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Abstract 
transport properties of embedded molecules. 
contribution we briefly summarize our recent results on dynamics 
within pores obtained by using optical probes, with an emphasis 
on crossover behaviors typical to such systems. 

Geometrical restrictions are known to modify the 
In this 

INTRODUCTION 

The role of confining spaces in modifying the fundamental 

properties of molecules and of molecular liquids has recently gained 

some understanding and has been the subject of a number of review 

articles .1-3 Examples of confined geometries are: porous silica 

gels, porous Vycor glass, micelles, microemulsions, zeolites and 

membranes. All these materials provide model systems for restricted 

geometries and act as convenient hosts for studies of molecular 

diffusion and re.actions and of liquid properties under spatial 

restrictions. 

Geometrical constraints restrict the spatial distribution of 
molecules and their motions. The molecular locations reflect both 

the nature of the geometrical constraints and the detailed 

molecule-system interactions (chemistry). The effects on molecular 
motion depend on whether the molecules diffuse within the confined 

space in gas phase4 or if the confinement is filled with solvent.5 

Questions on the role of surfaces in modifying the behavior of bulk 
solvent has been recently addressed from various points of view both 
theoretically and experimentally. These include surface wetting, 6 
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132 J. KIAFTER et.al. 

phase transitions in pores7 and dielectric properties of water in oil 
microemuls ions. 

One possible way to shed light on these interesting but yet 

complex systems is to use optical probes which are designed to sense 

different aspects of these materials. Luminescent labels have been 

used for a long time as probes of static and dynamical properties of 

a broad range of systems, i.e. in studying translational and rota- 

tional diffusion in bulk solution,g in experiments on diffusion of 

labeled polymers10 and in electronic energy transfer in porous 

glasses and in polymersll. The large span in available lifetimes of 

excited dye molecules makes it possible to follow dynamical behavior 

on time scales from picoseconds to milliseconds. Optical probes 

serve then as sensors of microenvironments and provide information on 

local (short time) and global (long time) dynamical properties. In 

order to be able to draw conclusions, as general as possible, on 

molecular behavior under geometrical restrictions by using optical 

probes, one needs a well-characterized group of confining systems. 

Ideally, the aim is to change the restriction in a controlled and 

continuous way, and choose a nonperturbing probe to study both 

statics and dynamics at the molecular level. 

concentrated on porous systems; we believe, however, that our method 

and conclusions are applicable to other restricted geometries as 

well. 

In our work we have 

We have chosen as model systems porous silica gels of varying 
pore size and porous Vycor glass on which we performed characteriza- 

tion measurements: surface areas, pore size distributions, molecular 

adsorption, small x-ray and neutron scatterings.l* 

has provided us with a detailed understanding of the structure of 

both silica gels and porous Vycor. A striking result of our mater- 
ials characterization work is that, although morphologically dis- 

ordered, they have a dominant length scale which characterizes the 

void space, the mean pore size Rp. 

length which entered directly, as a scaling parameter, into the 

dynamical observables .I3 

retically the following cases: 

(a) 

Our work to date 

Rp turned out to be the relevant 

We have studied experimentally and theo- 

Direct energy transfer between an initially excited static donor 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
33

 1
9 

Fe
br

ua
ry

 2
01

3 



133 

and static acceptors.14 

Quenching of excited donors adsorbed on porous surfaces by gas 

phase quenchers which diffuse within the pore network.4 

Molecular self-diffusion in pores using transient grating 

technique.5 

( -  microns). 

Local rotations of excited molecules in confinements. 

From the characterization work and the dynamical studies a 

Here one studies scales = 100 A. 

This is a long time and large scale experiment 

consistent picture emerges that relates the transport properties to 

the morphological details in these materials. 

(a) and (b) which'present two different scenarios for relaxa.tion in 

donor-acceptor systems embedded in porous silica gels. 

that both cases are related to the morphology of porous silicas and 
that the dynamical process in each case directly senses the local 

structure. 

the surfaces of the porous solids. Thus, the locations of the 

participating molecules are dictated by the underlying geometries. 

In the second case, the donor is still adsorbed on the interface, but 

the acceptors diffuse within the pore network with a diffusion 

constant which is controlled by scattering from the interface, 

introducing again a geometrical contribution. 

expects a crossover behavior in the dynamical properties which is 

typical to confined systems. 

sion of the experimental studies which can be found in refs. (12-151. 

We will focus on cases 

We believe 

In the first case the donor and acceptors are adsorbed on 

In both cases one 

We will not provide a detailed discus- 

DIRECT ENERGY TRANSFER 

It has been suggested that energy transfer methods can be used 

to characterize local morphology of porous systems. The basic ideas 

behind direct energy transfer (DET) measurements is to tag an inter- 

face with a random distribution of donor (rhodamine 6G in this case) 

and acceptor (malachite green in our case) molecules at concentra- 

tions, low enough to allow for only a one step transfer of the initi- 

ally excited donors to the acceptors. Excitation transfer among the 

donors or among the acceptors themselves is excluded in the concen- 

tration range and time scale of the experiment. One then follows the 

time evolution of the fluorescence of the donors. Within a gener- 
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134 KtAElXR et.al. 

alized Fbrster framework for DET the survival probability of 

the donor has been calculated and has the forml6: 

*(t) - exp[-(t/rD)-p dr p(r) (1-exp(-tw(r))] (1) 

where p is the density of acceptors (p << l), rD is the fluorescence 

lifetime of the isolated donor and p(r) is a site density function. 

E q .  (1) r e l a t e s  the  t i m e  evo lu t ion  of the  exc i t ed  donor t o  the  

s p a t i a l  arrangement of the  molecules involved  i n  the  energy transfer. 

