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The time dependence of the fluor- anisotropy expected when a flwrophore exists in distinct environments having different 
fluorescence decay and motional behavior is illustrated by sinmlation calculations. A wide range of behavior is observed. The analysis 
of such decays in terms of the underlying physical parameters is also illustrated and discussed. In particular, the analysis of 
‘associated’ heterogeneous behavior using a homogeneous environment model with complex motional behavior is evaluated. It is 
argued that anisotropy decays that exhibit a high initial anisotropy and that rise at long times must be due to a heterogeneous 
cnviromnent. Anisotropic rotor diffusion cannot give rise to behavior of this type. A similar conclusion is reached for an&tropics 
that exhibit downward curvature. On the other hand, anisotropy decays that are monotonically decreasing and have a positive second 
derivative at all times cannot be analyzed in a unique fashion and therefore an ambiguity exists in the interpretation of such data in 
terms of motional behavior. 

1. Introduction 

The use of time-resolved fluorescence ani- 
sotropy measurements in studies of molecular dy- 
namics is enjoying increased interest because of 
instrumental and theoretical advances. Modem 
developments in laser technology and electronics 
permit subnanosecond measurements on a routine 
basis with considerable reliability [I]. Recent theo- 
retical studies have emphasized formalisms for the 
analysis of anisotropy decays that apply to specific 
biophysical problem [2-81 or provide very general 
formulations [9,10]. Simulations of biopolymer dy- 
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namics at the atomic level can be used to calculate 
the expected anisotropy behavior directly [11,12]. 
A comparison of such calculations with experi- 
ment represents a test of these calculation meth- 
ods. 

Most treatments of fluorescence anisotropy de- 
cay have been concerned with the connection be- 
tween the rotational dynamics of the emission 
dipole of a molecule and the anisotropy decay for 
an idealized fluorescence experiment with a homo- 
geneous fluorophore environment. Real fluores- 
cence data, however, are usually more com- 
plicated. In particular, fluorophores often exhibit 
nonexponential decay that may be described in 
terms of several lifetimes. This may be due to the 
presence of the fluorophore in distinct environ- 
ments that interconvert slowly. We have examined 
the anisotropy decay expected for samples con- 
taining a mixture of fluorophore environments 
[1,13]. The equations describing this situation are 
well known [13-191 but the potential variety of 
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the resulting anisotropy decays does not seem to 
have been illustrated. Furthermore, the question 
of the unique interpretation of such data does not 
seem to have been addressed. It is important to 
know to what extent the true physical parameters 
of a system can be extracted from an observed set 
of data and to evaluate the possibility that more 
than one interpretation is possible. 

If distinct species in a sample have different 
fluorescence decay behavior and a corresponding 
variation in motional behavior, the curvature in 
the measured anisotropy decay may have little or 
no relation to molecular motion. Our interest in 
this problem was prompted by the observation of 
unusual anisotropy behavior of fluorophores in 

lipid bilayer samples [1,18,19] and lipid/protein 
systems [1,7,18] (see fig. 1). Other workers have 
reported anisotropy behavior similar to that de- 
scribed here [16,20-253. The simulations presented 
here should provide a starting point for the analy- 
sis of a variety of specific cases. 

The physical picture that underlies these simu- 
lations is simple. When a heterogeneous sample 
contains several fluorescing species, the emission 
at short times is due to all of the lifetime compo- 
nents. At long times, however, the observed fluo- 
rescence is due only to the longest-lifetime compo- 

nent. The observed anisotropy is thus a weighted 
average of the behavior of all components at short 
times, but at sufficiently long times is due solely to 
the rotational diffusion of the species with the 
longest lifetime. A simple example will illustrate 
this point. A sample that contains a fluorophore 
free in solution and bound to a biopolymer will 
have a complicated anisotropy decay due to the 

fact that the free fluorophore will rotate much 
faster than the bound probe. If the lifetimes for 
the two probes environments are the same, then 
the measured anisotropy is just the sum of that for 
the free and bound probe. If, however, the two 
states of the fluorophore have different lifetimes 
(a common situation), then, depending on whether 
the long-lifetime species is bound or free in solu- 
tion, the long-time anisotropy will reflect the rota- 
tion of either the protein or the unbound fluoro- 
phore. The time-dependent increase in the contri- 
bution of the long-lifetime component may cause 
the curve to rise or fall at long times. Therefore, 
the shape of the measured anisotropy decay may 
bear no direct relationship to motional behavior 
per se. 

In many other cases the multiple-lifetime (or, in 
general, nonexponential) behavior observed for 
the decay of the total fluorescence may have no 
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Fig. 1. Experimental examples of anomalous anisotropy decays. The anisotropy is calculated from the undeconvoluted parallel and 
perpendicular transients taking the peak of the machine response function as time zero. (a) trans-Parinaric acid in egg phosphati- 
dylcholine/cholesteroerol vesicles. The cholesterol content is 0 and 5 mol% as indicated. Excitation is at 360 run with emission 
monitored at 430 nm through a broad-band filter. See refs. 1 and 18 for further details. (b) Anisotropy decay of the fluorescence of 
the single tryptophan of phospholipase A, in a micellar complex with the nonhydrolyzable substrate analog n-hexade- 

cylphosphocholine at the indicated temperatures. See. refs. 1,13 and 18 for details. 
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obvious connection with distinct chemical ‘species’ 
having distinct dynamic behavior. In these cases, 
the correlation between lifetime ‘components’ and 
anisotropy behavior becomes unclear. The lifetime 
heterogeneity of, tryptophan in proteins is an ex- 
ample of such a problematic case [1,13,26-331. 
The complex photophysics of the indole chromo- 
phore 127-311 makes the excited-state decay be- 
havior of tryptophan an especially complicated 
problem. The real situation for many biopolymer 
probe molecules, moreover, may be that the rates 
of excited-state decay (the inverse lifetimes) are 
continuously distributed [34]. These distributions 
may be unirnodal or multimodal. The factors that 
determine the distribution will depend on the par- 
ticular fluorophore but are generally related to 
local fluctuations in polarizability, due to density 
fluctuations, or electric field, due to dipole 
fluctuations. For biopolymer environments, some 
of these fluctuations will persist for times that are 
long compared to fluorescence lifetimes [10,35-381. 
The same factors that determine excited-state de- 
cay rates are also likely to influence the rotational 
diffusion of the fluorophore. If this turns out to be 
the case, the anisotropy decay can be properly 
understood only in terms of a model that associ- 
ates each lifetime species with particular dynamic 
behavior. 

