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Measurements 
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Time-resolved fluorescence anisotropies of two ionic lipophilic probes, merocyanine 540 and octadecylrhodamine 
B, in alcohol solvents and in sodium dodecyl sulfate, dodecyltrimethylammonium bromide, and Triton X-100 
micelles were measured using time-correlated single-photon counting. In alcohols, the anisotropy decays were 
single exponentials. In micelles, the anisotropy decays were biexponential, corresponding to a short and a long 
rotational correlation time. The results are interpreted in terms of a two-step model consisting of fast restricted 
rotation of the probe and slow lateral diffusion of the probe in the micelle. The decrease in the residual 
anisotropy is caused mainly by lateral diffusion of the probe in the micelle. Information about the restricted 
rotation of the probe is obtained by using the parameters in the biexponential fit to calculate cone angles and 
wobbling diffusion constants for the wobbling-in-cone model. Lateral diffusion constants are also determined. 

1. Introduction 

A considerable amount of research has been directed toward 
understanding the structure and dynamics of micelles.l,z Because 
of the similarities between micelles and biological membranes, 
they have served as model systems. They act as unique media 
for chemical reactions and excitation energy transport studies. 
Aqueous micellar solutions have been successfully used as mobile 
phases in high-performance liquid chromatography, gel perme- 
ation chromatography, thin-layer chromatography, and electro- 
kinetic chromatography.3 In order to fully exploit micelles in 
these applications, the dynamics of molecules in micelles must 
be understood. 

Fluorescencedepolarization (FDP) is a technique that is widely 
used to study the dynamics in micelles and lipid  bilayer^.^ It is 
a particularly useful technique, because of its sensitivity to 
membrane order and fluidity. In timeresolved FDP, one measures 
the fluorescence anisotropy r( t ) ,  which is given by the time 
correlation functions 

where ra and pc  are the unit vectors corresponding to the transition 
dipoles for absorption of the excitation and emission of the 
fluorescence, Pz(x) is the second Legendre polynomial, and the 
angle brackets represent an ensemble average. Information about 
the molecular dynamics of the probe in the membrane is contained 
in the time dependence of the correlation function. 

The rotational diffusion of fluorescent probes attached to 
micelles has been previously studied.6'6 These studies have 
primarily focused on probes that are either polycyclic aromatic 
h y d r o c a r b o n ~ , ~ ~ J ~ J ~ ~  xanthene dyes,10J1J3 or oxazine dyes.llJba 
Ionic lipophilic probes provide an opportunity to study the 
dynamics in a fairly well-defined region of the micelle. Ionic 
lipophilic molecules tend to be located near the surface of the 
micelle, with their polar ends positioned near the water-micelle 
interfacial region. The orientation of these probes in the micelle 
is well-defined. Because of hydrophobic interactions, the re- 
maining portion of the molecule will point toward the hydrocarbon 
interior of the micelle and away from the water-micelle interface. 

* Authors to whom correspondence should be addressed. 
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In this article, we describe a comparative time-resolved FDP 
study of two lipophilic fluorescent probes, merocyanine 540 
(MC540) and octadecylrhodamine B (ODRB), in anionic sodium 
dodecyl sulfate (SDS) micelles, in cationic dodecyltrimethylam- 
monium bromide (DTAB) micelles, and in nonionic Triton X- 100 
micelles. MC540 is an anionic lipophilic polymethine dye (Figure 
1) which binds to biological and synthetic membrane~.'~-2~ The 
excited-state properties of MC540 are sensitive to electrical 
potential, and its fluorescence has been used to probe the 
transmembrane potential of many cell and organelle mem- 
branes.23-26 The observationz7 that leukemia cells stained with 
MC540 are reduced by 5 orders of magnitude upon exposure to 
light has heightened interest in its photophysical and photo- 
chemical properties. The mechanism for the cytotoxic behavior 
of MC540, however, is controversial and remains an active area 
of research.28-30 ODRB (Figure 1) is a cationic lipophilic 
fluorescent probe which has been used in studies of electronic 
excitation transport in micelles3I and vesicles,3z in distance 
determinations in biological complexes by resonance energy 
transfer,33 and in the monitoring of cell fusion.34 

MC540 is anchored to a micelle by the two tetramethylenic 
tails, with the benzoxazole end functionalized by the anionic 
sulfonate group situated at the surface of the micelle. For this 
orientation, MC540's transition moments are preferentially 
aligned along the normal to the surface of the micelle. Steady- 
state spectra confirm that the dye is localized near the micelle 
surface.18,22b Although negatively charged, MC540 binds readily 
to anionic SDS micelle~.*2~ The driving force of the binding 
appears be the hydrophobic interactions of the two tetramethylenic 
tails which become embedded in the interior of the micelle. The 
dye should therefore bind to cationic and nonionic micelles with 
even greater efficacy. Similarly, ODRB is anchored to the interior 
of a micelle by the octadecyl chain, with the cationic xanthene 
moiety poised at the micelle surface. 

