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A model for long-range dipole-dipole energy transfer in spherical geometry 
is presented which, from steady-state or time-resolved fluorescence measure- 
ments, enables the determination of the relative positions of donor and 
acceptor inside the sphere. Its application to micelles (sodium dodecyl 
sulphate, SDS, and Triton X-100) did not lead to a quantitative determination 
of the position of the probes [n-(9-anthroyloxy) stearic acids, n-AS, ( n  = 2, 
3, 6, 9, 12) and functional rhodamine and cyanine dyes], and this fact is 
attributed to probe-induced perturbations on the micellar structure. The 
results obtained lead to the following conclusions: (i) functional probes in 
micelles have specific radial positions and (ii) the perturbed region is a 
preferential solubilization site for a second probe. 

Singlet-singlet energy transfer is well described by a dipole-dipole interaction' (Forster's 
very weak coupling limit2), with its characteristic rV6 dependence, if the donor-acceptor 
distance is not very small ( r  > ca. 5 A3). This explicit distance dependence has allowed 
its application for probing structural details of molecular assemblies namely reversed 
micelles4 and normal m i ~ e l l e s . ~ - ' ~  

The assessment of probe location in the micelle by techniques other than energy 
transfer, namely n.m.r.,20921 fluorescence (spectral shifts, lifetimes and q ~ e n c h i n g ) * ~ - ~ ~  
and a b ~ o r p t i o n , ~ ~ , ~ ~  gave ample evidence of preferential positions in the micelle, but 
mainly on a qualitative basis. A quantitative study by energy transport has been repor- 

Probe location by energy transport is, however, severely hampered by the require- 
ment of fluorescent molecules with appropriate Forster radius for homotransfer. 

The purpose of the present paper is the derivation of a model for energy transfer in 
spherical geometry and its application in the determination of probe location in micelles. 
This model encompasses previous treatments, where donor and acceptor are assumed 
to be on the same spherical surface2* or where one of the molecules is located at the 
centre of the ~ p h e r e . ' ~  

The Model 

Donors and acceptors are distributed by spheres according to the Poisson law.29 Sphere- 
sphere interactions are neglected. 

We assume a specific radial location; in the general case this is different for donor 
and acceptor and varies from the centre to the surface of the sphere. In this way, two 
concentric spherical surfaces with radii R, and a are defined (fig. 1 ) .  The radial parameter 
a defines the position of the inner partner, while the position of the outer partner is 
described by the parameter R, .  

The usual assumptions for the dipolar mechanism are assumed, i.e. point dipoles in 
isotropic and fast rotation (dynamic regime3') at a fixed distance. Therefore the model 
is static, except for the rotational motion of the partners. Energy transport, i.e. donor- 
donor transfer, is also not considered (this implies in general no more than one donor 
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Fig. 1. Geometry and parameters of the system. 

per sphere or large Stokes shift for the donor molecule), neither are back-transfer and 
non-linear effects. 

The mathematical treatment is simplified by considering the following adimensional 
parameters: adimensional relative distance x = r /  R, , adimensional radial parameter 
cy = a /  R , ,  adimensional Forster radius xo = Ro/ R, and adimensional time 8 = t /  T, where 
r is the donor's lifetime in the absence of energy transfer. 

The distance distribution function for the donor-acceptor pair is3' 

f ( x ) = x / 2 a ,  X E [ l - a ! ,  1+a,]. ( 1 )  

Considering a population of spheres with n acceptor molecules at distances 
rl , r2 ,  . . , rn from the donor, and assuming linearity, the equation that describes the 
time evolution of D*, following a S(t)-type excitation, is 

n 
dD*/dt = S ( t )  - ~/TD* - C (1/T)(Ro/ri)6D* (2) 

i=l 

whose solution is 

where p is the probability of finding the donor molecule excited at time 8. 
Introducing the distance distribution function ( l ) ,  the decay becomes 

l+u n 

ll xj/2&exp [ - ( x ~ / x ~ ) ~ ~ ]  dx, dx, . . . dxn (4) 
1-a i = O  

Pn(e, a, ~ 0 )  = / l + a  [ l + a . .  . [ 
1 - - a  1--a 

and can be rewritten as 

p n  = Jn exp ( - 0 )  

where 
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Fig. 2. Donor decay curve [eqn (S)] for a = 0, xo = 1, p = 2 (-); asymptotic decay (- - -). The 
intercept and slope of the straight line are p and 1, respectively. 

Taking into account the Poissonian distribution of acceptors with a mean occupation 
number p ( p  = [acceptor]/ [ sphere I), the macroscopic decay is expressed as 

or 
p =exp ( - 6 )  exp [ - p ( l  - J ) ] .  (8) 

A simulated decay curve is shown in fig. 2. Asymptotic behaviour towards an 
exponential decay is observed, as at large times only donors in spheres with no acceptors 
are still decaying. 

