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In t roduc t ion  

During the last decade, fluorescence techniques have been applied to 
numerous problems in biology and biochemistry.  Both intrinsic and ex- 
trinsic fluorophores have been used to obtain information about  proteins, 
nucleic acids, membranes and other biological materials. The increasing 
interest in the application of  fluorescence methods in the life sciences has 
led to a continuing development  of  new instrumental techniques and pro- 
cedures for data analysis. Nanosecond  fluorometry represents an area of  
particularly intense activity. Ten years ago, the measurement  of  fluores- 
cence decay times was still in its infancy and it was difficult, if not impos- 
sible, to measure and analyze multiexponential decay curves with any de- 
gree of  confidence. Today,  this situation has been completely altered and 
nanosecond decay data, nanosecond time-resolved emission spectra, and 
the decay of  the emission anistropy can readily be obtained and analyzed. 
As a consequence,  complex excited state interactions have become better 
unders tood and have been used to probe biological microenvironments.  

It would be difficult to cover  all the advances in experimental tech- 
niques that have been made in the last ten years and this will not be at- 
tempted. Numerous  specialized topics such as differential fluorimetry, sol- 
ute perturbation fluorescence, stopped flow fluorescence, fluorescence 
circular dichroism, have been or will be covered in other chapters in these 
volumes. Topics to be covered here include the following: advances in the 
instrumentation and procedures for data analysis required for nanosecond 
fluorometry; potentials of nanosecond t ime-dependent fluorescence emis- 
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sion spectroscopy,  and nanosecond t ime-dependent  emission anisotropy. 
In addition the t reatment  of  decay data to obtain information regarding 
excited state interactions will be discussed. 

The relations between fluorescence, excited state interactions, and 
probe environment  are the themes to be emphasized. Reactions that 
occur  in the excited state can either be inferred from or directly measured 
by the parameters characterizing the luminescence.1 

There  are a large number of  excited state interactions that can occur  
prior to or can compete  with fluorescence emission. These include vibra- 
tional relaxation of  the photo-excited state, internal conversion and inter- 
system crossing, conformational  change, hydrogen bonding, orientational 
relaxation in fluid media, proton transfer, electron ejection, exciplex and 
excimer formation, excited state charge transfer complexes,  and nonra- 
diative energy transfer which can be singlet-singlet or triplet-triplet. While 
this list is not complete,  it does indicate the variety of  excited state in- 
teractions that are known to exist and that have been studied in some de- 
tail. The extent  to which these interactions take place will depend on the 
character  of  the fluorophore,  on other molecules in the vicinity, and on 
general environmental  factors,  such as the solvent, the viscosity, and the 
temperature.  It is desirable that the excited state interactions of a fluores- 
cence probe first be characterized in detail in model solvent systems. In 
this way, when the fluorophore is used to probe a biological system, the 
information derived may be interpreted on a firm basis to give information 
about the microenvironment.  

The shortest  relaxation times measured for many of  the excited state 
interactions indicated above are on the picosecond time scale. An excel- 
lent review of  the published data on the picosecond time scale has been 
presented by Eisenthal. 1 In many cases of  interest in biology, the environ- 
mental conditions are or can be made to be such that most excited state 
processes,  including fluorescence, occur  on the nanosecond time scale. 
The measured fluorescence decay time r reflects the competit ion between 
fluorescence emission and other excited state reactions or quenching. If 
all other deexcitation channels are suppressed, then all the quanta ab- 
sorbed will be emitted as fluorescence. Under  these conditions the 
fluorescence decay time approaches the natural lifetime z0. The natural 
lifetime is related to the probability of  the transition to the ground state 
and is often on the order of  nanoseconds.  The quantum yield approaches 
unity as the measured lifetime approaches the natural lifetime. These rela- 
tions are summarized below. 

Tm 1 1 
(1) 

q = --to ro = ~ff kf + k(other ) 

1 K. B. Eisenthal, Annu. Rev. Phys. Chem. 28, 207 (1977). 
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where rm and To are the measured and natural lifetimes respectively, q is 
the quantum yield, and kf and ktother) are the rate constants for the fluores- 
cence and nonfluorescence decay to the ground state, respectively. 

The microenvironment which biomolecules and bioaggregates create 
around fluorophores can thus be probed through nanosecond fluores- 
cence measurements. These measurements will provide information 
about processes that may be occurring concomitant with fluorescence. 
Changes in the rates of these processes can be correlated with changes in 
the biologically relevant parameters influencing them. The power of nano- 
second fluorescence techniques lie in determining the dynamics of confor- 
mational changes of, or interaction between, biomacromolecules and bio- 
logical macroassemblies. In some instances, nature has provided us with 
"built-in" fluorescence probes. Examples include the aromatic amino 
acids, especially tryptophan and tyrosine. Other examples include 
fluorescent coenzymes, such as pyridine nucleotides, pyridoxal phos- 
phate, or flavins. In other cases, it is necessary to add a probe attached 
covalently or noncovalently to the system. 

Our aim here is to provide an overview of the nanosecond fluores- 
cence field at its present stage of development. As mentioned above, this 
section will not be comprehensive, but will rather be selective reflecting 
the experience (and bias !) of the authors. A comparative appraisal of the 
various instrumental techniques used in nanosecond fluorometry will be 
provided. Since suitable procedures for analysis of the data are as essen- 
tial in nanosecond fluorometry as the instrumentation itself, the concep- 
tual basis of the procedures for elimination of the convolution artifacts 
and thus obtaining the true fluorescence relaxation times will be 
described. The experimental procedures for performing time-resolved 
fluorescence measurements, i.e., time-resolved emission spectra (TRES) 
and decay of the emission anisotropy (DEA) will be explicitly dealt with. 
Finally, some selected examples of ways to handle complex decay data 
will be presented. 

Fluorescence Decay Instrumentation 

The most significant advances in fluorometry during the last decade 
are those that have been made in regard to the instrumentation required 
for fluorescence decay studies. Fluorescence lifetimes are usually of the 
order of nanoseconds, and, until recently, this short time scale made the 
measurements difficult. The development of the instrumental techniques 
required for decay measurements has proceeded in two directions. 

The transient fluorescence properties of a molecular system can be 
studied by observing its response to either a continuous, high frequency 
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modulated excitation or to a series of discrete, repetitive, short exciting 
pulses. In either case the desired information regarding fluorescence 
decay laws is extracted from the modification of the time profile of the 
exciting signal due to the lag introduced by the finite duration of the ex- 
cited state. 

Continuous Response Technique. In the literature, this method of de- 
termining the kinetics of the fluorescent decay is known as the "phase 
shift method." The kinetic information is usually obtained by measuring 
the phase shift (8) between the excitation wave form and the corre- 
sponding fluorescence response wave form. 2 If a homogeneous popula- 
tion of rnonoexponentially decaying molecules is excited with sinusoidal 
modulated light with frequency f, then the decay constant r is related to 8 
and f according to the formula 

tan 8 = 2rcfz (2) 

In this case, the decay constant can also be obtained from the degree 
of modulation of the fluorescence relative to that of the exciting light 
given by 

modulation of fluorescence 
m = relative modulation = 

modulation of excitation 

(Fmax - Fmin)/(Fmax -4- fmin) 1 (3) 
= = COS 

(Emax - Emin)/(Emax + Emin) (1 + 4"h'fT) 1/2 

where Fmax is maximal fluorescence and Fmi n is minimal fluorescence 
The modulation frequency f is chosen to yield maximum measuring 

accuracy for both tan 8 and m. This happens when f - 1/27rr which for 
decay constants in the range of 3-50 nsec corresponds to frequencies 
between 3 and 50 MHz. 

Both Eqs. (2) and (3) are valid only for an emitting molecular system 
which decays monoexponentially, an assumption implicit in their deriva- 
tion. A sufficient check for the validity of this assumption is the equality 
of the decay constants obtained from each equation, respectively. If the 
assumption is not valid, the decay constant measured by the degree of 
modulation will almost always be larger than that determined from the 
phase shift. 2 

In the multiexponential case the equations corresponding to Eqs. (2) 
and (3) are given by 3 

2 R. D. Spencer and G. Weber, Ann. N. Y. Acad. Sci. 158,361 (1969). 
3 S. R. Schuldinger, D. Spencer, G. Weber, R. Weil, and H. R. Kaback, J. Biol. Chem. 250, 

8893 (1975). 
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F~ sin ~bi cos ~bi 

tan ~ = i (2') 
c o s  

i 

M 2 = F~ cos 2 4~i + Fi sin ~bi cos ~bi (3') 

where the ~b and M are the experimentally observed phase lag and relative 
modulation and ~b~ and F~ are the phase shift and fractional contribution of 
the ith component. To extract the individual parameters of an n- 
component system, n separate measurements of ~ and ---.~ should be per- 
formed at n modulation.frequencies. 

Ideally, in order to ascertain the multicomponent nature of a given 
fluorescence decay the phase fluorimeter should possess the capability of 
a continuous variable frequency. Then the fluorescence intensity time 
profile could be obtained as the Fourier transform of the phase shift data 
taken at various frequencies. 

While there are still technical difficulties associated with variable fre- 
quency measurements, good progress in this direction is being made. 4'5 
Application of these techniques to the resolution of multi or nonexponen- 
tial decay systems may be expected in the near future. At the time of writ- 
ing, much of the work in this area has been performed on decay instru- 
ments based on pulse techniques (see below). Wherever the monoexpo- 
nential character of the decay is firmly established the continuous response 
methods have excellent subnanosecond sensitivity and accuracy coupled 
with a relatively fast data acquisition. Several technical improvements 2"4"6 
especially in the procedures used for phase detection have resulted in in- 
struments capable of  measuring differences of 0.1 nsec with an accuracy 
of 0.03 nsec between two decay constants each less than 1 nsec.2 Suitable 
instrumentation for phase fluorometry is now available commercially. 7 

Discrete Response Technique. Significant advances have been made 
in the development of several types of nanosecond fluorometers based on 
pulse techniques such that this approach can be used to resolve complex 
fluorescence decay data. The pulse technique has also been used to obtain 
nanosecond time-resolved emission spectra and nanosecond time- 
resolved emission anisotropy data. Since pulse methods are used in our 
own laboratories their use will be emphasized here. 

4 M. Hause r  and G. Heidt ,  Rev. Sci. lnstrum. 46, 470 (1975). 
5 F. E. Lytle,  J. F. Eng,  J. M. Harris ,  T. D. Harris,  and  R. E. Santini,Anal. Chem. 47,571 

(1975). 
6 V. E.-P. Resewi tz  and E. Lippert ,  Ber. Bunsenges. Phys. Chem. 78, 1227 (1974). 
r SLM Ins t ruments ,  Champaign ,  Illinois. 
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FIG. 1. Relative intensity distribution of a 1 atm nitrogen nanosecond flash lamp. The rel- 
ative intensities from 400 to 530 nm are also shown amplified 50-fold. The emission was ob- 
served through a Bausch and Lomb No. 33-86-44 monochromator (33/~/mm). The entrance 
and exit slits of the monochromator were set at 2 mm. 

The pulsed excitation is provided by a nanosecond flash lamp, freerun- 
ning or gated at a particular f requency.  The f requency is usually less than 
50 kHz  so that decays  as long as 1000 nsec initiated by  one flash are not 
per turbed by the next. It is our  exper ience that gated lamps not only allow 
a convenient  choice of  a constant  repetit ion rate but also exhibit improved 
lamp intensity per flash and pulse shape reproducibili ty.  A thyratron 
gated nanosecond flash lamp with repetit ion rates up to 50 k H z  is now 
available commercia l ly  f rom PRA s together with the required power  
supply. Based on a design due to Ware,  9 it allows the lamp gas to be 
changed with ease. Nitrogen gives intense light be tween 300 and 400 nm 
(Fig. 1) with lines at 226, 316, 337,358 and 381 nm. Hydrogen  and deu- 
ter ium (Fig. 2) can be used to obtain excitation further in the ultraviolet.  
The timing characteris t ics  of  typical flash lamps now in use enable one to 
obtain flash profiles with a width at ha l f -maximum about  2 nsec. Most 
lamps usually show a modera te  tail as seen in Fig. 3. The electromagnet ic  

s PRA (Photochemical Research Associates Inc.), N6A 5B7. University of Western On- 
tario, London, Ontario, Canada. 