The specific model we treat here is applicable 
when the following conditions are met. First, there 
are two distinct populations of fluorophores with 
different lifetimes. These may be different mole- 
cules or the same molecule in different environ- 
ments. Second, these populations do not intercon- 
vert on the time scale of the fluorescence lifetime. 
Third, the different populations have distinct dy 
namic behavior. We specifically exclude from this 
model cases in which two populations of fluoro- 
phores interconvert during the lifetime of the ex- 
cited state or cases in which the initially excited 
molecules undergo a reaction prior to emitting 
radiation. A model has recently been proposed 
[38] based on coupling between solvent relaxation 
around a polar excited state and the rate of fluoro- 
phore depolarization. This interesting analysis 
specifically differs from our treatment by includ- 
ing solvent relaxation that occurs during the fluo- 
rescence lifetime. 

2. MatbematicRl fomnllatlon 

2. I. Time-dependent weighting factors 

A heterogeneous population of fluorophores, 
either the same chromophore in different environ- 
ments or different chromophores, generally has a 
complicated form for the total fluorescence decay. 
Each class of fluorophores has its own decay law, 
1,(t), and the total decay is the sum of the compo- 
nent decays: 

(1) 

where n is the total number of distinct chemical 
species in the mixture and Ci:, rai = 1. If we con- 
sider the fluorescence of a sample following a 
B-function excitation, the fraction of the total light 
emitted at any time r by species, i, f,(r), is the 
ratio of the decay law for that species to the decay 
law for the entire system: 

M) = G(tM0. (2) 

It follows that Z;_,,j;(t) = 1. The fractional con- 
tribution of species i to the total light intensity is 
thus a function of time. We can formulate an 
analytical function for eq. 2 by noting that, in 
many cases, Ii(t), the decay behavior for a par- 
ticular species, is a single exponential With this 
assumption, we associate a fluorescence lifetime 
component with a particular species. This is not 
completely general but does serve to illustrate the 
major effect of interest here. We then have 

fi(t) = a, exp( -f/T)/ i ai exp( -t/Ti) 
j-l 

= a,/ ai+,gIaj exp[ -t(1/1;--l/q)] 
i 1 j-i 

(3) 
At time zero, f,(O) - a, for all species. The 

weighting factors cli are given by the relative 
absorption of that species (proportional to the 
mole fraction of that species for equal extinction 
coefficients at the excitation wavelength) times the 
radiative rate constant divided by the sum of such 
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2.3. Form of the component anisotropy decays used 
in r(t) simulations 

The general expression for I;(t) may involve 
five or more exponentials [8,10,25]. The de- 
termination of this number of components is unre- 
alistic in actual application, It has been demon- 
strated for the case of rotational diffusion of an 
ellipsoid of revolution that two pairs of these 
terms are practically identical so that the sum is 
well represented by three terms [39]. We will con- 
sider the case of a fluorophore that is free to 
rotate through a limited angular range attached to 
a large particle that undergoes isotropic rotational 
diffusion. This case has been treated by Kinosita 
et al. [4] and Lipari and Szabo [9] and results in a 
decay that is well approximated by two exponen- 
tial terms: 

ri(t)=r(0)[aiexp(-t/$+)+(1-oli)] 

xexp(-r/+J (8) 

where +i is the rotational correlation time of the 
fast internal motion for species i, ai the amplitude 
of this motion and +,, the decay time for overall 
particle tumbling. In this expression we have made 
the assumption that q(O) = t(0) for all i. This 
means that the lifetime heterogeneity is presumed 
to result from a single molecular species experi- 
encing environments that differ only in their radi- 
ationless decay rate. This is often, but not always, 
the case. 

The simulations to be presented all assume a 
value of r(O) = 2/5, the maximum possible, corre- 
sponding to colinearity of the absorption and 
emission transition dipoles. This choice is made 
partly for simplicity (any other initial value results 
in a simple multiplication of the anisotropy by a 
constant). Also, the value of r(0) = 2/5 corre- 
sponds to the observed value for parinaric acid, a 
fluorescent probe used in many of our experi- 
ments [1,7,13,18,19,40,41]. Another reason for this 
choice is that if r(0) is small (particularly if it is 
negative), it is possible to observe anisotropy 
curves with some similarity to those presented 
here for a physically very different reason, namely, 
anisotropic rotational diffusion [42,43]. In particu- 
lar, this can give rise to anisotropies that increase 

with time. However, such behavior requires non- 
colinearity of the absorption and emission transi- 
tion dipoles and thus an initial value of r substan- 
tially lower than 0.4. 

In this model for q(t), the values of $, de- 
termine the decay behavior at long times. The 
realistic time scale for actual measurements is 
limited to a few times ~z, the longer fluorescence 
lifetime. If +,, * rz, then r(t) decays to a con- 
stant, r(oo)z = [(l - az)r(0)]. This is the case for 
fluorophores in membranes, vesicles, or other large 
macromolecular cOMplexes where particle tum- 
bling is slow on the fluorescence time scale. If C& 
is comparable to ~z, then the decay is isotropic at 
long times and r(t) decays to zero. This is the case 
for fluorophores associated with proteins, deter- 
gent micelles, or other small macromolecular com- 
plexes. 

2.4. Experimental simulation by convolution and 
subsequent analysis 

In order to determine the extent to which ex- 
perimental anisotropy decay curves for heteroge- 
neous environments can be analyzed to give unique 
information, many of these cases were used to 
simulate actual data. This was done by convolut- 
ing the computed Iv and In transients with an 
actual instrument response function (full-width at 
half-maximum of 150 ps) and adding noise corre- 
sponding to lo6 counts in the peak channel. This 
was done with a Gaussian random number gener- 
ator. The re+ing ‘data sets’ were then analyzed 
using nonlinear numerical deconvolution proce- 
dures based on the Marquardt algorithm. The 
simulated vertical and horizontal experimental re- 
sults were analyzed simultaneously using all of the 
parameters of the fluorescence and anisotropy de- 
cay as adjustable quantities [44]. Estimates of the 
statistical reliability of the adjusted parameters are 
made using standard methods [45 1. 