Eqn (8), which describes the donor's decay when excited by a 8( t )  pulse, can be 
formulated as 

dD*/dt = S (  t )  - kDD* - k( t )  D" (9) 
where k, = 1/ r, and k(  t) is the time-dependent rate constant for energy transfer obtained 
from eqn (8):32 

k( t )  = -p  aJ/af. (10) 
The acceptor molecule is then excited by a pulse whose profile is k(t)D*. 

state is obtained by integration of eqn (8) 
Returning to the analysis of the donor kinetics, the expression for the photostationary 

bimo=~o:eXp(-8)eXP[-p(l-J)1d8 ( 1 1 )  

where 4 and &, are the donor's quantum yields in the presence and absence of acceptor. 
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Fig. 3. Plot of @/@o us. xo [eqn ( l l ) ]  with p = 1 for different values of the radial parameter a 
(-). The asymptote [exp ( - l ) ,  Perrin's limit] is also shown (---) 

Eqn ( 1  1 )  can also be written as 

where 

i.e. the relative quantum yield of spheres with n acceptor molecules [eqn (13)], has 
analytical solution for some particular cases (Appendix 1 ) .  

In fig. 3 the result of the calculation of c $ / # ~  us. xo [eqn ( l l ) ]  is shown for several 
values of a, when the mean occupation number of acceptor is p = 1. 

A crossing region is apparent in fig. 3. While for low values of xo, fluorescence 
quenching is greater when donor and and acceptor are both on the sphere surface 
(a = l ) ,  the opposite happens for higher values of xo, when the energy transfer process 
is more efficient if one of the probes is located at the sphere's centre (a = 0) .  This is 
easily understood on the grounds of an active sphere surrounding the donor and 
considering the possible donor-acceptor distances for each a. 

For large xo ( Ro >> Rs) ,  the Perrin limit 33 [exp ( - -p)]  is attained, and when xo is 
small (Roc< R,)  the above e uations reduce to the well known formulae for energy 
transfer in a planar g e ~ m e t r ? ~ . ~ ~  (Appendix 2). 

Note that previous treatments by Marszalek et all4 (a = 0 ) ,  Sat0 and c o ~ o r k e r s ' ~ , ' ~  
and Eisinger et aZ.** (a ,  = l ) ,  are contained as particular cases in the present model. 

In the above derivation we have assumed the usual approximation of fast and 
isotropic rotation of the dipoles (dynamic regime). A treatment considering the inter- 
mediate regime, where energy transfer and molecular rotations have the same timescale, 
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Fig. 4. Orientational factor k2  vs. angular distance 8 for various values of the radial parameter 
a; the dipoles are either radial (L), planar (P) or isotropic ( I ) .  ( a )  1-1, ( b )  P-I, ( c )  L-P, ( d )  

P-P, ( e )  L-I, (f) L-L. 

has been carried but it suffices here to discuss limiting situations; the latter will 
be invoked in the interpretation of the experimental results. 

When there is complete absence of molecular rotation, and the dipoles are randomly 
distributed with regard to both distance and orientation, the appropriate value of the 
orientational factor is k2 = O.47ti3O Therefore, it cannot, in general, be used with other 
distributions of distances. 

Taking into account an average over  orientation^,^' J [eqn ( 6 ) ]  is given by 

The absence of dipolar rotations, as assumed in the static limit, must imply a lower 
energy-transfer efficiency, which is confirmed by calculation [eqn (14)]. 

The dipolar anisotropic distribution deserves detailed treatment. Following Eisinger 
et ~ 1 . , ~ *  three possible orientations of the dipoles are considered: radial (L), planar (P) 
and isotropic (I) .  The orientational factor k2 is then calculated performing appropriate 
averages. The result, a function of 6, angular separation and a, the radial parameter, is 
shown in fig. 4 for the six possible cases. 

From these plots it can be anticipated that, in general, the efficiency of transfer will 
be lower than in the isotropic case. This is confirmed by the calculation of the relative 
quantum yield +/+O. It must be stressed that the evaluation of molecular distances via 
the dipolar mechanism is not so critically dependent on the orientational factor as could 
be expected. As Haas et ~ 1 . ~ ~  pointed out, single-dipole transitions and/ or completely 
frozen rotations are limiting situations seldom verified. 
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Fig. 5. (a)  Schematic representation of relative dimensions of the surfactant micelles Triton X-100 
and SDS, and of the anthracene moiety. (b)  Molecular structures of (1) n-AS, (2) di-I-C,,-(2n + l),  

(3) ORB. 

