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CHAPTER I
INTRODUCTION

Fluorescence spectroscopy is a useful quantitative tool
in which excellent sensitivity and precision are combined
with high selectivity. An early demonstration of the power
of fluorescence was observed in 1877 when Adolf Baeyer,
first synthesizer of fluorescein (1), suggested that 10 kg
of the dye be thrown into the Blue Danube. Three days
later, the characteristic green fluorescence of fluorescein
(emission maxima = 520 nm) was detected in the waters of the
Rhine, finally demonstrating that a link between these two
major European rivers existed (2,3).

The use of fluorescent molecules as labels, molecular
probes, and tracers has extended the applicability of
fluorimetry to include analytes that cannot be determined
directly due to the lack of native fluorescence, poor
fluorescence characteristics ( e.g., low absorptivities
and/or low quantum yields), or to the presence of large
background signals. Examples of such indirect methods of
determination include determinations of oxidase enzymes and
their substrates using the quenching of fluorophores by 02
(4), fluoroimmunoassays (5), and the use of organic

chelating agents for the determination of inorganic ions



(6).

Selectivity in fluorimetric determinations is most
commonly (and easily) based on excitation and/or emission
wavelengths. Techniques which implement wavelength-based
selectivity include conventional acquisition of emission and
excitation spectra at constant excitation and emission
wavelengths, respectively, and synchronous excitation (7) in
which the excitation and emission monochromators are
simultaneously scanned. The total emission-excitation
matrix (EEM) may also be acquired using conventional
emission and/or excitation scanning, which is very
time-consuming. The video fluorometer (8) or diode arrays
may be employed for simultaneous wavelength analysis if
needed.

Fluorimetry offers numerous advantages over absorption
spectrophotometric techniques. First, two independent
dimensions of wavelength information are available in
fluorescence methods (excitation and emission wavelengths)
whereas only one is offered by absorption methods. Second,
absorption methods involve the measurement of two
potentially large signals: I0 (incident intensity) and It
(transmitted intensity). The absorbance (A) is proportional
to the concentration of absorber and to the incident
intensity. From Beer's Law, A a 1°g(Io/It)’ and
determinations are therefore limited by the magnitude of Io
relative to It' In fluorimetric measurements, the

fluorescence intensity (If) is directly proportional to the



concentration of radiating fluorophore, and if the intensity
of the incident beam increases a subsequent increase in
observed fluorescence will occur. As a result, fluorimetric
techniques allow detection limits on the order of 103 lower
than those obtained by UV-Vis absorption spectrophotometry.

Additional selectivity can be incorporated into the
fluorescence techniques by the use of selective enhancement
or quenching of fluorescence, fluorescence polarization, and
using fluorescence lifetime selectivity, which is the basis
of the research described in this dissertation.

The determination of fluorescence lifetimes can be .
achieved by several techniques. The two common techniques
used for fluorescence lifetime determinations are the use of
short duration pulses (impulse response) or sinusoidal
intensity modulation (harmonic response). Chapter II, which
is a review of the literature, begins with a discussion of
the theory of lifetime determinations using pulsed sources,
followed by the theory of phase-modulation fluorescence
lifetime determinations. Instrumentation for
phase-modulation fluorescence will be reviewed with special
emphasis on the methods of excitation beam modulation,
detection systems, and cross-correlation frequency domain
shifting. Analytical applications of phase-modulation
fluorimetry will be presented in chronological order.

Lifetime heterogeneity, i.e., the presence of more than
one unique exponential fluorescence decay, is commonly

encountered in fluorescence lifetime measurements. The



theory of excited-state and ground-state heterogeneity will
be discussed along with algorithms which allow for
resolution of the individual decays in a multiexponential
system. Chapter II will also discuss the continuously
variable phase-modulation fluorometers, which have
applicablility for heterogeneous sample analysis.
Applications of phase-modulation fluorescence for resolution
of heterogeneous systems will be presented.

The Chapter II literature review cites a large amount
of biochemical literature. The lack of literature in
analytical journals serves to underscore the fact that the
full analytical potential of fluorescence lifetime
selectivity has not yet been explored.

The research described in Chapters IV - X of this
thesis is based on the use of phase-resolved fluorescgnce
spectroscopy (PRFS) for multicomponent ahalysis. The theory
of PRFS will be presented in Chapter III, including the
theory of the use of PRFS for the analysis of multicomponent
samples, and a review of the literature describing previous
applications of PRFS. Chapter III also contains a
description of the instrument and the data analysis routines
used for the work described in the subsequent chapters,
which can be divided into two major catagories: 1)
biochemical applications of PRFS (Chapters IV-VI), and 2)
multicomponent determinations of organic species using PRFS
(Chapters VII-X). The specific studies described in the

first catagory include the development of techniques using



PRFS for 1) a homogeneous immunoassay for phenobarbital
(Chapter IV); 2) the elimination of bilirubin interference
in fluorimetric determination of fluorescein (Chapter V);
and 3) evaluation of the thermodynamic properties of
associations between molecular probes and both B-cyclo-
dextrin and albumins (Chapter VI).

The second catagory includes 1) studies comparing
steady-state and phase-resolved fluoimetric determinations
using wavelength selectivity alone and with PRFS (Chapter
VIII); 2) a comparison of three approaches to the
simultaneous determination of two components using PRFS
(Chapter VII); 3) the description of a method for
simultaneous four-component determinations using PRFS with
wavelength selectivity at a single modulation frequency
(Chapter IX); and 4) the use of PRFS at two modulation
frequencies for simultaneous four-component determinations
(Chapter X).

