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We describe the theoretical and practical aspects of analyzing complex fluorescence decay kinetics using continuous distributions of 
decay times. Our analysis uses frequency-domain data, provides for global analysis of multiple data sets and includes the possibility 
of excited-state processes. Simulated data were used to estimate the types of distributions which can be reasonably recovered from 
the measurements. Additionally, we describe a variety of distributions recovered from experimental data. For mixtures of one, two or 
three exponentially decaying fluorophores we recovered narrow lifetime distributions, which are essentially identical to a multiex- 
ponential decay. Similarly, a two-state excited-state reaction also yielded a narrow distribution with negative preexponential factors. 
The presence of time-dependent spectral relaxation of labeled lipids results in a wide distribution of decay times, which becomes 
narrower for faster relaxation rates at higher temperatures. Hence, the decay-time distributions appear to be sensitive to the dynamics 
of the environment surrounding the fluorophore. Additionally, distributions of decay times were observed to result from transient 
effects in collisional quenching, from energy transfer in the presence of a range of donor-to-acceptor distances, and for several 
singletryptophan proteins. 

1. lntroduetion 

The application of fluorescence spectroscopic 
methods to biochemical samples often involves 
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analysis of the intensity decay kinetics. The decay 
times or lifetimes are of interest because they can 
represent molecular features of the sample, such 
as the presence of two or more tryptophan re- 
sidues in a protein, the existence of two or more 
conformations or the occurrence of an excited-state 
reaction. During the past decade it has become 
common practice to analyze intensity decays using 
a sum of discrete exponential decays [l-4], possi- 
bly because of the intuitive association of the 
individual decay times with discrete emitting 
species, This practice has provided the easiest 
route to interpreting the recovered parameters. 
Also, the multiexponential model provides an ade- 
quate number of parameters to account for the 
data with the limited resolution of the time-re- 
solved data. 

In the present report we describe the analysis of 
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intensity decay kinetics using a alternative model, 
which allows for a continuous distribution of de- 
cay times. Lifetime distributions have been the 
subject of several recent publications [5-lo], and 
to some extent these papers reflect an extension of 
the earlier analysis of decay kinetics using a series 
of equally spaced exponentials [ll]. Some early 
reports indicated that the data obtained using 
time-correlated single-photon counting may not 
be adequate to recover the lifetime distributions 
[6,7]. However, the situation may be improving as 
the result of the more widespread use of pulse 
picosecond lasers for time-correlated single-pho- 
ton counting, which provides a higher number of 
counts and hence higher statistical accuracy 
[4,7,12,13], and because of the recent development 
of frequency-domain fluorometers [14-161. 

In the present paper we describe simulations 
which illustrate the resolution which can be ex- 
pected from the frequency-domain data. The anal- 
ysis methods were verified using data from ,rnix- 
tures of fluorophores. The theory was applied to 
systems where one expects the decays to be more 
correctly described by lifetime distributions. These 
systems included samples which displayed time- 
dependent spectral shifts [17,18], transient effects 
in quenching [19-221, energy transfer to multiple 
acceptors at different distances [23-251, and the 
emission from several single-tryptophan proteins, 
The effects of time-dependent shifts are of par- 
ticular interest because the lifetime distributions 
could reveal the dynamic properties of the en- 
vironment which surrounds the fluorophore. 

2. Theory 

Fluorescence intensity decays are usually de- 
scribed as the sum of individual exponentials. The 
intensity decay following S-function excitation is 
described by 

z( t ) = &;e-“5 (1) 

where 7i are the individual decay times and ai the 
associated preexponential factors. The fractional 
contribution of the i-th component to the total 

emission is 

“=f&, 

It is common practice to normalize the oli and f, 
values so that Co, = 1.0 and Cfi = 1.0. 

We now consider an alternative model in which 
the cyi values are not discrete amplitudes at ri, but 
rather are described by a continuous distribution 
a(r). The intensity decay then contains compo- 
nents of each lifetime r with an amplitude a(r). 
The component with each individual T value is 
given by 

z(7, t) = C+)e-f/T. (3) 

The total decay law is the sum of the individual 
decays weighted by the amplitudes, 

Z(l) = [~e+)e-‘/’ dr (4) 

where ja(T) dr = 1.0. The relationship between 
the two models (eqs. 1 and 4) can be seen by 
considering a(~) to be a b-function centered at 
r = r,,, i.e., a( 7) = 6( r - r,,). Then, using the prop- 
erties of the S-function, 

Z(t) =~~ot3(~-~,,)epf/T dr=e-“Q (5) 

Hence, a a-function distribution of LY(T) is equiv- 
alent to a single-exponential decay. One can ex- 
pand (Y(T) to include several o-weighted S-func- 
tions. Then, application of eq. 5 yields the 
multi-exponential decay law. 

At present we do not have a theoretical model 
to predict the a(r) distributions, nor do we have 
adequate experience or experimental results to 
choose a particular distribution function. Hence, 
we arbitrarily selected Gaussian (G) and 
Lorentzian (L) lifetime distributions. For these 
functions the (Y(T) values are 

ao(7) = -. 
; 

e- +,q,z 
a 2a 

(IL(T) = 1. r/2 

= (r- +)* + (r/2)* 

(6) 

(7) 

where 7 is the central value of the distribution, u 
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the standard deviation of the Gaussian, and r the 
full-width at half-maximum (fw) for the 
Lorentzian. For a Gaussian the full-width at half- 
maximum is given by 2.354~ [26]. For ease of 
interpretation we describe both distributions by 
the full-width at half-maxima. An alternative ap- 
proach would be to use (Y(T) distributions which 
are not described by any particular function. This 
approach may be superior in that it makes no 
assumptions about the shape of the distribution. 
However, the use of functional forms for a(r) 
minimizes the number of floating parameters in 
our fitting algorithms. 

