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Theory of Light Quenching: Effects on Fluorescence
Polarization, Intensity, and Anisotropy Decays

Jézef Kusba, Valery Bogdanov, Ignacy Gryczynski, and Joseph R. Lakowicz

Center for Fluorescence Spectroscopy, Department of Biological Chemistry, University of Maryland at Baitimore, School of Medicine,
Baltimore, Maryland 21201, USA

ABSTRACT Experimental studies have recently demonstrated that fluorescence emission can be quenched by laser light
pulses from modern high repetition rate lasers, a phenomenon we call “light quenching.” We now describe the theory of
light quenching and some of its effects on the steady-state and time-resolved intensity and anisotropy decays of fluorophores.
Light quenching can decrease or increase the steady-state or time-zero anisotropy. Remarkably, the light quenching can break
the usual z axis symmetry of the excited-state population, and the emission polarization can range from —1 to +1 under selected
conditions. The measured anisotropy (or polarization) depends upon whether the observation axis is parallel or perpendicular
to the propagation direction of the light quenching beam. The effects of light quenching are different for a single pulse, which
results in both excitation and quenching, as compared with a time-delayed quenching pulse. Time-delayed light quenching
pulses can result in step-like changes in the time-dependent intensity or anisotropy and are predicted to cause oscillations in
the frequency-domain intensity and anisotropy decays. The increasing availability of pulsed laser sources offers the opportunity
for a new class of two-pulse or multiple-pulse experiments where the sample is prepared by an excitation pulse, the excited
state population is modified by the quenching pulse(s), followed by time- or frequency-domain measurements of the resulting

emission.

INTRODUCTION

Time-resolved fluorescence is widely used to study the struc-
ture and dynamics of biological macromolecules and assem-
blies (Dewey, 1991; Jameson and Reinhart, 1989; Lakowicz,
1992; Demehenko, 1986). Such experiments can be per-
formed by time-domain (TD) (O’Connor and Phillips, 1984;
Demas, 1983; Fleming, 1986) or frequency-domain (FD)
(Lakowicz and Gryczynski, 1991; Baeyens et al., 1991,

Klein, 1984) methods. To date, all such studies used one light ‘

pulse or a single amplitude-modulated beam for excitation
(preparation) of the sample, followed by measurement of the
intensity or anisotropy decay of the emission. In recent years,
there has been an increased use of the intense light pulses
from picosecond (ps) or femtosecond (fs) dye lasers, which
allow two-photon excitation (TPE) of biochemical fluoro-
phores (Lakowicz et al., 1992a—c; Lakowicz and Gryczynski,
1992; Szmacinski et al., 1993) and can provide localized
“confocal” excitation in fluorescence microscopy (Denk
etal., 1990; Piston et al., 1992). The use of intense pulses can
result in other effects, such as depletion of the ground state
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population (Ansari and Szabo, 1993) or local photobleaching
of the sample (Koppel et al., 1986).

We now describe the theory for a heretofore unconsidered
effect of using intense laser pulses: quenching of the excited
state population by stimulated emission. If the wavelength of
the quenching pulse overlaps the emission spectrum of the
fluorophore, then the fluorophore can be stimulated to emit,
as predicted by Einstein (1917). Because the emitted photon
is directed along the path of the quenching beam, this photon
cannot be observed with right-angle or small-angle obser-
vation conditions, resulting in a decrease (quenching) of the
observed intensity.

In a recent publication, we demonstrated that light quench-
ing could be observed using modern high repetition rate la-
sers (Lakowicz et al., 1994), whereas earlier observation of
light quenching used giant pulses from Ruby lasers. In the
present report, we describe the effects of light quenching on
the steady-state emission anisotropy or polarization, in the
absence of rotation diffusion, and how these values depend
on the polarization of the laser beam and the axis of obser-
vation. Depending on the polarization of the excitation and
quenching beams, light quenching can increase or decrease
the anisotropy. The extents of light quenching and changes
in anisotropy are different for continuous or pulsed illumi-
nation, and depend on the polarization orientation of the
quenching beam and the angle of observation. Surprisingly,
the changes in polarization are different for a quenching
pulse that is co-incident or time-delayed relative to the ex-
citation pulse. Under appropriate conditions, light quenching
can break the usual z axis cylindrical symmetry and result in
polarization values as high as unity.

