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ABSTRACT

Measurement of very short fluorescence lifetimes by the single photon
technique is made possible by an improved fluorescence lifetime system.
Fluorescence lifetimes of 4.94 + 0.07 nsec for anthracene in cyclohexane,
640 + 30 psec for diphenylbutadiene in cyclohexane and 90 + 30 psec for
erythrosin in water wére determined.- The use of a small wavelength shift
between excitation and_emission minimizes the effect of the wavelength
dependence of the photomultiplier response and light pulser emission.

The effects of de-aeration of solutions and time averéging of the excitation
spectrum are presented. We investigated the origin of small amplitude early
and late artifactual peaks in the light pulser and fluorescence spectra.
Complications in the analysis of lifetime data introduced by intrinsic
fluorescence and phosphorescence'progesses»in commonly used absorption
filters are discussed. Certain "blind spots" are found in the electronic

pulse pileup rejection schemes most commonly used in photon counting.
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INTRQDUCTION

F]uorescence 1ifetime measurements are commonly performed u51ng Singie photon

counting systems,l,5 22,23

17,19

phase shift instruments, or mode- 1ocked laser

systems, _Phase shift instruments provide good speed and accuracy

but they offer;iimited capabi]ities for‘the resoiution of mu]tipie component
| spectra. Laser systems provide time resoiotion invthe’picosecond time domain
but suffer from poor signal to noise ratibs and diminished muitjpie component
capabiiities Photon counting systems operate w1th excei]ent 51gna1 to noise
ratios which resu]t in a w1de dynamic range 1n the time and 1nten51ty intervals
, over Wh1ch the f]uorescence can be recorded. Th1S wide dynamic range makes
p0551b1e an accurate ana1y31s of mu]tipie component fiuorescence data To
date, however the Singie photon technique has prov1ded a s]ower time reso]ution
than either other technique The measurements reported in this paper represent
an extenSion of the 51ngie photon technique into the very short lifetime
domaJn In this short time domain the 1nherent wider dynamic range of photon
countingﬂproyides‘1mportant advantages in measurements on chemicai and biologicai
systems where highly quenched f]uoresCence.is observed from multiple chemical
species or physical environments. In addition, this increased time resolution
Can imprdve:the accuracy of multiple or single component lifetime determinations
in Jonger ‘time domains.: - «
" THE INSTRUMENT -
Methods and Materials™

The'design'of'theVSingie.photon counting 1ifetime system is’deScrihed"
in reference 24. For all measurements reported in this paper -the-RCA 8850 "
photomultiplier was used at an operating temperature'of'0°C“and a- supply
voltage of 3000 V. Al7-fluorescence lifetime measurements were perforned

~ with the‘samples at room temperature. The time axis for the multichannel °
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analgzer was calibrated from peak shifts induced by calibrated length delay
cables. The light pd]ser was operated in air at 1 atmosphere. The light pulser
voltage was 6,000-9,000 V which yielded a detected flash rate of 13,000-26,000
f1asnes per second. The data co]]ection rate [(time—to-amp]icude—converier
rate)/(11ght pulser f]ash rate)] was 10% or less for all measurements |
. The exc1tat1on and emission wave]engths were selected by optical filters.
'The f11ters used in each exper1ment were: Erythros1n -- 0pt1ca] Industries
14900 A and 5500 A 1nterference f11ters, D1pheny1 Butadiene -- Corning 3-72 and
”3 74 in series for em1ss1on 0pt1cs Techno]ogy 330 nm 1nterference f11ter for
exc1tat10n Anthracene -- Cornlng 3- 72 and 3 74 in series for emission, Kodak
18A for exc1tat1on The d1aphragm was adJusted to an opening of 2 mm to 20 mm
d1ameter 1n these stud1es The 1lght pu]ser prof11e for the anthracene and
'dlpheny1 butad1ene exper1ments was recorded using a po]1shed meta] front surface
i ref]ector from a Perk1n ETlmer MPF3L fluorescence spectrometer The 11ght pu]ser'
prof11e for the erythros1n exper1ment was obtained using dlst111ed water in a
1 cmx | cm f]uorescence cuvette as the scatterer Add1t1ona1 deta11s are