By analogy with the multiexponential model, it 
seems probable that a(T) could be multimodal. 
Then 

where i refers to the i-th component of the distri- 
bution centered at {, and gi represents the ampli- 
tude of this component. The gi values are the 
amplitude factors and a:(T) the shape factors 
describing the distribution. We used normalized 
expressions (eqs. 6 and 7) for the individual a:( T) 
so that lap(T) dr = 1.0 when there is no a density 
below r = 0. 

It is important to recognize the meaning of the 
terms in eq. 8. For distributions with no signifi- 
cant amplitude near the origin the amplitude fac- 
tors ( gi) are analogous to the ai values in eq. 1. 
This can be seen by recalling that the a:( 7) are 
normalized. Hence, 

(9) 

However, there may be a( T) density near or below 
the T = 0 origin, especially when one remembers 
that such density represents small fractional con- 
tributions to the total emission (eq. 2), and that 
the density below r = 0 has no physical signifi- 
cance. In this case the individual a:(r) distribu- 
tions are not normalized, and the gi values do not 
represent the normalized amplitude of each com- 
ponent. For example, consider a component 
centered at 7 = 0 so that only one-half of ai( T) is 
relevant. Then, the integrated amplitude of ai 
would not be properly normalized. For con- 

sistency, we define ai as the integrated preex- 
ponential factor for each component. For any 
distribution, including those cut off at the origin, 

(10) 

The fractional contribution of the i-th component 
to the total emission is given by 

2.1. Excited-state reactions 

An excited-state reaction yields an emitting 
species which is distinct from the initially excited 
state. Such processes include loss of protons in the 
excited state [27], excimer formation [28] and 
solvent reorganization [29,30]. Examination of the 
a( T) distributions should be particularly informa- 
tive in such cases. Suppose one obtains data across 
the emission spectrum. The form of the intensity 
decay depends upon the reversibility of the reac- 
tion, and the species responsible for the emission 
at each wavelength [27-341. Typically, the decay is 
complex on the red and blue sides of the emission, 
and a single exponential at one wavelength near 
the center. The lifetime distributions should reflect 
this complex behavior. Analysis of the fluores- 
cence data from such systems is more complicated 
in both the time [27,31] and frequency domains 
[32-341. An excited-state process results in a nega- 
tive preexponential factor in the time domain (eq. 
1). To keep the time-resolved intensity positive, 
and hence rational, the longer decay time must be 
associated with the positive preexponential factor. 
Importantly, the amplitudes no longer represent 
the contributions of the individual components, as 
these cannot be negative. Calculation of the in- 
tegrated ai values (eq. 11) is also complicated 
because the ai values from eq. 1 or 10 can be 
equal and opposite. Hence, /a(r) dr can be near 
or equal to zero. In this case one must use eq. 10 
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or 11 with the absolute values of each integral in 
the denominator. This yields values for ai and f;, 
but their significance is not obvious without more 
detailed analysis. 

2.2. Frequency-domain theory for lifetime distribu- 
tions 

The frequency response of the emission consists 
of the frequency-dependent values of the phase 
angle (h) and the demodulation factor ( mw), 
where w refers to the modulation frequency in 
rad/s. These values can be calculated from the 
sine (N,) and cosine (0,) transforms of the im- 
pulse response function. Using eq. 4 these trans- 
forms are 

N,J= 
JJ two TwO+)e- “’ dr sin ot dt (12) _ _ 

DWJ=~;O[;O~(~)e-“’ drcos wt dt. (13) 

Reversal of the order of integration yields 

(14) 

(15) 

with 

J m = 
J 

OL(T)T dr. 
7-O 

(16) 

For any parameter values the calculated (c) phase 
and modulation values are 

%a = arctam N,/D, ) (17) 

m,, = (Ni + Dz)l’* (18) 

3. Methods 

3.1. Analysis of the frequency-domain data 

The measured phase (&J and modulation val- 
ues (m,) were analyzed by the method of nonlin- 
ear least squares [35,36]. Calculated values were 
obtained using eqs. 12-18. The goodness-of-fit 

was judged by the value of ,reduced x2 

*_ 1 
XR-; 

09) 

where Y is the number of degrees of freedom, and 
S+ and 6m the uncertainties in the measured 
phase and modulation values, respectively. In eq. 
19 the sum extends over all frequencies (w), and 
in some cases over multiple sets of data or multi- 
ple emission wavelengths (k). For instance, we 
examined mixtures of fluorophores with varying 
proportions of the individual fluorophores. The 
lifetimes were constrained to be constant for all 
files, but the amplitudes (ai and fi) varied for 
each file. This global method was described previ- 
ously in more detail for time- [37] and frequency- 
domain data [35]. An example may clarify this 
concept. We examined five different mixtures of 
9-MA and 9-CA, which included data at about 15 
frequencies per mixture, for a total of 150 data 
points. The data were analyzed with two mean 
decay times which were variable, but the same for 
all mixtures. The bimodal Gaussian model has 
nine floating parameters (two lifetimes, two full- 
widths, and one amplitude per file, since &xi = 
1.0). Hence, this global analysis has 141 degrees of 
freedom. 

Our analysis programs are written in both 
Basic-11 and Fortran 77 for Dee 11/73 computers. 
These programs use the Gauss-Newton and 
Marquardt-Levenburg methods of nonlinear least 
squares [26,35]. The integrals are calculated 
numerically. The uncertainty estimates include 
correlation between the parameters [38]. Simula- 
tions were performed as described previously [35]. 
Typically, the data were simulated for about 20 
frequencies, distributed approximately equally on 
the log frequency scale. Gaussian noise was added 
to the simulated data using S+ = 0.2’ and Qm = 
0.005, which are approximately equal to the ex- 
perimental values. 