The goals of this dissertation are to describe the
theory and use of PRFS for chemical analysis of
multicomponent systems. Each study involves a different
chemical system which could not readily be analyzed using
conventional fluorescence wavelength selectivity alone. The
work presented in this dissertation represents the first use
of PRFS for quantitative chemical analysis of multicomponent

systems.



CHAPTER II

THEORY OF FLUORESCENCE LIFETIME DETERMINATIONS

The excitation and relaxation of a molecule Z may be

described by the following process:

= >7Z (1)

*
where Z is the ground state form of the molecule, Z 1is the

excited state, kab is the rate coefficient for the

absorption (1015 sec-l), and kdex is the observed rate
coefficient for the deexcitation pathways.

When the molecule absorbs a phdtoh of energy, it will
be elevated to one of its excited singlet electronic levels
(Sl’ SZ’ S3,... (Figure 1)). Numerous paths back to the
ground state (So) from these excited electronic levels are
possible. These include internal and extermnal conversions
of the energy to heat, and emission of light. The light
emission modes may be divided into two major catagories:
fluorescence and phosphorescence. Phosphorescence is
characterized by emission of light from a triplet electronic
energy level with deexcitation rate coefficients between
1072 and 10* s”!. The other radiative pathway,

fluorescence, occurs from the lowest vibrational level of
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the first excited singlet electronic state (vl,Sl).

Fluorescence is characterized by deexcitation rate

coefficients on the order of 106 to 109 s—l.

The rate coefficient k is the sum of all first order

dex
rate coefficients for all the modes of deexcitation, (i.e.,
internal conversion, intersystem crossing, energy transfer,
and chemical quenching), as well as the fluorescence pathway
with its rate coefficient kf. The differential equation

*
which describes the deexcitation of Z to Z is

*
[z ] _ * : (2)
dt _kdex[Z 1+ 2()

where [Z*] represents the concentration of species Z at
time t of the excited molecule Z* and P(t) is the exciting
impulse or "pumping" function, (e.g., a short pulse from a
laser or flash Iamp), having a finite pulse width (P.W.).
If the pumping function becomes infinitely narrow, (i.e.,

P.W. approaches 0), equation 2 reduces to

= -k [2*] (3)

or upon rearrangement

dlz j _ (4)
[z*] = _kdex dt

Upon integration over [Z*] and t equation 4 becomes:



*
[z 1] * t _

f* d{z*] = -f k‘dex dt; [Z*] = [z*]oe kdext (5)
(21, 121 o

Such a decay curve is shown in Figure 2 for a hypothetical
species Z with a fluorescence lifetime (t) of 1.15 ns. The
intensity of the fluorescence emission (If) is proportional
to the concentration of Z

_ e be
I, = kQIO(l 107z "z)

o kQ102.30362ch : (6)
where Q is the quantum yield, I0 is the intensity of the
excitation source, €, is the molar absortivity, CZ the
analytical concentration of Z, k a constant term for the
instrumental response, and b the pathlength of the cell.
The fluorescence lifetime of Z is then defined as that time
required for [Z*]° ( the excited state population at time

zero) to decay to l/e of its original value. The

fluorescent lifetime (TF) has the form

B l/kdex (7)

The observed lifetime is directly proportional to the

quantum yield of a given species:
Qp = TF/TO (8)

where Tb is the mean radiative lifetime in the absence of

any deexcitation pathway other than fluorescence, i.e., Ty =
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l/kf . The quantum yield can also be defined in terms of

the number of photons absorbed and emitted:

- # of photons emitted as fluorescence

QF # of photons absorbed (9)
with a maximum value of unity. One should note that if
T = 1, the quantum yield is unity. For some molecules this

o F

unity value is nearly achieved, e.g., fluorescein in 0.05 M

NaOH and rhodamine B (9).

Pulsed Source Excitation

If a molecule is excited with a short pulse of light
and the pulse is terminated synchronously with the beginning
of acquisition of the fluorescence signal, the fluorescence
intensity information will contain the contribution due to
the decay of the exciting pulse and that due to the
fluorescent species (Figure 3). The contribution due to the
pulse decay, if known, may be subtracted from the total

emission decay curve (deconvolution) and T_, may then be

F
determined from the remaining unperturbed decay curve.

The resolution and precisionm of a pulsed-source
fluorescence lifetime determination will be limited by the
duration and reproducibility of the exciting pulses and by
the response time function of the detector. Multicomponent
determinations can be achieved by appropriate deconvolution

of the multiexponential decay curves of the mixtures.

Alternately, the longest-lived species can be measured after
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the fluorescence contributions of the shorter-lived species
have decayed to a negligible value (Figure 4). The
contribution of the longest-lived species thus determined
can then be subtracted from the total multiexponential decay
curve. Each successive longest-lived species can be
similarly treated until the entire multiexponential decay
curve has been analyzed. Limiting factors in the resolution
of the components will be the differences between the
fluorescence lifetimes of the components, their quantum
yields, and the duration and reproducibility of the exciting
pulse relative both to the fluorescence lifetimes of the
components and to the relative fluorescence lifetime
differences between them. Pulsed fluorimetric methods are
generally restricted to the determination of the
fluorescence lifetimes of species which are longer in

duration than the pulse width of the impulse function.
Harmonic Response

This section is concerned with the development of the
fundamental equations of the phase-modulation fluorescence
technique for fluorescence lifetime determinations.