prov1ded in the exper1menta1 section for each compound 1nvest1gated

Filters

.Colored glass or interference filters are used in our system to isolate
the proper wavelengths of excitation and fluorescence emission for each
sample. Filters permit recordings with high collection efficiency and with
a broad bandpass, which increases the system sensitivity. Glass filters also
introduce significant fluorescence and phosphorescence artifacts .into lifetime
" measurements . Exposure of colored glass filters to bright room lights
introduces phosphorescence emission which can be detected by the photo-
multiplier as an increase in the background count rate for over 1 hour after
light -exposure. In‘addition; the filters capture scattered or incident

exciting light and fluorescence photons and convert them into filter fluorescence



arising in the glass. Filter fluorescence can add a Tow 1htensity,(m'0.5%)
lifetime component to each spectrum taken. This system artifact has a signifi-
cant effect on lifetime measurements,'eSpecially-When the filter and sample

lifetimes are very different. Examples and'discussioh‘of this problem appear

in the Experimental section of this paper.

Pulse pileup rejection

The single phofon counting technique of 1ifet1mé measuremént is based
upon the concept thét the probability distributfon for the.emission of a
single photon of f]uorescen@e following a single exciting light pd]se is |
idenpicéi to th; intensity-time profile of the céscadé of all the photoﬁs
wﬂich are emitted following a single flash of exciting 1igh£. The”single
phqtonvemiss{6n probability distribution is built up by repetitive exposure
ofithe samp1e‘tq sﬁbrt bursts df exciting light and recording of the time
of_arriva} of the‘first photon of:f]uorescénce fo]]owiné each exciting
pu]sé.' If more than one fluorescence photon arrives at the photomultiplier
following a:sing1e>excitation flash, only the first photon will be recorded
because only one f1uor¢scence_photon_sfop pulse can be.processgd at the_
time—to-amp]ftude-conVefter perlexcitation start pu]se._ The loss of 1ateb
f1udre$cence évents will distort the recprding_of the brdbabi]ity distribu-
tion by arfificia]}y ehhancing the early pqrtion of the fluorescence
spectrum. ‘To avoid this problem, several techniques for thé'preQention
of this pulse pf]eup have been>deve10ped. N

The simplest method for the prevention,qf'mu1tip1e'photon evénfs
is to atténUate the Tight intensity reachiné»the photomQ]tip]ier o]
that multiple photqn‘evenﬁs are extremely raré. Under these circum- |
sténces, the multiple photon contribution to the speétrum‘will result
in a distortion of‘on1y a few peréént in'the data; which édn uéua]]y

be tolerated. The limited rate of data collection associated with this
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approach increases the time required to record a spectrum. This can be
v.an important limitation when labile biological samples are under investiga-
tion. There is a theoretical correction for multiple photon events which
allows higher data c611ection rates and shortens the recording time.2’3’-4
Certain experimental uncertainties make the correction diffiéu]tﬂto apply
accurately, however.3

Pulse pileup rejectidn can also be accomplished eiectrohica]]y by

utilizing a digital inhibit circuit. If the output of tHe time to pulse
height converter is dé]ayed by a suitable 1engfh of cable, then a,pdlse
counter can be used to'gate the input of the aha]bgue‘to digital converter.
The pulse counter will inhibit storage of the f]uorescehce.event‘if'mbke
than one photon of fluorescence is\detected following a single 1amb