Experimental 

Materials 

The functional probes, n-(9-anthroyloxy) stearic acids (n-AS; n = 2, 3, 6, 9, 12), the 
cyanines 1,l ’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine iodide [ di-I-C 3)] 
and 1 ,l’-dioctadecyl-3,3,3’,3‘-tetramethylindodicarbocyanine iodide [ di-I-C,8-( 5 ) ] ,  and 
octadecyl rhodamine B chloride (ORB), were obtained from Molecular Probes (Eugene, 
Oregon) and are shown in fig. 5(b) .  

The surfactants, Triton X- 100 (BDH, scintillation grade) and sodium dodecylsulphate 
(SDS, Merck, p.a.), were used as received. Methyl anthroate was synthesised by standard 
procedures and 9,lO-diphenylanthracene (DPA) was from Koch-Light (scintillation 
grade). 

Methods 

Triton X-100 micellar solutions were prepared in phosphate buffer (pH 7.4) of low ionic 
strength, while for SDS a 0.1 mol dm-3 NaCl solution was used to lower the c . ~ . c . , ~ ~  
and in this way suppress radiative energy transfer. 

n-AS was dissolved by adding an ether solution ( < 1  cm3) to a hot (45 “C) and well 
stirred micellar solution, these conditions being maintained until complete evaporation 
of the ether. Identical results were obtained via direct probe solubilization. 



M. N. Berberan-Santos and M. J. E. Prieto 1397 

Low micellar concentrations were used ( lop4 mol dm-3) and the solutions were 
allowed to stand for two days before measurements. 

The solutions were not degassed. Oxygen quenching in micelles is not expected to 
be relevant at atmospheric conditions except for molecules with long  lifetime^.^' The 
observed decrease in quantum yield due to the presence of oxygen was always ~ 5 % .  

Fluorescence spectra were obtained at 25 “C using a Perkin-Elmer MPF-3 spectro- 
fluorimeter equipped with a thermostatting unit. 5 x 5 mm cells were used. Excitation 
and emission bandwidths were 4 nm. Radiative transfer was negligible in the described 
experimental conditions. 

For the calculation of Ro, emission spectra were corrected using a calibration curve 
obtained from fluorescence s t a n d a r d ~ . ~ ~  The absorption spectra were recorded on a 
Perkin-Elmer Lambda 5 spectrophotometer. 

Fluorescence decays were measured using the time-correlated single-photon counting 
technique. The excitation source was a nitrogen-filled flash lamp (Edinburgh Instruments, 
199 F). Alternated collection of pulse and sample profiles, detected with a Philips 
XP2020Q photomultiplier, was performed. The decay curves were deconvoluted on a 
Digital PDP 1 1/23 computer, employing the method of modulating functions.42 

Data fitting and numerical integrations were carried out on a Digital Equipment 
Corp. VAX 11/780 computer. 

Results and Discussion 

The selected micellar systems were Triton X-100 (non-ionic, micellar radius = 43 A:3 
aggregation number Y = 140- 1 5043) and SDS (anionic, hydrophobic radius = 20 A, calcu- 
lated44 with an aggregation number ZJ = 91 in 0.1 mol dm-3 NaC145), as these two micelles 
are well described in the literature and have different physical characteristics, namely size. 

For the family of n-AS probes there is evidence that anthroate chromophores are 
located at a graded series of depths from the surface, depending on their substitution 
positions in the aliphatic  hai in.^^^^^-^^ In addition, these probes have moderate-to-short 
lifetimes, depending on the environment, which implies negligible lateral diffusion when 
used as donors in energy-transfer experiments in micelles. 

The other partner of the Forster pair was chosen according to the following require- 
ments: (i) complete absence in the aqueous ‘phase’, i.e. strict micellar solubility, (ii) no 
inner filter effect of the acceptor at the excitation wavelength, (iii) Ro == R,,  this being 
a very important condition [In fact, if energy transfer is very efficient (x, >> l), no 
information about the probe location can be assessed from a steady-state study, as in 
this case total fluorescence quenching is obtained in micelles containing one or more 
acceptor molecules (Perrin’s active sphere”). This situation is reached for Ro > 2.5 R,  , 
as is apparent from fig. 3. In transient-state studies this limit is actually somewhat 
higher, its value depending on the time resolution. Kasatani et al. were successful at 
xo = 2.7.19], (iv) known location, as this would provide a test of the results. 

Functional cyanine and rhodamine probes were selected as acceptors for the n-AS 
probes, and DPA was also used as donor. 

In SDS micelles, Triton X-100 (monomer) was used as donor (phenoxy 
chromophore), the n-AS molecules acting in that case as acceptors. In this way the 
following systems were studied. 