If a molecule F is excited to its excited form F* with
a source having a continuous, sinusoidally varying

intensity, equation 2 will take the form (10,11)

d[F ]
dt

(10)

*
= —kdex[F ] + (AeX + Bex81nwt)
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or
d[F] * (11)
it + kdex[F ] = Aex + BeX51nwt

where Aex is the d.c. intensity of the exciting beam, Bex is

the a.c. amplitude, and w is the angular‘modulation
frequency (w = 27nf, radians). The linear modulation
frequency, f, is usually in the MHz range, chosen such that
l1/w approaches 1/kdex. If the modulated portion of the
excitation beam is continuous with time, the solution of the

differential equation (equation 11) is

*
[F ] =X+ Ysinwt + Zcoswt (12)

where X, Y, and Z are unknown terms to be solved for, and

d[F ]
dt

(13)

= Yw(coswt) - Zw(sinwt)

The substitution of equations 12 and 13 into equation 11

yields

(Ywcoswt - Zwsinwt) + k (X + Ysinwt + Zcoswt) = A + B sinwt (14)
dex ex ex

Combination of coefficients of like terms, (i.e., a.c. or

d.c. contributions), results in

Xk = A

dex X = A/k

(15)

we

dex
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for the d.c. contribution and

Ywcoswt-Zwsinwt+Yk sinwt+Zk coswt = B _sinwt (16)
dex dex ex

for the a.c. contribution. The sin(wt) terms can be nulled

(reduced to zero) by setting wt = 0, so that

(Yw + deex) (0) +0=0 (17)

or

Y = -Zk, Juw (18)

The substitution of equation 18 into equation 16 yields

B sinwt =
ex .
2k, o -Zkgex (19)
[ — X 47k ] coswt + [ - Zw] sinwt
w dex
or if wt = w/2
2
-7 dex + w) sinwt = B  sinwt
w w ex (20)

If one now solves equation 20 for Bex’ on obtains

kiex
Bex = -7 m + w) (21)

which upon division by (kdex)2 yields
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7 =-exw .
2 2, 2 (22)
kdex(l to /kdex)

The solution of equation 22 for Y utilizing equation 18

yields

w
Y= 2 1+l ) o) (23)
dex w dex

Substitution of the results of equatioms 23, 22, and 15 into

equation 12 yields

* Aex Bex 1 ' Bexw 1
[F 1= " + ” ( Ysinwt - > ( 5 ) coswt (24)
dex dex 1 + w k 1+ w
—_ dex
k2 2
dex dex

Simplification may be achieved if one defines an angle ¢,

the phase angle, such that:

, 1 : w
cosd = and sin¢ = ————- . (25a,b)
(1 + w2 )1/2 1+ m2 )1/2
2 2
dex kdex

Substitution of equations 25a and 25b into equation 24

results in

A
%
[F] = EEE + =X cos®(cosdsinwt - sindcoswt) . (26)

dex kdex

Simplification using the definition for a sine of a sum

yields

A

*
[F] = kex + kex cos®sin(wt +9) . (27)
dex dex




The emission function F(t) may simply be defined as

*
([kf][F ]) where kf is the rate coefficient for the

fluorescence process

F(t) = Aem + Bem51n(wt +)

(28)
The terms Aem and Bem have the form
Aem = Aexkf/kdex (29a)
and
Bem - (BexkaOSQ)/kdex (29b)

Utilizing the tangent relatiomship for ¢ and equation 25

yields the relationship between phase-shift and fluorescence

lifetime T :
p

tan® = sin®/cos® = w/kdex = wrp (30)

or:

Tp = (1/w)tand (31)

The demodulation M of the fluorescence emission F(t) may be

defined as

18
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M= [Bem/Aem]/[Bex/Aex] :

(32)
The trigonometric expression for tand may be utilized by

squaring equation 30, yielding

(mT)2= tan2® (33)

which upon substitution of the tangent definition yields

(wr)2= sin2®/c032¢ = 1—c082¢/cosz® = (1 - Mz)/M2 (34)

or

wi)? = /My -1 . (35)

Upon rearrangement, the relation between demodulation and

fluorescence lifetime results:

_ 2 1/2
Ty = (1/w) ((1/M 1)) (36)

In practice, the phase shift and demodulation measurements
themselves do not yield absolute lifetimes. They must be
measured relative to either a scattering solution (1 = 0) or
a reference fluorophore of known lifetime (Figure 5). The
fluorescence lifetime is then calculated using the phase

shift (¢) and demodulation (M) values of the scattering or
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reference species.

The precision of determination of a fluorescence
lifetime is a function of the modulation frequency used,
with the lowest relative error accuring for those lifetimes
that have a phase-shift of 45° and a demodulation of 0.7071
at that modulation frequency. Figure 6 shows phase-shift
and demodulation for fluorescence lifetimes between 1 ps and
1 uys as a function of modulation frequency for frequencies

ranging from 1 to 500 MHz.
Instrumentation

Modulation Devices

Modulation of tﬁe excitation beam can be achieved in
several ways. The earlier phase-modulation instruments,
including the first one designed by Gaviola (12), used a
Kerr cell operating at 11.2 MHz (13) as the modulation
device. The Kerr cell consists of a sealed tank filled with
a liquid, usually nitrobenzene, across which a potential is
applied. A modulated voltage is applied across the two
electrodes and through the solvent within the cell. The
solvent dipole will become aligned with this applied field,
thereby rotating the plane of polarized light passing
through the cell. Gaviola used two polarizers (Figure 7),
one on each side of the Kerr cell modulator and
perpendicular to each other. Use of the Kerr cell as a
light modulation device has not been reported too often

since Gaviola's original instrumental design. The problems
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often encountered with Kerr cells are 1) the two electrodes
are usually spaced about 1 cm apart, requiring that a
substantial voltage be applied to drive the Kerr cell, and
2) the use of very toxic and explosive solvents in
conjunction with high voltages has often lead to
methodological problems. Kerr cells also suffered from low
optical speed (low light throughput) and limited spectral
range due to the absorbance of the cell solution (1l4).