3. Results 

The presentation of the types of unusual behav- 
ior that can occur with this model will be done on 
a case-by-case basis in which we examine the 
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types of r(t) curves that can result from using 
successively more complicated expressions for 
ri( t). In case I the anisotropy decays, r,(t), for 
each species are described by a single exponential 
(ai = 0 or 1 for each i in eq. 8). Variations in the 
values of the lifetimes (7) and the lifetime ampli- 
tudes (a,) will provide examples of most of the 
kinds of anomalies that can arise in experimental 
r(t) decays. Case II describes each ri(t) as an 

exponential decay to a constant (ai i 1 and $, z=- 
7s in eq. 8). This introduces one new parameter, 
ai, that can have important effects on the sum 
F(t) CwrveS. In Case 111 the pai%& rOb?ith~ 

correlation time, $, is comparable to r2 and I;( I) 

is a double-exponential decay for each species. 
This procedure will provide a kind of natural 

history of the types of behavior that can be ex- 
pected to occur in measured r(t) decays of fluoro- 
phores in complicated biophysical systems. In sec- 
tion 4, we wiIl discuss how (and to what extent) 
this information can be used to determine the 
actual molecular anisotropy behavior, the ri(t) 

decays, from the measured r(t) decays. 

3.1. CaSe I: single correkztion time for each compo- 
nent anisotropy decay 

If we set ui = 1 and $ zs~ & in eq. 8 then, using 
eqs. 3 and 5, the total r(t) decay has the form: 

~0) =r(O)Mt) exp(--t/+,1 

+h(t) exp(-t/&)1 (9) 

(h(t) = a, exp( - t/?;,)/I(t)). In this and all sub- 
sequent simulations, species 2 is the long-lifetime 
component. This is the simplest case for a two- 
component system. 

Because ai = 1 and $, is very large (compared 
to rl), the vaIues of & and h correspond to 
correlation times for unrestricted isotropic mo- 
tions of two fluorophore species in different en- 
vironments. Since the motion is isotropic, there is 
no way to distinguish this motion from overall 
particle reorientation. Setting cyi = 0 for both 
species results in the same functional form with & 
replaced by an overall particle correlation time, 

4 P’ 
The curves that result from eq. 9 (fig. 3) can be 

organized into two classes: ‘decelerating ’ curves 
in which the r(t) decays rise at intermediate times 
and ‘accelerating’ curves in which the decays curve 
downward at long times. The former class is due 
to the presence of a long=lifetime component with 
a longer rotational correlation time and the latter 
class to a long-lifetime component with a shorter 
correlation time. 

3.1.1. Case I with rjbz > +, 
The class of decelerating anisotropy decays is 

illustrated by the family of curves in fig. 3a. For 
this simulation we have set 7i = 1.0, TV = 2.0, +i - 
0.5 and & = 5.0 and plotted the natural logarithm 
of r(t) vs (time/q) for several values of a1, the 
amplitude of the short-lifetime component. The 
use of dimensionless time variables makes explicit 
that it is the ratio of the relevant parameters that 
is important and not their absolute value. The 
curved lines in fig. 3a range between two straight 
lines that are plots of the limiting behavior of the 
short-lifetime species (+r = 0.5) and long-lifetime 
species (& = 5.0), i.e., a, = 1 or a, = 1. The most 
striking feature of these simulations is the degree 
of upward curvature in curves with a2 < 0.15 (a1 
= 1 - al). We find that this is characteristic of all 
of the simulations: the curvature due to adding 
r(t) decays is most pronounced when the long- 
lifetime component is less than lo-15% of the 
total decay. 

The decays in fig. 3a (and in all other figures) 
are shown on a time scale of 107,. Collection of 
data on such a long time scale may not be possible 
(or desirable) in practice. As illustrated by decays 
with a, < 0.1, the lack of data at long times may 
have the result that the slope of k&r(t)] has no 
relation to the rotational correlation time of any 
component in the mixture. In these cases, the 
upward curvature indicates the heterogeneous na- 
ture of the sample. As another example, the curve 
in fig. 3a corresponding to pi = 0.8 may be inter- 
preted as decay to a nonzero constant if sufficient 
data at long times are not available. Since this 
type of behavior is physically reasonable, this F(t) 

behavior may be improperly interpreted. 
The degree of upward curvature in r(t) is in- 

fluenced by the ratio r&J&_ If h decreases, the 
component decay curves rl( 1) and r2( t ) approach 
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Fig. 3. Simulated anisotropy decays for case I calculated according to eq. 9. (a) ‘The curves differ in the value of at, the amplitude of 

the short-lifetime component, with rt = 1.0, rr = 2.0, +,1 = 0.5 and +s - 5.0. The values of (I, (lower to upper curves) are 1.0, 0.99, 
0.975, 0.95, 0.9, 0.8, 0.65, 0.4 and 0. (b) The curves differ in the value of ra, the loq lifetime, with r1 = 1.0. at = 0.9, +1 - 0.5 and 
+a = 5.0. The values of ra (lower to upper curves) are 1.0, 1.1, 1.2, 1.3, 1.5, 1.75, 2.25, 3.0 and 10. (c) The curves differ in the value of 

cl, the amplitude of the short-lifetime component, with r1 -1.0, 7s = 2.0, +t = 5.0 and & = 0.5. The values of aI (upper to lower 
curves) are 1.0, 0.99, 0.975, 0.95, 0.9, 0.8, 0.6S, 0.5, 0.25 and 0. (d) The curves differ in the value of rr, the long lifetime, and are 
calculated with rr -1.0, at - 0.9, +, - 5.0 and +a - 0.5. The value of ra (upper to lower curves) are 1.0, 1.1, l-.2, 1.3, 1.4, 1.5, 1.7, 2.0, 
3.0,5.0 and 10. The curves are drawn, as in fig. 2, as dashed lines beyond the time where the total fluorescence intensity has dropped 

to 1% and as dotted lines beyond 0.1%. 

one another and the effect of adding a larger 
fraction of r2(t) to the long-time behavior of the 
sum r(t) decreases. As a result, the curvature in 
the intermediate curves (0 -C u1 < 1) also de- 
creases. 

The magnitude of the rise in r(t) at long times 
is also a function of the relative values of TV and 
TV. This is illustrated in fig. 3b. et and r& have the 
same values as in fig. 3a (0.5 and 5.0) and we have 
set a2 = 0.1 to display a large effect due to changes 
in Q. The lowest curve has 71 = r2 = 1.0 and il- 
lustrates the decay in the absence of lifetime ef- 
fects: the measured curve is an exact reflection of 
the component decays. The other curves (from 
bottom to top) illustrate what happens when TV 

increases. At 72/71 ratios greater than 1.5, these 
r( 1) decays have a local minimum and rise at long 
times to coincide eventually with the decay due to 

the long-lifetime species. When +1 is less than 
1.5, however, the effect of environmental ahetero- 
geneity is more subtle. There is no rise at long 
times to indicate anomalous behavior. These curves 
all eventually converge at long times to the curve 
for & = 5.0, but the measured decay over the 