Triton X-100 Micelles 

(1) n-AS(n = 3, 6,9,  12), DPA, donors and ORB, acceptor. (2) n-AS(n = 2, 12), donor, 
and di-I-C18-(3), acceptor. Spectra of these probes are shown in fig. 6 and the quantum 
yields 4, of the donors are reported in table 1. The Ro values, reported in table 2, were 
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Fig. 6. Absorption and fluorescence spectra in Triton X-100 micelles of the probes: 12-AS [(-) 
~ ( 3 6 5  nm) = 6.2 x lo3 dm3 mol-' cm-'; A,, = 385 nm)], di-I-C18-(3) [( . a )  ~ ( 5 5 2  nm) = 

1.2 x lo5 dm3 mol-' cm-'I, ORB [(---), ~ ( 5 6 3  nm) = 7.4 x lo4 dm3 mol-' cm-'I. 

Table 1. Fluorescence quantum yields & of the 
probes in micelles of Triton X-100 and SDS (aer- 

ated solutions) 

~ ~~ ~ 

probe Triton X-100 SDS 

DPA 1 .O" - 
2-AS 0.14' 0.07 
3 -AS 0.18' 0.07' 
6-AS 0.31b 0.08 
9-AS 0.41 ' 0.126 
12-AS 0.55' 0.15b 

Triton X-100 0.32d 0.30' 

a Determined us. DPA in cyclohexane, &= 
0.90.50 Ref. (46); variation < 5 % in the presence 
of 02.  Interpolated value. Ref. (9). Deter- 
mined vs. naphthalene in cyclohexane, & = 

0.23.51 

calculated from Forster's formula, rewritten as 

with Ro in A, where k 2  is the orientational factor, +o is the donor quantum yield in the 
absence of acceptor, n is the refractive index of the medium, I ( A )  is the normalized 
fluorescence spectrum, & ( A )  is the molar extinction coefficient (dm3 mol-' em-') and A 
is in nm. 
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Table 2. Forster critical radius Ro (A)  [eqn (15) 
with k2 = 2/3 and n = 1.331 for the donor-acceptor 
pairs solubilized in Triton X-100 and SDS micelles 

acceptor donor Rol A 

di-I-C 18-( 3) 

di-I-Cls-( 3) 
ORB 
ORB 
ORB 
ORB 

di-I-c18-(3) 

di-I-c,g-( 5) 
di-I-C18-( 5) 

3-AS 
12-AS 

Triton X-100 
2-AS 
12-AS 
DPA 
3-AS 
6-AS 
9-AS 
12-AS 

SDS 
3-AS 
12-AS 

Triton X-100 
Triton X-100 

46 
53 
37 
38 
42 
43 
45 

31 
29 
19 
19 

Fig. 7. Absorption and fluorescence spectra in SDS micelles of the probes: Triton X-100 (monomer) 
[(-) ~ ( 2 8 0  nm) = 1 . 4 ~  lo3 dm3 mol-’ cm-’; A,,= 280 nm]; 3-AS [(---) ~ ( 3 6 5  nm) =6.8 x 

lo3 dm3 mol-’ cm-’; A,, = 385 nm]; di-I-C18-(5) [( * - - )  ~ ( 6 4 9  nm) = 1.8 x lo5 dm3 mol-’ cm-’I. 

SDS Micelles 

(1) n-AS( n = 3, 12), donors and di-I-Cls-(5), acceptor. (2) Triton X-100 (monomer), 
donor, and n-AS( n = 3, 12), acceptor. Spectra of the probes are presented in fig. 7, and 
the +,, and Ro values are reported in tables 1 and 2. 

The energy-transfer study was carried out by measuring the donor’s fluorescence 
intensity as a function of p, the mean number of acceptors per micelle. Micellar 
concentrations were calculated with c.m.c. values of 2.4 x lop4 mol dm-3 for Triton 
X-10052 and 1 . 6 ~  mol dm-3 for SDS in 0.1 mol dm-3 NaC1.39 

Results for the system n-AS, (n =3, 12) DPA/ORB in Triton X-100 are presented 
in fig. 8. Similar data are obtained for 6-AS and 9-AS, which are omitted for simplicity. 
From these results it is apparent that the energy-transfer efficiency varies in the sequence 
DPA < 3-AS < 6-AS < 9-AS < 12-AS. However, if it is taken into account that Ro values 
have the same trend (table 2) no immediate conclusion can be derived about the relative 
radial position of these probes. 
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Fig. 8. Relative quantum yields of fluorescence d / & ,  for the probes 3-AS (0) and 12-AS (W) 
vs. p(0RB)  in Triton X-100 micelles. 
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Fig. 9. Plot of In ( d o / + )  for the 2-AS (0) and 12-AS (m) probes us. p[di-I-CI8-(3)] in Triton 
X-100 micelles. 
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Fig. 10. Plot of ln(&J+) for the 3-AS (0) and 12-AS (m) probes us. p[di-I-C,,-(5)] in SDS 
micelles. 