Birks et.al. (15) described the use of modulated H2
discharge lamps capable of modulation frequencies up to 10
MHz.

Bailey and Rollefson (16) described an instrument in
which the emission of a Hg lamp was modulated using a
Debye-Sears (17) acousto-optic light modulating cell. 1In
the Debye-Sears cell, an x-cut quartz crystal modulated at
1/2 £ introduces a standing wave in the ultrasonic cavity
solution, which acts as a diffraction grating as a result of
the alternating regions of compression and rarefication in
the cell solution. These regions of compression and
rarefication alternate once every half-cycle. Therefore,
the liquid passes through an intermediate state twice during
each cycle in which the pressure and index of refraction are
uniform throughout the ultrasonic cell., It is during this
period, when the liquid is essentially isotropic
(invariant), that most of the excitation beam is focussed on
the front face of the sample. During the other periods, an

effective optical grating is present which attenuates the
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excitation radiation to different degrees at different
times. Light passed to the sample is therefore modulated at
f Hz. A problem with Debye-Sears modulators is the presence
of higher order frequencies besides that of the fundamental
modulation. This necessitates the use of very narrow (0.5
nm) slits on both sides of the Debye-Sears modulator to
select only a single harmonic to excite the fluorescent
sample. The use of narrow slits attenuates the excitation
beam, raising the limit of detection of a given method.

Muller et.al. (18) reported the first phase-modulation
instrument utilizing electro-optic light modulators (EOLM)
(Pockels cglls). The Pockels cell, which was first
suggested as a light modulator by Wotherspoon and Oster
(19), is the most recent advance in excitation beam
modulation devices. Muller's instrument used the output
from a 900 watt Xe arc lamp, but it was found to be
difficult to focus the beam on the Pockels cell. Pockels
cells are commonly crystals (diameter = 0.25 cm) of the
XHZPO4 tetragonal form, e.g., KHZPOA’ KDZPOA’ or NH4H2PO4.
The Pockels effect crystals are essentially retardation
plates that are continuously variable with the applied
voltage (18). For XH2P04 crystals, the Pockels effect is
largest if the direction of the applied field is parallel to
the crystallographic z axis with the excitation beam
directed along the z axis. 1In the more recent

phase-modulation instruments, electro-optically modulated

Pockels cells (20,21) have been employed that are capable of
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achieving continuously variable modulation frequencies
ranging from 1 to 400 MHz. They generally require a highly
coherent light source and are excellent for use with argon
ion and other laser sources. Fluorescence lifetimes between
1 and 500 ns have readily been determined, with 1 ps
precision at 400 MHz. The factor limiting the upper range
of modulation frequencies attainable with these continuously
variable phase fluorometers is the poor response of the PMTs
to frequencies greater than 400 MHz. Table I summarizes the
more common light modulation devices ‘used in

phase-modulation instrumentation (22).

Detection Methods

Optical. The early phase fluorometers used optical
methods for the determination of the phase shift, in which,
most commonly, the modulated excitation beam was split into
a reference beam and a sample beam, both of which were
incident on a single PMT. The reference (excitation) beam
must be suitably attenuated using neutral density filters to
achieve a contribution approximately equal to that of the
fluorescent sample. The reference signal is optically
delayed with an‘adjustable mirror. The sample is interposed
in the light path and the mirror is adjusted to give signals
equal in amplitude but opposite in phase. The resulting
photocurrent at the PMT is a d.c. signal since the a.c.
contributions cancel each other. The sample a.c. null,

i.e., the point of zero a.c. intensity, s thereby



TABLE I

SUMMARY OF THE MOST COMMON METHODS FOR THE MODULATION OF LIGHT AT HIGH FREQUENCIES

Device Band width Aperture Accessories Driver Requirements

Kerr cell Broad band Small Polarizers H.V.” 1)There is no suitable
media for UV work.
2)Temperature instability.

Debye-Sears Resonance Small Narrow band L.P.  1)Frequency limit set by
attenuation of sound
wave,

2)Not easy to set up.

Piezo-optical Resonance Large Polarizers L.P.  1)High frequency limit.
unit (block) 2)Easily biased to give
w or 2w modulation freq-
uencies.

Electro-optical Broad band Very small Polarizers M.V. - 1)Modulation frequencies
Pockels cell H.V, in the GHz region.
2)Can be biased as above.

RF discharge lamp Broad band Large = = = —————————— H.v.2 1)Intensity/frequency
trade-off.

CW laser Broad band Small = = = | —em—mm———— M.V.© 1)Continuous cavity dumped
by internal light modula-
tor.

a high voltage; b low power; c medium voltage (power).

LT



28

established. The sample is then removed, the excitation
beam is diverted directly to the PMT and the mirror is
adjusted to give another a.c. null. The change in optical
path length (mirror distance), Ax, between these two delays
allows the calculation of the fluorescence lifetime by the

optical phase-shift method (23):

W
TP = (1/(»)tan(AX/c ) . (37)

The null is determined using a selective
narrow-band—pass amplifier tuned to theé modulation
frequency. These narrow—-band-pass amplifiers have ranged
from inexpensive AM radios to costly spectrum analyzers

(23).

Electronic. The detection method employed in modern
phase-modulation fluorometers uses a technique based on the
heterodyne approach introduced by E. H. Armstrong for the
superheterodyne receivers used in World War I. The
heterodyne (i.e., cross-correlation) method, involves the
addition of two signals equal in phase and differing only in
frequency. The original phase-modulation fluorometers
(10,15,16) with photomultiplier tubes (PMT) detected the
total high frequency signal. Spencer and Weber (24)
incorporated the cross-correlation technique to detect the
low frequency signal which contained the same information as
the original high frequency signal. The design of Spencer

and Weber will be discussed in more detail in a later
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section of this chapter since it is the basis of the
commercially-available instrument used for the studies
described in this dissertation. Recently, a
continuously-variable phase-modulation instrument has also

been made commercially-available (25).