5,3 With this technique, data collection rates [(time to'amp1itudé

3

flash.
converter rate)/(11ght pulser flash rate)] of up to 20% can be utilized.
It is 1mportant to note however, that th1s method suffers from a frequent]y
overlooked 'blind spot’. The d1scr1m1nators used in our 11fet1me system
and in otﬁer systems requife.a reset time of at least 50 nanoseconds before
they are abie to phocess a sécond f]uoréscehce photon.i During fhis period
th; pulse counter'wi11 fail to detect the arrival of SuBsequent phoions.
Since the brobabiTity fbr photdn emiésion peaks sharply and fa]]s off
exponentjally or as a sum of exponentials (for short 1ight pU]ser flashes),
if multiple photon events occur; they will most Tikely occur with a small
time separation. This method will be blind to precise]y'those multiple
photon events which are most 1ikely to occur, especially when short fluore-
scence 1ifetimes are being measured. .

An a]tern&tiye electronic pulse pileup rejection scheme is available.
If two photons}are cqptured_by the'photomu1t1p1ier within a very short

time interval, then their resulting phbtoelectron cascades will overlap.

This overlap will cause the amplitude of the photomultiplier output



pulse to be outside the normal range of single photon. output pulse
heights.  An upper limit threshold can then be built into-the photo-- .
multiplier's discriminatorhdn order to reject all pulses of large -
amplitude, originating from multiple photon events. The excellent
multiple photon resolution of the RCA 8850 Tends itself to this mode

of pi1eupirejecti0n.6’27f We have incorporated this method of pulse-pileup
rejection in our lifetime system.

This:method also has its'eharacteristio 'blind spot'. If the
separation-in time between photons is much 1ar§er;than;the FWHM of the. :
output:signal of-the photomultiplier, then the electron cascades will be"
resolved . from each other and the amplitude of the output pulse will not
be significantly different than for single photon events;, although two
separaté\peaks’wi11'be seen. In this case, the pulses will pass through
the d1scr1m1nator window but only the first. photon event will be recorded
in the ana]yzer.A This problem will bevpart1cu1ar1y severe when long
fluorescence lifetimes are measured, since the multiple photons are more -
likely to be separated by longer time intervals Most sing]e photon counting |
photomu1t1p11ers exhlb]t a FWHM output of 2-3 nsec in response to a s1ng]e
photon event Thus mu1t1n1e photon events w111 not be detected by th1s
pulse p11eup method if the two photons are separated by more- than approx1mate1y
2 nsec. “ | R J

We have seen that p11eup reJect1on based.on a d1g1ta] 1nh1b1t
c1rcu1t exh1b1ts a b11nd spot if the photons are separated by 1ess
than about 50 nsec. Pi]eup rejection based on d1scr1m1nator w1ndows
is 1neffect1ve for photons separated by more than approx1mate1y 2 nsec.

: Even a comb1nat1on of these electronic methods w111 be unab]e to detect
a]1 mu1t1p1e photon events A mod1f1ed d1scr1m1nator w1ndow method of

pu1se pi]eup reject1on has been des1gned however which can effect1ve1y

record all multiple photon events.6 This method utilizes a s1ng]e channel
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analyzer with upper and lower thresholds and an appropriately slow time
constant to stretch the input pulses from an intermediate dynode of the.
photomultiplier. Events occuring within the measuring time interval of
the system will overlap and the window in the singlé channel analyzer can
select for sing]e‘photon events. The analyzer produces a gating pulse
that inhibits recording of the photon euent‘whenever multiple photons are
detected. .

It is important to be aware of these deficiencies .of puise pileup
rejection when making lifetime measurements If the simple electronic
pulse pileup rejection system is chosen, it shou1d be supplemented by
an attenuation of the data coliection rate and/or the application of
appropriate theoretical corrections for multiple photon.events. In our
lifetime System,: the simple discriminator based pileup rejection system
is supplemented by an attenuation of the TAC count rate to 10% or less.
of the lamp firing rate. This method was used for all measurements reported

in this paper.