plotted time scale has a smaller slope. Since it is 
often not possible to collect data up to long enough 
times to detect the anomalous effect in these cases, 
the result is that the apparent long rotational 
correlation time is larger than the actual value. 
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3.1.2. Care I with I$, > +2 
Anisotropy decays with +i larger than & dis- 

play downward curvature at long times (r2 > hi by 
definition). The slope of a plot of lodr(t)] be- 

comes more negative as time increases and thus 
the curves appear to accelerate at long times. This 
is illustrated by fig. 3c, a plot of log[r(t)] for a 
family of curves generated by varying a,, the 
short-lifetime amplitude. Fig. 3c uses the same 

values of the lifetime and anisotropy terms as the 
curves in fig. 3a and b except that +i and & have 
been interchanged: the short-lifetime species 
(component 1) now has the longer rotational cor- 
relation time. The downward curvature seen in 
these curves is more subtle than the dramatic rises 
at long times seen above, As in fig. 3a, the amount 
of curvature is more pronounced when the long- 
lifetime species is a small fraction of the fluoro- 
phores, a, 5 0.15. When a2 > 0.5 the decays do 
not show noticeable downward curvature. 

The effect of lifetime heterogeneity is best il- 
lustrated by varying the magnitude of the long 
lifetime. Fig. 3d is a plot of a family of log[r(t)J 
curves generated with different values of r2 using 
the same tiarameters as fig. 3b except that in this 
case the long-lifetime component has the shorter 
correlation time. The degree of curvature increases 
as r2/r1 increases (curves from top to bottom). At 
T~/T~ ratios greater than 1.3 the downward curva- 
ture is obvious. At ratios less than 1.3, however, 
the curvature is subtle and may be incorrectly 
interpreted as a smaller value of the long rota- 
tional correlation time. 

3.2. Case II: Exponential decay to a constant 

Ifwesetni<1and~~~~iineq.8then,using 
eqs. 3 and 5, r(t) becomes: 

r(t) = r(O){ fi(r)[al exp(--t/+i) + (I- oi)] 

+L(t)[o, exp(-j/M + (1 -a2)1} 
00) 

When ai < 1, the component anisotropy decays to 
a nonzero, constant value called r,; in our for- 
malism, rmi is equal to [(l - CY,)~(O)]. Including a 
constant term in the component anisotropy intro- 
duces another possibility for curvature in r(t). If 

the roe values are not equal, the time dependence 
of the weighting factors can introduce upward 
curvature (a, > al) or downward curvature (al < 
a,) in r(t). We will examine the specifics of these 
cases in turn. 

3.2.1. Case II with rool = rbo2 
When ai = a2, the asymptotic values r-i and 

r ooz become equal. In this case, the results of 
changes in cli or 72 are very similar to the effects 
shown in fig. 3 for ui = u1 = 0. The only dif- 
ference is that the anisotropy now decays to a 
nonzero constant value. Upward curvature occurs 
when the long-lifetime component decays slowly 

(& > $J,) and downward curvature occurs when it 
decays quickly (& < +i). The generalizations con- 
cerning this case are the same as for case I: the 
maximum curvature occurs when us < 0.15, and 
the curvature increases as the ratio ~Jrr in- 
creases; when r#~~ s +i, the upward curvature in- 
creases as +z/+l increases and, when $D* < +i, the 
downward curvature increases as the ratio (pz/+i 
decreases. 

3.2.2. Case II with a, z- u2 (roo2 > rm,) 
The dramatic effects on the measured ani- 

sotropy of a long-lifetime species with a high rat 
are illustrated in fig. 4a. The lowest curve is the 
component decay of a species with a very rapid, 
largeamplitude internal motion (+r = 0.5 and (hi 
= 0.75). The top curve is the component decay of 
a species exhibiting rapid internal motion with a 
higher limiting anisotropy (& = 0.5 and a2 = 0.25). 
The other curves are linear combinations of these 
decays using different values of n, for the case 
where the high-anisotropy species has a lifetime 
twice that of the low-anisotropy species. In no 
decay does r (t ) accurately reflect the dynamics of 
the components after about one unit of time. As 
in case I ((r,. - l.O), the largest upward curvature is 

found when the long-lifetime component is a small 
fraction of the fluorophores (az < 0.15). The curves 
in fig. 4a correspond to r__,, = 0.1 and rm2 = 0.3. 
This large difference in the limiting anisotropies 
emphasizes the rise at long times. The effects of 
different values of r, on r(t) are not ‘difficult to 
anticipate: the magnitude of the rise at long times 
increases as the difference ( rm2 - rml) increases. 
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Fig. 4. Simulated anisotropy decays for case II calculated from eq. 10. (a) The curves differ in the value of q, the amplitude of the 
short-lifetime component, and are calculated with r1 - 1.0, 7r = 2.0, +i = +a = 0.5, cq - 0.75 and (11s = 0.25. The values of (I, (lower 
to upper curves) are 1.0, 0.99. 0.975, 0.95, 0.9, 0.85, 0.75, 0.65, 0.5, 0.25 and 0. (b) The curves differ in the value of 7r, the long 

lifetime, and are cakulated with r1 -1.0, q = 0.9, +, = +r = 0.5, at = 0.75 and cxs = 0.25. The values of 72 (lower to upper curves) 
are 1.0, 1.05, 1.1, 1.15, 1.25, 1.35, 1.7, 2.0, 2.5, 3.0, 5.0 and 10. (c) The curves differ in the value of (I,, the amplitude of the 
short-lifetime component, with pi = 1.0, 72 = 2.0, +i = $s = 0.5, ai = 0.25 and ua - 0.75. The values of a, (lower to upper curves) are 

0, 0.2, 0.4, 0.6, 0.8, 0.9, 0.95, 0.975, 0.99 and 1.0. (d) The curves differ in the value Q, the long-lifetime component, with pi -1.0, 
q - 0.9, +t - +a - 0.5, 41 - 0.25 and a2 - 0.75. The values of ?r (upper to lower curves) are 1.0, 1.1, 1.2, 1.3, 1.4, 1.5, 1.7, 2.0, 2.5, 

3.5 and 10.0. The lines are drawn as for figs. 2 and 3. 

The specific details of the curvature in r(t) at 
long times are related to the magnitude of the 
rotational correlation time of the components. If 
the (p values are small (+ < 7r ), r( t ) decays quickly 
to a minimum that is a weighted average of r-r 
and rm2; however, if the correlation times are 
long, there will be no local minimum in the curve 
and no increase at long times, merely a gradual 
decay of roe_ These situations are illustrated in fig. 
5a where rmI = 0.1 and rooz = 0.3 and the curves 
differ only in the magnitude of & (& = $I* for all 
curves). It is worth noting that when the $J values 
are very small, the sum r(f) curve rises over all 
but the earliest part of the decay. 