The results for the system n-AS-di-I-Cls-(3) in Triton X-100 (fig. 9) show a very 
high efficiency of energy transfer. A logarithmic plot is used to show that for p < 2 the 
donor’s quenching is complete in micelles with at least one acceptor (Perrin mechanism). 

The occurrence of such an efficient process is not readily understood on the basis 
of the expected xo values for this system. However, two relevant conclusions can be 
drawn: (i) a Poisson distribution is obeyed at least up to p = 2 and (ii) the mean 
occupancy number, p, was correctly calculated. 

One of the systems in SDS micelles, n-AS-di-I-CIs-(5), gave similar results (fig. 10) 
and the above considerations and conclusions are also applicable to it. For the Forster 
pairs, Triton X-100 (monomer)-n-AS(n = 3, 12), in SDS micelles, different quenching 
efficiencies were again obtained for the two n-AS probes, as can be seen in fig. 11. As 
in this case Ro is the same for both pairs (table 2), the results imply different radial 
positions for 3- and 12-AS, and this is thought to be the first time this conclusion has 
been obtained from energy-transfer studies. 

Application of the Model 

The pair of parameters (xo, a)  can in principle be obtained from a fit to the experimental 
curve (+/& vs. p ) ,  i.e. it is theoretically possible to obtain the absolute locations of 
donor and acceptor from steady-state studies. Owing to the complex dependence in 
eqn (1  l ) ,  a linear least-squares fit is not possible. Thus, a direct point-to-point calculation 
of the ‘goodness-of-fit’ S2 was made: 

s2(x0, a )  = C [y,(exptl) -yj(calc.)l2 (16) 
I 

where y j  = +/+o(pi ) .  The S2 mapping yields a smooth surface crossed by a ‘canyon’ 
where the minimum values are located, a typical result being represented in fig. 12(a) 
for the system 12-AS/ORB in Triton X-100 micelles. The search for the best (xo, a )  
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Fig. 11. Relative yields of fluorescence, 4/40, of Triton X-100 (monomer) us. p[3-AS (@) and 
12-AS (W)] in SDS micelles. 

pair was performed by moving along the canyon's bed, looking for its deepest point 

For 12-AS/ORB (Triton X-100 micelles), while a well defined minimum was not 
obtained, it seems possible to conclude that the 12-AS robe occupies an internal position 

the ORB probe) is assumed to be 37 However, systematic application of this fitting 
procedure led to unacceptable results; for some systems the minimum values were not 
at all defined, while for other they were unreasonable or showed no logical sequence. 

In order to understand these results, theoretical curves were produced for the extreme 
radial situations, and its was verified that both reproduced the observed curves within 
experimental error. In this way a steady-state experiment will usually only enable one 
to recover precisely the curve xo = xo( a )  [see fig. 12( a)], i.e. a collection of correlated 
(xo, a )  pairs but not the best one. This fact arises from steady-state-limited accuracy 
and also from the restricted range of p values (say 0 < p < 2), but not from any theoretical 
restriction of the model, as previously inferred. l9  

In order to rationalize the results we have used plots similar to fig. 3. As in this case 
the only known experimental value is +/40, a value for xo must be assumed for plotting 
the data. 

This methodology was applied to the system DPA, n-AS-ORB (acceptor) in Triton 
X-100 micelles. The value of R = 37 f 2 reported for ORB27 was used, assuming that 
in a Triton X-100 micelle of 43 A this probe is externally positioned with respect 
to the donor probes n-AS. This is reasonable, given the molecular structure of ORB, 
as the ionic chromophore should prefer a superficial position. Then, from the spectro- 
scopic values of Ro (table 2) the values of xo = R o / R ,  depicted in fig. 13 ( p  = 2) were 
obtained. 

It can be seen that no logical radial sequence is obtained for the set of probes and, 
in addition, DPA and 3-AS are even outside the range permitted by the model delimited 
by the curves a = 0 and a = 1.  It should be stressed that the results are quite reproducible 
(for 4/40 differences (0.02 were obtained). The previously rejected hypothesis of 
having the DPA, n-AS externally located, i.e. that these probes would define the R,  

[fig. WWl. 

inside the sphere with a < 0.3, i e .  no more than 11 x off-centre, if R, (the location of 
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Fig. 12. ( a )  Plot of the ‘canyon’ of minimum values of the function S 2  [eqn (16)] on the surface 
(xo, a) for the system 12-AS/ORB in Triton X-100 micelles. ( b )  Values of the function S 2  [eqn 
(16)] along the ‘canyon’ of minimum values on the surface (xo, a )  for the system 12-AS/ORB in 

Triton X-100 micelles. 

value, would imply still lower xo values. Besides, any change to the reported value of 
37 8, for the ORB position would merely imply an abcissa translation of all the points 
and an unreasonable sequence of positions would again be obtained. The same trend 
of variation was obtained for other values of p, so this behaviour cannot be specifically 
ascribed to high occupation numbers. 