The outline of this article is as follows. In section 2, we describe 
the preparation of the dye-micelle samples and the details of the 
FDP measurements. In section 3, we compare the observed 
anisotropy decays and show that the anisotropy decays are single 
exponentials in pure solvents but biexponentials in micelles. In 
section 4, the anisotropy decays for the micellar systems are 
described in terms of fast hindered rotational diffusion. Super- 
imposed on this motion is the slow lateral diffusion of the probe 
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soj 
Merocyanine 540 

Octadecylrhodamine B 
Figure 1. Structures of merocyanine 540 and octadecylrhodamine B. 
The counterions Na+ and CI- are not shown. 

in the micelle. Rotational diffusion of the micelles themselves 
is so slow that it makes a negligible contribution to the decays. 
This interpretation is based on a “two-step” model, which was 
previously developed to explain nuclear magnetic resonance 
(NMR) spin relaxation measurements of micelles. Lateral 
diffusion is the main cause of the anisotropy decay in these systems. 
The parameters in the two-step model are used to obtain cone 
angles and wobbling diffusion constants for the simple “wobbling- 
in-cone” model. 

2. Experimental Details 
MC540 (Sigma), ODRB (Molecular Probes), SDS (Sigma), 

DTAB (Sigma), and Triton X-100 (Sigma) were used without 
purification. Solvents of the highest commercial purity were used. 
MC540 was stored in the dark as a concentrated stock solution 
(1 mM) in a 1:l volume mixture of ethanol and carbon 
tetrachloride. Samples were prepared by evaporating 100 pL of 
the stock solution and redissolving with 5 mL of solvent or an 
aqueous micellar solution. The final concentration was 20 pM. 

The concentration of the micellar solutions was adjusted so 
that the dye-to-micelle ratio was 10.2. Under these conditions, 
the probability of having more than one dye molecule per micelle 
is low. This allowed us to neglect the effect of excitation energy 
transfer on the depolarization of the fluorescence. The micelle 
concentration [MI is given by 

where [SI is thesurfactant concentration, cmcis thecritical micelle 
concentration, and Nasg is the mean aggregation number for the 
micelle. By substituting the values of cmc and Nagg listed in 
Table I into eq 2, we find that the desired micelle concentrations 
are obtained when [SI = 20-30 mM. Also listed in Table I are 
the radii of the micelles. 

The time-resolved FDP measurements were made by using 
time-correlated single-photon counting with excitation at 570 
nm from a cavity-dumped and synchronously pumped rhodamine 
6G dye laser. This wavelength corresponds to excitation at the 
red side of the absorption bands of these dyes. This avoids 
excitation of vibronic transitions, which can reduce the initial 
fluorescence anisotropy. The details of the apparatusm and the 
technique have been previously described.41 Briefly, the laser 
pulse repetition rate was 823 kHz, and the laser pulse width was 
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TABLE I: Micelle Properties 
micellea cmc,bmM Namb rm,A  7,jns 

SDS 8.1 60 1 8c 5.9 
DTAB 15.0 50 1 9d 6.9 
Triton X-100 0.30 144 42e 74 
a The micelle symbols are dodecyltrimethylammonium bromide 

(DTAB) andsodiumdodecylsulfate (SDS). Valuesofthecriticalmicelle 
concentration (cmc) and aggregation (Nagg) were obtained from refs 1, 
3, and 35a. Average of values given in refs 36 and 37. Estimated by 
the method described in refs 38 and 39. e From ref 35. /The rotational 
correlation times of the micelles were calculated by using the Debye- 
Stokes-Einstein equation (eq 14) for a spherical micelle with radius r, 
at 21 O C .  

=lo ps. The fluorescence was collected from the front face of 
the sample and passed through a subtractive double monochro- 
matorsetat 610nm toa Hamamatsumicrochannelplatedetector. 
The instrument response function for this apparatus was 4 0 - p ~  
full width at half-maximum. 

The detector polarizer was held fixed while the polarization 
of the excitation beam was rotated with a Pockel cell. The time- 
resolved fluorescence polarized parallel (Ill) and perpendicular 
(II) to the polarization of the excitation beam was collected in 
an alternating manner under computer control for equal periods 
of time. This technique obviates the need to correct for the 
polarization bias of the detection system. The time-resolved 
fluorescence anisotropy r(t)  was calculated from these data by 
using the equation 

Data were collected until 10 000-20 000 counts were accumulated 
in the peak channel of the parallel fluorescence decay. The 
reproducibility was checked by comparing several data sets. To 
improve the signal-to-noise ratio, the data sets were averaged 
together. 

The observed anisotropy decays were fit to the convolution of 
the instrument response with either a single-exponential or 
biexponential decay function using an iterative least-squares 
algorithm. The sum of the squared differences between the 
calculated r(t)  and the observed r(t)  was weighted by propagating 
the Poisson errors in the measured curves ZII and ZL. The quality 
of the fit was determined from the reduced x2  and by visual 
inspection of the fit and the data. All measurements were carried 
out at room temperature (21 f 1 “C). 