9 W. Ware, in "Creation and Detection of the Excited State" (A. A. Lamola, ed.), Vol. 1, 
Part A, p. 213. Dekker, New York, 1971. 
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FIG. 2. Relative intensity distribution of a deuterium nanosecond flash lamp. The mon- 
ochromator is as described in the legend to Fig. 1. The intensity scale is not related to that 
shown for Fig. 1. 

radiation associated with the spark can be picked up by an antenna and 
used as a timing pulse to trigger the detection system. Alternatively, a 
suitable timing pulse can be provided by an electron multiplier phototube 
(an RCA IP28 is commonly used) which views the lamp directly. 

Once the sample is excited a variety of methods are available for moni- 
toring the time course of the fluorescence decay. From this point of view, 
the nanosecond pulse fluorometers are divided into two general types: (a) 
those that monitor many photons per pulse and (b) those that monitor 
only one photon per pulse (monophoton counting instruments). Both 
these types of instruments usually employ a combination of analog and 
digital techniques for data acquisition. 

In the simplest case, the fluorescence decay of a sample is described 
by a single exponential: 

I ( t )  = I o e  - k t  = Ioe  -tl~ (4) 

where k represents the probability of a particular molecule emitting a 
fluorescence photon following excitation. This probability is assumed to 
be time independent. The exponential law is obtained by summing the 
photon contributions of an assembly of potentially fluorescent molecules 
at each infinitesimal time interval after synchronous excitation. In the 



[17] T I M E - R E S O L V E D  F L U O R E S C E N C E  M E A S U R E M E N T S  3 8 5  

t0 ~ 

10 4 
i 

o t0 

u.I 
on 

z 

10 z 
.._1 

 O'4o 
--I,8...ecl--- 

I I I I I 
152 224 516 4 0 8  5 0 0  

CHANNELS 

FIG. 3. Typical t ime- in tens i ty  profile of  a 1 a tm ni trogen flash lamp. There are 0.205 
nsec / channe l .  The  ordinate is a logarithmic scale in order  to emphas ize  the tail. 

limit of very small time intervals, l(t) is thus proportional to the number of 
excited molecules making the transition to the ground state at time t after 
excitation. 

At the present time, fast electronic circuitry capable of reproducing 
the decay of fluorescence light intensity on the nanosecond time scale is 
not widespread. The first type of existing instrumentation obviates this 
stringent requirement by prepositioning a constant, narrow time window 
(aperture) at variable delays after the triggering pulse and integrating the 
effect produced by the many photons received during the aperture 
opening. The delay is varied to cover the whole measurable decay curve, 
and the integration could be performed on various physical quantities pro- 
portional to the photon flux, i.e. photocurrent, TM photovoltage, 11 or light 
emission from a slowly decaying phosphor detector screen.12 The reader 
is referred to the original literature for details on these ingeneous tech- 
niques. The second type of instrumentation concentrates on the time axis 

1o R. G. Bennet t ,  Rev.  Sci. lns trum.  31, 1275 (1960). 
n O. J. Steingraber and I. B. Berlman,  Rev.  Sci. Instrum. 34, 524 (1963). 
12 j .  Yguerabide,  Rev.  Sci. lns trum.  36, 1734 (1965). 
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of the decay curve rather than on the intensity. It accepts only one 
fluorescence photon per exciting flash and times its arrival relative to the 
latter. The histogram of a large number of such events (i.e., number of 
photons versus time of arrival) will represent, in the large limit, the actual 
decay curve. Only the first arriving photon is accepted such that it is es- 
sential that the conditions of collection be such that all possible times of 
arrival are equally represented. 9 In what follows, the operation and the 
conditions for proper use of the nanosecond instrumentation will be dealt 
with in some detail, stressing the respective advantages and disadvan- 
tages of the two types of instrumentation mentioned above. 

MULTIPLE PHOTONS PER EXCITING PULSE. The block diagram of a 
typical instrument collecting multiple photons per excited pulse is shown 
in Fig. 4. It is easily assembled from commercially available units. 13 The 
heart of the instrument is a Princeton Applied Research Co., dual channel 
boxcar averager main frame model 162 fitted with two model 163 sampled 
integrators which incorporate two Tektronix S-2 sampling heads. One 
head is used to process successively the fluorescence and the excitation 
signals coming from a 56 TUVP Amperex photomultiplier which views 
either the fluorescent sample or the scatterer. The wavelength at which 
the emission is detected is selected by a monochromator and the excita- 
tion is performed through an interference filter. A beam splitter allows the 
simultaneous monitoring of the fluctuations in excitation by a 56 DUVP 03 
photomultiplier whose output is fed into the second S-2 sampling head. 
By taking the instantaneous ratio of the fluorescence signal to the exciting 
light signal, the fluorescence decay data is obtained free of any fluctua- 
tions in the excitation intensity. TM 

The boxcar averaging is a process which involves measuring the am- 
plitude of a particular point on a repetitive signal, integrating the result, 
and computing a representative average. Specifically, at any chosen time 
after a triggering signal, the nonadjustable sampling gate of 75 psec, built 
into the electronic circuitry of the S-2 sample head, opens and records the 
instantaneous peak amplitude of the repetitive signal. This process is per- 
formed a chosen number of times and the result averaged in a memory 
unit contained in the Model 163 sampled integrator. Then, controls from 
the Model 162 main frame allow a manual or an automatic new choice of 
the delay time (after the trigger) when the sampling gate opens and the 
process is repeated. The range to be scanned can be varied in steps from 
100 nsec to 50 p.sec, and the automatic scanning speed is selectable from 
10 msec to 105 sec full range. The number of samples averaged at any par- 
ticular time in the scanning range can be selected by a proper combination 

13 M. G. Badea  and S. Georghiou,  Rev. Sci. lnstrum. 47, 314 (1976). 
14 j .  W. Longwor th ,  in "Crea t ion  and  Detect ion of  the Exci ted S ta te"  (A. A. Lamola ,  ed.) 

Vol. 1, Part  A, p. 343. Dekker ,  New York,  1971. 
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FIG. 4. Block diagram of a sampling fluorometer employing a boxcar averager. Details are 
given in the text. 

of these two controls in relation to the repetition frequency of the signal to 
be measured. 

Base line sampling, activated by a front panel switch, allows auto- 
matic correction for dc drifts. When the switch is activated, the averager 
samples and averages alternately the input signal and the base line for 
each gate opening. The output of the averager (for each gate opening) is 
then the difference between the two averaged samples. The time at which 
the base line is sampled, controlled by a front panel switch, is positioned 
well outside the time region of interest to avoid distortion of data. The 
output of the boxcar averager can be obtained either as a dc signal and/or 
in a digital format. It represents the time profiles of the excitation and the 
corresponding fluorescence decay over the previously selected scanning 
range. Subsequent data analysis can be performed on a suitable com- 
puter. 

The principle of operation of this kind of instrumentation is identical 
with other pulse sampling scope instruments described in the literature by 
Steingraber and Berlman, H Hundly e t  a l . ,  ~ and Hazan e t  a l .  16 In the latter 

15 L. Hundley, T. Coburn, E. Gorwin, and L. Stryer, Rev. Sci. Instrum. 38, 488 (1967). 
16 G. Hazan, A. Grinvald, M. Maytal, and I. Z. Steinberg, Rev. Sci. lnstrurn. 54, 1602 

(1974). 
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FIG. 5. Block diagram of a monophoton counting nanosecond decay fluorometer. De- 

tails are given in the text. MCPHA, multichannel pulse height analyzer. 

a large number  of  sampling sweeps are averaged with the use of  a mini- 
computer  15 or a multichannel analyzer 16 to eliminate the base line drifts 
and lamp intensity fluctuation. The P.A.R. boxcar  averager can also be 
used in this mode of  operation. Furthermore,  its features of  instantaneous 
ratio and base line sampling provide two additional capabilities for 
averaging the intensity fluctuations and the dc drifts. The performance 
characteristics of  a particular fluorometer set-up employing a P.A.R. 
boxcar  averager are described by Badea and Georghiou.13 

ONE PHOTON PER EXCITING PULSE. The second method of  detection 
used in pulse fluorometry is exemplified by instruments based on the mon- 
ophoton counting procedure.  This is an interval timing method. Instru- 
ments based on the monophoton  counting method are available com- 
mercially lr'ls and numerous variations and improvements have been 
described in the literature. 19-22 

A schematic outline of  a monophoton  counting decay fluorometer is 
shown in Fig. 5. Light from the nanosecond flash lamp passes through an 
excitation filter or monochromator  and is used to excite the sample. A po- 

aT Ortec, Inc., Oak Ridge, Tennessee. 
~8 Photochemical Res. Assoc., Western Ontario, Canada. 
19 R. Schuyler and I. Isenberg, Rev. Sci. Instrum. 42, 813 (1971). 
20 W. R. Ware, in "Fluorescence Techniques in Cell Biology" (A. A. Thaer and M. Sernetz, 

eds.), p. 15. Springer-Verlag, Berlin and New York, 1973. 
21 j. Yguerabide, in "Fluorescence Techniques in Cell Biology" (A. A. Thaer and M. Ser- 

netz, eds.), p. 311. Springer-Verlag, Berlin and New York, 1973. 
22 B. Leskovar, C. C. Lo, P. Hartig, and K. Saner, Rev. Sci. Instrurn. 47, 1113 (1976). 
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larizer may also be included in the light path. Fluorescence emission is 
usually observed at right angles to the excitation. The heart of a mono- 
photon counting instrument is the time to pulse height or time to ampli- 
tude converter (TAC). This is indicated in the dotted box in Fig. 5 and its 
function is shown in more detail in Fig. 6. This electronic device measures 
the time between the flash of the lamp and the arrival of a photon at the 
detector. 

The start pulse for the TAC is obtained at the time of the lamp flash 
and initiates a voltage ramp linear with time on the nanosecond time 
scale. The start pulse has its origin either at an antenna placed near the 
spark gap or at a photomultiplier that directly views the lamp flash. The 
start pulses are shaped by a discriminator and counted before going to the 
TAC. 
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The voltage ramp is halted by a stop pulse. This signal has its origin at 
the photomultiplier which detects the photon emitted from the sample. 
The pulse is amplified and shaped by a discriminator before entering the 
TAC. This device now holds a signal whose amplitude is proportional to 
the time between the lamp flash and the photon emission. This informa- 
tion can be retained for several microseconds and then transferred 
through an analog to digital converter (ADC) to the memory of a multi- 
channel pulse height analyzer (MCPHA) or directly to a digital computer. 

Typical operation of a TAC is illustrated in Fig. 6. The time between 
the lamp flash and a photomultiplier pulse is 50 nsec. This TAC gives a 10 
V bipolar output pulse for 100 nsec. Thus in this case a 5 V pulse is passed 
through the ADC to the memory of the MPHA. A single count is added to 
the channel number proportional to the pulse amplitude (5 V in this case). 
The channel number is also proportional to the arrival time of the photon. 
In the present example, one channel equals 0.05 V which equals 0.5 nsec. 
The count is thus added to channel 100. The MPHA includes an oscillo- 
scope display unit which gives a continuous display of counts versus 
channel number. This represents the fluorescence decay curve or if a scat- 
tering solution is placed in the sample compartment, the lamp flash time 
profile. 

This procedure thus involves recording of a time interval and conver- 
sion to an analog signal followed by conversion of the analog signal back 
to digital form. Since only the first of these events must take place on the 
nanosecond time scale less demands for "fast electronics" exist than is 
the case with other pulse methods. 