The application of identical methodology to the systems in SDS micelles is not 
possible since the R, value is not known from previous studies, but a range for R, can 
be estimated, corresponding to the limits of a ( a  = 0 and a = I) ,  so an evaluation of 
the micellar radius is accessible. The experimental values of 4/+o = 0.46 [Triton X-100 
(monomer)/3-AS (acceptor)] and +/ 4o = 0.37 [Triton X-100 (monomer/ 12-AS (accep- 
tor)], both for p = 2, define in fig. 13 (together with the curves of the model) a common 
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Fig. 13. Plot of qb/qbo us. xo with p = 2  [eqn ( l l ) ]  for several values of the radial parameter a 
(-), and assuming homogeneous distribution of probes in the micellar volume (- - -). Attributed 
values on the basis of R s = 3 7 A  for the systems: DPA(l), 3-AS(2), 6-AS(3), 9-AS(4), 12- 

AS(S)/ORB in Triton X-100 micelles. 

region of xo values between 1.06 and 1.17, with a indeterminate. Assuming a commo? 
value of R, [defined by the Triton X-100 (monomer) probe], a value of R, = 17-18 A 
is obtained, in agreement with a reported superficial location of this chromophore in 
an SDS m i ~ e l l e . ~ ~  

The described difficulties with the adequateness of the model/ experiment, namely 
the obtention of precise radial location, are even more severe for the systems involving 
the cyanines, both in Triton X-100 and SDS micelles. In fact, the existence of a 
mechanism of total quenching (Perrin) is not rationalizable given the Ro values as 
previously reported, unless very small R,  values with no physical meaning are assumed. 

Before proceeding into further reasoning, it is important to re-examine the assump- 
tions of the model. 

Geometry and ConJiguration of the Micellar System 

Micellar Sphericity. The SDS micelle, in the presence of 0.1 mol dm-3 NaC1, is considered 
to be The Triton X-100 micelle is eventually e l i p ~ o i d a l , ~ ~  but the deviations 
due to this geometry would be minimal and an 'average radial position' should be 
obtained as reported by other a~ thor s .~ '  

Monodispersion. For both micelles the size distribution is quite narrow,53 therefore this 
assumption is reasonable. Besides, were this effect important, it would imply deviation 
to the observed Poisson d i~ t r ibu t ion .~~  

Solute Distribution by Micelles. Although a Poisson distribution has been observed in 
a great number of cases,29 it was suggested54 that for very hydrophobic molecules such 
as the functional probes used, an alternative distribution could be obeyed. However, a 
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simple calculation shows that this distribution gives an even lower efficiency of energy 
transfer. In any case, this distribution must be rejected, as the systems in which the 
cyanines are involved verified the Perrin formulation with clear evidence of the Poisson 
distribution (the results in accordance with Dorrance-Hunter statistics54 would be quite 
different). 

Inter-micellar Energy Transfer. The micellar concentration never exceeded lop4 mol 
dm-3. For this concentration, the average micellar distance (140 A)  is much greater than 
the Ro values and therefore this contribution can be neglected. Furthermore, translational 
diffusion of the micelles is unimportant during the donor’s lifetime. 

Radial Probe Location. The assumption of a well defined radial location is certainly an 
idealization and it is more reasonable to consider a probe distribution centred in an 
average position. In this case only small deviations to the model would occur and its 
application should even then allow the determination of the average radial position. 

The other limit is a homogeneous distribution of probes within the micelle, whose 
distance distribution function is31 

f ( X )  = 3x2/ 16( x - 2)2( x + 4) 

previously obtained via a Monte-Carlo simulation.” 
The result of its application in the context of the present model is shown in fig. 13 

for p = 2. For the system DPA, n-AS/ORB (acceptor) in Triton X-100 micelles a 
generally good agreement is obtained, with only the 9-AS and 12-AS probes showing 
deviations from the theoretical curve. From the set of probes R, = 37-40 A is obtained. 

However, a homogeneous distribution must be ruled out on the basis of the following 
arguments: ( a )  there is convincing evidence by independent methods of a variation of 
physical properties along the series of n-AS probes when solubilized in micelles, which 
implies distinct radial p o ~ i t i o n s ; * ~ , ~ ~ - ~ ~  ( b )  the observed Perrin formulation with the 
cyanine in the same Triton X-100 micelle would remain unexplained; (c) the previously 
described results for the system Triton X-100 (monomer)-n-AS shows that in SDS 
micelles the probes 3-AS and 12-AS have a different location. 