3. Results 

Figures 2 and 3 show the fluorescence anisotropy decay of 
MC540 and ODRB in alcohol solvents. The anisotropy decay 
in these solvents provides a reference with which to compare the 
fluorescence anisotropy in micellar solutions. The anisotropy 
decay of these dyes in alcohols was fit by a single-exponential 
decay function 

r( t )  = ‘0 exP(-t/T,,,) (4) 
where ro is the anisotropy at zero time and Trot is the rotational 
correlation time for the probe in solution. The reduced xz lies 
between 1.1 and 1.3 for these fits, indicating that a single 
exponential best describes the anisotropy decay for these dyes in 
solution. Table I1 lists the values of ro and Trot. Trot increased 
with solvent shear viscosity, with MC540 rotating slower than 
ODRB. Our value of T,,, for MC540 in ethanol agrees with the 
previously reported value of 344 f 30 ps.42 Also listed in Table 
I1 are the values of the fluorescence lifetime Tf, which were 
obtained from the slope of semilogarithmic plots of ZII + 2Z1 vs 
time. The plots were linear over several orders of magnitude, 
indicating that the fluorescence decays of these dyes were single 
exponentials in alcohol solvents. 
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TABLE Ik Fluorescence and Anisotropy Decay Panmeters of Merocyanine 540 and Octadecylrhoclamioe B in Alcohols 

Quitevis et al. 

solvent ?* c p  Tf,a P rob Trot: PS x2/Nd Trot/?, PS cP' 
Merocyanine 540 

ethanol 1.14 456 0.342 326 1.2 286 
1 -butanol 2.60 712 0.350 7 50 1.18 288 
1-heptanol 5.8 1 1000 0.315 1678 1.27 289 

Octadecylrhodamine B 
ethanol 1.14 2184 0.308 204 1.07 
1-butanol 2.60 2568 0.338 489 1.27 
1-heptanol 5.81 2774 0.335 1328 1.28 

179 
188 
226 

a Fluorescence lifetime obtained from the slope of semilogarithmic plot of Ill + 211 vs time. Initial anisotropy. Rotational correlation time. 
Reduced x 2  of fit to the anisotropy decay. 
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Figure 2. Fluorescence anisotropy decay of 20 pM merocyanine 540 in 
(a) 1-heptanol, (b) 1-butanol, and (c) ethanol. Solid lines are fits of data 
to a single exponential. Fit parameters listed in Table 11. 
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Figure 3. Fluorescence anisotropy decay of 20 pM octadecylrhodamine 
B in (a) 1-heptanol, (b) 1-butanol, and (c) ethanol. Solid lines are fits 
of data to a single exponential. Fit parameters listed in Table 11. 

The value of ro varied between 0.32 and 0.35 for MC540 and 
between 0.31 and 0.34 for ODRB. These values were less than 
the maximum possible value of 0.4, which would be observed if 
the absorption and emission moments were parallel. If the reduced 
value of ro is not caused by kinetics that are too rapid to resolve 
by single-photon counting, the initial anisotropy yields the angle 
#ae between the emission and absorption dipoles through the 
equation 

By using eq 5 ,  we calculate that #ac for both MC540 and ODRB 
is 19-20°. 

Figures 4 and 5 illustrate the fluorescence anisotropy decays 
for MC540 and ODRB in micellar dispersions. In contrast to the 
anisotropy decay in alcohols, the anisotropy decay in micellar 
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Figure 4. Fluorescence anisotropy decay of 20 pM merocyanine 540 in 
(a) 29 mM Triton X-100, (b) 20 mM SDS, and (c) 20 mM DTAB 
micellar solutions. Solid lines are fits of data to a biexponential decay 
function. Fit parameters listed in Table 111. 
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Figure 5. Fluorescence anisotropy decay of 20 #M octadecylrhodamine 
B in (a) 29 mM Triton X-100, (b) 20 mM DTAB, and (c) 20 mM SDS 
micellar solutions. Solid lines are fits of data to a biexponential decay 
function. Fit parameters listed in Table 111. 

dispersions was nonexponential. The anisotropy decays were fit 
by a biexponential function 

Based on the value of the reduced xz which ranged between 1.1 
and 1.5 for these fits, we conclude that a biexponential adequately 
describes the time dependence of the measured r(t) .  Table I11 
lists the biexponential parameters corresponding to the fits. In 
micelles, the value of ro varied between 0.31 and 0.36 for MC540 
and between 0.30 and 0.36 for ODRB. These values were within 
experimental error, the same as found in pure solvent. In all 
cases, the anisotropy decay was characterized by a fast component 

and a slow component r2, with the long component dominating 
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TABLE IIk Fluorescence and Anisotropy Decay Parameters of Merocyanine 540 and Octadecylrhodamine in Micelles 
micelle ps ob 71: PS 72: PS af WC ( rcor r )  $ PS xz/Ne 
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Merocyanine 540 
SDS 560 0.355 91 1610 0.214 0.786 1285 1.46 
DTAB 1224 0.310 102 2267 0.223 0.777 1784 1.20 
Triton X- 100 1760 0.340 246 8550 0.129 0.871 7479 1.16 

Octadecylrhodamine B 
SDS 2240 0.315 275 1902 0.451 0.549 1168 1.53 
DTAB 1760 0.300 195 1527 0.242 0.758 1205 1.09 
Triton X-100 2800 0.355 727 7753 0.31 1 0.689 5568 1.12 

Fluorescence lifetime obtained from the average slope of semilogarithmic plot of 111 + 211 vs time. Initial anisotropy. Biexponential parameters 
for fit of anisotropy (eq 6). Average rotational correlation time (eq 7b). e Reduced x 2  of fit to anisotropy decays. 