Ear]y and late spectra] peaks

ANl pub11shed exc1tat1on and f]uorescence spectra from s1ng]e photon
count1ng 1nstruments exh1b1t secondary peaks of Tow intensity wh1ch occur

before and after the primary peak. 1,6,7

If the photomu1t1p11er dynode

string is poor]y adJusted then further peaks w111 appear. 7 An expanded
profile of the 11ght pulser flash as measured on our 1nstrument can be seen in
F1gure 1. Both the early and late peaks exh1b1t approx1mate1y 0.35% of

the- 1ntens1ty of the primary peak The ear1y peak occurs 7 nsec before

the main peak the late peak occurs 16 nsec after the main peak It has

been proposed that these supplementa] peaks arise from 1nterna1 processes

1,8

in the photomultiplier. 0ur f1nd1ngs conf1rm th1s 1nter pretat1on The

peaks do not arise from 11ght ref]ectlons in the sample chamber because the



Drofi1é is uhchanged if a light pipe is used to channel light pulser flashes
directly into the photomultiplier. The peaks are not a function of the light
source because they are also seen in the record of the flash profile using a
* light emitting diode as the emission source. The intensity of the early peak
is, howevér,‘sensitive to the area of illumination of the pﬁotomu1t1p1ier.
In Figure 1, we obsérve that restricting the illumination to the'centef of
the photocathode causes thé early peak to increase 1in intensity while the
late peak is unaffected. The dynode structure under]ies the center of the
photocathode and'is-préferehtia11y illuminated in this case. Apparently,
the early peak arises from photons which are not absorbed by the photdcathode,
but rather pass through this surface and directly Strike'the first dynode
causing an eér]y electron cascade. The-Origin'of the late peak is uncertéin.
If appeérs toxbékan internaﬁ electron reflection of some sort since it
“is unaffected by variations in the 11Humination of the photocathode. Oné
possibility is that electrons from fhe firsﬁ dynode travel back up to
the photocathode, initiating a late starting secondary electron cascade.8

If excitation and fluorescence spectravare not recorded under identical
conditions, the amplitudes of the early and late peaks can dfffgr between
spectra. These differences can lead to problems when a deconvolution analysis
of the lifetimes ié attempted. The variation in early peak amplitude can
be minimized if the emitting volumes 6f the samples used for ekcitationvand
fluorescence spectra are equalized. Equalization of emitting voiumes will
also reddce‘varidtions in photo-multiplier reéponse characterfétics aSsocfated

with illumination of different photocathode areas.’

DATA ANALYSIS

The fluorescence emission from a set of {identical fluorophores in .

response to a delta pulse of exciting light is given by the relation:
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=

f(t) = e b7

™

a I3
. 1
i~

where N is the number of fluorescence components,‘andvai and T are
vthe ré]ative intensity and iifetime_respective]y of the ith component.
The experimentor must_determine the best fit values for ajs Ty and N
for each_samp]e.investigated.' Whenever the exciting light pulse has‘an
' apprécfab]eﬂt%me width in comparison to the f]uorescenceEsignal, a
convo]ut1on 1ntegra1 must be so]ved in order to extract the 11fet1me
parameters 25 A number of theoretical approaches have been deve]oped
to extract the amp11tude and lifetime va]ues from the exper1menta11y

determ1ned excitation and fluorescence profiles. % 10.]]

We have ut11lzed
the method of moments techn1que]2 13 for all data analysis reported'in

this paper. |

EXPERIMENTAL

Anthracene in cyc]ohexane - I

To: Verify the accuracy of the overa]] lifetime system we have chosen
to investigate pure compounds w1th we]].estab11shed fluorescence 11fe-t1mes.
Anthracene is commercia11y available in high puritu and there is agreement
in the 1iterature on its fluorescence‘]ifetime 1n cyclohexane. Va]ues of |

]5 and 5 0 nsec16 have been reported The fluorescence of deoxygenated

4.9 nsec
anthracene 1n cyc]ohexane is shown in F1gure 2. The sample consists of

0.3 mg/ml anthracene (99.99 mo]A, Materials Ltd., Ing]ewood, N.J.) in
cyclohexane (Chromatoquality 99+ mol%, M.C.B., Norwood, Ohio) which is
deoxygenated by bubbling wtth nitrogen gas for 15 min inside a nitrogen-
filled glove box. The best-fit analysis, shown in Figure 2, yields an
anthracene lifetime of 4.94 nsec with a minor'component [az/(q] + “2) = 0.4%]

of 21 ns.