Cross-Correlation. The phase-modulation method was

improved in 1969 by Spencer and Weber (24), who used
cross—-correlation electronics for the phase and modulation
measurements. Cross-correlation (20,24-27) is achieved when
the fluorescence emission function (equation 28) is
multiplied by a crdss—correlation signal (Cc(t)) of
frequency fC which is only slightly different from f,

(e.g.,f = 30000000 Hz, fc = 30000025 Hz). If w, = (Zﬂfc),

C.(t) = C (1+Msin(w t +2)) (38)

the resulting cross-correlation multiplication R(t) takes
the form
R(t) =A C (1 +M sin(ut +9) + M sin(wt +0) + M M
em o em c ex ¢

sin(wt +¢)sin(wct + ¢C) (39)

where the subscript ¢ represents the cross-correlation
quantities. The final term of equation 39 may be rewritten

as

(MemMc/Z)(sin(Awt +A9) + sin(wt + Ad + wct)) (40)
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where

AU.\:(UC-U) (41)

Ad

1l
o
[
o

c (42)

If the choice of w, is such that it is very close to w,
(i.e., 25 Hz), then Equation 40 contains terms of 2u,

w, and Aw. The frequency term Aw contains all the phase and
modulation information 6f the original high frequency
emission function (24). This low frequency component may be
easily filtered (26) using a low pass frequency filter tuned
to (25 Hz) with appropriate signal amplification, resulting
in a subsequent increase in signal-to-noise ratio (S/N) for
Aw relative to w.

The phase-shift determination is carried out on the low
frequency (25 Hz) amplified portion of the cross-correlation
signal. Because the noise spectrum is larger at higher
frequencies, a very large S/N improvement results from this
design, and signal processing is facilitated since counting
techniques for maximizing precision can be employed. The
use of a two-channel counter allows detection of the
phase-shift. A square wave phase reference which originates
from the phase-shifting apparatus (an electronic circuit
which adds 25 Hz) is input into one of the counter channels.

The low frequency PMT signal is input into the remaining
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channel. The initiation and termination of the counting
cycle depends on these two inputs. The very fast rise of
the square wave initiates the counter. The crossing of the
sinusoidal component through zero causes the counter cycle
to terminate. Two time measurements are required, one for
the sample solution and one for the reference (scatterer or
reference fluorophore) solution. When a scattering solution
is used as the reference the time delay due to the
fluorescence interaction is the difference between sample

(TF) and scatter (t = 0) solution phase delays:

Btegvor. = Atsample— Atscatter ' (43)

The phase-shift ¢ (in degrees) is found from the period of
the signal:

— 0 L3
® = 360 Atfluor./PerlOd (44)

and equation 44 allows the calculation of the phase-shift
lifetime. The counters commonly have a precision of + 0.005
ms and, with a cross-correlation signal of 25 Hz, have a
period of 40 ms. The commercial version of this instrument
is capable of distinguishing phase-shifts of 0.01°.

The demodulation factor (M) is also determined using
the information from the low-frequency-selective amplifier.
The amplifier passes both the a.c. and the d.c. components

of the fluorescence emission. The modulation (a.c.
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amplitude) is determined by a digital voltmeter (DVM):

modulation = a.c./d.c. (45)

The modulations for both the scatter and sample solution are
determined and the demodulation M is determined from
equation 32, The fluorescence lifetime by demodulation may

be calculated using equation 36.

Fluorescence Lifetime Errors

Possible errors in fluorescence lifetime determinations
can arise from the "color effect" in PMT detection due to
the dependence of the kinetic energy of the photoelectrons
on the incident energy of the fluorescence emission photons,
introduced because of the observation of light of different
emission wavelengths for the reference and the fluorophore
(28). Geometric errors introduced in PMT detection of the
scattering solution may also introduce errors in lifetime
determinations (28). Substantial Brownian rotation effects
are usually observed in protein solutions or viscous samples
(14).

The sources of error described above may be overcome by
employing some very simple techniques developed for use in
phase-modulation fluorescence lifetime determinations.

Bauer and Balter (29) studied the effects of wavelength
photoelectron transit time on fluorescence lifetime

determinations for two different PMTs. The quenching of
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rhodamine 6G by KI was studied and correlated to the
Stern-Volmer predictions. The excitation beam was modulated
by a Debye-Sears acousto-optic light modulating unit
operating at 11.8 MHz. Bauer and Balter reported best
results (highest correlation with the Stern-Volmer
predictions) for the PMT with the smaller target area,
smaller electrode transversion distance, and highest maximum
voltage between the photocathode and the first dynode.

Lakowicz et.al. (28) provided an elegant solution to
the color effect problem in PMTs by characterizing five
fluorophores, including p-terphenyl, 2,5'-diphenyloxazole
(PPO), p-bis[2-(5-phenyloxazolyl)]benzene (POPOP),
1,4-bis~-2-(4-methyl-5-phenyloxazolyl)benzene (MezPOPOP), and
diphenyl-1,3,4-0xadiazole in absolute ethanol, to be used as
reference solutions in place of the conventional glycoggn
scattering solution. The problem of varied photoelectron
energy is thereby eliminated since a reference fluorophore
could be chosen that has excitation and emission spectra
coinciding with those of the sample. Excellent results
could be achieved for both phase-shift and demodulation
lifetime calculations when the emission intensities of the
sample and reference fluorophore were well matched.