the decay, Le., a2 > a] .  For MC540, the ratio of the slow and 
the fast components, T ~ / T ~ ,  was =18-20 in SDS and DTAB 
micelles and e35 in Triton X-100 micelles. In contrast, the ratio 
was smaller for ODRB: T 2 / T ]  = 7-8 in SDS and DTAB micelles 
and =11 in Triton X-100. The average correlation time ( T ~ ~ ~ )  

can be roughly used to compare the anisotropy decays, because 
it is model independent. The average correlation time is defined 
as 

( 7 4  

Therefore, for a biexponential anisotropy decay, the average is 
simply given by 

The values of ( T ~ ~ ~ ~ )  listed in Table I11 show that the anisotropy 
decay in micellar solution was slower for MC540 than for ODRB. 
For both MC540 and ODRB, reorientation occurred on similar 
time scales in DTAB and SDS micellar solutions and was roughly 
5 times slower in Triton X-100 micellar solution. These trends 
are evident from the curves illustrated in Figures 4 and 5. A 
biexponential anisotropy decay was previously observed for ODRB 
in Triton X-100 micelles by Visser et al.I5 Although our value 
of ~2 agrees with their value of 8.8 f 0.2 ns, our value of T I  is 
considerably less than their value of 2.0 f 0.2 ns. Their longer 
value of T I  could be the result of using a reference method and 
global analysis of 41 and ZI, with the reference being rose bengal 
in water, to obtain the anisotropy parameters. Also listed in 
Table I11 are the fluorescence lifetimes, which were obtained 
from semilogarithmic plots of Ill + 2Z1 vs time. The plots showed 
slight deviations from linearity. The lifetimes listed in Table I11 
were therefore calculated from the average slope of these plots. 

4. Discussion 
A. Rotatio~l Diffusion in Alcohols. In principle, the ani- 

sotropy decay is given by the sum of five  exponential^.^^,^^ The 
fact that the anisotropies were well fitted by single exponential 
decay functions suggests that these dyes can be modeled by 
ellipsoids or spheres for the purposes of determining their 
reorientational dynamics. For MC540, a prolate ellipsoid has 
been found to best describe its shape from the point of view of 
its reorientational dynamics in s o l ~ t i o n . ~ ~ , ~ ~  The values of ~ ~ ~ ~ / q  
listed in Table I1 were the same for all the alcohols. Based on 
the DebyeStokes-Einstein (DSE) this ratio is equal 
to the effective hydrodynamic volume divided by keT, where k~ 
is Boltzmann’s constant and Tis the absolute temperature. T h e  
lack of variation of Trot/q with solvent is consistent with picosecond 
pumpprobe measurements of the ground-state rotational dif- 
fusion of MC540 in polar solvents45 and confirms that the 
reorientational dynamics of the dye are well described by the 
DSE equation. 

Despite ODRB’s wide usage in membrane and energy-transfer 
studies, its reorientational dynamics in solution has not been well 
studied. The fact that the fluorescence anisotropy decay was a 
single exponential suggests that ODRB can be described by a 

simple rotor from the point of view of rotational diffusion in 
solution. If the octadecyl group is fully extended, the shape of 
the molecule can be approximated by a prolate ellipsoid. However, 
if the octadecyl group is coiled, the shape of the molecule can be 
approximated by a sphere. Either type of rotor would give rise 
to a single-exponential anisotropy decay. Although the values 
of Trot/q are similar (Table II), thevariation in Trot/q with solvent 
indicates that its rotational diffusion cannot be completely 
explained by the DSE equation. The ratio increases with the 
length of the hydrocarbon portion of the alcohol solvent. It is 
possible that the average conformation of the ODRB octadecyl 
alkyl chain changes with solvent. Other possibilities are that the 
variations are caused by a difference in the dielectric friction4’49 
or changes in the boundary conditionsS0 with solvent. 

B. Rotatio~l Diffusion in Micelles. In micellar systems, the 
observation of two distinctly different correlation times in the 
anisotropy decay implies the existence of two dynamical processes 
that occur on different time scales. One obvious possibility is 
that the short and long components in the anisotropy decay arise, 
respectively, from the rotational diffusion of free dye in solution 
and micelle-bound dye. This explanation was used previously to 
rationalize the rotational diffusion of xanthene and oxazine dyes 
in micelles.” If the partitioning between water and micelle were 
correct, the ratio al/a2 would then give the ratio of free dye to 
micelle-bound dye. This can be separately checked by estimating 
the ratio of the equilibrium concentrations. The addition of 
MC540 to micelles can be considered to arise from the binding 
to a set of identical and independent sites with an intrinsic 
equilibrium constant K, given by 