The frequency-domain data were measured 
using the instruments described previously [15,16], 
under the specific conditions listed in the text. The 
data for the labeled DOPC vesicles were from an 
earlier study of time-resolved emission spectra [39]. 
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The data for acrylamide-quenched indole and for 
the donor-acceptor pair are also from previous 
reports [25,40]. 

4. Results and discussion 

4.1. Effects of a lifetime distribution on the frequency 
response 

It is of interest to examine the effect of a 
lifetime distribution on the frequency-domain 
data. Representative Lorentzian distributions are 
shown in fig. 1 for unimodal (top) and bimodal 
(bottom) cases. It is important to note that the 
Lorentzian curve for fw = 5 has greater amplitude 
at lifetime values outside the fw, whereas the 
Gaussian curve decays more rapidly to zero. The 
Gaussian distribution has over 98% of its area 
within i-one half-width (fw/2). In contrast, the 
Lorentzian contains only 71% of its area within 
f 2 half-widths. To account for 99% of the area of 
a Lorentzian one must use +62 half-widths. This 
is an important distinction, which has a dramatic 
effect on the full-widths recovered from the analv- 

Fig. 1. Unimodal (top) and bimodal (bottom) distributions of 
decay times. (Top) ? = 15 ns; fw = 5 ns for a Lorentzian (L) or 
a Gaussian (G); fw = 0.5 ns for a Lorentzian (- - -_); The 
vertical bar is for a single-exponential decay, fw = 0.0. (Bat- 
tom) ?=5 ns, ?r=15 ns; fwr=fwr=5 ns ( -) or fwr= 

fw2 = 0.5 ns (- - - - - -) for a bimodal Lorentzian. Also shokn is 
a double-exponential decay (vertical bars). 

sis. For a single-exponential decay (fw = 0) the 
apparent widths recovered from the Lorentzian 
model are smaller because the smaller width sup- 
presses the tails of the distribution. We used 
simulated data with the distribution from fig. 1 to 
estimate the resolution possible with the 
frequency-domain data. 

After a number of simulations and experimen- 
tal studies we conclude that it is rather difficult to 
distinguish a distribution from a multiexponential 
decay. To be more specific, it is difficult to dis- 
tinguish a unimodal distribution from a double- 
exponential decay or a bimodal distribution from 
a triple-exponential decay. This is illustrated for 
the unimodal case in fig. 2, which shows simulated 
data for ? = 15 ns and fw = 5 ns. The data contain 
random noise at a level comparable to our experi- 
mental data. We attempted to fit the simulated 
data to a single-exponential decay. This fit was 
unacceptable, as indicated by the large value of 

FREQUENCY (MHZ) 

Fig. 2. Effect of a Lorentzian distribution of decay times 
on the frequency-domain data. Tbe best fit with fw = 0.0 
(- - -, 0) yields xi = 14.7. The wrrect parameter values 
arerecovered(~-15ns,fw=5ns,~~-0.!7O)when~andfw 
are variable, and the deviations are smaller and more random 

(lower panels, 0). The deviations (A) for a twowmponent 
decay are also small and randomly distributed; xi = 1.5. 
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xi = 14.7 and the systematic deviations between 
the simulated and calculated values (0, lower 
panels). Although not evident from the figure, the 
effect of a lifetime distribution is to increase the 
width of the frequency response. However, the 
difference between the expected values for a full- 
width of 5 ns ( -) and for a full-width of 0.0 
ns (---) is not dramatic. This may be the 
result of partial cancellation of the contribution of 
components above and below the mean value of 7. 
From examination of a number of simulated files 
we know that the correct values for the parameters 
(7 = 15 ns, fw = 5 ns) can be recovered from the 
simulated data. For this model the deviations are 
randomly distributed (fig. 2, lower panel) and 
xi = 0.90. However, without additional informa- 
tion it would be difficult to distinguish the data 
from those due to a double-exponential decay. For 
this model the deviations are again randomly dis- 
tributed (A) and xi = 0.15. 

4.2. Detection of lifetime distribution 

An important question is whether one can dis- 
tinguish a distribution of lifetimes from a sum of 
exponentials. This is a complex question, which 
we cannot answer in a general way. For any set of 
data the ability to recover the correct parameters 
is a complex function of the parameter values, 
correlation between the parameters, number of 
data points and their significance, and the extents 
of random and nonrandom error. Additionally, 
the recovered parameters will only be meaningful 
if the model is correct. At present we do not 
believe that it is possible to distinguish distribu- 
tions with similar shapes on the basis of the values 
of xi or the appearance of the residuals, such as a 
Gaussian or a skewed Gaussian. Hence, we de- 
scribe a series of simulations which broadly define 
whether a particular distribution can be dis- 
tinguished from a multiexponential model based 
on the values of &. 

Frequency-domain data were simulated for uni- 
modal and bimodal distributions (fig. 3, left and 
right, respectively). We used the distributions 
shown in fig. 1, with ? = 15 ns for the unimodal 
case and 7 = 5 and 15 ns for the bimodal distribu- 
tion. The full-width of the simulated data was 
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Fig. 3. Dependence of xi from the multiexponential model on 
the widths of lifetime distributions. (0) Multiexponential fits to 
the Lorentzian distributions; (A) fits to the Gaussian distribu- 
tions. The lines near x2 R = 1 represent the twscomponent fits 
to the unimodal distributions (left) and the three-component 
fits to the bimodal distribution. (Left) 5 = 15 ns; (right) ?, = 5 

ns, T2 = 15 ns, f, = fz = 0.5. 

increased as indicated by the x-axes. The simu- 
lated data were then analyzed with the single- 
(left) or double-exponential model (right), which 
has a full-width of zero. To aid in interpreting the 
values of xi we note that with 25 degrees of 
freedom a 2-fold increase in xi is adequate to 
state with 99.9% certainty that the model is not 
adequate to account for the data. 