These five fluorophores were chosen for several
reasons. First, they provide stable lifetimes over the

temperature range from -55 to 55 °

C. Second, purging with
inert gas is not necessary since the fluorophores are not

susceptible to 02 quenching (due to their short fluorescence
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lifetimes). Third, the compounds are available in relatively
high purity at low cost. Finally, they cover a wide
emission spectral range so that one can generally be found
that will be appropriate for a given determination (Figure
8). The fluorescence lifetimes are reported for each
species at both 10 and 30 MHz in Table II. Results for the
comparison with a glycogen scattering solution for the
determination of the fluorescence lifetime of NADH (assumed
to be 0.5 ns) are shown in Table III1. Lakowicz explored the
effect of KI quenching on the fluorescence lifetime of
indole ‘and determined the fluorescence lifetimes of
9-cyanoanthracene, quinine, and
2-diethylamino-5-naphthalene-sulfonic acid (DENS) comparing
demodulation values obtained using a reference fluorophore
solution (POPOP) with those using a glycogen scattering
solution (Table IV). The point is made that determinations
of longer fluorescence lifetimes are more dependent on the
fluorescence lifetime of the reference compound used for the
determination. Lakowicz also reported that color errors
could be minimized by the use of PMTs with minimum color
error (e.g., Hamamatsu R928p) (29).

The effects of Brownian rotation on observed
fluorescence lifetime often lead to apparent heterogeneity
in a truly homogeneous system. The error due to Brownian
rotation is due to the reorientation of the emission dipoles
of the fluorescent species during the fluorescence lifetime

of the molecule (30). Spencer and Weber (30) were able to
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TABLE II

FLUORESCENCE LIFETIMES OF THE FIVE COMMON REFERENCE FLUOROPHORES

Compound Emission rangeb ¢

p-terphenyl 310 - 410 1.05
PPD 310 - 440 1.20
PPO 330 - 480 1.40
POPOP 390 - 540 1.35
MezPOPOP 390 - 560 1.45

a
From reference 28.

nm.

c
ns.



TABLE III
COMPARISON OF FLUORESCENCE LIFETIME RESULTS USING GLYCOGEN OR POPOP
a .
FOR NADH
10 MHz© 30 MHz®
b
issi d d
Emission wavelength glycogen POPOPE glycogen POPOPE
420 -0.57 0.54 0.57 0.48
460 -0.76 0.29 0.70 0.46
520 1.08 0.48 0.79 0.45

a

b

nm.

From reference 28.

®Fluorescence lifetimes by phase-shift (ns).
dGlycogen scattering solution.

®POPOP reference fluorophore.
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TABLE IV

COMPARISON OF FLUORESCENCE LIFETIME RESULTS USINGaGLYCOGEN OR POPOP
BY DEMODULATION METHOD FOR NADH

Emission Wavelengthb Theoretical® glycogend POPOP®
420t 0.9997 1.0448 0.9855
4208 0.9972 1.0711 0.9933
460° 0.9997 1.0319 0.9956
4608 0.9972 1.0962 0.9887
520% 0.9997 1.0525 0.9982
5208 0.9972 1.1336 0.9842

8From reference 28.
b
nm.
Clemodulation factor determined from a lifetime of 0.4 ns.
dGlycogen scattering solution; values greater than 1 yield
erroneous fluorescence lifetimes.
€POPOP reference fluorophore.
flO MHz.

€30 MHz.
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show that the effects due to Brownian rotation could be
eliminated by placing a polarizer vertically (Oo) in the
excitation path and one at 55° in the emission path. The so
called "magic angle" polarization condition yields a total
intensity (IT) equal to Ill + ZIL’ irrespective of the
degree of polarization of the excitation or emission light
(l4). Spencer and Weber also discussed two other polarizer
Aorientations which eliminated these rotational effects. The
other two orientations have the added advantage that only
one polarizer is needed in either the excitation or emission

beam.

Applications of Phase-Modulation for

Fluorescence Lifetime Determinations

The first phase-modulation fluorometer designed by
Gaviola (12)Ain the late 1920's (see above) was only used to
calculate fluorescence lifetimes via phase-delay. The
instrument was used to determine the fluorescence lifetimes
of 12 species (Table V) with a reported precision of 0.5 ns.

The effects of multiple fluorescence decays on both
phase and demodulation values were made clear by Duchinsky
(31), but he did not provide any examples of actual
fluorescence lifetimes to support his claims. Duchinsky's
instrument employed an optical means for phase-shift
determinations using a reference scattering solution as had
Gaviola's. Improvements in the measurement of mirror

distances for the Gaviola design were introduced in 1936 by



TABLE V

FLUORESCENCE LIFETIMES DETERMINED USING GAVIOLA'S INSTRUMENTa

Compound Fluorescence Lifetimeb
Water® GlycerineC Methanol®

Uranium 4.5 A -
Fluorescein - - 5.0
Rhodamine B 2.0 4,2 -
Rhodulin Orange 2.7 4.3 -
Erythrosin 1.8 , 2.4 2.6
Tetraiodofluorene 1.0 2.0 2.2
Eosin 5B 1.9 - 3.4
Uranium sulfate - - 1.3

" in H,S0, - - 1.9
Quinine - - 2.9
Uranium (solid) - - >15
Ruby - - >15

2From reference 12.
bns; by phase-shift method.

csolvént employed.
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Szymanowsky (32) with a decrease in imprecision to 0.2 -
0.3 ns. Electronic detection of phase-shift was achieved
in 1953 both by Bailey and Rollefson (16) and by Schmillen
(33). The instrument described by Bailey and Rollefson
reportedly achieved a precision of 0.1 - 0.2 ns using a Hg
lamp as the exciting source and a Debye-Sears acusto-optic

light modulator (17). A suspension of BaCl2 and Na,SO, in

2574
50% ethanol was used as the reference scattering solution (1
= 0) because this solution did not have a tendency to settle
with time. They reported fluorescence lifetimes of quinine
and acridine as a function df added quencher KI. The
results of the acridine experiment are shown in Figure 9.
The fluorescence lifetime of fluorescein was also studied as
a function of its analytical concentration in 0.005 M KOH
(Figure 10).
' Schmillen (33) studied the fluorescence lifetimes of
fluorescein in water, rhodamine 6G in methanol, rhodamine B
in methanol, acryflavin in methanol, and anthracene in
benzene as a function of their concentrations.