As will be described below, fluorescence decay data obtained by pulse 
methods is usually distorted by convolution with a nondelta pulse lamp 
profile. For this reason, it is necessary to obtain a lamp flash profile along 
with each decay curve. This is usually done by measuring the scatter of 
the lamp flash with a colloidal material such as Ludox. 2a The desired im- 
pulse response IF(t)] which describes the true kinetics of the fluores- 
cence decay must then be extracted from the experimental convolved 
decay curve R(t) (for response function) and L(t) the experimental lamp 
flash profile. 

If a timing drift occurs between the time that the lamp profile and the 
decay curve are obtained, adequate analysis of the data will be impos- 
sible. Hazan et al. 16 described an alternative procedure for overcoming 
this problem. Collection of data is alternated between a cuvette con- 
taining a scattering suspension and a cuvette containing the fluorescence 
sample. In this way R(t) and L(t) are collected during the same time period 
and errors due to drift tend to average out. Easter et al.Z4 use a similar 

23 Collidal Silica, IBD-1019-69, trade name Ludox, Dupont, Wilmington, Delaware. 
2~ j. H. Easter, R. P. DeToma, and L. Brand, Biophys. J. 16, 571 (1976). 
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Computer Control 
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FIG. 7. Schematic diagram of the computer control over a monophoton counting decay 
ttuorometer. The procedure used for the alternation of three samples is illustrated. 

method which is shown in Fig. 7. Three cuvet te  holders are mounted on a 
turntable so that any one of  three cuvet tes  can be posit ioned in the light 
path. This is accomplished by a s tepper motor  under control of  a digital 
minicomputer .  Light from a thyratron-gated flash lamp is focused on the 
sample with a lens and is passed through an interference filter to select the 
desired exciting wavelength.  The cuvette  turntable and the emission mon- 
ochromator  are driven by Slo-Syn s tepper-motors  models  HS-50L which 
have 200 steps per 360 ° revolution. The motors  are driven by Slo-Syn 
translators No.  ST-1800BK. The translators are act ivated by a signal f rom 
a relay register in the minicomputer .  Thus by means of the relay register 
output of  the computer ,  a software program controls which motor  is to be 
s tepped (turntable or monochromator ) ,  the direction of the step, and the 
number  of  steps. Software control with the minicomputer  thus enables the 
opera tor  to alternate cuvet tes  with specified dwell t imes on each cuvet te .  
Decay  data can be collected at any desired emission wavelength.  

DATA WRITE -I High Speed I 
-I Output Device ] 

Analys is  of  F l u o r e s c e n c e  D e c a y  

Procedures  for data  analysis are as important  in nanosecond fluorom- 
etry as the instrumentat ion itself. This is particularly true in the case of  
pulse f luorometry.  As was discussed above,  the f luorescence is initiated 
by a short  flash of  light. The true f luorescence decay,  F(t) is the transient 
that follows excitat ion of the solution by a " d e l t a "  pulse i.e., an infinitely 
short  pulse of  light. F (t), the true f luorescence decay,  is also referred to as 
the impulse response.  Since a delta pulse is infinitely narrow, excitat ion in 
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this way would precisely define the time origin from which the decay is to 
be measured. In practice most light pulses used for excitation have a finite 
width which does not allow a clear definition of the true time zero. The 
experimentally obtained fluorescence decay will be distorted by convolu- 
tion with the lamp flash profile. This artifact is described by the convolu- 
tion integral 

R(t) = f~ L ( t ' ) F ( t  - t') dt' (5) 

where F(t)  is the true fluorescence decay, L(t) is the time profile of the ex- 
citation light pulse, and R(t) is the response that will actually be obtained 
from the instrument followed by the light pulse L(t). In a more qualitative 
sense the convolution integral can be described as the summation of the 
true fluorescence decays that would be obtained following excitation by 
an infinitesimal pulse of width At, centered about t~. ti covers in discrete 
steps the range of  L(t) the excitation profile. Each of these narrow pulses 
at t, induces a fluorescence response at time t given by 

Ri(t) = L(tO A tF( t  - ti) (6) 

The argument (t - t,) expresses the fact that the time course of fluores- 
cence decay is measured relative to the inducing excitation which is cen- 
tered at time t,. 

In the absence of nonlinear optical effects the superposition of  the 
infinitesimal responses up to time t gives the total fluorescence response. 
Thus 

t = t  

R(t) = ~ L ( t i )F ( t  - t,) At (7) 
t=0 

which becomes the convolution integral in the limit At ~ 0: 

R(t) = f~ L ( t ' ) F ( t  - t') dt'  (8) 

Here t' is a dummy variable of integration. Making the change of vari- 
ables t' = t - u, we have 

R(t) = f~ L ( t -  u) F ( u ) d u  (9) 

Thus a nanosecond pulse fluorometer gives R(t) and L(t), and our task 
is to extract F(u)  =-- F(t)  the true impulse fluorescence response which 
may then be compared to theoretical predictions regarding kinetic mecha- 
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nisms. A large variety of numerical procedures have been devised and 
tested for carrying out this deconvolution procedure) 5-a° 

It is convenient to divide these deconvolution procedures into two 
conceptual categories. First, those working in the real time domain, and, 
second, those working in a transformed domain. In the latter case, a linear 
operator is applied to the experimental data prior to performing the de- 
convolution. 

Methods Working in the Real Time Domain. These are usually curve 
fitting techniques. They make use of a numerical convolution rather than 
a deconvolution procedure. A physically plausible analytical expression 
for the impulse response is assumed. In most cases a sum of exponential 
terms is assumed for F(t): 

F(t) = ~ ot~e -tl~ (10) 
i = l  

Thus the fluorescence decay is defined in terms of several decay con- 
stants, Ti, and a set of amplitudes or preexponential terms o~. In the fitting 
procedure suitable guesses are selected for the a~'s and ri's, and F(t) is 
then numerically convoluted with the experimental L(t). The theoretical 
R(t) thus obtained is compared with the experimental R(t). The free 
parameters in F(t) are then adjusted until the best fit between the calcu- 
lated and experimental R(t) is obtained. Ware et al. 26 have described the 
use of a linear least squares procedure. In this method the decay times are 
set constant and the equations are solved for the best values of the preex- 
ponential terms. Grinvald and Steinberg ~r'al have used the nonlinear least 
squares method of Marquardt (see Bevington a~) to solve for both the decay 
constants and amplitudes describing fluorescence decay data. This tech- 
nique has also been found to be valuable in our own laboratory. 24 

The Marquardt algorithm of nonlinear least squares employs a dual 
search along the X 2 hypersurface defined by 

X 2 = ~ w i [g ( t )  expt- R(t)calc]  2 (11) 
i = 1  

25 I. Isenberg, R. D. Dyson, and R. Hanson,  Biophys. J. 13, 1090 (1973). 
26 W. Ware, L. J. Doemeny,  and T. L. Nemzek,  J. Phys. Chem. 77, 2038 (1973). 
27 A. Grinvald and I. Z. Steinberg, Anal. Biochem. 59, 583 (1974). 
28 A. Gafni, R. L. Modlin, and L. Brand, Biophys. J. 15, 263 (1975). 
29 B. Valeur and J. Molrez, J. Chim. Phys. Phys. Chim. Biol. 70, 500 (1973). 
30 j .  N. Demas and A. W. Adamson,  J. Phys. Chem. 75, 2463 (1971). 
al A. Grinvald, Anal. Biochem. 75, 260 (1976). 
az p. R. Bevington, "Da ta  Reduction and Error Analysis for the Physical Sciences ."  

McGraw-Hill,  New York, 1969. 
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for a minimal value of  X 2. X 2 is considered as a function of the parameter 
increments that are defined with respect to initial parameter guesses a~ ° 
and T~ °, which must be specified at the start.of each search. There are two 
searching paths, one for parameter guesses which establish X 2 far re- 
moved from the minimum and the other for X 2 values near the minimum. 
The two searching paths are apportioned automatically within the 
algorithm, toi is a statistical weighting factor defined by the principles of  
least squares and for the case of  photon counting error may be approxi- 
mated by 

oat = 1/R(t) (12) 

Grinvald and Steinberg 27 have emphasized the importance of  using cor- 
rect weighting factors in least squares analysis.  

In our own laboratory, we have found it valuable to carry out the non- 
linear least squares analyses with an interactive computer. Following 
Grinvald and Steinberg, 27 the "goodness  of  fit" is judged by (a) visual 
inspection of  the superimposed R(t) talc and R(t) oxpt. It is especially useful 
to inspect the rise and fall of  the decay curves; (b) evaluation of Xz; (c) 
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FIG. 8. Fluorescence decay of 9-cyanoanthracene in ethanol. This type of plot aids in de- 
termining the "goodness of fit" of fluorescence decay data. Shown are the experimental 
decay curve, the best theoretical data convolved with the lamp flash. The residuals between 
the theoretical and experimental decay curves are shown in the center and the autocorrela- 
tion of the residuals are shown in the inset at the upper right. The results of an analysis in 
terms of a single exponential decay law are shown on the left. A decay time of 11.8 nsec was 
obtained. An analysis in terms of a double exponential decay law is shown on the right. 
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FIG. 9. F luorescence  decay of an equimolar mixture of anthracene (r = 4.2 nsec) and 
9-cyanoanthracene (r = 11.8 nsec) in ethanol. The meaning of different portions of the fig- 
ure is similar to that indicated in the legend to Fig. 8. The best fit to a single exponential  
decay law is shown on the left. The right shows  the fit to a double exponential  decay law. 
Decay  times of 4.2 nsec  and I 1.8 nsec were obtained. 

evaluation of the residual [Realc(t) - Rexpt(t)]; and (d) evaluation of  the au- 
tocorrelation function of  the residuals. 

Typical results of an analysis of data showing both single and double 
exponential  decay behavior are shown in Figs. 8 and 9. Figure 8 shows the 
experimental f luorescence decay, R(t) expt of  9-cyanoanthracene dissolved 
in ethanol. The vertical axis indicates the number of counts accumulated 
and the X axis is in channels since time zero is ill-defined in convolved 
data. There are 0.2 nsec /channel .  Figure 8 (left) the best fit R(t) ealc for a 
single exponential decay law superimposed on the experimental. The 
residuals between the theoretical and experimental data are shown in the 
center of the figure and the autocorrelation function of  the residuals is 
shown in the inset at the upper right. The use of  the autocorrelation func- 
tion to betray a nonrandom distribution of the residuals was introduced 
for fluorescence decay data by Grinvald and Steinberg}  ~ Figure 8 (right) 
shows the same data with an analysis in terms of a double exponential 
decay law. There is little or no improvement in any of the criteria for a 
good fit. This data is thus in accord with a single exponential  decay law 
with a decay time of 11.8 nsec, 

Figure 9 (left) shows the results of  an analysis of  the fluorescence 
decay of  a mixture of  9-cyanoanthracene and anthracene in ethanol. In 
this case the best fit in terms of a single exponential decay law is clearly 
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inadequate. The experimental and theoretical R(t) show significant devia- 
tions. This systematic deviation is quite apparent in the residuals whose 
nonrandomness is indicated by the autocorrelation function. In contrast, 
Fig. 9 (right) indicates that a double exponential decay law is adequate to 
give a good fit to R(t). Grinvald and Steinberg 2r have emphasized the use 
of standard compounds which show single exponential decay behavior to 
uncover systematic errors in nanosecond decay fluorometers. We also 
recommend their use in this way. The "real t ime" search methods are in 
actuality not procedures for deconvolution but rather iterative convolu- 
tion methods. 

Methods Making Use o f  Transformed Domains. In these numerical pro- 
cedures the measured lamp flash L(t) and the fluorescence response R(t) 
are transformed to another domain by the application of a linear operator 
prior to further computations. The transformation can be carried out with 
operators that assume an infinite range for the time domain as is the case 
with the Laplace, 2s'33 Fourier z4 and moment 35-3a operators. Alternatively, 
the transformation can assume a finite time range as is the case with the 
method of modulating functions 2a and the phase plane technique. 3° 

There is an important difference between these two classes of trans- 
formations. Methods employing operators of the first class must contend 
with the difficulties imposed by the assumed infinite time range as com- 
pared with the finite time range over which experimental data is obtained. 
This problem does not exist with the second type of transformations. 