Lo
£
Lo
Q;:«h\
¥
<
-
G
£

-11-
The minor lifetime component is seen in all spectra from a variety of .
compounds that we héve investigated. This system artifact arises primarily
from two sources. In many spectra the system artifact repreéents a true
background system f]ubrescence which arises primarily from the glass
absorption filters used to isolate the excitatidn and fluorescence light.
This is the case withianthracene invcyc]ohexane since the same low intensity
long lifetime fTuorescence is observed when cyclohexane alone, or any other
scatterer, serves as the sample in the setup used to record the anthracene
fluorescence. An édditiona] factor that contributes to the system artifact
s the sensitivity of the lifetime analysis, especially fn the tail region
where long Tifetime components dominate, fo the size and distribution of
the scattering or emission volume within the sample. In the case of
excitation spettra, the use of allarge»diffuse scatterer such as the sample
so]vent‘in a cuvette, wi}] yield a broader eXCitation'spectrum with a more
pronouhced taii cbmponent than is obtained from a small, focussed scattering
iﬁage from a polished ﬁeta] surface. If the image size and intensity distribu-
tidn proberties are not exactly matched in the fluorescence and excitation
samp]és, thén different areas of the bhotomuTtip]ier surface are illuminated
and an értifactua] small intensity, 1ong lifetime fluorescence component
will be observed in the analysis. |
The presehce of the system artifact can be demonstrated in any particular
set of data by the imﬁroved fit that a multi-component lifetime analysis
will yfe1d; The method of moments program contains a nuﬁber of objective
fit tests which pekmit the experimentor to choose the best-fit anﬁ]ysis
of hisidaté from the one component, two component or three component
ana}yses that the program allows. In addition, a visual examination of
the expérimenta] and calculated fluorescence curves will often reveal the
preﬁence of the small amplitude long lifetime system artifact in the data.

The measurement of a relatively Tong fluorescence lifetime, such
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as 5 nsec for anthracene, is not seriously complicated by the presence’
of the system artifact. In the anthracenevexperimént, a one component
analysis yields a value of 5.02 nsec compared to the besf-fit two component
value of 4.94 nsec. The removal df dissolved oxygeh is, however, an important
requirement. Since molecular oxygen normally exists in a triplet state,
it can serve aS»an_effective fluorescence quencher. The lifetime of
anthracene in air saturated cyclohexane (without deoxygenatién) was
determined to be 4.0 nsec. Control of solution oxygen levels is important

for accurate 1ifetime determinations.

DiphényI butédiene in cyclohexane

Accurate subnanosecond lifetimes have been reported for very few
compounds. One of the fasteSt, weT] characterized chemical systems is
trans,trans-],4-dipheny1f],3-butadiene in cyclohexane. A lifetime of
0.63 nsec has been reported for this system using a quantum countér.to
| mihimize'photbmultiplier wavé]ength effects.7 fhe emission of this combound
meééured on our lifetime system is shown in Figure 3. The sample cont&inﬁ
1.0 x 10'5 M trans,trans-1,4-diphenyl-1,3-butadiene (M.C.B.; Norwood, Ohio;b
twicevrecrysta11ized from carbon tetrach]dride before use) in cyclohexane
(chrdmatoqua]ity 99+ mol1%, M.C.B.) which had been deoxygenated in a stream
of nitrogen gas as described for'anthracené. The best fit analysis yielded
two lifetime components. The observed 1ifétimes were 0.64 nsec for diphenyl
butadiene and 15 nsec for a mfnor‘[azl(a] + az) = 0.18] system artifact compo-
nent. In this case the presence of the very minor level of system artifact
fluorescence has a significant effect on the lifetime analysis. If the presence
of this minor component ié ignored, and a one component lifetime analysis
is attempted, the result is an apparent 1ifetime of 0.96.nsec. To obtain
accurate analysis of short 1ifetfme samples, it is important to use a two