If the decay is known to be unimodal then it is 
relatively easy to determine whether a distribution 
is present (fig. 3, left). For a Lorentzian distribu- 
tion (0) a full-width of 2 ns yields xk = 4, which 
is easily adequate to reject the single-exponential 
model. The value of xi exceeds 2 for a full-width 
of about 1 ns. The xs( surface is smooth and local 
minima were not usually encountered. The situa- 
tion is less favorable for a Gaussian distribution 
(A). In this case xi does not increase above 2 
until the full-width exceeds 5 ns. The lesser sensi- 
tivity of xf( to the Gaussian full-width is a reflec- 
tion of the more rapid decrease of (Y(T) to zero as 
compared to the Lorentzian distribution (fig. 1). 
The results in fig. 3 seem to indicate that the 
full-widths of 1 ns or less can be only roughly 
determined from the frequency-domain data. In 
practice, the full-widths recovered from actual data 
have been narrower than the 1 ns limit implied by 
fig. 3. This favorable result is probably because for 
a true single-exponential decay the value of xi 



J.R. Lakowicz et aI./Analysis offl wescence decay kinetics in the frequency &main 41 

decreases continually if the full-width is de- 
creased. 

The results are less favorable if we investigate 
whether a unimodal distribution can be dis- 
tinguished from a double-exponential decay. When 
analyzed using the double-exponential model the 
values of xi were near unity, even as the widths 
were increased to 12 ns. A similar result was 
found for a wide variety of experimental data. In 
numerous cases we tried to obtain proof for the 
presence of distributions. Almost invariably, we 
found that the values of xi for the suspected 
distribution were the same as that found using a 
sum of exponentials with one more component. 

A similar series of simulations were performed 
for bimodal distributions with mean lifetimes of 5 
and 15 ns (fig. 3, right). In this case the widths 
needed to exceed 2-4 ns for the decay to be 
distinguished from the double-exponential model. 
It would not be possible to distinguish the bi- 
modal distribution from a triple-exponential 
model, as can be judged from the. values of xi 
which are near unity for widths as large as 12 ns. 

4.3. Resolution of lifetime-distribution parameters 

Suppose we know that the decay is due to a 
unimodal or a bimodal distribution. It is of inter- 
est to determine whether the parameters describ- 
ing the distribution can be recovered from the 
data. This was done by examination of the xi 
surfaces for fixed values of either the full-width 
(fig. 4) or the mean decay times (fig. 5). Unimodal 
(left) and bimodal (right) data were simulated 
with full-widths of 5 ns. The simulated data were 
analyzed with one parameter value held fixed at 
values bracketing the correct values. Then, least- 
squares analysis is used to find the minimum 
value of xi. During this process the other floating 
parameters vary to compensate for the in- 
correctness of the fixed parameter. If the value of 
xk is elevated, then the fixed-parameter value is 
unacceptable. If xi is not elevated then the data 
cannot exclude the fixed-parameter value. The 
steepness of the x’, surface for the parameter 
indicates the certainty with which the data de- 
termine its value. The relative increase in xi can 
be used to determine the uncertainties in the 
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Fig. 4. Dependence of xk on the full-width of lifetime distri- 
butions. (Left) Values used for simulation: 7 =15 ns and 
fw - 5 ns. Lorentzian (O- l ), Gaussian (A- A). The 

simulated data were analyzed using the fw indicated on the 
x-axis. (Right) Values used for simulation: ?I = 5, F2 ~15, 
fw, = fw, = 5 ns, fi = f2 = 0.5. Only one full-width was held 
constant (fwI), and the ‘second was varied during the xi 

minimization. 

parameters. This procedure takes into account 
correlation between the parameters, and probably 
overestimates the uncertainties in the parameters. 

The results of this analysis are quite favorable 
for the one-component model, especially for the 
Lorentzian distribution (fig. 4). In this case, xk 
rises quickly to become unacceptable if the full- 
width is held below 4 or above 6 ns. The Gaussian 
displayed less sensitivity, especially for smaller 
full-widths. Nonetheless, the xi values do show 
reasonable minima near the correct full-width. 
The sensitivity of xi to the full-width is consider- 
ably weaker‘ for the bimodal distribution. Full- 
widths ranging from 0 to 12 ns resulted in only a 
10% change in &. Hence, at the current levels of 
precision, using data from a single measurement, 
the full-widths of bimodal distributions are not 
likely to be reliably determined. However, we were 
able to recover reasonable full-widths from bi- 
modal distributions for single-tryptophan proteins 
(see below). Apparently, even the weak xi depen- 
dence in fig. 4 can reveal the half-widths, 

We also examined the sensitivity of xi to the 
mean lifetimes of the distributions. For a uni- 
modal distribution (fig. 5, left) the values of xi 
are strongly dependent on 7, indicating that the 
mean values are easily determined. A similar 
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Fig. 5. Sensitivity of xi to the mean decay times of the 
distribution. Same as fig. 4 except the ?, values were held fixed 

during xi minimization. 

sensitivity to 7 was found whether the distribution 
was Lorentzian or Gaussian. Resolution of the 
correct lifetime appears to be more difficult for a 
bimodal distribution. In this case, xi increases 
only 10% for a 3 ns shift in the value of FZ. 
Nonetheless, as the xi surface is well-behaved; 
the correct values may be recovered from the 
analysis. 