where [MI, as discussed above, is the concentration of micelles, 
[D] is the concentration of free dye, and [C] is the concentration 
of dye-micelle complexes. The value of K, in recent binding 
studies of MC540 to SDS micelles was found to be equal to 7 f 
1 ~M.22, Using this value of K,, we estimate that the ratio of free 
MC540 to micelle-bound MC540 at a total dye concentration of 
20 MM is 0.035. This ratio is roughly 10 times smaller than the 
ratio of 0.272 calculated from the values of a1 and 012 listed in 
Table 11. Given that SDS micelles are negatively charged, the 
ratio of free dye to micelle-bound dye should even be smaller for 
MC540 bound to positively charged DTAB micelles and to 
nonionic Triton X-100 micelles. The value of the ratio al/a2 is 
0.287 for MC540 in DTAB micelles and 0.148 for MC540 in 
Triton X-100 micelles. These large values of al/a2 are incon- 
sistent with the concentration ratioestimated from K,. In addition, 
the fluorescence decay time at short times did not differ from the 
decay time at longer times. The observed anisotropy decays for 
MC540 must therefore be largely attributed to dye bound to 
micelles. Although equilibrium binding studies have not been 
performed for ODRB in micelles, the similarity of the values of 
al/a2 for ODRB and MC540 suggests that the anisotropy decay 
of ODRB in micelles is also due to the dynamics of the dye bound 
to micelles. Ediger et al.3la studied rhodamine B (RB) and ODRB 
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in Triton X- 100 and found that for RB, 50% of the fast component 
was due to rotation in water. In contrast, ODRB did not show 
this, indicating that none of the ODRB was in water. Further- 
more, although the fluorescence decays deviated slightly from 
monoexponential behavior, they were clearly not biexponential. 

Another possible explanation is that the anisotropy decay is 
caused by the rotational diffusion of thedye bound to two different 
sites within the micelle. These two solubilization sites correspond 
to “the hydrophobic dissolved state” (Le., the core) and the more 
polar “adsorbed state” near the micelle s u r f a ~ e . ~ ~ J ~  This two- 
site model would imply that thecorrelation times 71 and 72 measure 
the rigidity or the microviscosity of these two sites and that the 
coefficients a1 and a2 correspond to the relative probabilities of 
finding the dye in these two sites. To see what picture would be 
implied by this two-site model, we will consider MC540 in DTAB 
micelles. Based on the values of T I  and 7 2  listed in Table 11, the 
microviscosity in one site is =22 times higher than in the other 
site. Furthermore, based on the values of a1 and a2 listed in 
Table 11, the probability of finding the dye in this more viscous 
site is 3.7 time greater. In micelles, the region of high 
microviscosity is found in the interior of the micelle.6 Therefore, 
we would conclude that the probability of finding the probe 
molecules is highest in the interior of the micelle. This is not 
physically reasonably because the dye is charged and should be 
at the surface of the micelle. Similar arguments can be made for 
ODRB. In addition, very detailed studies of electronic excitation 
transport among ODRB molecules in Triton X- 100 micelles show 
that the ODRB molecules are at the surface.31 

The biexponential anisotropy decay is therefore not the result 
of a distribution of probe sites but instead is a manifestation of 
the motion of the probe species in the micelle. Within the 
anisotropic rotational diffusion model, anisotropy decays that 
are biexponential can be obtained in the case of symmetric 
rotors.43-44 For example, the biexponential anisotropy decay for 
perylene in solution can be explained by this model.53 However, 
the observation of single-exponential decays for both probe 
molecules in the three alcohol solvents is antithetical to this 
explanation. It is extremely unlikely that the molecular structures 
of MC540 and ODRB will change to such a great extent upon 
entering the micelles that the new structures give rise to the 
biexponential decays. 

C. Two-step Model. Probes bound to lipid bilayer membranes 
exhibit a partial orientational relaxation. In these systems, the 
fluorescence anisotropy of the probe is a maximum at the moment 
of excitation and decays to a constant value after a period of time. 
This behavior is a signature of hindered or restricted rotational 
diffu~ion.5’~~ If the probe is bound to the micelle in the same 
way that probes are bound to lipid bilayer membranes, the motion 
of the probes in micelles should undergo similar motions. 
However, the anisotropy in micellar systems decays to zero at 
long times. There must hence be superimposed additional 
dynamics that reduce the residual anisotropy to zero. 

The two-step model was first introduced to explain the results 
from nuclear magnetic resonance measurements of micelles.s9,60 
l3C TI relaxation and the nuclear Overhauser enhancement 
(NOE) have been extensively used to probe the dynamics of 
micelles.61 In I3C NMR, the relaxation of a protonated I3C is 
determined by the dipolar interaction between the carbon nuclei 
with hydrogen nuclei, which fluctuate because of spatial motion. 
The relaxation time is determined by the reorientation of the 
I3C-H vectors with respect to the magnetic field. The dipolar 
spin relaxation rate ( 1 / T I )  and the NOE are given by expressions 
involving spectral densities, which are the Fourier transforms of 
time correlation functions describing the motional fluctuations 
that cause spin relaxation. In general, TI values in micellar 
systems are significantly shorter than those of a surfactant 
molecule in s0lution.5~~~0 Furthermore, I3C T I  values in micellar 
systems vary with the strength of the magnetic field. This behavior 

is interpreted in terms of the two-step model. This model 
emphasizes the separation of fast internal motions within the 
micelle and slow motions on a time scale characteristic of the 
micelle dimension. 