component analysis whenever even minor contamination from long lifetime
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sources is encountered. In the absence of multi-component capabiTitieS'in

the analysis, the results may be quite inaccurate.

v Erythrosin.in buffer

To our knowledge, lifetime measurements on compounds with lifetimes of
under 480 psec26 have not been reported in the literature from single photon
counting systems. To test the limits of our measdrement capabilities, we

examined the lifetime of erythrosin fluorescence. Values of 57 psec]7, 90

pséc]g, and 110 psec19 have been reported for the lifetimes of erythroéfn’
and erythroéin B (the disodium)$a1t of erythrosin) in water. These measure-
ment§ were obtained with mode-Tlocked laser systems. Our sample of erythrosin
(Eaétman, Rochestér, N.Y.)‘was purified by passage fhrough a silica gel--
methanol column and suspendéd iﬁ a buffer solution of 40 mM Tricine-NéOH{

2 mM EDTA, pH 8.0. We determined the Tifetime of this erythrosin solution
-to be 90 psec for:f1uorescencé emission'at‘550 nm that is excfted at 490 nm,
wjth a minor system artifact component of 4.7 nsec, [az/(a1 + qz) = 0.04%].
The experimental and predicted lifetime curves aré shown in Figure 4. ‘

To obtain accurate measuréments of very short lifetimes, certain experi-
| mental éonditions must be carefully ﬁontro]]ed. The most critical problems
arise from s]ow,drifts‘that occur in the 1ight ph]ser time profile and from the
wavelength dependence of the system response. To obtain stable, optimal |
performance from the air gap light pulser, we have found it necessary to flush
the chamber continuou;1y with a flow of dry'air during operation, to clean
the electrode tips after every 10 hours_of operation and.to resharpén the
pointed electrode intQ a cohica1 tip after significant erosion has occurred.
The remaining drift which'occurslin the excitation profi]é can be minimized

by recording excitation and emission profiles a]ternate]y.zo

We find that
drift problems in our system are significaht]y decreased by recording half

the excitation profile before the fluorescence measurement and half afterwards.
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In the case of erythrosin, we recorded the fluorescence response for one hour.
An excitation profile recorded only before the fluorescence yields a 1ifetfme
that differs by up to 40% from the value obtained from an averaged excitation
profile. o
| The presence of a,significant wavelength dependence in the system response

9,21

funct1on can comp11cate lifetime measurements. This dependence arises in

part in the photomu1t1p11er from the dependence of the k1net1c energy of the

21 If the f]uore-

photoe]ectrons on the wave]ength of the 1nc1dent photons
scence of a sample is observed at a constant emission wavelength as the
exc1tat1on wave]ength is progress1ve1y blue sh1fted “then the peak of the
f]uorescence response t1me profile rema1ns at a constant pos1t1on but the
peak of exc1tat1on prof11e is increasingly shifted towards earlier times.
When very short 1ifetfmes'are measured from excitation and enission profiles
recorded at widely separated waveﬂengths,.thts artifactual peak shift leads
to the indication of an anomo1ously long t]uorescence 1ifetime in the ana]ysis.
For examp]e, if pur1f1ed erythros1n in buffer is exc1ted near 360 nm and the
fluorescence 1s recorded at 550 nm a lifetime of 470 psec is 1nd1cated w1th
a poor f1t of the observed and calculated f]uorescence curves. If the same
sample is exc1ted at 490 nm and f1uorescence recorded at 550 nm, then a J
‘ 11fet1me of 90 psec is observed