Several of the transformation techniques aim at reducing the convolu- 
tion integral to a system of simultaneous algebraic equations which are 
solved for the decay parameters appearing in the analytical expression for 
the fluorescence decay law. 

As an example of the first class of transformations, the procedure for 
analysis of fluorescence decay curves by means of the Laplace 
method 2a,32 will be described. 

The convolution theorem states that if functions are related by a con- 
volution product in the time domain, they will be related by a simple alge- 
braic product in the Laplace domain. The basic computational procedure 
is as follows: The algorithm computes the Laplace transform of L(t) and 
R(t) and determines their ratio. This gives the Laplace transform of the 

az W. P. Helman, Int. J. Radiat. Phys. Chem. 3, 283 (1971). 
a4 S. W. Provencher, Biophys. J. 16, 27 (1976). 
35 I. Isenberg and R. D. Dyson, Biophys. J, 9, 1337 (1969). 
an I. Isenberg in "Biochemical Fluorescence Concepts" (R. Chen and H. Edelhoch, eds.), 

Vol. I, p. 43. Dekker, New York, 1975. 
a7 I. Isenberg, J. Chem. Phys. 59, 5696 (1973). 
as I. Isenberg, J. Chem. Phys. 59, 5708 (1973). 
a9 Z. Bay, V. P. Henri and H. Kanner, Phys. Rev. 1 ~ ,  1197 (1955). 
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impulse response. Conversion from Laplace space to real time presents 
some numerical difficulties. Instead, the numerical Laplace of the impulse 
response is set equal to the Laplace transform of the analytical expression 
for the impulse response. 

The Laplace transform M(s) of a function M(t) is defined: 

= L[M(t)] = f o  M(t) e -st dt (S -> 0) (13) M(s) 

By applying the Laplace operator to the convolution integral, we obtain 

L[R(t)] = L ( f~  L(t') F( t  - t') d t ' )  

R(S) = L(S) F(S)  (14) 

Thus the true fluorescence decay in Laplace space is obtained by simply 
dividing the transforms of the response to that of the exciting pulse. 

If the assumed decay law is a sum of exponential terms, it is easily 
shown that 

L[F(t)] = L o~ e -tl~ = (15) 

S is the exponent in the Laplace transform defined by Eq. 13. Thus, 

L(S) ~ or, (16t 
F(S)  - R(S) - S + 1/z, 

i = 1  

A computer is used to evaluate F ( S ) / L ( S )  for 2n values of S. A set of 
2n simultaneous equations is obtained and solved for the n amplitudes and 
n decay constants. Procedures dealing with the finite limit of the data (the 
cutoff correction) and the choice of S value have been described 28 and will 
not be covered in detail here. 

It must be emphasized that while the distortion in the fluorescence 
decay introduced by the finite width of the lamp flash is eliminated by the 
deconvolution procedure, if actual scattered light passes through the 
optics and contributes to the decay signal, it must be subtracted prior to 
analysis. As an alternative option a scatter term may be included in the 
Laplace algorithm. In the case of decay data which contains scattered 
light, the Laplace transform of the decay becomes 

F(S)  = L(S) R(S) + C L(S) (17) 

with C being the relative contribution by scattered light. In this case, 
2n + 1 Laplace transforms must be computed, and 2n + 1 simultaneous 
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equations must be solved. The reliability of the numerical method de- 
creases the more simultaneous equations there are. It is thus always de- 
sirable to measure the scatter contribution in an independent experiment 
and subtract it from R(t) before analysis. 

The method of  moments belongs to the same class of techniques as the 
Laplace approach. It has been used for analyses of decay data for many 
years.ag'4° Isenberg has explored the application of this method to fluores- 
cence decay studies. ~-37 He has investigated the statistics involved in 
these analyses and has shown that a contribution due to scattered light 
can be taken into account. 

Since the method of moments was described in a previous article in 
this series,41 it will not be described in detail here. Briefly, the approach is 
quite similar to that taken in the Laplace method. 

The Kth moment transform of a function F(u) is defined as 

MX[F(U)] = f o  UKF(U) dU (18) 

By applying the moment operator on both sides of the convolution 
integral the convolution product is transformed into a linear combination 
of moment transforms. Thus, we have 

R(t) = f~ L(t - t ')V(t') dt' (19) 

Mr[R(t)] = M~ (f~ L(t - t')F(t') dt ') 

f ]  MK[L(t - t')]F(t')dt' (20) 

The last equality is possible due to the linear property of the moment 
operator. It can be shown that if the fluorescence decay [impulse re- 
sponse = F(t)] is represented as a sum of exponentials, the integral is 
equivalent to the following algebraic relation: 

M"[R(t)] ,,+1 Ma,+,-,~e(t)] 
1 - • Gs (K + l -  s)' (21) 

where Gs is combination of the assumed parameters for F (t) given by 

N 

Gs = ~ anrn -1 (22) 

The linear set of algebraic equations obtained for different values of K 
can be solved for Gs's. A set of 2 N G.'s completely characterizes a given 

40 Ph. Wahl and H. Lami, Biochim. Biophys. Acta 133, 233 (1967). 
41 j .  Yguerabide, Vol. 26, Part C, p. 498. 
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set of  assumed decay parameters.  In particular, the parameters could be 
extracted from the set Ga+I, Gd+2, • • • , G~+2N where d, a positive inte- 
ger, is called the order  of  moment  index displacement, a6 Usually the set 
with d : 0 or d -- 1 is used. The advantage of using the set with d = 1 is 
that it enables to correct  for a variety of systematic instrumental errors 
like the time shifts and scattered light either completely or in a perturba- 
tion sense. It has been shown 42 that this moment  index displacement of 
order one can completely correct  for scattered light having a different 
wavelength than that of fluorescence, whereas if can correct  only in a per- 
turbation sense, i.e., to minimize an already small effect if the scattered 
light has the same wavelength as the fluorescence or if a time origin dis- 
crepancy exists between the measured curves R(t)  and L(t)  (zero time 
shift error). Moment  index displacement will also reduce errors due to 
slow lamp drift during collection of  an individual curve.  The drawback of 
going to higher moments is that the collection time will have to be in- 
creased in order to calculate them with a satisfactory accuracy. This will 
increase errors associated with long-term time drifts. 

As is the case with the Laplace method,  the algebraic relations ob- 
tained by applying the moment  operator  to the convolution integral are 
theoretically valid only if the time range is infinite. As the real data is 
always collected over  a finite range, a cut-off procedure has been devised 
which by iteration yields a self-consistent set of  parameters.  It has been 
found useful to exponentially depress the raw data prior to analysis in 
order to reduce the number of iterations and improve the convergence.  
This is always possible because the convolution integral is invariant to the 
multiplication by a time exponential.  

The problems associated with the iterative convergence are not 
present  when an operator  which does not assume an infinite time range for 
data acquisition is used in the transformation. As an example of  this sec- 
ond class operators the m e t h o d  o f  modu la t ing  f u n c t i o n s  will be described 
in some detail. This method first proposed by Loeb and Cahen 4a for the 
determination of unknown coefficients of  linear differential equations has 
been iatroduced to the fluorescence field by Valeur and Mofrez. 29 The 
authors observed that by assuming a sum of  exponentials for the fluores- 
cence decay the convolution integral can be put in the following differen- 
tial form: 

R + o~tR + o~z[~ + • • • OtN R(N)  = B1L + fl2L + "  " • f iN L(N)  (23) 

where (N) stands for the Nth derivative with respect  to time, ai is a set of 
constant  coefficients dependent  only on the lifetimes, and/3i is a similar 
set depending both on the lifetimes and amplitudes. 

42 E. Small and I. Isenberg, B i o p o l y m e r s  15, 1093 (1976). 
4a j. Loeb and G. Cahen, A u t o m a t i s m e  8,479 (1963); I E E E  Trans .  A u t o m .  C o n t r o l  at-10,359 

(1965). 
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The method aims at eliminating the first and all higher-order time 
derivatives of both R(t) and L(t) from Eq. (23) by multiplying it with a set 
of "modulating functions" followed by integration by parts. The "modu- 
lating functions" are the set of functions which together with their time 
derivatives to the Nth order are zero at the limits of the collection time 
range (0, 7). With p(t) representing any such function Eq. (23) becomes 

R#dt- 2 R a,+ . . . .  (--1)N-Xo, N fro R#N'dt 

( -1 )N- I ,N  J /  Zp ( N - l )  d t =  - J/  Rp  + dt 

Thus the time derivatives of R(t) and L(t) have been replaced by the 
time derivatives of an analytical function p(t). By using 2N such "modu- 
lating function" a system of 2N linear equations is obtained from which o~ 
and/3i are obtained. From the set o~ the lifetimes are extracted and their 
values introduced in the set/3i to obtain the amplitudes. It is important to 
note that the integration has been performed only from 0 to Tthe range in 
which both L(t) and R(t) were numerically defined. There is, in principle, 
no error due to truncation. 

The gist of the method consists of efficiently "modulating" the shape 
of the experimental curves R(t) and L(t). Therefore the choice of the 
"modulating functions" is somewhat dependent on the shape of the ex- 
perimental curves. Valeur and Moirez used functions of the type 
p(t) = tn(T - t) p for which the exponents n and p were arbitrary, but 
greater than N - 1. For further details regarding their choice and the use 
of the alternate method of truncated moments for the calculation of the 
amplitudes the reader is referred to the original paper, z9 

Comparison o f  Deconvolution Techniques. McKinnon et al. 44 have 
carried out a detailed evaluation of the various procedures for deconvolu- 
tion of fluorescence decay data. They found that the iterative convolution 
procedure gave good recovery of decay parameters under a variety of 
conditions. The reader is referred to the original paper which includes an 
excellent discussion of the problems associated with the analysis of 
fluorescence decay data. 

T ime-Resolved  Emission Spectra 

Nanosecond time-resolved emission spectra (TRES) are fluorescence 
spectra obtained at discrete times during the fluorescence decay. For ex- 
ample with reference to the decay curve shown in Fig. 10, fluorescence 
emission spectra might be obtained during the time window indicated by 

44 A. E. McKinnon, A. G. Szabo and D. R. Miller, J. Phys. Chem. 81, 1564 (1977). 
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FIG. 10. Fluorescence decay curve with individual time windows. 

tl  or  t~_ or t. These  spec t ra  will be def ined in te rms  of both s p e c t r a l  and  

t ime  reso lu t ion .  The  comple t e  da ta  mat r ix  avai lable  ma y  be desc r ibed  by 

a three  d imens iona l  surface  I (h ,  t), r ep re sen t ing  the f luorescence  in tens i ty  
at all wave leng ths  and  t imes dur ing  the f luorescence  decay.  F igure  11 
shows an example  of  such  a surface.  It  r ep resen t s  the decay  of  2,6- 

t o l u i d i n o n a p h t h a l e n e  (2,6-TNS) adso rbed  to egg lec i th in  vesic les .  In  this 
case ,  there  is a shift of  the f luorescence  emiss ion  to lower  energies  as a 
f unc t i on  of decay  t ime. This  p h e n o m e n o n  has b e e n  a t t r ibu ted  to exci ted  
state so lva t ion  interact ions.45 N a n o s e c o n d  t i m e - d e p e n d e n t  spectra l  shifts 
have been  inves t iga ted  by Ware,46'47, Egawa  et  al . ,  48 and  others .  Spect ra l  

shifts of  this type  have  been  obse rved  with f luorophores  b o u n d  to pro- 
teins 4a,5° and  adso rbed  to phosphol ip id  vesicles .  51-~a A p p a r e n t  nanosec -  

45 j. H. Easter, R. P. DeToma, and L. Brand, Biophys. J. 16, 571 (1976). 
46 W. R. Ware, P. Chow, and S. K. Lee, Chem. Phys. Lett. 2, 356 (1968). 
47 W. R. Ware, S. K. Lee, G. J. Brant, and P. P. Chow, J. Chem. Phys. 54, 4729 (1971). 
48 K. Egawa, N. Nakashima, N. Mataga, and C. Yamanaka, Bull. Chem. Soc. Jpn. 44, 3287 

(1971). 
49 A. Gafni, R. P. DeToma, R. E. Manrow, and L. Brand, Biophys. J. 17, 155 (1977). 
50 L. Brand and J. R. Gohlke, J. Biol. Chem. 246, 2317 (1971). 
51 R. P. DeToma, J. H. Easter, and L. Brand, J. Am. Chem. Soe. 91t, 5001 (1976). 
52 j. H. Easter, R. P. DeToma, and L. Brand, Biochim. Biophys. Acta 508, 27 (1978). 
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FIG. 11. Three-dimensional representation of the fluorescence intensity as a function of 
time and energy. This is for 2,6-p-toluidinonaphthalene (11 mM) adsorbed to egg L-oelecithin 
vesicles (0.86 mM in lecithin) at 7 °. 

ond t ime-dependent  spectral shifts may have their origin either in ground 
state heterogenei ty or in excited state interactions. Both situations are of  
interest in biochemistry.  While it is of  interest  to examine fluorescence 
decay curves as a function of  emission wavelength,  additional information 
can be obtained from the TRES.  