In the two-step model, the fast and slow motions are assumed 
to be separable. If the two motions are independent, the total 
correlation function will be rigorously given by the product of 
two correlation functions corresponding to the fast motion within 
the micelle and to the slow motion of the micelle:sSa,c 

(9) 
If the slow motion is isotropic, the corresponding correlation 
function will decay as a single exponential 

where rslOw is the rotational correlation time corresponding to the 
slow motion. Spin relaxation studies haveshown that T ~ I ~ ~  contains 
contributions from both the rotational motion of the micelle and 
the lateral diffusion of the monomers over the curved surface of 
the micelle.s9~60 The rotational correlational time is then given 
by 

(1 1) 
-=-  1 I + -  1 
TSIOW Tim TD 

where T,  is the correlation time corresponding to the rotation of 
the whole micelle and TD is the correlation time corresponding 
to the lateral diffusion of the monomers in the micelle. 

The fast motion is modeled as restricted rotational diffusion. 
In general, the correlation function for restricted rotational 
diffusion can be written as 

Cfa,(t) = (1 - s’) exp(-t/T,) + S’ 
where S is a generalized order parameter and T, is an effective 
correlation time. The rationale for this correlation function is 
the following. Because the surfactant molecules are anchored at 
the micelle-water interface, the motion of a segment of an alkyl 
chain is not isotropic. Hence, the IT-H vector does not sample 
all directions with respect to the magnetic field. 

Combining eqs 11 and 12 gives the total correlation function 
as 

Lipari and SzaboSS have shown that the numerical value of Sz, 
which is a measure of the spatial restriction of the motion, and 
T,, which is a measure of the rate (time scale) for the motion, can 
be defined in a model-independent way. The order parameter S 
satisfies theinequalities 0 I S2 I 1. If the fast motion is isotropic, 
S = 0, and if it is completely restricted, 

D. Two-step Model and Fluorescence Anisotropy. The two- 
step model for dipole-spin relaxation can be readily adapted to 
describe the anisotropy decay in micelles. Dipolar relaxation 
and FDP are analogous in that the ”C-H vectors play the same 
role as the absorption and emission dipoles.558 Indeed, eq 13a 
reproduces the observed time dependence of the fluorescence 
anisotropy decay in our systems, with the first and second terms 
of eq 13a corresponding, respectively, to the fast and slow 
components of the biexponential fits to the data. 

Based on the two-step model, 7 2  contains contributions from 
the rotational motion of the micelle, T ~ ,  and the lateral diffusion 
of the probe in the micelle, TD. The value of T, can be calculated 
from the DSE equation46 by assuming a spherical micelle rotating 

= 1. 
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TABLE Iv: Two-step Model and Wobbling-in-Cone Model Parameters 
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micelle rega PS PIb TD; ns &,d 10-6 em2 SKI ooe D,/ lo8 s-I 
Merocyanine 540 

SDS 96 0.887 2.2 3.8 22.7' 4.8 
DTAB 107 0.881 3.4 2.7 23.3' 4.5 
Triton X-100 253 0.933 9.7 4.5 17.3' 1.1 

SDS 321 0.741 2.8 2.8 35.3' 3.4 
DTAB 223 0.871 2.0 4.5 24.3' 2.4 
Triton X- 100 802 0.830 8.7 5.1 28.1' 0.87 

Octadecylrhodamine B 

Effective correlation time for restricted rotational diffusion (eq 12). b Generalized order parameter (eq 12). Lateral diffusion time (eq 15). 
Lateral diffusion constant (eq 16). e Cone angle from wobbling-in-cone model (eq 18). f Wobbling diffusion constant (eq 21). 

in water with sticking boundary conditions: 

where rm is the radius of the micelle and 7 is the solvent shear 
viscosity of water, not the solution. Using the radii of the micelles 
listed in Table I and a viscosity of 0.98 CP for water at 21 "C, 
we calculate that the values of T,  are 5.9,6.9, and 74 ns for SDS, 
DTAB, and Triton X-100, respectively. Note that in all cases, 
these times areconsiderably longer then 72 (Table 111). Therefore, 
7 2  is dominated by lateral diffusion. 

If this difference between 7 2  and T,  is attributed to the lateral 
diffusion of the probe within the micelle, the correlation time for 
lateral diffusion can be obtained from T Z  and T,  by using the 
equation 

A comparison of the correlation times for lateral diffusion (Table 
IV) and the values of 72 shows that the main motion that causes 
the anisotropy to decay to zero in these micelles is lateral diffusion. 
The correlation time is related to the lateral diffusion constant 
by the equation 

The assumption behind eq 16 is that the chromophoric part of 
the probe is primarily localized at the surface of the micelle and 
the micelle is essentially spherical. Thus, one can view lateral 
diffusion of the chromophore in a micelle as the diffusion of a 
particle on the surface of a sphere of radius r,.62 This results in 
two-dimensional diffusion, giving rise to the factor of 4 in eq 16. 
The diffusional equation for lateral diffusion on a sphere reduces 
to an orientational diffusional equation, which is governed by a 
diffusion constant 8, with 8 = DL/rm2. Equation 16 follows for 
isotropic orientational diffusion with the correlation time given 
by TD = (48)-I, in analogy to three-dimensionaldiff~sion.~ Visser 
et al.I5 rationalized the biexponential anisotropy decay for ODRB 
in Triton X- 100 micelles and reversed AOT micelles in terms of 
an equation identical to eq 13a. However, they did not consider 
lateral diffusion and attributed the slow correlation time to only 
micellar rotation. 