4.4. Experimental data for a one-component sample; 
rhodamine B 

It is of interest to analyze experimental data in 
terms of the lifetime distributions. As our first 
example we chose a single-component solution of 
rhodamine B. The frequency-domain data are 
shown in fig. 6. For both the Lorentzian and 
Gaussian models we obtained a narrow unimodal 
lifetime distribution (fig. 7). In fact, the narrow- 
ness of distributions was smaller than expected. 
Hence, we attempted to force-fit the data with a 
wider distribution. The results of a Lorentzian 
force-fit with a 5 ns full-width are shown in fig. 6 
(- - -). The systematic deviations between the 
model and the data allowed this wide distribution 
to be rejected. Similarly, the data were not con- 
sistent with a 5 ns wide Gaussian distribution 
(. . . . . * ). The dependence of xi on the widths of 
the distributions is shown as an inset to fig. 7. The 
value of xi rises quickly for a Lorentzian of 0.1 
ns width or larger, while the value of xi for the 

Fig. 6. Frequency-dependent phase and modulation data for 
rhodamine B in propylene glycol at -5OC. The excitation 
wavelength was 442 nm from an HeCd laser, and the emission 
was observed through a Coming 3-71 filter using magic-angle 
polarizer orientation. (- ) Best L.orentzian (fw = 0.003) 
and best Gaussian (fw = 0.01) fits to the data (m). (- - -) 
Best fit with the Lorenizian full-width held constant at 5 ns; 
x8-542. (.-..e.) Best fit to a Gaussian with the full-width 

held constant at 5 ns; x&_ = 109. 

Gaussian does not rise until the full-width exceeds 
1.0 ns. Nonetheless, repeated analysis of the data 
with various starting values for the parameters, 
including large half-widths, consistently yielded 
the narrow distribution shown in fig. 7. Ap- 
parently, the xi surface does not contain local 
minima which would iesult in erratic values for 
the final parameters. 

4.5. A two-component mixture of 9-MA and 9-CA 

We examined mixtures of fluorophores, each of 
which was expected to decay as a single exponen- 
tial. If the resolution is adequate we expect the 
analysis to reveal sharp distributions, similar to 
those indicated by the vertical bars in fig. 1. The 
two-component mixture contained g-MA (4.4 ns) 
and 9-CA (12.1 ns). The frequency-domain data 
for a 50 : SO (9-CA/g-MA) mixture are shown in 
fig. 8. It was not possible to fit the. data to a 
unimodal Lorentzian (- - -, 0). Of wurse, the 
data are in agreement with the double-exponential 
or the bimodal Lorentzian models. 

The analysis of the 50 : 50 mixture’of 9-CA and 
9-M is summarized in table 1. Surprisingly, we 
were able to rewver rather narrow distributions 
for this two-component mixture (fig. 9). If the 
data are analyzed with a unimodal Lorentzian the 
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Fig. 7. Lifetime distribution for rhodamine B at -5’C. The 
intensity decay of rhodamine B is narrowly distributed near 3.6 
ns. (Inset) Dependence of xi on the full-width when held at 

constant values. 

apparent width is large (4.9 ns), and xi is not 
acceptable (1Zfold larger than the minimum 
value). In contrast, the bimodal Lorentzian model 
yields an acceptable fit for the mixture, and cor- 
rect values for the average lifetimes, which are in 

Fig. 8. Phase and modulation data for mixtures of 9-MA and 
9-CA in ethanol. Data (0) are shown for a mixture with 50% of 
the emission from 9-CA (fi = fi = 0.5). Best fits are shown for 
a onocomponcnt Lorcntzian (- - -) and a two-component 
Lorcntzian (- ). Deviations for the one (0) and two- 

component (0) Lorentzians are shown in the lower panels. 

agreement with both the independently measured 
values and those recovered from the usual multi- 
exponential model (denoted by Het in table 1). 
Several points should be stressed. First, the ap- 
parent full-widths are quite small (0.24 and 0.13 
ns). At present, we do not believe that these values 
should be accepted as precisely correct. There 
must be considerable uncertainty because the value 
of xk is similar for the double-exponential model 
with two less floating parameters. In fact, the lack 
of decrease in xi by the addition of these two 
floating parameters (fw, and fw,) indicates that 
these parameters are not needed to account for the 
data. Secondly, the additional floating parameters 
in the distribution models result in greater diffi- 
culty in recovering acceptable parameter values. 
This is evident from the rather low value of xi 
for the unimodal Lorentzian (x’, = 3.7) as com- 
pared to the single-exponential decay model (x”, 
= 110.8, Het, 1 T). Nonetheless, analysis of the 
experimental data for a mixture yielded sharp 
distributions (fig. 9). This is an important result 
because it demonstrates that the similar widths 

1 1.0’ 0, 9CA +9MA 
5 , \ 50/50Mixture 

c 
/ 

\ 
\ 

2 @j_ Lor by/i 

\ 
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Fig. 9. Distribution of lifetimes recovered from two- and 
three-component mixture. (Top) Two-component mixture of 
9-CA and 9-MA from fig. 8. (- ) Best two-component 
Lorentian fit (table 1); (- --) best one-component 
Lorcntzian. (Bottom) Three-component mixture of POPOP, 
anthracene (ANT) and g-VA. The results represent one profile 
from a global analysis using the threswmponent Lorentian 

model (table 2). 
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Table 1 

Analysis of two-component mixtures of 9-MA and 9-CA 

Model Fi (ns)fwi (ns)f, Xi 

50 : 50 mixture 
Het, 2 T 4.6 - 0.51 0.5 b 

12.0 - 0.49 
Het, 1 7 6.6 - 1.0 110.8 

Lor, 2 7 4.6 0.24 0.41 
11.9 0.13 0.53 0.5 

Lor,lr 5.6 4.87 1.0 3.7 
Gau, 1 r 5.8 8.33 1.0 7.58 

Gau, 2 7 4.6 0.83 0.48 
11.7 0.29 0.53 0.33 

Five 9-MA/g-CA mixtures 
Het, 2 r 4.5 - 0.11/0.28/0.51/0.77/0.91 0.43 

11.9 
Het, 1 r 7.1 - - 566 

Expected fl 
values - - 0.1/0.25/0.50/0.75/0.90 - 

Lor,ls 5.9 3.88 - 504 
Lor, 2 7 4.4 0.14 0.07/0.22/0.48/0.72/0.89 

11.9 0.21 0.45 
Gau, 1 7 6.2 7.18 - 506 
Gau, 2 r 4.5 0.25 0.09/0.24/0.49/0.73/0.89 

11.9 2.05 0.44 

’ The independently measured lifetimes of 9-MA and 9-CA 
are 4.4 and 12.1 ns, respectively. The excitation wavelength 
was 325 nm from an HeCd laser, the emission being ob- 
served through a Coming cut-off filter. 

b 8cp = 0.20, 6m = 0.005. 

observed for other samples are not the result of 
lack of resolution of the data. 