The presence of a wave]ength dependence in the 11ght pulser emission
prof11e a]so contr1butes to the system wavelength dependence. The fluorescence
emission from a compound whose 1ifetime is much shorter.than the FWHM of
the excitation light pulse closely resembles the’excitation profile, as can
be seen from an evamination of the convo1ution integral. If a series of
fluorescence profiles are recorded from a short-lifetime sample at a constant
emission wave1ength as the wavelength of excitation 1s.varied then systematic

variations occur in the emission profile which arise so]e]y from: the wavelength

dependence of the light pu]ser emission. In th1s manner, the wave]ength



L
<
L
U

4

<o
L
[y

-15- _
dependence of the 1ight pulser emission is revealed, independent of any
contributions from the wavelength .dependence of the photomultiplier response.
Using this method, we have observed thac the red emission from the air gap
discharge is slightly broader in time (10% broader at 490 nm than at 360 nm):
and has a significantly larger tail component than the ultra-violet emission.
~In our judgement, the best way to minimize the~system wavelength dependence,
which arises from both photomultiplier and lamp effects, is to use the same
| light pulser filter in recording both the excitation and fluorescence profiles

and to minimize the difference between the excitation and emission wavelengths.

Accuracx

Est1mat1on of the accuracy of a lifetime determination is a complex
problem. A number of parameters must be cons1dered individually in the error
‘estjmate for each spec1f1c_exper1ment. The spread in thetl1ght pulser profile,
the single photoelectron time spread of the bhotomu]tip]ier, the timing error
introduced by the discrimination and the stabi]fty of the measuring system |
over the time span of an exper1ment contribute -to the instrumental exper1menta1
uncertainty. In add1t1on the 11fet1me va]ue is determ1ned by an iterative
computer de-convolution whose convergence is somewhat sensitive to the input
parameters in the program. The time axis ca]ibration for the multi-channel
anaTyzer'can provide anofher source of error. Other factors in the error
" determination are common to all experimentation, such as repeatability of the
experihenf, and sensitivity of the analysis to s1ight, reasonab]e variations
in the experimental conditions (such as the choice of excitation and emission
filters). In each experiment, the primary source of error must be identified
and estimated. |

In our anthracene studies, the largest source of error seems to be drifts
in the system electronics which can be observed in the repeatability of the

calibration of the analyzer time axis. The calibration of the time axis can
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be repeated to an accuracy of approximately 1.5%. For this reason we estimate
the uncertainty in the 4.94 nsec lifetime determination to be + 0.07 nsec.

In the erythrosin and diphenyl butadiene experiments, the major error factor
seems to be the uncertainty in the computer determination of lifetime. In
these cases, the FWHM of the lamp spectrum.is equal 'to or larger .than the
1itetime under investigation. - As a vesult, the shape of the fluorescence
profile is:re]atively insensitive to the lifetime value over a significant
range, and the error between the observed and hypothesized_f]uorescence,
profiles varies Tittle as-the‘hypothesized lifetime is changed. In the
erythrosin experiment, for example, the reliability of the 90 psec lifetime
determination was tested by ass1gn1ng other va]ues to the decay constant and
compar1ng the qua11ty of the fit of the exper1menta1 to the hypothes1zed

» f1uorescence prof11e If a 11fet1me of 120 psec is assumed a d1st1nct1y
poorer fit of the curves is v1sua11y obv1ous (root mean square res1dua] of
59 versus 35 for the 90 ps f1t) Determ1nat1on of a ]ower 11m1t to the
11fet1me from visual exam1nat1on of the calculated and exper1menta1 curves

is d1ff1cu1t because the shape of the ca1cu1ated f]uorescence response curves
is 1nsens1t1ve to 11fet1mes below 90 psec. The method of moments program]2
does, however, conta1n obJect1ve fit analysis parameters that demonstrate
that 11fet1mes be]ow approx1mate1y 60 psec prov1de a poorer f1t to the data
than the observed va]ue (root mean square res1dua] of 60 at 60 psec versus ;
’35 for the 90 psec f1t) For these reasons, we ass1gn an uncerta1nty of + 30

psec to the erythros1n resu1t and a 11ke va]ue for d1pheny1 butadiene where

the same cons1derat1ons domlnate

Discussion
We have demonstrated that it is possible to make accurate fluorescence
lifetime measurements down to 100 psec-with single photon counting systems..