Interestingly, although the values of TD differ greatly between 
the micelles, the values of DL (Table IV) calculated by using eq 
16 do not. The lateral diffusion constants vary from 3 X 106 to 
5 X 1od cm2 s-I. The variation in the values of T D  occurs because 
T D  scales with the square of the radius of the micelle. Although 
the lateral diffusion coefficients are known for the lateral diffusion 
of surfactant molecules in micelles, they are not known for these 
fluorescent probes. Based on NMR relaxation data,6O lateral 
diffusion constants of surfactant molecules in micelles are in the 
range of (0.2-1.5) X 106 cm2 s-1. The lateral diffusion of these 
dyes is slightly faster than that of the surfactant molecules in 
these micelles. The rate of lateral diffusion in micelles is 100 
times faster than in lipid bilayer membranes.63 This can be 

attributed to a difference between the packing density of micelles 
and bilayer membranes. Because micelles are curved, the packing 
is less tight than in lipid bilayer layers. In models for lateral 
diffusion, molecules move by exchanging positions or by migrating 
through small gaps or interstitial sites in the membrane.63,64 
Consequently, in the context of these jump models, one expects 
the rate of lateral diffusion to be faster when the packing is less 
tight. 

E. Wobbling-in-Cone Model. The order parameter gives 
information about the packing in thevicinity of the probemolecule. 
NMR relaxation data indicate a higher degree of order near the 
surface than in the interior of the micelle.60 The high values of 

(>0.8 for MC540 and >0.7 for ODRB) are consistent with 
theassumption that theprobemoleculesarelocatedat themicellc- 
water interface. For a given micelle, the value of is slightly 
higher for MC540 than for ODRB. On the basis of thermo- 
dynamic arguments, it was originally concluded that the interior 
of the micelle resembles a liquid h ~ d r o c a r b o n . ~ ~ . ~ ~  This conclusion 
is supported by spectroscopic observation~~>~~J'~ that show apolar 
probes, whichfavor the interior of the micelle, move in a liquidlike 
environment. Therefore, the rotational diffusion of MC540 or 
ODRB would be more isotropic (Le., a low value of ISl) if these 
probes were buried in the interior of the micelle. 

The order parameter is a measure of the average micelle 
structure near the probe. It contains no information about the 
dynamical properties. The dynamics are instead reflected in the 
relative values of 7,. A comparison of the values of T. listed in 
Table IV reveals that the time scales for the fast internal motion 
of MC540 in SDS micelles and in DTAB micelles are similar. 
The values of T, were calculated from eq 13 by setting T I  and 72 

equal to qaSl and ~ ~ l ~ ~ ,  respectively. We can consider the effective 
correlation time to be a measure of the relaxation of the local 
structure. Because of intermolecular interactions between the 
probe and its local environment, T. really refers to the relaxation 
of a probe-perturbed local micelle structure. For MC540 and 
ODRB, the anisotropy probes interactions at the micelle-water 
interface. Since the alkyl chains are identical for DTAB and 
SDS, one would expect that electrostatic interactions should 
dominate the relaxation of local structure at the surface of the 
micelle. In other words, ODRB, being positively charged, should 
undergo a different motion in anionic SDS micelles than in cationic 
DTAB micelles. Indeed, there is a pronounced difference in T, 

for ODRB in SDS and in DTAB micelles. The relaxation time 
for ODRB is -44% longer in SDS micelles then in DTAB micelles. 
A rather simpleexplanation for this is that electrostaticattraction 
between the negatively charged head groups and the positively 
charged xanthene moiety causes the probe motions to be more 
strongly coupled to dynamics of the micelle, whereas in DTAB 
micelles, the electrostatic repulsion between the positively charged 
heads groups and the xanthene moiety reduces the coupling of 
the probe motions to the dynamics of the micelle. The value of 
T,  is considerably larger in uncharged Triton X- 100 micelles than 
in charged micelles. This implies that the local structure takes 
3-4 times longer to relax in Triton X-100 micelles than in the 
charged SDS or DTAB micelles. In the case of MC540, T. is 
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essentially the same for MC540 in SDS and DTAB micelles. 
This suggests that MC540 protrudes out of the micelle and into 
the water region of the interface, thereby reducing its interactions 
with the head groups and allowing it to be less motionally 
restricted. 

The usual approach to understanding the relationship between 
the anisotropy decay and the structure and dynamics of a 
membrane is to interpret re and S in terms of specific models for 
restricted rotational d i f f u s i ~ n . ~ ~  The simplest models treat the 
probe as a symmetrical ellipsoid whose transition moment is 
aligned parallel to a symmetry axis. The probe is assumed to 
freely diffuse, with a wobbling constant D, in a cone of semiangle 
00. The correlation function for this motion is given exactly by 
an infinite series of e~ponentials.5~ This infinite series is well 
approximated by a single-exponential expression of the form of 
eq 12. 

The difficulty in using the simple models is that the molecules 
must be rodlike with the transition moment either parallel or 
perpendicular to the long axis. As discussed previously, the 
reorientational dynamics of MC540 in polar solvents can be 
consistently described in terms of a prolate ellipsoid, with the 
long axis parallel to the trienyl backbone and the transition 
moment lying primarily along the backbone. Therefore, in the 
context of these models, MC540 can be approximated by a rodlike 
molecule with its transition moment parallel to the long axis. 