This spatial arrangement may be dictated by the local morphological 
details. Therefore, for random distributed molecules it is possible 
to obtain geometrical information about the underlying porous struc- 

ture. In our studies we assumed dipolar donor-acceptor interaction. 

where I( is the anisotropy factor rD is the donor lifetime and Ro is a 

critical radius which is determined from the spectral overlap of 

donor fluorescence and the absorption of the acceptor on the silica 

surface. Ro provides an estimate for the length scale which can be 

sensed by DET. For a regular infinite system p(r)-constant and we 

recover the FBrster decay law 

@(t) - exp[-Atdj6 - t/r~]. ( 3 )  

where d is the spatial confinement. The situation is different when 
an additional length scale typical to a confinement is introduced. 

As an example we choose an infinite cylindrical pore of radius Rp. 

The acceptors are distributed within the volume, while the donor is 

located on the surface of the cylinder at the origin 0-(O,O,O). The 

axis of the cylinder lies at distance Rp from the origin along the z 
direction. The site density function p(r) for this case is16 

p(r)dr dz - 2rp arccos(r/2Rp)dr dz (4) 

and 
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m r 2 2 -3/2 2R with 

I(t) - 4 I dr dzrp arccos (K)(l-exp[-ta(r +z ) 1 ) .  
0 0 P ( 6 )  

and a 9 - K* R:ri'. From Eqs. (5) and ( 6 )  we conclude that for short 2 
6 
P 

6 
P 

times, t << R /a, one recovers a FBrster type decay, where the donor 
sees only half-space occupied by the acceptors. 

decay, t >> R /a. Eq. ( 6 )  yields the FBrster decay corresponding to 

one dimension 

For the long time 

( 7 )  2 1/6 ] a(t) - expf -pprR r(l-l/s)(ta) 
P 

This crossover, typical to confined spaces, depends on the 

relationship between two lengths in the problem, Rg, the critical DET 
radius and Rp, the pore radius. 
generalized to more complex pore structures. We conclude then that 

DET provides a spectroscopic means to elucidate spatial organization 
of adsorbed molecules as determined by the local pore properties. 

DET is capable of sensing the location of acceptors relative to 

donors up to time tmax, or distance Rmax (directly related to Ro. 

For more details see Ref. (141) which depend on the experimental 
limitations of the detection systems. 

acceptor concentrations--the higher is the concentration the shorter 

is bax. 
time scale of the experiment. As Rp gets shorter more of the 

structure is being sensed, until a three-dimensional DET is to be 

observed when Rp << bax.14 

The cylinder example can be 

Rmax also depends on the 

For Rp >> bax one expects a two-dimensional DET on the 

DONOR QUENCHING BY DIFFUSING ACCEPTORS 

We now concentrate on the situation where acceptor gas molecules 

muve within the spatial confinement of the pore network and quench 

the excited adsorbed donor upon encounter. 

of the donor in time. 

has to make sure that it is not the gas phase molecule-molecule 

collisions among the quenchers that dominate the diffusion but rather 

the scattering of the individual quenchers by the pore boundaries. 

Such a behavior is expected for the quenchers in the gas phase at 

We again follow the decay 
In order for the geometry to play a role one 
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I36 J. KLAFTER et.dl. 

relatively low pressures in the Knudsen regime.17 

Knudsen diffusion is that the mean free path due to molecule-molecule 

scattering, A ,  is larger than the mean pore size, Rp, 

A criterion for 

X >> Rp ( 8 )  

k T  
where A - , (I is the collision diameter of the molecules and P 

J2mJ P 

is the gas pressure. We are then in the limit of relatively small 

pores where the quenchers collide more often with the pore boundaries 

than with each other. The problem of donor quenching due to Knudsen 
diffusion is complementary to the direct energy transfer problem, 

discussed in the previous section. In the energy transfer case the 

boundaries restricted the locations of the adsorbed acceptors. Here 

the same boundaries restrict the motion of the acceptors. In both 

cases, it. is possible to relate the morphology to the decay of the 

donor. 

In order to calculate the survival probability of the excited 

donor due to acceptors in the Knudsen regime, we assume that the pore 

space in porous silicas can be viewed as a three-dimensional 

homogeneous, yet tortuous, network. THe leading term in the survival 

of the donor is an exponential given in terms of a Smoluchowski-type 

decay rate,4 

4(t) - exp(-Kt) 
with 

K - K q + L  
rD 

( 9 )  

-1 Here rD 

is the Smoluchowski-type expression for the donor annihilation by the 

is the lifetime decay rate of the isolated donor and Kq is 

quenchers 

K 4 -  
where r m  

Q has been shown to be 

g.v.r 
- .  R .P 
kBT P 

is a reaction radius, v is the acceptor’s mean velocity and 
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g is structure factor which depends on porosity turtuosity and other 

structural details. The initial donor decay rate scales with the 

mean pore size of the silicas and with the gas pressure. 

the above model is somewhat oversimplified concerning the complexity 

of most porous systems, we believe that it still captures the basic 

physics of the process. 

geometrical factor that directly enters the dynamical expression. 

Experimentally the quenching of benzophenone by oxygen molecules has 

been studied within various silica gels.4 

predictions of Eqs. (9)-(11). As the pore size, Rp, increases and 
approaches X ,  or as the pressure increases, one expects a crossover 

in the quenching rate. 
be independent of the pore size, and governed by the molecule- 

molecule scatterings. 

Although 

Here again the mean pore size is the 

The findings confirm the 

For the limit where X << Rp, the rate should 
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