The magnitude of the increase in r(t) is also a 
function of the relative magnitude of 7z and 7r. 

When r/r2 is less than about 1.5, the increase is 
very gradual and appears linear on a logarithmic 
scale. When T/T~ > 3.0, however, the increase is 
abrupt. This is illustrated in fig. 4b for component 
decays that have a short rotational correlation 
time. The lowest curve in fig. 4b has it = r2 and 
therefore represents the actual ensemble average 
dynamic behavior of the components. As ~JT, 
increases (bottom to top), the upward curvature 
increases and the lifetime artifact becomes more 
obvious. Again, the curves do not reflect the com- 
ponent decays except at early times. 

3.2.3. Case II with al < a2 (rm2 -C rm,) 
When (or < a*, the limiting a.nisotropy for the 

short-lifetime species, rWl, is larger than the value 
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Fig. 5. Simulated anisotropy decays for case II calculated 
according to eq. 10. (a) The curves differ in the value of $D, the 
rotational correlation time of the component decays (in these 
cures .$I - &), with 71 - 1.0, I~ * 2.0, a, - 0.9, q - 0.75 and 
az = 0.25. The values of $J (lower to upper curves) are 0.01, 
0.1, 0.2, 0.5, 1.0, 2.0, 3.0, 5.0 and 10. (b) The cwves differ in 
the value of a,, the amplitude of the internal motion of the 
short-lifetime component, with 7, = 1.0, TV = 2.0, a, = 0.9, +, 
- 4 = 0.5 and 01~ = 0.75. The values of al (lower to upper 
curves) are 0.75, 0.7, 0.65, 0.6, 0.55, 0.5, 0.4, 0.25, 0.1 and 0. 

The lines are drawn as for fig. 2. 

for the long-lifetime species and the anisotropy 
may curve downward at long times. When the 
amplitude of the long-lifetime species, u2, is less 
than 0.1, the downward curvature can be quite 
precipitous. This is illustrated in the upper curves 
of fig. 4c where the r(f) decays differ only in the 
fraction of the two species. If a, > 0.1 (lower 
curves of fig. 4c), or if the data are not collected 
up to sufficiently long times, the anisotropy decay 
appears to have an additional decay mode. This 
effect is most pronounced when cx, is only slightly 
smaller than a*. This is illustrated in fig. 5b in 
which the fraction of the long-lifetime component 

is small (a2 = 0.1) and the plotted curves differ 
only in the magnitude of a1 with a fiied value of 
a2 = 0.75 ( rwz = 0.1). In the lowest curve (ai = a,), 
there is no effect of the heterogeneity on the r(t) 
decay (ri(t) = r2(t)). This is the only curve in fig. 
5b that accurately represents the ensemble average 
molecular dynamics. The lower curves which have 
r = rooa appear to represent straightforward dou- 
bykexponential decays to a constant; the longer 
decay component, however, is a consequence of 
the sample heterogeneity. Only at larger values of 
r oel is the downward curvature at long times re- 
vealed, indicating the origin of the long time de- 
cay. 

Small differences in the lifetimes of the fluo- 
rescent components can also lead to spurious ani- 
sotropy decays that do not show obvious anoma- 
lies. Fig. 4d illustrates the behavior of log[r(t)J for 
various values of TV. The upper curve is the case 
without lifetime effects (TV = Q. The curve is a 
single-exponential decay to a constant. The re- 
maining curves are generated by gradually increas- 
ing r2 with rooz c rool to induce downward curva- 
ture in r(t). At r2/r1 ratios very close to 1 (the 
upper 3-4 curves in fig. 4d), r(t) appears to have 
a decay mode with a long correlation time. Only 
at larger values of or does the downward curvature 
characteristic of lifetime heterogeneity appear, and 
then only at long times (greater than 5~~). 

3.3. Care ZZZ: Double-exponential decay 

When the macromolecule that carries a fluoro- 
phore is small enough that the rotational correla- 
tion time of the particle, $,, is of the same order 
of magnitude as T*, all the terms in eq. 8 must be 
included in r,(t). The anisotropy for the system 
becomes: 

r(t) = r(OHf1(4 a1 exp( -##J + (1 - 41 

+L(t)[e, exp(-Vrp2) + (I -41) 

xexp( -t/a) 01) 

(We have assumed, for simplicity, that only one 
spherical macromolecule is involved so that $, is 
the same for both species.) Introducing this 
wholsparticle rotation into the expression for t;:(r) 
has only minor effects on the lifetime artifacts that 
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occur. The curves generated by eq. 11 differ from 
the curves of case II only in the value of the slope 
of log[r(t)] at long times; the asymptotes of the 
curves are not horizontal lines but, rather, sloping 
lines that reflect the additional decay mode. 

Fig. 6 shows the r(t) time dependence that 
results when each component r,(t) has two corre- 
lation times and the internal motion of the fluoro- 
phore with the longer lifetime is more restricted 
than that of the short-lifetime component (a2 < 
at). The lowest curve in fig. 6 is calculated with 
71 = 72 and therefore contains no heterogeneity 
distortion. The upper curves are generated using 
increasing values of TV. When TV is only slightly 
larger than TV, the slope of the decay at long times 
increases but appears to be linear over this time 
scale. Only when the ratio rJ~i is larger than 
approx. 1.5 are the lifetime heterogeneity effects 
recognizable. Comparison of fig. 6 with fig. 4c 
shows the effect of inclusion of overall particle 
rotation. Comparison of fig. 6 with fig. 3b indi- 
cates that nearly identical behavior can be pro- 
duced by either single-exponential ri(t) decays 
with two different particle correlation times or 
double-exponential decays with rapid but re- 
stricted internal motion and the same overall par- 
ticle rotation time. 

I 
4 6 0 IO 

Time/Tou 

Fig. 6. Simulated anisotropy decays for case III calculated 
from eq. 11. The curves differ in the value of TV. the long 
lifetime, with I~ -1.0, a1 = 0.9, (pl = qbz = 0.5, a, = 0.75, al = 
0.25, and -#I~ = 10. The values of TV (lower to upper curves) are 
1.0, 1.1, 1.2, 1.3, 1.4, 1.5, 1.75, 2.25, 3.0, 5.0 and 10. The lines 

are drawn as for fig. 2. 