For this type of rotor, the restricted motion can be described 
by the wobbling-in-cone model.54 In this model, S2 is given by 

where 00 is the cone angle measured from the normal to the micelle 
surface. Bo can be calculated from the values of M by using eq 
17. Specifically 

e, = ~0~-'((1/2)[(1 + 8 1 ~ 1 ) ~ ' ~ -  11) (18) 
if one assumes 0 I Bo I 90°. Table IV lists these angles for 
MC540 and ODRB. The semiangle for MC540 in SDS micelles 
is approximately the same as in DTAB micelles and is equal to 
-23O. In contrast, a narrower cone is observed in Triton X-100 
micelles: the semiangle is -17O. 

It is not clear, in the case of ODRB, whether the emission 
dipole moment is perpendicular or parallel to the surface normal. 
Johansson and Niemij2 found in their excitation energy transport 
studies of ODRB in vesicles that the xanthene moiety is aligned 
in such a way that the emission moment is perpendicular to the 
surface normal. If this orientation is chosen for ODRB in micelles, 
the motion of the molecule is roughly represented by the motion 
of a rod-shaped molecule with its emission moment perpendicular 
to the long axis. For this orientation, theemission moment diffuses 
around the long axis of the molecule, as the long axis wobbles. 
This motion is described by the simple "spinning-in-equatorial- 
band" model. For this model, the motion is uniform over the 
equatorial band Bo I 0 I 7r - Bo and 

where cannot exceed 0.5. Given that the values of M listed 
in Table IV are greater than 0.75, the spinning-in-equatorial- 
band model cannot be correct for ODRB. In contrast, in the 
wobbling-in-cone model, can have any value between 0 and 
1. Since the values of for ODRB are greater than 0.5, ODRB 
behaves as if it were a rodlike molecule, with its transition dipole 
parallel to the long axis. In these micelles, the transition moment 
of ODRB is essentially aligned parallel to the long axis of the 
molecule. Such a conformation is possible because of the flexibility 
of the alkyl chain. The xanthene moiety can be oriented in such 
a way that the transition moment is aligned so that it is roughly 
parallel to the octadecyl chain. In many respects, this alignment 

is preferable because it allows a greater portion of hydrophobic 
regions of the xanthene ring to be embedded in the interior of the 
micelle. Using eq 18, we calculate that the cone angle for ODRB 
is larger than for MC540 and ranges from 24 to 35O (Table IV). 

Lipari and SzaboS5 have shown that D,, S2, re, and the cone 
angle are related to each other by the equation 

0,,,7,(1- s') = -x,2(1 + xo)2{ln[(l + x,)/2] + 
(1-x,)/2)/[2(1-xo)] + ( 1 - ~ , ) ( 6 + 8 x , - x ~ - l 2 x , ~ -  

7x:)/24 (20) 

where xo = cos 00. When 00 = T,  the motion is unrestricted and 
one recovers the isotropic rotor relationship, re = l/6DW. In the 
limit of small 00, eq 20 reduces to a much simpler form, 

D,?~ = 78,2124 (21) 
where Bo is in radians. This approximation is good for fairly 
large cone angles: if eo = 30°, the error is less than 10%. Given 
the narrow cone angles in our systems, eq 21 gives an adequate 
estimate of the wobbling diffusion constant. These constants are 
listed in Table IV. In general, the wobbling rate is slightly faster 
for MC540 than for ODRB. This is in striking contrast to the 
reorientation of these dyes in alcohol solvents, where the rate of 
rotational diffusion is slower for MC540 than for ODRB. The 
rate of wobbling is 4 times slower for MC540 in Triton X-100 
micelles than in SDS or DTAB micelles. Similarly, the rate of 
wobbling is about 3 time slower for ODRB in Triton X-100 
micelles than in the ionic surfactant micelles. Consequently, these 
comparisons reveal that the probes are motionally less restricted 
in the ionic surfactant micelles than in Triton X-100 micelles. 
This difference can be partially rationalized in terms of the relative 
sizes of the micelles. Triton X- 100 micelles, being larger than 
SDS or DTAB micelles, will be more tightly packed than the 
other two types of micelles. 

5. Coacludmg Remarks 

These studies have shown that a detailed pictureof the structure 
and dynamics at the micelle-water interface can be gleaned from 
the time-resolved FDP of lipophilic ionic probes, when the two- 
step model, in conjunction with the wobbling-in-cone model, is 
used to analyze the biexponential anisotropy decays. The fact 
that these models give structural and dynamical parameters that 
are physically reasonable and that compare well with those 
obtained in NMR spin relaxation measurements lends credence 
to this picture. In particular, the fast correlation time associated 
with the internal motions and the high values of the order 
parameter are consistent with the probes being located at the 
surfaces of the micelles. It is also significant that lateral diffusion 
constants DL for these probes can be calculated from the 
parameters of the biexponential fits. The agreement of the values 
of the lateral diffusion constants obtained from the FDP and 
NMR measurements provides independent confirmation of the 
two-step model for describing dynamics in micelles. Finally, 
lateral diffusion provides another means of understanding probe- 
micelle interactions. It could also play an important role in 
electron-transfer and excitation energy transport processes in 
micelles. These latter two issues will be further explored in our 
laboratories. 
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