Nanosecond  pulse fluorometers can easily be used to generate time re- 
solved emission spectra.  Either of  two instrumental approaches can be 
used. In the first, a " w i n d o w "  is set for a particular time after the lamp 
flash and with a desired time width. The light signal is scanned with an 
emission monochromator  and time resolved spectra are directly pro- 
duced. This can be done with either a sampling instrument or with a mon- 
op.hoton counting instrument.  Thus,  with reference to Figs. 5 and 6, a 
single channel analyzer  (SCA) is inserted into the system between the 
TAC and the MCPHA. This electronic device (SCA) can be set to allow a 
pulse to pass only if it is within some specified voltage limits. Thus,  in the 
example shown in Fig. 6 the SCA might be set to pass a pulse only if it has 
a voltage between 4.95 and 5.05 V. Since 0.05 V equals 0.5 nsec, the 
" t ime  window"  in this case would be 1 nsec. The MCPHA is used in a 
multichannel scaling (MCS) mode in this case. Channels are addressed se- 
quentially in phase with the movement  of  the emission monochromator .  
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Each channel now represents  a wavelength and the appropr ia te  setting of 
the single analyzer  enables one to obtain a TRES with the desired time 
and spectral  resolution. 

The major  drawback  to a procedure  of  this type is that the t ime re- 
solved emission spectra  obtained will be distorted by convolut ion 
errors.  45 In addition t ime-zero is ill defined. While there is no way of  cor- 
recting for convolut ion artifacts when time resolved spectra  are obtained 
as described above,  an alternative procedure  is available which will be 
described below. 

The windowing technique with the use  of  a SCA as described above 
also has applications of  value in s teady-sta te  f luorescence instrumenta-  
tion. For  example  it can be used to reduce errors due to light scattering in 
f luorescence emission spect roscopy.  Once again the M C P H A  is used in 
the MCS mode.  In our laboratory we adjust the scaling speed and the 
monochroma to r  to give 1 nm/channe l .  The window on the SCA is now 
set to eliminate pulses arriving during the first 2nsec after the flash but to 
pass all later pulses. Thus photons originating in Rayleigh scattering are 
eliminated while delayed fluorescence photons  are recorded.  As an ex- 
ample,  Fig. 12 shows the fluorescence emission spect rum of  9- 
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FIG. 12. Fluorescence emission spectra of 9-aminoacridine obtained by photon counting. 
(1) 9-Aminoacridine in water; (2) identical to (3), except the single channel analyzer is set so 
as to eliminate photons arriving within 3 nsec after the lamp flash; (3) 9-aminoacridine and 
Ludox to give rise to scattered light. 
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aminoacridine obtained under conditions of rather poor spectral resolu- 
tion. Excitation was with a nitrogen flash lamp (see Fig. 1 for spectral 
emission) without the use of an excitation filter or monochromator. 
Ludox was included in the cuvette to enhance light scattering. Indeed a 
very significant scatter band is seen between 360 and 410 nm, and there is 
even a significant distortion at the main emissionband of the fluorophore. 
The second-order scatter bands make a very significant contribution 
above 540 nm where the fluoresence intensity is low. When the time 
window is set to pass only photons arriving after 2-3 nsec, the scatter 
contribution is greatly reduced. The technique of time resolution can also 
be used to accentuate the contribution due to emission from one of a pair 
of fluorophores in a mixture. This assumes the two fluorophores have dif- 
ferent decay times. This approach may also have value in Raman spec- 
troscopy where errors due to contribution by fluorescence to the scatter 
may be significant. 

It was indicated above that TRES obtained by the SCA method are 
distorted by convolution errors. As an alternative procedure for obtaining 
TRES, fluorescence decay curves are obtained at wavelength intervals 
over the spectral region of interest. This data is then deconvolved by the 
procedures already described. 

Since a large number of decay curves must be obtained, these experi- 
ments are conveniently carried out under computer control as shown in 
Fig. 7. Lamp flash profiles and decay curves are collected making use of 
the alternation technique already described. 

With reference to Fig. 7, the sequence of computer directives during 
the course of an experiment can be divided into three phases: collection, 
search, and output. In the collection phase the cuvette turntable is posi- 
tioned with the fluoresence sample in the optical path, the monochro- 
mator is set to a previously specified wavelength, the MCPHA is started 
in the accumulation mode, and totalization of lamp flashes with the coun- 
ter is initiated. After a designated decay dwell time (typically 5 to 15 min) 
data collection is stopped and the information in the MCPHA and the 
counter is transferred to computer memory. The cuvette turntable is then 
positioned so that a scattering is in the optical path, the emission mon- 
ochromator is set to the exciting wavelength and data collection is initi- 
ated. After the specified collection time for the lamp profile, accumulation 
is stopped and the data is transferred to computer memory. In phase two 
of the computer operation the data representing the decay and the lamp 
flash are searched to determine whether specified peak and/or total 
counts have been obtained. If data collection is not complete, control is 
returned to the first phase of operation. When data collection is complete, 
the decay curve and the lamp profile are transferred to the output device 
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(a disc, magnetic tape, or paper tape) together with the wavelengths, 
curve index number, peak counts, and counter monitor. The computer 
then initiates collection of the data for the next wavelength. The entire 
decay data matrix required for a TRES is now available. 

As a first step each decay curve is deconvolved using the method of 
nonlinear least squares as an empirical deconvolution procedure. A sum 
of up to five exponential terms is usually sufficient to give a good empiri- 
cal fit to any fluorescence decay curve. In this way reliable impulse 
response decay curves F(t) are produced in spite of the fact that the a's 
and r's obtained may or may not have direct physical meaning. It has 
been found with the use of computer simulation that nonlinear least 
squares with a multiexponential fitting function provides a powerful de- 
convolution method for fluorescence decay data. 45 

The impulse response curves F(h, t) are normalized to a steady-state 
emission spectrum obtained on the same instrument. The computer now 
contains the data matrix required to generate the time resolved spectra at 
any time t. The logical sequence of computer operations in constructing a 
TRES is shown in Fig. 13. Figure 13A indicates convolved decay curves 
obtained at three representative wavelengths. These curves have been 
collected to about the same number of counts at the peak. Figure 13B 
shows the same data deconvolved by the method of nonlinear least 
squares. Figure 13C shows that the three decay curves have been normal- 
ized to the corrected steady-state emission spectrum obtained using the 
same instrument. It is worth mentioning that in this example the initial 
rise seen in F (t) at the longest wavelength provides evidence that an ex- 
cited state reaction is taking place. Figure 13D shows TRES generated at 
the three times (0.5, 2, and 11 nsec) indicated by the arrows in Fig. 13C. A 
numerical derivative procedure can now be used to find the maximum of 
the decay at any time and the system can be characterized by a plot of 
/max(t). These curves can in turn be analyzed in terms of a multiexponen- 
tial decay law. 

Time-Resolved Emission Anisotropy 

Fluorescence emitted by a sample is usually found to be polarized at 
least at early time during the fluorescence decay. This phenomenon can 
be understood in terms of the existence of fixed preferential directions a 
and e in the molecule along whose directions the transition moments for 
absorption and emission of light acquire their maximum value. Fluores- 
cence polarization is observed even if the sample consists of a random 
distribution of fluorophores. This is because the processes of absorption 
and emission by individual molecules are always anisotropic. Thus the 
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FIG. 13. Illustration of the sequence of computer operations used to generate decon- 
volved TRES. 2-Anilinonaphthalene (1/xM) in DML (dimyristogllecithin) vesicles. The lipid 
to dye ratio was about 700. The temperature was 37 °. Excitation was at 315 nm and the emis- 
sion wavelength was (1) 394, (2) 409 and (3) 445 nm. (A) shows the convolved decay curves 
collected to constant peak height. (B) shows the decay curves scaled according to the steady- 
state spectra. (C) shows the decay curves deconvolved to obtain the impulse response 
curves. (D) the intensity obtained from the impulse response at a particular time plotted 
against wavelength. The deconvolved TRES are normalized at the peak. 

probabi l i ty  o f  absorp t ion  o f  po la r ized  light hav ing  the  electr ic  vec to r  E is 
p ropor t iona l  to  the  square  o f  its c o m p o n e n t  a long the d i rec t ion  a. The  
emiss ion  f r o m  an individual  f luorophore  is a lways  polar ized  with the elec- 
tric v e c t o r  in a plane defined by  e and the d i rec t ion o f  de tec t ion .  F luores -  
cence  polar iza t ion  f r o m  a sample  is o b s e r v e d  even  if  the exci ta t ion  is per-  
f o r m e d  with unpo la r i zed  (natural)  light. This is expla ined by  the fac t  that  
light by  its na ture  is an iso t ropic ,  s ince the possible  or ienta t ions  o f  the  
exci t ing electr ic  vec to r  E are  a lways  conf ined  in a p lane  pe rpend icu la r  to  
the d i rec t ion  o f  p ropaga t ion .  T he  s imple mode l  o f  l inear  dipole osci l la tors  
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is based on the quantum mechanical picture of electric dipole transitions 
and is valid only in the limit of strict monochromaticity. It has been able 
to explain, however, at least in a phenomenological sense, all the known 
facts about polarization of broad band luminescence. 

The interaction of light with a random array of anisotropic fluoro- 
phores results in the photoselection of an anisotropic ensemble of excited 
molecules from the original isotropic system. This photo-selected suben- 
semble will have a nonrandom mutual orientation of their absorption and 
emission dipoles. The anisotropic distribution will be reflected macro- 
scopically by a measurable polarization. Any process that reduces this 
nonrandomness will have a depolarizing effect. 

Polarized light exhibits a variation in its intensity, when viewed through 
a polarizer whose transmission axis orientation in space is changed. 
Let us call v (vertical) the direction perpendicular to the plane of ex- 
citation detection and H (horizontal) any direction in this plane perpendic- 
ular to either the line of excitation or detection (as the case may be). The 
fluorescence polarization depends on the polarization of the exciting light 
and on the angle between direction of excitation and detection. 

