionality d*. The number of
chromophores N(R) inside a sphere of radius R (at an
arbitrary point of the medium) in such a medium is pro-
portional to RY*

N(R) s R". (1)

(In a three-dimensional medium. N(R) « R%). In this
case, the luminescence kinetics /(7) for the dipole—
dipole ET is described by the equation

(1) = Lyexp{-t/ty—Y(t/1)" "}, @

where /; is the luminescence intensity at the initial
moment, Ty is the lifetime of the excited state of a donor
in a medium without acceptors, and a parameter y
depends on the critical radius of ET and the concentra-
tion n4 of acceptors. The careful experimental measure-
ments showed that y e ny [7, 9, 14]. By comparing the
experimental and theoretical kinetics, one can find the
fractal dimensionality of the medium.

In [15, 16], the effect of energy migration between
donors on the quantum yield, anisotropy, and kinetics

of the luminescence decay was studied and the method
for calculating the fractal dimensionality was sug-
gested.

However, the simplest way of determining the frac-
tal dimensionality of a medium is probably as follows.
The concentration dependence of the quantum yield g
and average luminescence lifetime T are measured
under stationary excitation. The quantities ¢ and T are
known to be related with the luminescence kinetics by
the equations

q = (tlo)” [I(dt,

0

oo

Tty = Jtl(r)dz/J[(z)dt.
¢ 0

For low concentration of acceptors (the concentra-
tion of donors should be low to avoid energy migra-
tion), we find with the help of (2) and (3)

g = 1-=yI'(1 +d*/6),
Uty = 1= (d*/6)yT'(1 +d*/6),

where I is the gamma function. It follows from (4) that
at low concentrations, the luminescence quantum yield
and lifetime linearly decrease with increasing acceptor
concentration (Y o n,). However, the rates of this
decrease are different. The quantum yield decreases
faster by a factor of d*/6 than the luminescence life-
time. Therefore, by comparing experimental concentra-
tion dependences g(n,) and T(n,), one can calculate the
fractal dimensionality of the medium.

Note that the fractal interpretation of the kinetics (2)
provokes a number of objections [18-20], and other
models are also used, in which a porous medium is sim-
ulated by a set of cylindrical or spherical pores and
chromophore molecules are located only on pore sur-
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faces [9, 1113, 18, 19]. The luminescence kinetics of
such model media is also approximately described by
equation (2) within some time interval.

The aim of this paper is to show that the kinetics (2)
can be caused by the depth of penetration of chro-
mophores inside a porous medium rather than by the
fractal dimensionality of the medium or the shape and
size of the pores. This penetration depth depends on the
method of sample preparation. As the penetration depth
increases, the effective fractal dimensionality of the
medium increases from 2 to 3.

RELATION BETWEEN THE FRACTAL
DIMENSIONALITY AND DEPTH
OF PENETRATION OF CHROMOPHORES
INTO A SAMPLE

Analysis of experimental data [7-9, 15] shows that
the fractal dimensionality of porous media [calculated
from equation (2)] and latex particles [14] containing
chromophores incorporated through a surface lies
within the range 2 < d* < 3. Taking into account equa-
tion (1), this can mean that the concentration of chro-
mophores decreases with the distance from the surface
inside the medium.

Indeed, let donor chromophores be located only on
a surface of the medium, and the concentration p, of
acceptors decreases with the distance to the surface as

Pa(z) = n /1 + (2/29)°1, (5)

where n, is the concentration of acceptors in a near-sur-
face layer of the medium, z, is the layer thickness, the
coordinate axis z is perpendicular to the surface and is
directed inside the medium, and o is a constant 0o <
1). The number N4(R) of acceptors inside a sphere of
radius R (R > z,) circumscribed around an arbitrary
point at the surface can be readily calculated as

27

U pd-n
MG @) R (6)

Ni(R) =

Comparison of this expression with (1) shows that
the effective fractal dimensionality of this medium is
d* =3 — a. It is obvious that the luminescence kinetics
of this medium will coincide with kinetics (2).

Taking into account the technology of sample prep-
aration [7-9, 15], it is reasonable to assume that mole-
cules penetrate inside the medium by diffusion. Then,
the distribution of acceptors under the sample surface
should be approximated by a Gaussian curve

Pa(z) = naexpl{—(2/z4)’}, 0<z<ew, ()

where the parameter z, characterizes the depth of diffu-
sion penetration of acceptors. This depth depends on
the experimental conditions.
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Fig, 1. Time dependence of the function H(z) [see equation
(11)]. Donors are localized on the surface; the distribution
of acceptors is described by function (7). The numbers at the
curves are values of the parameter 6 4.
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Fig. 2. Dependence of the effective fractal dimensionality
d* on the depth of penetration 6(c = 64 = Gp) of chro-
mophores inside a sample. (curve 1) donors are localized on
the sample surface, and the distribution of acceptors is
described by expression (7), ¢ = O4; {curve 2) distributions
of donors and aceeptors under the surface are described by
expressions (13) and (7), respectively, o = 04 =0p.