The greater complexity of the lifetime-distribu- 
tion models can be partially overcome by the use 
of global methods. We measured and analyzed 
data from five mixtures of 9-MA and 9-CA, with 
f, = 0.1, 0.25, 0.50, 0.75 and 0.90. For this case 
there is a lOOO-fold decrease in xi from the 
unimodal (x’, = 504) to the bimodal (x’, = 0.45) 
Lorentzian, as compared with the 1Zfold decrease 
when a nonglobal analysis is performed. The re- 
covered lifetime distribution closely approximates 
the expected S-functions. Additionally, the in- 
tegrated 0~~ values for each mixture agreed with 
the expected values (table 1). 

These data were also analyzed using Gaussian 
distributions. For these particular solutions the 
unimodal Lorentzian and Gaussian models were 
equally successful in accounting for the data. The 

apparent widths recovered using the bimodal 
Gaussian model were about 4-fold larger than for 
the Lorentzian. 

4.6. Analysis of a three-component mixture 

We examined threecomponent mixtures of 
POPOP, anthracene and 9-VA. We were surprised 
to find that xi decreased 40-fold for the trimodal 
Lorentzian as compared with the bimodal 
Lorentzian (table 2). Attempts to fit the data to 
the simpler models (unimodal or bimodal) re- 
sulted in wide full-widths and unacceptable values 
of xk. For the trimodal Lorentzian the integrated 
intensities were in good agreement with those 
expected from the known proportions in the mix- 
tures. Remarkably, these distributions closely ap- 
proximate the S-function distribution expected for 
a mixture of exponentially decaying fluorophores 
(fig. 9). 

4.7. Closeti spaced decay times 

It must be emphasized that an ability to fit the 
data to a unimodal distribution does not demon- 

Table 2 

Global s analysis of three-component mixtures of PGPGP, 
anthracene and q-VA 

Model 7, (ns) fw, (ns) f, xi 

Het, 3 r 1.3 - 
4.2 - 
7.5 - 

Het, 2 r 1.4 - 
6.0 - 

Het, 1 7 3.3 - 
Lor, 3 7 1.3 0.07 

4.3 0.06 
1.4 0.03 

Lor, 2 7 1.2 0.03 
4.9 1.79 

Lor, 1 I 1.5 3.13 

Expected f, values 

0.25/0.41/0.16 
0.22/0.35/0.49 
0.53/0.24/0.35 0.24 
_ 9.8 

666 
0.25/0.41/0.16 
0.22/0.35/0.49 
0.53/0.24/0.35 0.25 
_ 

10.9 
231 

31512 
2/3/5 
5/2/3 

’ The data from three files were analyzed simultaneously. The 
fractional intensities recovered from both three-component 
fits (Lor and Het) agread with the expected values. 

b &#I = 0.20, Sm = 0.005. 
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strate that the decay is due to a unimodal lifetime 
distribution. The possibility of incorrectly accept- 
ing a unitnodal distribution is illustrated in table 
3, which shows the results of analyzing data due to 
two closely spaced decay times (authraceue, 4.0 ns 
and diphenylanthracene, 6.3 ns). For this sample 
we believe that the decay is in fact a double 
exponential. However, the data are fitted equally 
well using the unimodal Lorentzian or Gaussian 
models. Hence, as the decays become more closely 
spaced, it will not be possible to determine the 
actual form of the decay law. 

4.8. Decay-time distribution for an excited-state re- 
action 

One application of the distribution analysis is 
for excited-state processes. Such systems display 
complex wavelength-dependent decay kinetics, and 
the nonexponential behavior of some systems 
should result in broadly distributed lifetimes. For 
the initial analysis we selected the excited-state 
deprotonation of 2-naphthol[27]. It is known that 
the pK, of naphthol is 9.2 in the ground state, and 
that it decreases to 2.0 in the excited state. The 
loss of a proton competes with emission, and the 
pH and reaction rates determine the relative emis- 
sion from naphthol and naphtholate. At pH 7 the 
reaction is irreversible, whereas reprotonation can 
occur at pH 3. The reaction scheme contains only 
two excited states, naphthol and naphtholate, so 
that at each wavelength the decay is described by 
a double-exponential decay. Since the emission 
from each species is distinct (fig. 10, inset) the 
chosen emission wavelengths affect the relative 
contribution of each species to the phase and 

Table 3 

Distribution analysis of a mixture of anthracene and diphenyl- 
anthracene 

Model + (ns) f, or fw (ns) Xi 

Het, 1 7 5.13 1.00 6.14 = 
Het, 2 7 3.92 0.37 0.13 

6.17 0.63 0.13 

Gau, 1 7 5.08 2.69 0.13 

Lor, 1 7 5.05 1.05 0.16 

-1.0 

* 

pH=6 I 355nm 

445nm 

A 

Fig. 10. Distribution of decay tit&s for naphthol of pH 3 (top) 
and pH 6 (bottom). (Inset) Emission spectra of naphtbol and 
naphtholate. The decay-time distributions are shown at 355 
and 445 mn. These were recovered by global analysis of data 
measured at Nile wavelengths from 340 to 460 nm. Data from 

ref. 34. 

modulation data. One interesting feature of this 
system is that the preexponential factors can be 
negative for the reaction product. The intensity 
decay of naphtholate is expected to display equal 
and opposite preexponential factors. Additionally, 
the intensity decay of naphthol is known to be a 
single exponential if the reaction is irreversible 
(pH 6) and to be a double exponential if the 
reaction is reversible (pH 3). 