In 1956, Bonch-Buevich et.al. (34) reported problems
with these state-of-the-art measurements in that the
fluorescence lifetime precision of most phase-shift
fluorometers was in the neighborhood of 3 -~ 6 ns for the
determination of fluorescence lifetimes between 1 - 20 ns.
He further stated that the values in even the most rigorous
studies of fluorescence lifetime were well beyond these

limits. As examples of this poor fluorescence lifetime
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precision he cited (without reference) values reported for
stilbene ranging from 3.1 to 6 ns, for phenanthrene ranging
from 5.2 to 13.5 ns, and for fluorene ranging from 8.8 to 15
ns. In the same year, Bonch-Buevich et.al. (35) reported a
fluorescence lifetime precision of 20 ps for their
instrument which operated at 12 MHz. This was about one
order of magnitude better than the best phase fluorometers
described up to that time (16,33). Bonche-Buevich also
performed studies on the fluorescence lifetime of
fluorescein as a function of concentration obtaining results
analogous to those of Bailey and Rollefson (16), as well as
on the concentration dependence of the fluorescence lifetime
of acridine orange.. Bonch-Buevich further demonstrated the
usefulness of his instrument for studying processes of short
duration. He reported a constant fluorescence lifetime for
tetraphenylbutadiene in xylene as a function of
concentration (Figure 11). The results from Figure 11 are
noticeably incomplete and do not unequivocally demonstrate
the consistancy of tetraphenylbutadiene fluorescence
lifetime as a function of concentration. These results are
only shown for completeness and the reader is refered to the
original manuscript for details.
Zioch (36) described an instrument that operated at 1

MHz employing a Kerr cell as the modulator, but reported few
operating parameters and no fluorescence lifetime values.

Kloss and Wendel (37) introduced a phase fluorometer

capable of exploring the fluorescence lifetime domain
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between 0.5 - 20 ns operating at 33 MHz with Debye-Sears
acousto-optic modulation. They reported fluorescence
lifetimes for phenanthrene, stilbene, and naphthalene of
8.4, 2.3, and 7.0 ns, respectively.

Birks and Little (38) were the first researchers to
employ and measure both phase-shift and demodulation values
and use these for fluorescence lifetime determinations (all
previous workers had used only the phase-shift technique).
They used a high frequency air discharge tube operating at 5
cm Hg and drivenm by a 7.5 MHz oscillator. They also
utilized the PMT as a mixer to detect the fluorescence
emission, with its sensitivity (gain) modulated by a signal
applied to the first dynode and derived directly from the
driving oscillator (15 MHz) via a frequency
doubling-variable delay line and constant output amplifier.
The PMT current was subsequently measured as a function of
the phase of the signal which modulates its gain in response
to the modulation of the incident radiation.

Birks et.al. (15) used a H2 discharge lamp modulated
at 10 MHz, and derived the reference signal from the lamp
current utilizing a system analoagous to their 1953 design
(38). Fluorescence lifetimes for quinine sulphate in 0.01 M
HNO3 were determined to be 20.3 + 0.4 ns by phase-shift and
21.2 + 0.4 ns by demodulation measurements, as compared to
22.8 ns obtained by Schmillen using phase-shift
determinations (33).

Brewer et.al. (39) developed a phase fluorometer
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reported to be applicable for studies of fluorescence

lifetimes in the range of 1 - 104

ns utilizing either a 60
kHz rotating wheel (long TF) or a 5.2 MHz Debye-Sears light
modulator (short TF). Lifetimes were reported for BaPt(CN)4
complexes, in which the fluorescence is associated with the
Pt(CN)4 moiety (40,41). Reported values for two differently
prepared samples of BaPt(CN)4 4H20 were 400 and 800 ns.

They noted that the fluorescence lifetime was highly
dependent on the number of waters of hydratiomn. The
greenish-yellow BaPt(CN)4 4H20 readily lost two water
.molecules to form BaPt(CN)4 ZHZO (brick-red) and, upon
heating at 100 °c for 24 hours, the BaPt(CN)4 (white)
species resulted. Brewer purchased commercially available

BaPt(CN)4 4H,0 and reported fluorescence lifetimes of 300 -

2
700 ns using the 60 kHz rotating wheel modulator. Results
using the instrument with the 5.2 MHz Debye—Sears>
acousto-optic modulator for seven organic molecules in
various solvents were reported (Table VI). They also
reported a value of 720 + 100 ns for the fluorescence

A 5 mm Hg).

lifetime of I, at equilibrium pressure (10~
Carbone and Longaker (42) described a novel
interferometric phase-shift fluorometer (Figure 12). The
instrument was capable of lifetime determinations in the
range of 0.1 -~ 10 ns with excitation from a He-Ne laser
(632.8 nm) modulated at 155 MHz. The fluorescence lifetime

of a Te-doped GaAs semiconductor was reported as 3.0 ns

using this instrument. Carbone and Longaker were among the



FLUORESCENCE LIFETIMES OF SOME VERY COMMON COMPOUNDSa

TABLE VI

48

Compound Solvent Tb

Perylene benzene 4.79
Acridone ethanol 11.80
9-Aminoacridine ethanol 13.87
9-Aminoacridine HCl-ethanol 14.07
9-Aminoacridine water 16.04
9-Aminoacridine water-HC1 15.45
N-methylacridinium water-HC1 34.78
chloride

Fluorescein water-HC1 4.03
Rhodamine B ethanol 6.01
Rhodamine B benzene 4.65
Rubrene benzene 16.42

a
From reference 39.

ns; phase-shift.
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first researchers to recognize that phase-shifts larger than
90° were possible due to multistep decays involving excited
state interactions.