The types of r(t) decays that result from eq. 11 
are similar in all details to the behavior described 
above under case II. When LYE f CQ, the particle 
correlation time may be overestimated (0~~ > (Ye) 
or underestimated (ai < as). The extreme of 
overestimation is, of course, the false appearance 
of decay to a constant, nonzero anisotropy. When 
q+ + +r, the particle correlation time may also be 
overestimated (& > &) or underestimated (& < 

41). 

4. Discussion 

The analysis of anisotropy experiments with 
inclusion of the possibility of heterogeneity of the 
fluorophore environments involves several more 
or less independent questions. On the one hand, it 
is of interest to see if there are cases of anisotropy 
decay where a heterogeneous environment mecha- 
nism of the type described here is the only possi- 
ble explanation. If so, the issue becomes the possi- 
bility of extracting, without ambiguity, the un- 
derlying behavior of the individual environments 
from the observed anisotropy decay. On the other, 
there are cases where the anisotropy decay of a 
heterogeneous population of fluorophores has the 
same general appearance as that of the rotational 
diffusion of a homogeneous population of fluoro- 
phones with an intrinsic multiplicity of correlation 
times. It is of interest to compare these two mod- 
els to see if they can be distinguished. This raises 
the issue of whether a model based on heteroge- 
neous behavior can be eliminated as an alternative 
explanation for what appears to be homogeneous 
behavior with several correlation times. 

Some of the anisotropy decay curves of figs. 
3-6 have features that clearly suggest heteroge- 
neous behavior. The most obvious of these are 
those that decrease from a high initial value (re = 
0.4) to a minimum and then rise at longer times. 
Similarly, those decays that exhibit downward 
curvature imply a multiplicity of species with dis- 
tinct motional and excited-state decay behavior. 
Figs. 1 and 8 show experimental examples of these 
two cases. Experimental behavior of this type can 
be explained on the basis of a correlated lifetime 
and motional distribution and, with some reserva- 
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tions, this is the only explanation. An interesting 
comparison can be made with the form of the 
anisotropy decay for au ellipsoid of revolution 
[42], which, in some circumstances [43], gives rise 
to anisotropy behavior that has similar features. In 
the case of an ellipsoid of revolution the an- 
isotropy is given by a sum of three exp&ential 
terms with preexponentizll factors that depend on 
the orientation of the absorption and emission 
dipoles relative to the symmetry axis of the ellipse 
and the angle between the projection of both 
vectors on the plane perpendicular to the symme- 
try axis. For certain cases, one or more of the 
preexponential factors are negative and thus it is 
possible to have an anisotropy that increases in 
time. It is easy to show, however, that if r(0) = 2/5 
(i.e., the absorption and emission transition di- 
poles are colinear), then alI three preexponential 
factors are positive and the anisotropy decay for 
such a case decreases monotonically with upward 
curvature. This is also the case for a general 
ellipse, Thus, if r,, = 0.4, anisotropy behavior of 
the kind described above must be due to cor- 
related lifetime and anisotropy heterogeneity. 

It is interesting to note that the converse of this 
argument also applies: if an anisotropy decay 
exhibits rising behavior following an initial de- 
crease from a high value or shows downward 
curvature, then the sample must have a heteroge- 
neous lifetime decay even if this is not detected in 
the direct analysis of the total fluorescence decay. 

Fig. 7. Anisotropy decay expected for rotational diffusion of a 
prolate ellipsoid with D, = l/30 and D,, = l/2, with the ab- 
sorption and emission angles oriented relative to the symmetry 
axis such that cos B = 0.3, and with the angle between the 

projection of the dipoles in the x, y-plane of 9 -180” [42,43]. 
For this case r. = 0.2034. The rotational preexponential factors 
and correlation times are r, = 0.0533, I& = 5.0, r2 = 0.2484, 
& - 0.484, r3 = -0.0983 and C#Q = 1.5. The result of a fit to a 
heterogeneous environment model is also shown. For this fit, 
the parameters of the fluorescence decay were fixed at a, = 0.9, 
n2 = 0.1, 71 = 1 and TV = 3. The optimized anisotropy decay for 
each environment is shown as the dashed straight lines: r1 = 
0.222, +, -0.418, r,=O.o62 and +2 = 4.790. Here the sub- 
scripts refer to the lifetime components. Note that the parame- 

ters of the two environments of the heterogeneous model are 
close to two of the components of the motion of the ellipsoid 
of revolution. The value of r, for the heterogeneous model is 

0.284, significantly higher than the true value of 0.203. 

An example of the rather complex anisotropy could be distinguished. For simplicity, the param- 
time dependence that can result for an ellipsoid of eters of the fluorescence intensity decay were fixed 
revolution is shown in fig. 7. This case is for a at a, = 0.9, u2 = 0.1, q = 1 and 72 = 3. The an- 

highly elongated prolate ellipsoid with D,,/D, = isotropy for each environment is represented by a 

30 and with the absorption and emission dipoles simple exponential decay with an adjustable time 
oriented relative to the symmetry axis such that constant and initial anisotropy. Optimization of 

cos 0 = 0.3 (B = 72.5 * ) and relative to each other these parameters to fit the ‘data’ generated from 

such that the angle between their projections into this anisotropy decay as described below results in 

the x, y-plane is 180 o [43]. For this orientation of the fit shown in fig. 7. The resulting x2 value for a 
dipoles, the value of r,, is 0.203. The resulting time reasonable count level is 1.2. The details are given 
dependence of the anisotropy observed in this case in the figure legend. The conclusion is that, if a 
is similar to that presented for heterogeneous be- decay of the type observed in fig. 7 were observed, 

havior in fig. 3, particularly the upper curves of it might be possible to interpret it in terms of 

fig. 3b. The anisotropy decay of the ellipsoid heterogeneous behavior rather than anisotropic 

shown in fig. 7 was therefore analyzed using a rotational diffusion of a single species. This am- 

heterogeneous model to see if these two very dif- biguity exists because of the relatively low value of 

ferent physical origins for this type of behavior the initial anisotropy. However, it should be noted 
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that in order to interpret this ellipsoid anisotropy 
behavior in terms of a heterogeneous model, it is 
necessary to use two very different values for the 
initial anisotropies of the two ‘environmental 
species. The species with a rapid reorientational 
motion (+r = 0.42) has a value of r, of 0.222 while 
the species with slow motion ($I = 4.8) has a very 
low initial anisotropy (rO = 0.062). These features 
are necessary in order to obtain the qualitative 
behavior observed, since the anisotropy only rises 
slightly before beginning its long-time behavior. 
Furthermore, the value of the anisotropy at time 
zero for the heterogeneous model is 0.284 com- 
pared to the actual value of 0.222 for this ellipse. 