The parameters usually used to quantitate this dependence are the 
polarization (p) introduced by Perrin ~ and the emission anisotropy (r) in- 
troduced by Jablonski. 55 In time-dependent notation, they are defined by 

Iv(t) - IH(t) O(t) 
p(t) = Iv(t) + IH(t) - Iv(t) + IH(t) (24) 

and 

Iv(t) - IH(t) D(t) 
r ( t ) -  I(t) - S(t) (25) 

where Iv(t) and IH(t) are the fluorescence intensities detected through a 
polarizer whose transmission axis is aligned perpendicular and parallel to 
the excitation detection plane, respectively; I(t) is a locally defined mea- 
sure of the total emission intensity also called the sum function S(t) and 
D(t) is the difference function. Because it is defined in terms of the total 
emission, r(t) has been found more convenient in theoretical calculations 
and is nowadays used preferentially. For later reference some of the ex- 
pressions for r(t) and the corresponding relationships for p(t) are given 
below. For the usual 90 ° geometry of excitation detection we have the 
following. ~ 
For linearly polarized excitation with E II v 

F. Perrin, J. Phys. Radium [6] 7, 390 (1926). 
52 A. Jablonski, Acta Physiol. Pol. 16, 471 (1957). 
56 A. Jablonski, Bull. Acad. Pol. Sci., Ser. Sci. Math., Astron. Phys. 8, 259 (1960). 
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Iv(t) - In ( t )  
r(t) - Iv(t) + 2IH(t) (26) 

For natural light excitation, direction of  E not defined 

Iv ( t )  - In ( t )  (27) 
rn(t) = I ~ t )  + 2Iv(t) 

2p(t) 3r(t) 
r(t) - 3 - p ( t )  p ( t )  = 2 + r(t)  (28) 

rn(t) r(t)  p ( t )  
- 2 p n ( t )  - -  2 - p ( t )  (29) 

2pn(t) 
r(t) = 2r,(t) p( t )  - 1 - p , ( t )  (30) 

Iv(t) = kS(t)[1 + 2r(t)] In ( t )  = kS(t)[1 - r(t)] (31) 

For an isotropic sample the ranges of variations for r and p, respectively, 
are given by 

- 0 . 2 - < r - <  +0.4  - 0 . 3 3 - < p - <  +0.5 (32) 

The total anisotropy due to i fluorophores characterized by ri and contrib- 
uting Si to the total f luorescence is given by 

r,(t) s,(t) 
i 

r(t)  - (33) 
s,(t) 

i 

Steady state anisotropy is given by 

f o  I v ( t ) d t -  fo In ( t )  
(r) = (34) 

J o  Iv(t) dt + 2 J o  In(t) dt 

For an isotropic rotator whose fluorescence emission decays monoexpo- 
nentially, i.e., r(t)  = /3e -t/* and S ( t )  = a e  -t/7, we have 

Iv(t) = ]a(1 + 2 e - t / * ) e  -t/~ 
(35) 

I n ( t )  = ~a(1 - e-t/e~)e-t/r 

In this case the expression for r becomes 

6 1 1 (  ~ )  
(r) = /3- T + c b  (r-) = ~  1 + (36) 
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This last expression is called the Perrin law. Perrin determined 54 that 
ch = ~V/KT,  where ,1 is the viscosity of the solvent, T its absolute tem- 
perature, V is the molecular volume, and K the Boltzman constant. Thus 
this law, valid only under the conditions stated above, becomes 

_ _ -  _ ( Kr h 1 1 1 + (37) 
(r) ro \ ~V] 

where fl, i.e., r(t) at t = 0, has been called r0. 
The expressions for the denominator in Eqs. (26) and (27) are based on 

the symmetry induced in the photo-selected system by the polarization 
characteristics of the exciting light. Note that in Eqs. (26)-(35) the time 
dependence has been made explicit. At each particular time Iv(t) and In(t) 
will be, respectively, proportional to the number of emitted photons 
having these particular directions of polarization. As shown below, under 
analysis of time-dependent emission anisotropy, each of these two curves 
contains all the necessary information for determining the decay law of 
the emission anisotropy. The only prerequisite is knowledge of the decay 
of total emission S(t) which, in principle, can be determined separately. 
However,  in all but the simplest case of the isotropic rotator, the number 
of parameters to be determined is such as to make the cross-correlation of 
the analyses for either Iv(t) and IH(t) or for any combination of them, e.g., 
D(t) and S(t) a practical necessity. Therefore, the anisotropy measure- 
ments must start with the collection of both curves. 

The time-dependence that will be observed in Iv(t) and IH(t) depends 
primarily on three processes. 

a. The decay of the fluorescence emission. 
b. Brownian rotation of the emission dipoles e randomizing the 

photo-selected subensemble; also intrinsic rotation of e within the mole- 
cule which could be due to excited state reactions. 

c. Energy migration from, the photo-selected subensemble to the 
nonselected molecules followed by emission from the latter; effectively 
this transfers the initial nonrandomness out of the photoselected suben- 
semble and "dilutes" it in the whole. 

Process (a) is characterized by the decay constants of the fluorophore. 
Its rate can be affected by the nature of the environment, i.e., sol- 
vent, temperature, viscosity, extent of solvation, and presence of foreign 
quenching substances. Brownian rotation (b) is mainly dependent on tem- 
perature, viscosity and the extent of solvation. Finally, the rate of energy 
migration is mainly controlled by the concentration of the fluorescent 
molecules and their relative orientations. While the rate of process (a) 
influences in an equal measure the rates of decay of both Iv(t) and IH(t), 
the rates of processes (b) and (c) influence Iv(t) and I,(t) in a differential 
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manner and are primarily responsible for the time dependence of the 
emission anisotropy. If processes (b) and (c) are absent, the system will 
exhibit an emission anisotropy constant in time. This is obtained, for in- 
stance in dilute, highly viscous solutions or when the fluorophores have 
their motion restricted by bilayer membranes containing them.St-6° The 
constancy in the last case is only relative and is due to the large discrep- 
ancy between the long time necessary for the whole membrane to rotate 
and the short nanosecond time window during which the fluorescence 
characteristics can be measured. 

Time-dependent emission anisotropy measurements thus involve col- 
lection of congruent Iv(t) and IH(t) fluorescence decay curves. These two 
curves are made congruent by contemporaneous collection or normaliza- 
tion. 

a. Contemporaneous collection, i.e., during the same time interval, 
should ideally be used to eliminate any differential artifacts in the two 
decay curves due to long time drifts of the exciting flash and/or electronic 
circuitry. It can be performed in any of the following ways. 

i. Alternating the excitation polarizer orientation in front of a single 
fluorescent sample with emission detection through a fixed po- 
larizer in front of a single photomultiplier 61 or the reverse optical 
situation. 

ii. Fixed vertical and horizontal excitation polarizers rigidly attached 
to two alternating identical fluorescent samples; emission detection 
through a fixed emission polarizer in front of a single photomulti- 
plier. 57 

iii. Fixed excitation polarizer in front of a single sample; emission 
detection through two fixed emission polarizers in front of two 
identical photomultipliers. 

While procedure (iii) eliminates the necessity of mechanical alterna- 
tion, it is our experience that matching identically the timing character- 
istics of two "factory identical" photomultipliers presents very difficult 
problems. In our laboratory procedure (ii) is used and some experimental 
details are presented below. 

The alternation of the two identical fluorescent samples is performed 
as previously described (see section on instrumentation) by a 
computer-controlled turntable. Specifically, two identical cuvettes with 
double Polacoat filters rigidly attached are positioned alternately in the 

5r L. A. Chen, R. E. Dale, S. Roth, and L. Brand, J. Biol. Chem. 252, 2163 (1977). 
K. Kinosita Jr., S. Mitaku, and A. Ikegami, Biochim. Biophys. Acta 393, 10 (1975). 

59 R. A. Dale, L. A. Chen, and L. Brand, J. Biol. Chem. 252, 7500 (1977). 
eo W. R. Veatch and L. Stryer, J. Mol. Biol. 117, 1109 (1978). 
61H. P. Tschanz and T. Binkert, J. Phys. E, 9, 1131 (1976). 
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light path. The excitation light after passing through a quartz wedge 
scrambler  plate is polarized vertically or horizontally by either one of  the 
two Polacoat  filters. The fluorescence is collected at 90 ° through a verti- 
cally oriented fixed double Polacoat  filter. The emission wavelength can 
be selected by a computer-control led monochromator .  The third cuvette  
on the turntable contains the scattering Ludox solution. It is also provided 
with a rigidly attached excitation polarizer whose transmission axis is at 
54.7 ° to the vertical (the so-called magic angle) in order to measure an ex- 
citation profile unbiased by polarization. Because the same photomulti- 
plier views the scattered and the fluorescence light through the same fixed 
emission polarizer,  the artifacts introduced by the detection train are, in 
principle, eliminated. The wavelength dependence of  the photomultiplier 
transit time is dealt with as described under analysis. 

(b) Normalizat ion is necessary to eliminate any differential weighting 
in the two curves Iv(t) and IH(t) of the artifacts associated with 

i. Intensity and f requency fluctuations of  the exciting light 
ii. Anisotropy of the excitation train and /o r  detection train 
iii. Geometry  of the excitation detection 

The normalization process aims at equalizing the effect of these arti- 
facts on the two decay curves. It consists of  computing a total time- 
independent  normalization factor by which one of the curves is scaled rel- 
ative to the other.  This factor is arrived at through a combination of hard- 
ware and software techniques. 62 

It is convenient  to divide this total normalization factor into two par- 
tial ones to be determined in two separate steps: one to correct  for the ar- 
tifacts described under (i) and the other one to correct  for those described 
under (ii) and (iii). First it should be noted that the artifacts (i) are practi- 
cally eliminated when a contemporaneous collection procedure  for the 
two curves Iv(t) and In(t) is used. In the case when a double check is de- 
sired or when such a capability is not available, one can monitor the 
number of  TAC outputs nv and nH during the collection of  the two curves.  
The partial normalization factor multiplying In(t) is given bye :  

ro lv( t  d t  nn 

N, = (38) 
f l . ( t )  dt  nv  

Alternatively one may use a monitoring photomultiplier to view the excit- 
ing flash 'a or the fluorescence 61 directly and count  the numbers nv and nil. 

62 C. E. Martin and D. C. Foyt,  Biochemistry 17, 3587 (1978). 
~z Ph. Wahl,  Biochim. Biophys. Acta 175, 55 (1969). 
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In the pulse sampling fluorometers this correction is automatically per- 
formed in the instantaneous ratio taking mode. lz 

The partial normalization factor for the artifacts under (ii) and (iii) can 
only be determined in a separate experiment during which the first factor 
is also computed. It is based on the observation that excitation with hori- 
zontally polarized light creates a symmetric axis in the photo-selected 
system (Fig. 14) coincident with the detection direction (in the usual 90 ° 
geometry). Thus, the intensity of the fluorescent light detected through a 
polarizer should be independent of the rotation of the latter in a plane per- 
pendicular to the direction of detection. If  this is not true, a normalization 
factor for IH(t), called G factor, is defined by 

fo r Iv(t) dt  

N2 = Gfor H excitation - -  ~ 1 (39) 

o~ lH(t) dt  

Note that this normalization factor does not correct for the partial 
polarization that may be present in the lamp flash. For  this reason a depo- 
larizer, quarter wave scrambler plate is usually inserted in front of the ex- 
citation interference filter. 

The new Ih(t) obtained by multiplying the experimentally determined 
Iij(t) by N = N1 × N2 is congruent with the Iv(t). Thus we have 

I v ( t )  - Ih(t) (40) 
Ih( t )  = I H ( t ) N I N z  and r(t)  = I v ( t )  + 2I~(t) 

Alternate  Determinat ions  of  the Normalizat ion Factor  

As described above the normalization factor can be determined in two 
separate steps. The product of the partial factors gives the total one. Al- 
ternate determinations have been used 57"64 in which the total factor is ob- 
tained in one step. Their limitations will be pointed out below. 

a. Tai l  e d g e  m a t c h i n g  is a procedure whereby the two curves Iv(t) 
and In(t) are scaled relative to one another until their tails coincide. It is 
based on the assumption that the randomization of the photoselected 
subensemble is practically achieved at a particular point in time. After 
that the decay of  the emission alone is represented in both curves. This 
method could lead to substantial errors because the curves are matched in 
a region where the intensity is very low such that the random noise or any 
systematic errors could predominate. Additional error may be introduced 

64 G. R. Fleming, J. M. Morris, and G. W. Robinson, Chem. Phys. 17, 91 (1976). 
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by starting the normalization too early in the decay when complete ran- 
domness is not yet achieved. 

b. Steady state normalization is based on the separate determination 
of the steady state emission anisotropy. In this method the time integrated 
values of Iv(t) and In(t) are used to determine a truncated value of the 
steady state emission anisotropy with the normalization constant ot as a 
variable parameter. By identifying this truncated value with the actual 
steady state emission anisotropy value measured separately with a contin- 
uous source of light, the value of the parameter is fixed. Thus 

and 

f ;  Iv(t) dt - o~ fro In(t) dt 

(r)truneated fo iv<,)~,+ z~ f.o i.<,~,, 
(41) 

f ;  Iv(t) dt - f ;  Ir~(t) dt 
(r) = (42) 

Jo ' ) "  Jo dt 

If we identify (r)truneated with (r) the value of the normalization constant, or, 
is given by 

l - (r} J~  
Iv(t) dt 

= - -  (43) 
a 1 + 2(r) ( ;  

IH(t) dt 

It is our experience that in order to be able to make this identification 
accurately, the decay of the two curves Iv(t) and In(t) should be followed 
and integrated over 2.5 to 3 decades. It is also preferable to measure (r) 
with the same instrument used for collecting the two curves. A continu- 
ous lamp may replace the flash lamp, and thus the artifacts associated 
with the geometry of collection are equally represented in (./')truncated and 
(r). 