By assuming the dipole—dipole mechanism of ET
[17], for which the transfer rate has the form

W(R) = %‘;(%)6 (8)

(where R, is the critical radius of ET and R is the dis-
tance between a donor and an acceptor), we obtain the
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Fig. 3. Luminescence kinetics in (a) conventional and (b)
logarithmic coordinates for the Gaussian distribution of
donors (13) and acceptors (7). The numbers at the curves are
values of the parameter 6 (6 = 04 = 6p); cq=1.

following expressions for the luminescence kinetics

Ip(r) = exp{—t/tg—c,H(1)},
C H(1) = ij(R)U e ™aR, 9)
Cy = 27tnAR§.

Taking into account a symmetry of the problem and
introducing the dimensionless variables

K= Z/Rg, G,si o ZA/R(), (10)
we obtain for the function H(r)
- - f
H(t) = J’rdrjdx[l - exp(m-—v-f—ci)?—xﬂ
6 0 (r+x7)
(11

2

X
Xexp = |
{ GA:;

The results of numerical calculations of the function
H(1) for different values of &, are shown in Fig. . The
function In(H(1)) can be well approximated in the inter-
val 0.2 < t/t, < 6 by a linear dependence on In(t/t,)

H(t) o< (1/1,)", (12)

where f3 is a parameter depending on ©,.

Therefore, the luminescence kinetics of donors n
the case of the Gaussian distribution of acceptors (7) is
well described by equation (2), in which the effective
fractal dimensionality is d* = 6. Figure 2 shows the
dependence of d* on o, (curve /). One can see that the
effective fractal dimensionality of the medium
increases from 2 to 3 with increasing depth of penetra-
tion of acceptors into a sample. ,

Thus, if donors are located only on a surface of the
porous medium and the distribution of acceptors over
the surface is described by a decreasing functions [for
example, (5) or (7)], then the luminescence kinetics of
such a medium is described by equation (2) with the
effective fractal dimensionality d* < 3.

Let us now take into account that donor chro-
mophores (and acceptors) should be characterized by a
distribution p;(z) of the Gaussian shape

2
«/;EZD

Here, a parameter zj, is the depth of diffusion penetra-
tion of donors to a sample. Unlike (7), function (13) is
normalized. The luminescence kinetics (/ (D)) observed
under these conditions is found by averaging kinetics
(9) with the distribution function (1 3):

pp(z) = exp(—z/zp). (13)

2 ‘,\’Zlo',z,
€

(Ip(2)) = Iojdyc -
D

Xexp(—t/ty—c,H(y, 1)),

tit,

H(y, 1) =]Qrdr}dx{l - exp[-m}} (14)
rH(x—y))

0 0

where y = 7/R and 6, = z,,/R,,. Taking into account the
approximately equal sizes of donor and acceptor chro-
mophores, we can assume in the calculation of kinetics
(14) that during the sample preparation the donors and
acceptors penetrate to the same depth inside the
medium, i.e., 64 = ©p,. Figure 3a presents the results of
calculations for different values of the parameter & (¢ =
G, = Gp)). Figure 3b shows these dependences recalcu-
lated in coordinates In[~In({/,(1))exp(1/t)/l,)] and
In(#/t). As in the previous case, these curves are well
Vol. 87 1999
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approximated by linear dependences. This means that

In[ (D) 1]~ 1y o (1/1,)°, (15)

where 8 is a constant depending on ©.

Thus, if the distribution function of chromophores
under the sample surface is a decreasing function of the
type (7) or (13), the luminescence kinetics (145 1s ade-
quately approximated by kinetics (2), the effective frac-
tal dimensionality of the medium being d* = 68. The
dependence of d* on & is shown in Fig. 2 (curve 2). As
expected, G tends to 3 with increasing d*.

CONCLUSION

Experimental results [7-9, 15] and kinetics (2) can
be explained within the framework of the diffusion
model of penetration of chromophores through a sur-
face inside the sample. The effective fractal dimension-
ality of the medium calculated from kinetics (2) char-
acterizes the depth of penetration of chromophores into
the sample. As this depth increases, the effective fractal
dimensionality increases from 2 to 3.
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