If a single chemical species is responsible for the 
fluorescence, it may be possible to eliminate this 
interpretation of the anisotropy behavior on spec- 
troscopic grounds. However, it is possible that the 
low and very different apparent values of the 
initial anisotropy could be attributed to very rapid 
motion on a time scale that is too rapid to be 
resolved in a particular experiment. The proposed 
motions would have to be of very different ampli- 
tudes for the two environments. The degree to 
which this explanation is reasonable depends on 
the particular system under study. 

analyzed using both ‘associated’ and ‘nonassoci- 
ated’ models, i.e., the actual case where each fluo- 
rescence decay lifetime component has a distinct 
anisotropy decay and the alternative case of a 
common anisotropy behavior for all components 
of the sample. 

The cases of fig. 3a represent variation in the 
amplitude of a component with a lifetime of 2 ns 

and a rotational correlation time of 5 ns relative to 
another species with a lifetime of 1 ns and a 
rotational correlation time of 0.5 ns. The limiting 
curves at the top and bottom correspond to unity 
and zero for the amplitude of the long-lifetime 
species; the intermediate curves from the top 
downward have fractional values of 0.6, 0.35, 0.2, 
0.1, 0.05, 0.025 and 0.01. Analysis of these curves 
yields parameter values in good agreement with 
the input numbers and x2 values ranging from 
1.15 (for 60% long lifetime) to 1.3 (1% long life- 
time). As expected, the value of the amplitude and 

lifetime of the long-lifetime component becomes 
uncertain when this component is present at only 
a small percentage. The application of a nonas- 
sociative single-environment model to these cases 
results in much larger values of x2, nonphysical 
values of the parameter, or both. 

The next issue is the extent to which a numeri- A detailed description of a specific case will 
cal analysis of anisotropy data exhibiting the kind illustrate the general nature of the results of these 
of behavior described above uniquely determines analyses. In fig. 3b the curves represent various 
the true physical parameters of the system. In values of the ratio of the long lifetime to the short 
order to answer this we have used the computa- lifetime for a fixed amplitude of the long-lifetime 
tions presented above to simulate realistic experi- component of 0.1 and rotational correlation times 
mental data. These calculations result in represen- of +i = 0.5 and & = 5.0 ns for the two species. 
tations of the experimental Iv and In transients. The initial anisotropy is 0.4 for both components. 

These are analyzed simultaneously as described by The fourth curve from the top (r2 = 1.75 ns, 7, = 
Cross and Fleming 1441 so that the parameters of 1.0 ns) shows clear upward curvature from 2 to 6 
both the fluorescence decay and the anisotropy for ns where a maximum is reached. The intensity of 
each environment are extracted from the data. In the fluorescence is 0.5% of its initial value at this 
this way any difficulties in the analysis of the total maximum. The signal-to-noise ratio is about 75 at 
fluorescence decay (due to small amplitudes of this point for the simulation used. Analysis of 
one component or closely spaced lifetimes, for these data yielded the correct parameters of the 
example) are propagated into the determination of fluorescence decay: r1 = 1.003 f 0.001, TV = 1.77 
the anisotropy parameters. The use of an actual f 0.01, a, = 0.906 f 0.001, a2 = 0.094 & 0.001. In 
instrument response function in the simulations the heterogeneous model, each of these lifetime 
means that the dimensionless variables of the ideal components is associated with a distinct environ- 
cases become real time in the representation of ment having an anisotropy decay described by a 
experiments. (In figs. 3-6 the time scale becomes single exponential plus a constant term. The initial 
nanoseconds.) The resulting data sets were anisotropy for each environment is treated as an 
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Fig. 8. Anisotropy decay behavior of trans-parinaric acid in large unilamelhu vesicles composed of dielaidoylphosphatidylcholine. 
The sample temperature is indicated on the right. The experimental data points are fitted to a general model involving two 
environments, one ‘solid-like’ with a high anisotropy and a long average lifetime and one ‘fluid-like’ with a low anisotropy and a 

short average lifetime 11,191. The anisotropy behavior for each environment is described by the model presented in ref. 8. 

adjustable parameter. The resulting fit parameters 
are quite close to the true values: r, = 0.397 4 
0.001, r, = 0.386 f 0.001, $i = 0.499 + 0.001, & = 
4.94 * 0.17, r,, = roo2 = 0.003. This gives a value 
of x2 = 1.28. 

For this case there is also a local minimum in 
the x2 surface at x2 = 1.54 with the same (correct) 
parameters for the fluorescence decay but in which 
each environmental anisotropy decays rapidly (+ 
= 0.5 ns) to a constant value (rml = 0.048, rm;= 
0.091). This is the kind of behavior illustrated in 
fig. 4a and b and represents the fact that the 
curves of fig. 4b with a smaller value of rooz are 
very similar to the intermediate curves of fig. 3b 
except at times that are so long that the data may 
not be sufficient to distinguish term. 

The alternative analysis of this same simulation 
in terms of a single environment with double-ex- 
ponential decay behavior for both the fluorescence 
intensity and anisotropy decay leads to several 
minima on the x2 surface, In all fits the correct 
fluorescence lifetimes and amplitudes are re- 

covered. The best fit for this model has x1 = 1.32, 
only slightly higher than the correct analysis (x2 
= 1.28). The parameters are +, = 0.520 f 0.006 
(essentially the correct value) and & = 1.39 + 0.15, 
a relaxation time not corresponding to any actual 
motion. The amplitudes for the components of 
r(t) are r, = 0.404 f 0.011, r2 = -0.075 * 0.010 
and ~-s = r_, = 0.071 f: 0.010. The key point is the 
negative value of r, and the finite value of the 
constant term. These are required to fit the rising 
behavior of the anisotropy at intermediate times. 
It is argued above that, given the value of 0.4 for 
the initial anisotropy, there is no physical model 
that can result in’ this type of behavior. It is 
difficult to reject this fit on statistical grounds, 
however. 

This particular case is of interest in several 
respects. First, the long lifetime is only 1.75”times 
the short lifetime and this species is present at a 
level of only 10%. Thus, this fluorescence decay 
might very well be misinterpreted as a single-ex- 
ponential decay. Furthermore, three different 
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models of similar complexity are roughly equally 
good statistical fits to the data. As the relative 
value of 72 increases (moving upward in fig, 3b), 
the alternative solutions for the choices of parame- 
ters become statistically or physically less reasona- 
ble. Thus, for the case of T~/T~ = 3.0 (the second 
curve of fig. 3b), the ‘correct’ parameters are re- 

covered with a x2 of 1.13 and the alternative 
heterogeneous solution involving rapid decay of 
the anisotropy in each environment to constant 
values has a x2 of 9.18. This is due to the fact that 
this alternative model cannot fit the decrease in 
r(t) at long times beyond the peak near 5 ns 
where the total intensity still has a value 2.5% of 
that of the initial value. The homogeneous model 
with an anisotropy described by two exponentials 
plus a constant limitiug anisotropy results in a 
large negative amplitude for the slow correlation 
decay and a value of x2 = 6.7. 