Veselova et.al. (43) used phase-modulation fluorescence
to study the effects of an "active" solvent such as pyridine
(I) on the fluorescence of 3-amino-N-methylpthalimide (3AMP)
in n-heptane (II), recognizing that only two different
fluorescent species could exist in the system at any given
time. Further results indicated that type (I) centers were
formed, at least partially, in the excited state.

Mullér et.al. (18) described a phase-modulation
fluorometer operating at three modulation frequencies
(14.0110,-21.0170, and 27.0040 MHz) with a reported maximum
fluorescence lifetime precision of 20 ps. The relative
error in lifetime determinations was reported as 2.0%Z in the
fluorescence lifetime range 2 - 63 ns. Five organic
compounds were chosen for this study (Table VII). Although
this instrument used a Pockels cell as the modulation device
it was not of a continuously variable design.

Gati and Szalma (44) reported results using an Osram
high pressure Hg lamp combined with a piezoelectric quartz
crystal, fed by an oscillator and placed between two crossed
polaroid filters. The quartz cube (piezoelectric crystal)
becomes doubly refracting because of the standing waves
induced in it. The piezoelectric cell was operated at 10.24
MHz and was used for the determination of fluorescence

lifetimes between 0.1 - 30 ns with a precision of 0.07 mns.



TABLE VII

FLUORESCENCE LIFETIMES AND PRECISIONS DETERMINED BY MULLER'S

INSTRUMENT®

b
Compound Solvent T
Fluorescein 0.010 M KOH 3.83 (0.01)
9,10-Diphenylanth- 95 7 ethanol 7.91 (0.02)
racene
Acridone water 15.54 (0.05)
Safranine T pyridine 2.29 (0.01)
Chlorophyll-a 95 7% ethanol : 5.55 (0.03)

( ) Absolute standard deviations.

a
From reference 18.

b
ns.
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Gati and Szalma reported fluorescence lifetimes for the
twelve fluorophores in Table VIII.

Pant et.al. (45) designed a phase fluorometer operating
at 4.06 MHz with a H, discharge tube as the source. They
determined fluorescence lifetimes in the range 5 - 80 ns +
0.5 ns. They reported fluorescence lifetimes of 7.5 and 2.5
ns for p-terphenyl solid and in ethanol, respectively, and
22.5 ns for quinine sulphate in water. Solid samples of
anthracene and chrysene gave values of 16 ns and 64 ns,
respectively.

As mentioned above, Spencer and Weber introduted the
cross-correlation technique to phase-modulation fluorescence
in 1969 converting the original high (MHz) frequency values
to the low (Hz) frequency domain (24). The original
instrument employed a Debye-Sears acousto-optic excitation
beam modulator operating at either 14.2 and 28.4 MHz with a
cross-correlation frequency of either 36 or 72 Hz depending
upon the modulation frequency. The effect of KI quenching
on fluorescein fluorescence measured with this new
cross-correlation phase-modulation fluorometer gave results
analagous to those of Bailey and Rollefson (l16). Spencer
and Weber also studied nicotinamide adenine dinucleotide
(NAD) in various solutions, as well as flavin mononucleotide
(FMN), flavin-adenine dinucleotide (FAD), and other flavin
derivatives (Table IX).

Michelbacher (46) described a phase-fluorometer which

operated at 200 MHz and was used for the study of



TABLE VIII

COMMON FLUOROPHORE FLUORESCENCE LIFETIMES®

Compound Concentrationb Solvent TC

Fluorescein 1 1% NaOH 3.45
Fluorescein 100 EtOH/HZO 3.43
Fluorescein 100 Glycerol 3.98
Rhodamine B 10 EtOH/HZO/AcHd 2.50
Rhodamine B 1 Glycerol 5.17
Eosine 100 EtOH/NaOH 2.78
3,6-Diaminoacridine 50 Et:OH/AcHd 4.23
Trypaflavin 100 Glycerol 4.39
Rhodulin Orange 100 Glycerol 3.59
Rose Bengal 100 EtOH/NaOH 0.80
3-Aminophthalimide 500 EﬁOH/HZO 10.80
3-Dimethylamine~N-methyl- lxlO4 .EtOH/NaOH 5.40
phthalimide

Esculin 100 EtOH/NaOH 3.90
Quinine 10 1.0 M H2804 18.90
Quinine’ 100 1.0 M H,50, 19.90
Quinine lxlO3 1.0 M HZSO4 18.50

a

buM.

From reference 44.

Cc
ns.

dAcetic acid.
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TABLE IX

FLUORESCENCE LIFETIMES OF FLAVIN DERIVATIVES DETERMINEDaUSING THE
CROSS-CORRELATION PHASE MODULATION FLUOROMETER DESIGN

Compound Conditions Tb

NAD 0.10 M pH 7.50 phosphate buffer 0.38 (0.03)
a7 °c)

NAD 90% propylene gly<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>