We analyzed previously obtained data for 
naphthol at nine emission wavelengths [34]. These 
data were analyzed globally, resulting in the distri- 
butions shown in fig. 10. The data for 355 nm are 
due to emission from naphthol, and those for 445 
nm to emission from naphtholate. The (Y values 
are sharply distributed, and reflect the reversibility 
of the reaction. On the blue side of the emission 
(355 nm) the QL distribution is bimodal at pH 3, 
and unimodal at pH 6, indicating double and 
single-exponential decays, respectively. While the 
bimodal character at 355 nm and pH 3 is weak, 
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the decay at 355 nm is unambiguously a multiex- 
ponential. It is known that a reversible process 
yields a doubly-exponential decay law for the ini- 
tially excited species, whereas for an irreversible 
reaction this species decays as a single exponen- 
tial. On the red side of the emission (445 nm) the 
distributions show regions of negative intensity. 
This is expected for the product of an excited-state 
process. At present, we do not know whether the 
wider distributions found at pH 3 are a conse- 
quence of the reversibility of the reactions or are 
due to experimental uncertainties in the full- 
widths. 

4.9. Effects of time-dependent spectral relaxation 

It is known that time-dependent reorganization 
of polar molecules around an excited fluorophore 
can yield nonexponential decays [17]. In the pres- 
ence,of solvent relaxation the intensity decays are 
known to be highly dependent on emission wave- 
length, which is a’ consequence of a continuous 
time-dependent shift towards longer wavelengths. 
We used the data described previously [39] to 

recover the wavelength-dependent lifetime distri- 
butions for TNS-labeled vesicles of DOPC (fig. 
11). The a distributions show regions of both 
positive and negative intensity, as is expected for 
an excited-state process. Significantly, the distri- 
butions are rather broad at low temperatures (top), 
becoming sharper at higher temperatures (bottom). 
This is an important observation because it indi- 
cates that broadly distributed a values can be the 
result of local interactions with surrounding 
groups, and depend upon the rate at which these 
interactions reach equilibrium. We believe that the 
(r distributions will prove to be generally useful as 
an indicator of the dynamics of the environment 
surrounding fluorophores in macromolecules. Two 
laboratories have already reported that the intrin- 
sic tryptophan emission from proteins become 
more sharply distributed at higher temperatures 
[9N. 

4, IO. Transient effects in collisional quenching 

A variety of processes can result in nonex- 
ponential decays of fluorescence. One common 
example is collisional quenching of fluorescence. 
An initially single-exponential decay can become 

TNS-labeled DOPC 

Fig. 11. Wavelength-resolved decay-time distribution of TNS- 
labeled DOPC vesicles, at 4O C (top) and 40 Q C (bottom). 

(Inset) Emission spectra at 4 and 40 o C. 

0 5 
Tau In:) 

O- 
Tau (ns5) 

Fig. 12. Lifetime distributions resulting from transient effects 
in quenching. (Top) Data are for 9,10-DMA quenched by 
carbon tetrabromide in propylene glycol at 25O C. (Bottom) 
Data are for indole itl propylene glywl at 20 o C quenched by 

0,0.5, and 1.0 M acrylamide 1411. 



J.R. Lukowicz et al./Analysis of fluorescence decay kinetics in the frequency domain 47 

nonexponential in the presence of quenching 
[19-221. This occurs because of the initial random 
distribution of the fluorophore-quencher pairs in 
homogeneous solution. Following light absorption 
the more closely spaced pairs are rapidly quenched, 
resulting in a slower decay at longer times due to 
the more widely spaced pairs. Interpretation of 
these decays in terms of the molecular features of 
the systems is complex. Nonetheless, the quench- 
ing-induced heterogeneity can be visualized from 
the decay-time distribution. This is illustrated in 
fig. 12 for benzanthracene quenched by carbon 
tetrabromide and for indole quenched by acryl- 
amide [41]. In both cases quenching causes the 
distribution to become wider and shift towards 
shorter decay times. Visualization of such distribu- 
tions for either the decay time or the rates of 
quenching should be valuable for evaluating the 
molecular details of quenching of macromolecules. 

4.1 I. Energy transfer and distance distributions 

Fluorescence energy transfer can also result in 
a distribution of decay times. If the donor and 
acceptor are at a fixed distance then the decay of 
the donor is shortened by transfer, but the decay 
will remain a single exponential. However, if a 
range of donor-acceptor distances are present, then 
these will exist in a range of transfer rates, and 

Tau kIS) 

Fig. 13. Lifetime distribution resulting from energy transfer 
with a range of donor-to-acceptor distances. Data are for 
tryptamine linked to dansylundecanoic acid (TUD) [25], and 
were analyzed using the uni- ( -, left) and bimodal(- - 
-) Lorentzians. The solid line to the right is for donor in the 

absence of acceptor, tryptamine-myristic acid. 

hence a range of decay times. This is illustrated in 
fig. 13 for tryptamine linked to a dansyl group via 
a flexible chain. In the absence of acceptor the 
decay of tryptamine is predominately a single 
exponential. In the presence of acceptor the donor 
decay is shortened, and now exhibits a range of 
decay times. If there were two unique distances 
then we would expect a bimodal distribution. Since 
this was not observed we believe that a continuous 
range of donor-acceptor distances is accessible to 
this molecule. While data for this donor-acceptor 
pair can be analyzed using a decay-time distribu- 
tion, we believe it is preferable to formulate the 
analysis in terms of parameters which characterize 
the distribution of distances [25]. 