After these considerations of the determination of solute location in micelles by 
energy transfer a critical comment on published would seem to be pertinent. 
In fact, it can be concluded that it is possible to obtain reasonable micellar radii with 
any distance ditribution function (i.e. model) used ( a  = 0, a = 1 or even the homogeneous 
distribution). In this way it will be very difficult to infer anything about probe location 
in micelles when dealing with restricted models only supported by model-derived radii. 

Restrictions to the Application of the Forster Formalism 

Distance Distribution Function and Validity of the Dipolar Mechanism. Although near 
the limit CY = 1, the model assumes very short donor-acceptor distances, for which the 
dipolar approximation breaks down, the statistical weight of these cases is negligible. 
In addition, geometrical considerations based on molecular models evidentiate that 
excluded volume effects are unimportant [see e.g. fig. 5(a ) ]  i.e. in this regard probes 
are independently distributed to a good approximation. 

Orientational Factor and Dipolar Mechanism. The observed anomalies on the model 
application must be analysed, taking into account the possible importance of the 
orientational factor. 

In a first hypothesis the static isotropic limit described by eqn (14) can be considered. 
However, this situation would imply, in relation to the dynamic isotropic limit assumed 
in the model, a still lower efficiency of energy transfer, precisely the opposite of 
experimental evidence. 
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Fig. 14. Plot of +/& vs. xo with p = 2 for the limit values a = 0 and a = 1, in situation of 
anisotropic energy transfer L-L (-) and P-P (- - -). Attributed values to the systems: DPA( l ) ,  

3-AS(2), 6-AS(3), 9-AS(4), 12-AS(5)/ORB in Triton X-100 micelles. 

The dipolar anisotropy, on the other hand, could in principle justify some of the 
experimental results as the most favourable orientation ( k2 = 4) leads to a Ro value 1.35 
times greater than the one with k 2 = 2 / 3 ,  although, as reported previously, this fact 
should not be overemphasized in energy-transfer studies. In addition, the fluorescence 
anisotropy observed for the n-AS probes is not very high ( r  == 0.1) and the distribution 
of dipoles over the spherical geometry would also attenuate the effect of any preferential 
orientation, of the dipoles, as expected. 

From the consideration of k2 for the various anisotropic situations L, P, I (cJ: fig. 
4), the diagrams of #/& us. xo were obtained and the configurations L-L and P-P for 
the limits a = 0 and a = 1,  when p = 2 ,  are shown in fig. 14. It can be seen that the 
curves have the same trend as the ones for the 1-1 configuration, and there is no 
combination of L, P, I that globally explains the results. 

Molecular DifSusion. This point deserves detailed attention, as the existence of significant 
diffusion would increase the energy-transfer efficiency. 

Molecular diffusion in micelles is a complex problem owing to the inhomogeneous 
nature of the medium and also because the effective diffusion coefficient, 0, is a function 
of radial location, so its value depends on the probe. 

obtained from diffusion controlled fluorescence 
quenching studies, give for the diffusion coefficient of 2-AS probe in Triton X-100 
micelles an upper bound of 1.25 x lo-' cm2 s-'. Assuming for the other probe, e.g. ORB, 
an identical value, and considering that 42-AS) = 8.7 ns, the static approximation is 
shown to be valid as J(2D7) == 7 A << Ro. The other donor used, Triton X-100 (monomer), 
also has a short lifetime, r = 6.3 ns in SDS. 

Other evidence favouring the unimportance of molecular diffusion was obtained 
from an independent photophysical experiment. An n-AS chromophore analogue, 

Recent results for the n-AS 
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methyl anthroate, in homogeneous medium (dioxane) efficiently quenches ORB fluores- 
cence (Stern-Volmer constant K,,  = 14.7 dm3 mol-I). For ORB in dioxane a lifetime 
T = 1.8 ns was measured, so the value for the quenching rate constant is k,  = 
8.1 x lo9 dm3 mol-I s-’. Assuming the proper molecular radii,55 geometrical factors56 
and transient effects a value for the diffusion-controlled rate constant k,= 
8.6 x lo9 dm3 mol-’ s-l is obtained, close to the experimental one. [A charge-transfer 
interaction is eventually involved, as the reduction potential of rhodamine B in the 
excited state is E (  RhB*/RhB-*) = + 1.34 eV( us. SCE)57 and methyl anthroate will have 
as an upper bound to its ionization potential the value of anthracene 7.43 eV,58 so the 
charge-transfer process should be at most slightly endothermic]. 

In contrast with the previous experiment, it was not possible to quench the ORB 
fluorescence with 3-AS in Triton X-100 micelles, even for high values of the mean 
occupation number ( p  = 10). This fact demonstrates that isotropic diffusion is not 
important in these systems. 