Analysis of Time-Dependent  Emission Anisotropy M e a s u r e m e n t s  

In order to obtain valid results the convolution related artifacts should 
be eliminated from the two normalized decay curves Iv(t) and IH(t). As 
described previously (see section on analysis of decay curves) this can be 
accomplished by a variety of procedures. Since either Iv(t) or Ia(t) contain 
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all the desired information, they could be separately deconvolved and an- 
alyzed in terms of  a multiexponential model. Correlation of  these two 
analyses improves the accuracy.  

Thus, in the simplest case of an isotropic rotator  character ized by a 
single rotational relaxation time 4) and emitting a monoexponential ly  de- 
caying fluorescence with lifetime r, theory predicts that 

Iv(t) = ~S(t)[1 + 2r(t)] = ~c~e -t/~ + § a f l e  -"1/~+ 11~,~ (44) 

IH(t) = ½S(t)[1 - r(t)] = ~ote -t/r --~a~e -"1/~+ 1/~,~ (45) 

where S = Iv + 2IH is a measure of  the total intensity emitted by the 
sample in all directions which in this case is given by S(t)  = a e  -t/~ and r(t) 
is the decay of the emission anisotropy which for an isotropic rotator is 
given by r(t) = fle-tfeL It is seen that separate deconvolut ion of  Iv(t) and 
IH(t) should yield the same two exponentials in both curves. The negative 
preexponential  term in In(t) should be two times larger and positive in 
Iv(t). The other  two corresponding preexponentials should be the same. 

The correlation of  the two separate analyses for Iv(t) and IH(t) which, 
in principle, is redundant  is found to be, in practice, indispensable for an 
adequate analysis. Moreover ,  the extension of this method to other ana- 
lytical expressions for r(t) (e.g., a two-exponential  decay) although pos- 
sible becomes considerably less reliable. Alternate methods of  analysis 
become necessary.  At the time of  writing, the method of choice consists 
of  analyzing the sum and difference curves 57,~ obtained from the nor- 
malized convoluted Iv( t )  and IH(t) curves and given by 

S(t)  = Iv(t) + 2In(t) 
D(t)  = Iv(t) - IH(t) 

and thus 

r(t) = D ( t ) / S ( t )  

The curve S(t)  contains only terms describing the decay of  the total 
emission independent  of  the model assumed for r(t). It can also be ob- 
tained independently when the transmission axis of the excitation and 
emission polarizers are at an angle of  54.7 °. The deconvolved impulse of 
S(t)  obtained as a sum of  exponentials is multiplied by an assumed empiri- 
cal form for r(t) usually given by 

r(t) = ~ flie -tl~ + c (46) 

The significance of  c can be understood through a limiting process: one of 
the empirical rotational relaxation time ~bi is large enough such that its 
exponential  term is practically constant  in the limited nanosecond time in- 
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terval during which the collection of the emitted light is possible. The mul- 
tiplication of r(t) by the deconvolved S(t) gives the new multiexponential 
model to be used in the deconvolution of D(t). As a result the variable 
parameters of r(t) fli, ~bi, and c are fixed. 

This method of analysis has been found to be more accurate than sepa- 
rate analysis of Iv(t) or In(t). The curve S(t) is deconvolved with a multiex- 
ponential model containing only terms describing the decay of total emis- 
sion, and D(t) with a similar model which contains one term less than 
either polarized component [see Eqs. (24) and (25)]. 

From Nanosecond Fluorometry to Mechanisms 

Magic Angle: Elimination of  Polarization Bias. Before any attempt is 
made to extract information about the molecular characteristics of a 
fluorescent system, one should carefully consider the effects of the inher- 
ent photo-selection process. Fluorescence emission originates from a 
photo-selected ensemble of fluorophores which become excited following 
absorption. This set of molecules has an orientational distribution of emis- 
sion dipoles different from that characterizing the bulk of molecules in the 
ground state. This is due to a greater probability of photon absorption as 
the angle between the molecular absorption dipole and the photon polar- 
ization vector approaches zero (probability of absorption is proportional 
to cos z 0). Thus, the excited molecules are selected from an isotropic 
random system by the anisotropic character of the excited light. It is im- 
portant to note that photo-selection will occur in a three-dimensional 
system even if excitation is performed with natural light because the pos- 
sible orientations of the exciting electric vector are confined to two di- 
mensi.ons. 

The intensity and polarization characteristics emitted by such a 
nonrandom, photo-selected ensemble will be highly dependent upon the 
polarization of the exciting light, the wavelength-dependent orientation of 
molecular absorption and emission dipoles, and the spatial direction of 
fluorescence detection. 

The dependence, however, is modulated by the relative magnitude of 
rotational relaxation and fluorescence decay times. If the former are much 
smaller than the latter, the photo-selection memory will be lost prior to 
light emission. As the ratio of the average rotational relocation time to the 
average fluorescence decay times increases the emission will reflect the 
photo-selection to an increasing extent. Thus any comparative series of 
fluorescence measurements (both steady state and/or transient) in which 
either this ratio or the parameters mentioned are altered will not be con- 
gruent. 

A common example of such potentially erroneous comparative mea- 
surements is provided by the collisional quenching experiments in which 



[17] TIME-RESOLVED FLUORESCENCE MEASUREMENTS 417 

the gradual addition of  quencher  affects the ratio by shortening the decay 
time of  the excited state. Other examples have been discussed in the liter- 
ature where it has been estimated that deviations up to 20% may be intro- 
duced into the experimental  data. 6~-67 

It is thus evident that in order  to compare  or to extract  relevant infor- 
mation from fluorescence data it is necessary to eliminate this variability 
associated with the photo-selection process,  namely,  one should measure 
signals proportional to the total fluorescence which, by definition, is inde- 
pendent  of  the spatial directionality of f luorescence emission. It reflects 
only the number of the emitting fluorophores,  their probability of  emis- 
sion being proportional  to the product  of  these quantities. 

By definition 

/total = Ix  + Iy  + Iz 

where x, y, z are any three mutually orthozonal  directions in space. It is 
desirable to measure a signal proportional to this sum along one single 
direction of detection.  This direction is determined solely by the sym- 
metry created in the emitting system through the photo-selection process.  
A linear polarized excitation will be absorbed preferentially by those mol- 
ecules whose absorption dipole moments  make smaller angles with the 
polarization direction. This being the only preferential direction in an iso- 
tropic system it becomes the symmetry  axis. For  instance, suppose that 
excitation is vertically polarized (let us call this axis x). Then all directions 
perpendicular to it will be equivalent (i.e., Iy  = Iz) and /total is given by 

/total = IX + Iy  + IZ = IX + 2Iy 

Thus,  if one views the fluorescence signal at a particular angle to the sym- 
metry axis which weights the perpendicular component  twice as much as 
the one along the axis then a signal proportional to the total fluorescence 
will be detected.  The weighting factors for the two components  are the 
squared cosines of the respective angle they make the viewing (detection) 
direction. With 0 the angle between the symmetry  axis and the viewing 
direction, we have 

/viewed = Ix  cos 2 0 + Iy  cos 2 (90 ° - O) 

and/viewed will be proportional to Itotal if 

cos 2 (90 ° - O) 
= tan z 0 = 2 0 = 54.7 ° 

COS 2 0 

The ensemble of viewing directions that satisfy this condition will form a 
cone as showed in Fig. 14 with half-angle 54.7 ° having the symmetry  axis 

65 A. H. Kalantar, J. Chem. Phys. 48, 4992 (1968). 
66 M. Shinitzky, J. Chem. Phys. 56, 5979 (1972). 
67 K. D. Mielenz, E. D. Cehelnik, and R. L. McKenzie, J. Chem. Phys. 64, 370 (1976). 
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. . . .  
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FIG. 15. "Magic"  angle cones. Viewing the emission originating from O along the lines 
BO or AO eliminates the polarization related artifacts for any kind of excitation. See text for 
details. 

parallel to the polarization direction of the exciting radiation and the apex 
in the center of the cuvette containing the fluorescent sample. 

If the excitation is performed with natural light, i.e., all directions of 
polarization equally probable and confined to the plane perpendicular to 
the direction of excitation, then the transitive dipole moments of the pho- 
toselected molecules will be symmetrically distributed around this latter 
direction. The excitation direction becomes the symmetry axis of the 
photo-selected system. The "magic" angle 54.7 ° should be considered 
relative to it, and consequently it becomes the axis of the cone formed by 
the ensemble of viewing directions along which one measure a fluores- 
cence signal proportional to the total emission. 

The general case in which one has a combination of the partially po- 
larized and unpolarized excitation could be approached in a similar 
manner. Any light signal can be thought of being composed of two po- 
larized beams, one vertical and the other horizontal coherently or inco- 
herently superimposed. The viewing directions along which the effect due 
to the vertically polarized beam is eliminated form the cone labeled 1 in 
Fig. 15; those corresponding to the horizontally polarized beam form the 
cone labeled 2 in Fig. 15. Along the lines of intersection of the two cones, 
OA and OB, one views a fluorescence signal free from any polarization re- 
lated artifacts. 

A closer look at Fig. 15 reveals that the "right" (in the sense described 
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above) directions of  detection are quite difficult to adopt in the usual con- 
straints of  the 90 ° geometry  built in many spectrophotometers .  

One simple observation comes to the rescue.  The transmission axis of 
the detection polarizer is equivalent to a viewing direction. Thus one only 
has to align the transmission axis of  the detection polarizer parallel to the 
lateral surface of  the proper  cone determined by the excitation. An infi- 
nite number  of  combinations exist. In the confines of  the 90 ° geometry 
three combinations are commonly used. 

a. Vertically polarized excitation; detection with transmission axis of  
the polarizer at 54.7 ° to the vertical 

b. Natural light excitation (scrambler plate); detection with transmis- 
sion axis of  the polarizer at 35.3 ° to the vertical 

c. The optical reverse of  the combinations (a) and (b) 

Excited State Interactions: Limiting Cases. It is not our aim here to 
discuss in any detail the numerous excited state processes that are now 
well character ized both theoretically and experimentally.  6a Since the 
rationale behind experiments using nanosecond decay techniques is to ob- 
tain information regarding these interactions, it is worthwhile indicating 
some characteristics of  the decay data that may be used to advantage. 

A simple chromophore  in dilute solution is expected to show single- 
exponential  decay kinetics. This is probably more the except ion than the 
rule. Double-exponential  decay behavior is very commonly observed.  
This may have its origin in a mixture of  two ground state species. This can 
sometimes be detected by a variation of  the emission spectrum or the 
decay parameters with exciting wavelength. In some cases, the absorp- 
tion and emission spectra of a chromophore  may be quite similar but the 
fluorescence lifetimes may differ. This is certainly possible with chromo- 
phores associated with macromolecules and provides a powerful ap- 
proach for investigating microheterogeneity in macromolecular  systems. 