4.12. Single-tvptophan proteins 

As a final example of decay-time distributions 
we describe the results for indole in water and for 
several single-tryptophan proteins. For indole in 
water the decay-time distribution appears to be 
come sharper at higher temperatures (fig. 14, top). 
This decrease in width is also apparent from the 
values of xi resulting from the distribution analy- 
sis. At low temperature (5” C) the value of xi 

0 _,I , -.____.; 
0 5 

Tau (ns) 

Fig. 14. Lifetime distributions of single tryptophan proteins. 
(Top) Distribution for the intensity decay of indole in water at 
various temperatures. (Bottom) Decay-time distributions for 
moneliin (- - -_X melittin monomer (- )andRNaseT, 

(vertical line). 
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Table 4 

Multiexponential and distribution analysis for indole in water s 

Temperature ( o C) Model ? (ns) fw, (ns) ai XI 

5 Het, 1 r 
Het, 2 7 

l&r,17 
Gau, 1 I 

Het, 1 r 
Het. 2 7 

Lor, 1 7 
Gau, 1 r 

50 Het, 1 7 
Het, 2 r 

Lor,lr 
Gau, 17 

5.12 
3.62 
5.87 
5.72 
5.72 

4.49 
2.90 
4.58 
4.48 
4.49 

1.52 
0.65 
1.55 
1.51 
1.52 

0.26 
1.43 

0.04 
0.40 

1.0 
0.07 
0.93 
1.0 
1.0 

K? 
0.94 
1.0 
1.0 

1.0 
0.04 
0.94 
1.0 
1.0 

1.3 

1.1 
1.0 
LO 

1.9 

1.7 
1.6 
1.6 

2.5 

2.2 

2.3 
2,2 

a 0.025 M Tris, pH 7.5. 

decreases for the unimodal models, relative to the The emission from the singletryptophan pro- 
single-exponential fits (table 4). At higher temper- teins is of interest because it may be possible to 

ature (20 and SO’ C) the decrease in xi becomes interpret the results in terms of structural and 
smaller, which reflects the sharper distribution. dynamic features of the proteins. We have noticed 
This effect may be due to increased dynamic that the distributions vary widely among single- 
homogeneity at higher temperatures. tryptophan proteins, which may reflect the diverse 

Table 5 

Multiexponential and distribution analysis for single-tryptophan proteins 

Protein Model Fi (ns) fwi (ns) al X: 

RNase T,D Het, 1 7 3.83 1.0 0.83 
Gau, 1 r 3.83 0.0004 1.0 0.85 
Lor, 1 I 3.83 0.04 1.0 0.93 

M&tin Het, 2 r 0.88 0.36 
monomer b 3.72 0.64 2.8 

Gau, 2 7 -1.13 2.82 0.37 
3.47 2.23 0.63 1.5 

Het, 3 r 0.24 0.32 
2.12 0.33 
4.22 0.36 1.2 

Het, 2 7 1.01 0.43 
3.31 0.57 1.0 

Gau, 2 r 1.07 0.63 0.46 
3.38 0.28 0.54 1.05 

’ 100 mM sodium acetate, pH 5.5,20 o C. 
’ 10 mM Tris, pH 7.0.20’ C. 
’ 25 mM Tris, 100 mM NaCl, pH 7.0, 20 o C. 
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environments which surround tryptophan residues 
in different proteins. The single tryptophan re- 
sidue of RNase T1 is known to be highly shielded 
from the aqueous phase [42] and is located in the 
interior of the protein [43]. In this case, the decay 
was found to be a single exponential, in agreement 
with other time-resolved studies of this protein 
[44]. Data for RNase T1 and the other proteins 
were from ref. 45. The fit to the RNase T1 data 
could not be improved using a double-exponential 
model or the unimodal distributions (table 5). It 
should be noted that these measurements were at 
pH 5.5, and the decays may be more complex at 
other pH values (M.R. Eftink, personal communi- 
cation). 

In contrast to RNase T,, the intensity decay of 
melittin monomer is highly heterogeneous. While 
the double-exponential model (Het, 2 7) provides 
a reasonable fit to the data (x’, = 2.8), the value 
of xi decreases 2.3.fold for a triple-exponential 
analysis (Het, 3 7, table 5). The bimodal Gaussian 
provides a good fit to the data (xi - 1.5), and 
suggests a broad distribution of decay times with 
significant (Y density near T = 0. This distribution 
is in rough agreement with the triple-exponential 
model which yielded a decay time near 0.24 ns. In 
solution, monomeric melittin is mostly in the ran- 
dom-coil state. It is possible that the decay-time 
distribution reflects the range of environments 
experienced by the tryptophan residue. Indeed, 
the sharp distribution found for RNase T1 may 
reflect the uniformity of the environment sur- 
rounding the tryptophan residue. A uniform en- 
vironment is not expected for monomeric melittin. 

The decay-time distribution for monellin is in- 
termediate between that found for RNase T1 and 
melittin (fig. 14). The distribution appears to be 
bimodal, with widths near 0.5 ns. In contrast to 
melittin, the values of xi do not support accep- 
tance of the distribution model (table 4). Monellin 
probably adopts a single conformation in solution, 
which may be the origin of the bimodal distribu- 
tion seen in fig. 14. Additional experimentation 
and analysis are required to evaluate the correla- 
tion, if any, between protein structure and the 
decay-time distributions. 

5. Conch&m 

Analysis of fluorescence decay kinetics in terms 
of distributions is still in its infancy. A variety of 
phenomena can result in decay-time distributions, 
and it seems likely that the distribution models 
will become widely utilized. At present, it is dif- 
ficult to distinguish distributions from multiex- 
ponential decays. To some extent this difficulty 
can be overcome by global experimentation and 
analysis. Except for favorable circumstances, it 
seems unlikely that distinction between these simi- 
lar models can be unambiguous with data avail- 
able in the foreseeable future. For this reason it 
will be necessary to regard the distribution and 
the multiexponential models as alternative presen- 
tations, and to select the appropriate model using 
other known properties of the samples. 
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