After reviewing the critical assumptions of the model and finding no apparent flaws 
in it it is possible to invoke an explanation for the greater efficiency of energy transfer 
observed, when compared with the model prediction. Micellar perturbation induced by 
the probes seems to be a reasonable one. 

The solubilization of a probe causes a local perturbation in the micellar structure, 
and the perturbed region is a preferential solubilization site for the second probe. In 
this way there is a population of donor-acceptor pairs at shorter distances than those 
assumed i.e. the model fails owing to the assumption of an independent distribution for 
the two molecules of the Forster pair. This hypothesis is further supported by the 
observed trends of variation: (i) functional probes with two hydrophobic tails (cyanines), 
induce greater perturbation (Perrin type fluorescence quenching) than probes with one 
tail [ORB, n-AS, Triton X-100 (monomer)]; (ii) probes with a more eccentric radial 
localization (DPA and 3-AS), induce greater perturbation relative to a surface adsorbed 
probe (ORB), on account of its vicinity. 

It should be emphasized that the existence of this common region of solubilization 
does not imply the existence of molecular aggregates. Even for very low occupation 
numbers of acceptor ( p  < 0.5) the structural perturbations must be invoked, and in this 
case there is no significant micellar multi-occupation. 

In this way, in the donor-acceptor containing micelles there exists no ground-state 
complex, as is also evident from the monomer absorption of these dyes. In addition, 
the existence of donor-acceptor aggregates would have been revealed by the fluorescence 
quenching of ORB, as in this case a static mechanism would be operative. 

Therefore, our results seem to favour micelles as entities with a high structural 
organization. Evidence for similar structural perturbation has been reported re~ent ly .”~‘~ 
Time-resolved fluorescence studies and relaxation time measurements TI (‘H),  are in 
progress, to characterize further the reported facts. 

Conclusions 

A model for long-range dipole-dipole energy transfer in spherical geometry is presented 
which, from fluorescence intensity or decay measurements, enables the determination 
of the absolute positions of donor and acceptor inside the sphere, 

Its steady-state application to micelles did not lead to a quantitative determination 
of the probe position and this fact was attributed to probe-induced perturbations on 
the micellar structure. 

The results obtained lead to the following conclusions: (i) functional probes in 
micelles have specific radial positions, namely in SDS micelles the probe 12-AS has an 
inner location relative to the 3-AS probe; (ii) the probes perturb the micellar structure, 
giving rise to changes in their local environment in such a way that the perturbed region 
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is a preferential solubilization site for a second probe. The extent of perturbation 
apparently depends on the number of hydrophobic tails of the functional probe and on 
the donor-acceptor radial vicinity. 

The present model, taking into account distinct radial positions, can be applied to 
obtain structural information in other spherical molecular assembly. The adimensional 
parametrization used, enables a quick evaluation of the potentialities of a specific Forster 
pair for the study of a given assembly. 

This work was supported by Instituto Nacional de Investigaggo Cientifica (project 4/ D). 
Time correlated single-photon counting instrumentation is acknowledged to the Alexan- 
der von Humboldt Foundation (F.R.G.). G. Striker is also gratefully acknowledged for 
the deconvolution program. 

Appendix 1 

Relative Quantum Yield of the Donor in a Sphere with n Acceptors 

From eqn ( 6 )  and (13) we have 

4 n / 4 o =  

and for a = O  

' I+ . .  l+a 

1--a I,-.. * .  * 

' l + a  n 

1-a k=O k = O  
n (xk/2a)/ f dx, dx, . . . dx, (Ala)  

For a # 0, only n = 1 has an exact solution 

where 

a = [ ( 1 + a )/ x0l2 b = [ ( 1 - a)/x0]2 

if xo E [J2( 1 - a ), J2 (  1 + a )I, 1 

0 otherwise. f-( 

Appendix 2 

Transition from Spherical to Planar Geometry 

Eqn (8) can be rewritten as 

p = exp ( -0)  exp [ --(T jhR5+' 2m(1 -exp [-O(Ro/r)6]} dr]  (A2a) 

where (T = p/47rRi is the average superficial concentration and h = R, - a. The transition 
from the spherical to the planar geometry is obtained for R ,  + 00, and in this case h is 
the interplanar distance. 

For h = 0 (donors and acceptors in the same plane), and denoting by no the number 
of acceptor molecules in an area T R ~ ,  no = CTR;, 

p = exp ( -6 )  exp [ - r ( 2 / 3 ) n o ~ ' / ' ]  (A2W 
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which is the well known formular for energy transfer by a dipolar mechanism, in two 
d i m e n ~ i o n s . ~ ~  

For donors and acceptors in parallel planes at a distance h, when h >> Ro,  
p = exp (-0) exp [ -n0/2(  R,/ h)48]. 

This expression is the well known Kuhn result61 and is accurate for h > 1.7Ro.34 
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