It should be noted that the proper interpreta- 

tion of an anisotropy decay may depend on ex- 
perimental observation of behavior at short and 
long times. This may be difficult in some cases. 
Thus, in the cases of the lower curves of fig. 4a 
and b, failure to resolve the behavior at short 
times would result in an anisotropy decay similar 
to that expected for an anisotropic rotor with a 
low initial anisotropy. 

est here is whether behavior that appears as aniso- 
tropic rotational diffusion can be equally well 
represented in terms of a heterogeneous model. It 
should be emphasized that the behavior we are 
interested in is not dynamic heterogeneity per se, 
but rather dynamic heterogeneity coupled to ex- 
cited-state decay heterogeneity. It may be possible 
to describe a complex anisotropy decay in terms 
of distinct populations with different motional 
behavior [15] but if each species in the population 
has the same excited-state lifetime behavior, the 
amplitudes and correlation times obtained from a 
homogeneous model will correspond to real physi- 
cal motions of at least some of the molecules in 
the sample if the time scales are well separated or 
to average values if the correlation times are close 
together. This is in contrast to the case of hetero- 
geneous lifetime behavior where the time depen- 
dence of the anisotropy decay may have no corre- 
spondence with any motions of objects in the 
sample, In this respect, heterogeneous lifetime be- 
havior results in ‘artifact&’ anisotropy decays. 

Fig. 8 shows an experimental example of be- 
havior similar to that shown in fig. 4a and b as 
well as its analysis [19]. This is a particularly clear 
case in terms of the unambiguous determination 
of the parameters. For example, at a temperature 
of 17°C this sample has 17% of a component with 
a high limiting anisotropy and a lifetime of 31 ns 
while the major component with a low limiting 
anisotropy has an average lifetime of only 4.6 ns. 
The x2 value is 1.12 for the fit to the lifetime 
data. The initial anisotropies for each component 
are close to 0.4. As a result, the curve is very 
similar to the topmost two cases of fig. 4b. 

This emphasizes the importance of careful de- 
termination of whether the fluorescence decay of 
the sample is homogeneous in nature, as would be 
concluded if it is described by a single exponen- 
tial, or heterogeneous, a possible explanation for 
nonexponential behavior. Clearly, if the sample 
fluorescence contains significant amplitudes of 
components with widely different lifetimes, this 
will be detected and the possibility of distinct 
dynamics for the components will be considered. 
For this reason we have placed emphasis on those 
cases where the component lifetimes are rather 
close together (r& < 2) and the amplitude of 
one of the components is small (e.g., 10%). This 
makes the analysis of the fluorescence decay prob- 
lematical under most experimental conditions. The 
analysis presented here suggests that this limita- 
tion can have a serious influence on the extracted 
motional parameters. 

We now turn to the case of behavior for which A specific case illustrating this type of behavior 

there is clearly a reasonable explanation in terms is that of fig. 3b with T~/T~ = 1.2 and the ampli- 
of complex motion of a single environment. Thus, tude of the ‘long’-lifetime component being only 
those decays that show upward curvature but 10%. As expected, all analyses have difficulty in 
which do no actually rise at long times can be extracting the proper amplitudes and lifetimes for 
analyzed, at least qualitatively, in terms of aniso- the total decay. The lowest x2 solutions give a, = 
tropic rotational diffusion_ The question of inter- 0.91-0.93 f 0.03 with values of 71 of 1.01-1.02 
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and l-2-1.4& 0.06 ns. A two-component model 
with a value of x2 of 1.396 resulted in reasonable 
parameter values (rr = 0,388, r, = 0.400, +r = 
0.499 f 0.002 and & = 4.295 + 1.207 vs. 5.00 in- 
put for this case.). Other fits using this two-compo- 
nent model resulted in two equal correlation times 
of 0.5 ns and finite positive and negative limiting 
anisotropies for the two species. The x2 values for 
these fits were exactly the same as that for the 
correct fit with zero limiting anisotropies. Thus, 
there is an ambiguity in the analysis of this type of 
data even within the context of the correct model 
unless there is a physical basis for rejecting the 
case of a finite limiting anisotropy. 

Analysis of the same data under the assump- 
tion that all of the species in the sample have the 
same motional behavior results in an equally good 
fit to the data (x2 = 1.396) and results in reason- 
able parameter values: t, = 0.359, r, = 0.027, & 
= 0.495 f 0.002 and $r = 10.698 f 10.730. Note 
that the value of & is consistent with inspection 
of the curve in fig. 3b. The only clue that this is an 
incorrect model is the very large (100%) estimated 
uncertainty in this parameter. We conclude that 
even in this case of ‘minor heterogeneity in the 
sample fluorescence, one might deduce anisotropy 
parameters that differ considerably from the true 
value. 

Perhaps a better example of this is that of the 
lower curves of fig. 4c. These all correspond to the 
case of a long-lifetime species with a lifetime of 2 
ns and a low limiting anisotropy (0.1) in the 
presence of a 1 ns species with a high limiting 
anisotropy (0.3). The anisotropy decay is very 
rapid for both species (+ = 0.5 ns). The third 
curve from the bottom corresponds to 60% of the 
2 ns component. Analysis with the correct hetero- 
geneous model yields the correct parameters with 
high precision and small uncertainty. The x2 value 
is 1.145. the homogeneous model results in a x2 
value of 1.148 with unambiguous (but incorrect) 
parameter values of @I =I 0.515 it 0.004 and & = 
2.418 & 0.077 and a limiting anisotropy of 0.10. 
Thus, the lifetime heterogeneity introduces a new 
correlation time not present in either environment 
and ignores the 40% of the sample that is highly 
motionally restricted. It might be argued that in 
this case the heterogeneity of the sample will be 

obvious from the analysis of the fluorescence de- 
cay. What is found is that analysis of the total 
decay with a two-exponential decay yields the 
correct values of the parameters with a x2 value 
of 1.10 while a single-exponential fit to the same 
data yields an average lifetime of 1.6 ns and 
x2 = 1.25. Thus, a detailed analysis using more 
sophisticated statistical methods might reveal this 
heterogeneity. Our results indicate that such an 
analysis may be warranted to ensure that the 
correct motional parameters are extracted. 
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