Double-exponential  decay kinetics may also have their origin in ex- 
cited state reactions,  even if only one chromophoric  species exists in the 
ground state. A general scheme for a two-state system which provides for 
ground state equilibria and an excited state reaction which may be revers- 
ible or irreversible is shown below. 

kRA 

A * ,  ~ B* 

A "  B 

68 j. B. Birks, ed., "Organic Photophysics," Vols. I and II. Wiley, New York, 1973. 
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This scheme is written for an excited state dissociation such as excited 
state deprotonation. In the reverse reaction a proton can add on, re- 
forming A*. An example of a system showing this type of behavior is 
found with 2-naphthol. Depending on the pH, a significant ground state 
equilibrium may exist between A and B. Let us assume that the only sig- 
nificant ground state species is A. Excitation will lead to production of 
A*. In the case of 2-naphthol, the energetics of the excited state now 
favor formation of B*. (For 2-napththol pK = 9.5, while pK* = 2.8). At 
very high hydrogen ion concentration the reverse reaction will predomi- 
nate and essentially no B* will be formed. Under these conditions the rate 
equation for A* is 

d(A)* 
d t  - kA(A*) 

where kA includes terms both for radiation and quenching. At very acid 
pH the decay of 2-naphthol is well described by a monoexponential decay 
law. 

At intermediate H ÷ concentrations, the excited state reaction becomes 
kinetically significant and fluorescence due to A* a n d  B* is observed, 
although only A exists to a significant extent in the ground state. At suffi- 
ciently low hydrogen ion concentrations (pH > 5 in the case of 2- 
naphthol) the back-reaction indicated by kAB[H +] becomes negligible. 
Under these conditions the rate equation for A* is 

d A * / d t  = (kA + kBA)A* 

Once again the decay of A* is represented by a single exponential decay 
law. As is indicated below, the decay of B* is described by a double- 
exponential decay law under these conditions. 

Thus the hallmark of a two-state reversible excited state reaction is 
that in general the decay of A* and B* are b o t h  characterized by a 
double-exponential decay law with the s a m e  decay constants for A* and 
B*.  

The rate equations are 

- d [ A * ]  
dt = (kA + kBA)[A*] -- kAB[H+][B *] (47) 

- d [ B * ]  
d t  - (kB + kAB[H+])[B *] -kBA[A*] (48) 

It follows that the decay of A*, B* is 

A*(t) = o q e  -tI t1 - o t2e  t/rz (49) 

B*(t) = t~le -t/~' - f i l e  - t /~  (50) 
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Note  that the identical decay constants appear in both cases and that the 
decay of  B* has preexponential  terms that are equal in magnitude but op- 
posite in sign 

"r1-1,7"2 -1  = 3,1,~f2 = ½ [ ( S  -~ I/) ~ {(Y - X )  2 + 4kBAkBAkAB[H+]} 1t2] (51)  

where X = kA + kBA, Y = kB + kAB[H+], and 

3'1+ 3,2 = ( X +  Y) = kA+ kBA + k B +  kAB[H ÷] 

Thus decay curves of  either A* or B* can be obtained at various pH,  and a 
plot of  (3,~ + 3'2) versus pH can be used to obtain the reverse rate constant  
kAB • 

It can also be shown that 

ylV2 = k ~  + kAkAB[H +] (52) 

Thus 

3,1 "~ 3,2 = kA + kBA(1 --  kB/kA) + T13,2/kA (53) 

Thus in a graph suggested by DeToma 69, a plot of  (3,1 + T2) versus 
3,1 3,2 yields a slope equal to 1/kg = " rg  and an intercept = kg q- kBA 

(1 - kB/kA) .  

Once kA is known, kBA can be calculated from the decay of A* under 
irreversible conditions. 

Quite analogous relationships obtain for a two-state excited state 
reaction involving complex formation in the excited state. Examples of  
reactions of  this type include excimer formation, exciplex formation, or 
excited state proton addition reactions with heterocyclic  molecules such 
as acridine. The appropriate scheme is indicated below. 

keM[Q] 

M * ,  
kME 

kM 

M x 

" E* 

~ E  

Once again, generally a double exponential  decay will be observed at 
wavelengths where either species M or E emit. Equations (1)-(6) still 
apply with [Q ] replacing [H+]. 

A plot of  Ta3,2 versus 3,~ + 3,2 is linear with a slope 1/kE = ~'E and an 
intercept = kE + kuz (1 - k M / k z ) .  

The excited state solvation dynamics of  2-anilinonaphthalene (2 AN) 
show kinetic behavior  that under suitable conditions, are in accord with 
this scheme. 6a Figure 16 shows the results obtained when increasing con- 

69 R. P. D e T o m a  and L. Brand,  Chem. Phys. Lett. 47, 231 (1977). 
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[Q] (M), Q = E tOH 
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FIG. 16. Kinetic plots for a two-state reversible excited-state reaction. The data is for 
2-anilinonaphthalene in cyclohexane with addition of ethanol in the range 0 to 0.35 M. 

centrations of ethanol are added to 2 AN dissolved in cyclohexane. Both 
T1 + Y~ versus T172 and 71 + T2 versus Q are straight lines as predicted 
and the rate constants indicated are obtained from the slopes and inter- 
cepts. It can be anticipated that a large number of excited state dissocia- 
tion or association reactions will fit into excited state reversible or irre- 
versible class. These reactions can be recognized by the fact that the 
reversible reactions will show double-exponential decay behavior with 
decay times independent of emission wavelength (since A* and B* or M* 
and E* show the same decay times) but dependent on the forward and re- 
verse rates of the reaction. In addition the preexponential terms of B*, the 
product formed by dissociation will be equal in magnitude but opposite in 
sign. In the case of an irreversible excited state reaction the decay of the 
initially excited species (A* or M*) will be described by a single exponen- 
tial. 

There can be little doubt that as instrumentation for measurements in 
the nanosecond time domain become readily available, more complex ex- 
cited state reaction schemes will be unraveled. The fluorophore, 2- 
naphthol-l-acetic acid, may be cited as an example of a system showing 
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emission from m o r e  than two excited species. 7° Systems can be envi- 
sioned where a proton transfer reaction might be followed by a solvation 
reaction. Detailed lifetime measurements on energy transfer systems 
where the decay laws of donor and acceptor will depend on relative dis- 
tances, orientations and nanosecond motions remain to be done. Ware 
and Nemzek 71 have investigated transient effects (time-dependent rate 
constants) in diffusion controlled reactions. These are likely to be impor- 
tant in biochemistry and will lead to complex decay laws. As the level of 
complexity increases it may not always be possible to determine values 
for all the rate constants. The decay measurements would be of value for 
obtaining evidence for or against a particular reaction mechanism. 

Emission from two excited states represents a straightforward situa- 
tion about which detailed information can be obtained. We now conclude 
this discussion by describing the other limit where emission appears to 
take place from a continuum of excited states. This situation appears to 
prevail for some excited state solvation reactions. Fluorescence decay 
data obtained with N-arylaminonaphthalene sulfonates adsorbed to lipo- 
somes, 24 adsorbed to some proteins 4a or dissolved in a viscous solvent 51 
can be summarized in the following way. 

The fluorescence emission spectra shift to lower energy with time 
(nano-seconds) with little or no change in band shape. The fluorescence 
intensity also decreases with time at all wavelengths. The combination of 
the band shift a n d  the damping result in a complex nonexponential pattern 
of fluorescence decay at various emission wavelengths. While at first sight 
it might appear that only qualitative information can be obtained, this data 
can be treated according to a theory developed by Bakhshiev and his 
co-workers TM to describe general excited state solvent relaxation. Their 
treatment represents the steady state fluorescence emission spectrum as a 
superposition of the elementary time-dependent spectra which evolve 
from some initial state that is continuously shifting in time to lower energy 
and is being damped at the same time. This phenomenon may be ex- 
pressed in terms of the nonexponential decay law 51 indicated by Eq. (54). 

I ( ~ ,  t) = i ( t ) p ( ~ ,  t) = i ( t ) p [ ~  - ~max(t)] (54) 

I(~, t) is the data matrix for a time-resolved emission spectra obtained as 
described above. I(~, t) = F(V, t) normalized to the corrected steady- 
state fluorescence spectra obtained with the same instrument. 49"s~ This 
treatment allows the determination of an important new parameter de- 
fining the system, i ( t ) .  

r0 A. Gafni,  R. L. Modlin, and L. Brand, J. Phys. Chem. 80, 888 (1976). 
r~ W. R. Ware and T. L. Nemzek ,  Chem. Phys. Lett. 23, 557 (1973). 
r2 N. G. Bakhshiev ,  N. G. Mazurenko,  and I. Y. Pi terskaya,  Opt. Spectrosc. (USSR) 21,307 

(1966). 
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2, 6-p - TNS/Glycerol/540 nm (I0 °) 
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FIG. 17. The fluorescence decay of  2,6-p-TNS in glycerol at 540 nm at 10 °. "['he inset at 
the upper right shows the breakdown of the fluorescence decay into the double-exponential 
damping function fit) and the wavelength-dependent shift function p(~, t). 

This quanti ty is determined from the TRES data matrix (see Fig. 11) as 
follows: p(~, t) is first obtained as a function of  t at each ~ by normalizing 
each " t ime  sl ice" of  the complete surface I(~, t) to constant  emitted 
quanta and extracting the numeric values of  p(~, t) at each ~. Once p(~, t) 
and I(~, t) are known,  fit) can be determined.  An example of  this treat- 
ment  is shown in Fig. 17 which shows data for 2,6-toluidinonaphthalene 
sulfonate (2,6-p-TNS) dissolved in glycerol. The deconvolved decay 
curve F(~, t) (designated as f (~ ,  t)) shows an initial rise indicating that a 
port ion of  the emission is due to species created in the excited state. The 
inset in the upper right shows p(~, t) at this wavelength and the derived 
damping term i(t). i(t) in this case can be described in terms of  a 
double-exponential  decay law. p(~, t) depends on ~ and is a complex func- 
tion which depends on the kinetics of  the spectral shift and the emission 
contour  of  the system. A nonlinear least squares algorithm was used to 
obtain i(t) from p(~, t) and F(~ ,  t) assuming that it could be expressed as a 
sum of  exponential  terms. 

This t reatment  has been applied to several systems such as N- 
arylamino-naphthalene dyes adsorbed to a protein or l iposomes. It 
should be pointed out that while the ability to analyze data in terms of  this 
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formulation does not prove any particular excited state molecular mecha- 
nism, it does require that a proposed mechanism be consistent with the 
phenomenological formulation. Of particular importance is the fact that 
the terms i(t) and Pmax(t) may be compared between different systems or 
as a function of intensive parameters such as temperature and pressure. 
Thus what might at first appear to be a nonanalyzable pattern of decay 
curves as a function of emission wavelength may in fact be categorized 
and subjected to further study. 

Summary 

Nanosecond fluorescence measurements can now be routinely per- 
formed and the data can be analyzed in terms of specified decay laws. It is 
anticipated that nanosecond fluorometry will continue to aid in the eluci- 
dation of a variety of excited state mechanistic pathways. This in turn will 
result in the more sophisticated use of fluorescence probes in biochemis- 
try and cell biology. 

At the beginning of this decade, Ware 9 indicated that the ideal decay 
fluorometer should permit measurements with samples where the ab- 
sorbance quantum yield product is 10 -l°, with high spectral resolution 
and picosecond time resolution over a wide spectral range. Many of the 
requirements which seemed so stringent then have now been met. It is 
likely that the next review on rapid decay techniques will be able to show 
that picosecond experiments can be carried out with the same degree 
of confidence that is now possible on the nanosecond time scale. 
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[18] L o w  F r e q u e n c y  V i b r a t i o n s  a n d  t h e  D y n a m i c s  

o f  P r o t e i n s  a n d  P o l y p e p t i d e s  

By W A R N E R  L .  PETICOLAS 

I. Introduction 

Proteins are large molecules which usually contain between 500 and 
3000 atoms. As a result, they must have, by the laws of physics, between 
1500 and 9000 (i.e., 3 N) normal vibrations. Six of these will be quasivibra- 

Copyright © 1979 by Academic Press, Inc. 
METHODS IN ENZYMOLOGY, VOL. 61 All rights of reproduction in any form reserved. 

ISBN 0-12-181961-2 