Short Tifetime measurements require a photon counting system with a very
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fast time response, such as the system we have deve]oped,24

and attention .

to a number of experimental conditions. The 1ight pulser oUtput must be
optimiZedvby the use of clean, shafp e]eétrodés and thé‘stabi]%ty énhahced

by continuous flushing with dry air. The lifetime aﬁalysis cgn be further
improved by time averaging of”thevexcitaiioh prof11e; The emittingvvo1umes

of the exciiation and fluorescence samﬁies must be equa1izéd to assure the:

| same distribution of illumination on the photocathode. If the sample-solvent

© system under investigation is susceptib]e‘to oxygen quenchiné, the solution
oxygen 1eve1.must Be Carefu11y'contro11ed. Sm511 émb]itudé 11fetimeycomponents
from a number of sources may appear as artifacts in the fesu]ts. Mu]tibomponent
1ifetime analyses are required to separate the sample lifetime from these n
system artifééts. The preéence of photomultiplier and light pulser contri-
bu;ions to fhe wavelength dependence of the system response function must

‘be considered in the design of the experiment. When these criteria are
fulfilled, it is possible to extend the wide.dynamic range and‘md]ticomponent
advantages of siﬁgle photon éounting to éhemica], physica1 and bio]ogiéa]

systems which exhibit highly quenched fluorescence emissions.
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FIGURE CAPTIONS

Figure 1. Expanded view of the lamp flash prof%]e; the effect of the region
of photomultiplier illumination on'the early and'fAté spectral
peaks. The main peak in each curve is appfokimafe]y.éI,SOO couﬁts.
A) The front surface of the RCA 8850 pHotomu]tip]%ér wés coverea
by an opaque mask with a central 5 mm diameter opéniﬁgf _B) AThe_
entire 50 mm diameter of the frdnt surface of the photomu]tiﬁ]ier

was exposed.
Figure 2. F1uorescence of anthracene in cyclohexane (1.7 x 10'3 M). A) Lamp
excitation profile; B) Experimental and calculated fluorescence
profiles; the noisy curve is the experimental fluorescence
response and the smooth curve is the calculated response generated

from the excitation brofi]e best fit 1ntensit1és and lifetimes:

ay = 0.0419, T T 4.94 nsec; ay = 0.00016, T, = 21.2 nsec.

Figure 3. Fluorescence of 1,4-diphenyl-1,3-butadiene in cyclohexane (1.0 x

107

M). A) Lamp excitation profile. B) Experimental and

- calculated fluorescence profiles; the noisy curve is the experi-
mental fluorescence and the smooth curve is the calculated response
generated from the excitation-profile; best-fit intensities and

lifetimes: ay = 0.111, = 0.642 nsec; ay = 0.0002,'r2_= 14.9 nsec.

Figure 4. Fluorescence of erythrosin (2.8 X 10'5 M) in 40 mM Tricine-NaOH,
2 mM EDTA pH 8.0. The lamp excitation profile closely resembles
the fluorescence profiles and is deleted for purposes of clarity.
The‘noisy curve is the experimental fluorescence spectrum, the

smooth curve is the calculated fluorescence response generated
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from the excitation profi]é,best fit lifetimes and ihtensities:
ay = 0.429, T ¢ 88 psec; a, = 0.00017, T, = 4.71 nséc. Note that
the fit of the data to the predicted profile deviatés by less than

the width of the pen trace over several orders of magnitude.
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