We also describe a phenomenological theory of the effects
of light quenching on the intensity and anisotropy decays
with rotation diffusion, as observed by ’time-domain or
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frequency-domain methods. The effects of non-co-linear
transition moments, multiple lifetimes, multiple correlation
times, spectral relaxation, pulse width, and other phenomena
on light quenching are presently being investigated and will
be reported elsewhere. The effects of light quenching are
complex, often counter-intuitive, and a complete understand-
ing will require additional theoretical and experimental stud-
ies. Nonetheless, this phenomenon appears to be rich with
information, and light quenching may offer new opportuni-
ties for the design of steady-state and time-resolved fluorescence
experiments.

THEORY AND RESULTS

One can imagine two classes of light quenching experiments.
The simplest experimental situation is when the excitation
and quenching is provided by the same light pulse (Fig. 1,
left), in which case the pulses are coincident in time and
direction of propagation. The second class of light quenching
experiments constitute situations when the excitation and
quenching are provided by different light pulses. In the latter
case, the excitation and quenching beam may be not coin-
cident in time, direction of propagation, or polarization.
These two classes of light quenching experiments will be
referred to as one-pulse (one-beam) or two-pulse (two-beam)
light quenching, respectively. In the two-pulse experiments,
the polarization of the quenching pulse may be arbitrarily
oriented relatively to the polarization direction of the exciting
pulse. We restrict ourselves to the cases where these polar-
izations are either parallel (parallel two-pulse quenching,
Fig. 1, middle) or perpendicular (perpendicular two-pulse
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FIGURE 1 Intvitive description of the effects of light quenching on the

intensity and anisotropy decays of fluorescence for one-pulse (left) and
two-pulse (center and right) experiments. The effects caused by light
quenching are shown by the solid lines. The dotted lines show the shape of
the intensity and/or anisotropy decays in the absence of light quenching.
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quenching, Fig. 1, right). We note that the use of light pulses
does not imply time-resolved measurements. For the initial
discussion, we consider steady-state measurements while the
sample is illuminated with a continuous series of excitation
and quenching pulses.

A general description of light quenching requires consid-
eration of the spectral and dynamic properties of the flu-
orophores, orientation of the transition moments, and laser
pulse width(s), which is beyond the scope of a single report.
In the present report, we assume that the widths of the ex-
citation and quenching pulses are small compared with the
excited-state lifetime. We also assume that the absorption
and emission moments are colinear (Fig. 2) and that rota-
tional diffusion does not occur during the excited-state life-
time. This latter restriction is removed for discussion of the
time-dependent intensity and anisotropy decays, using a phe-
nomenological model. And finally, we assume that the
ground state population is not significantly altered by the
excitation pulse. Such effects can be avoided if the ab-
sorption of the sample is small, as is possible with long
wavelength one-photon (OPE) or two-photon excitation
(TPE).

To introduce the concept of light quenching, we briefly
describe the expected results for one-pulse (one-beam) and
two-pulse (two-beam) light quenching. A central concept is
that light quenching displays the same photoselection prop-
erties as does light absorption (Michl and Thulstrup, 1986).
That is, the probabilities of absorption and light quenching
are both proportional to cos®d, where @ is the angle between
the electric vector of the incident light and the transition
moment for absorption or emission, respectively. Conse-
quently, light quenching can selectively deplete just part of
the excited-state population with the appropriate orientation.
In contrast, collisional quenching depletes all orientations
with equal probability. Also, in contrast to collisional
quenching, light quenching can act only during a small frac-
tion of the intensity decay and is easily reversible by blocking
the quenching beam.

FIGURE 2 Coordinate system for the light quenching. The x axis is par-
allel to the propagation direction of the excitation. The fluorophore’s ab-
sorption and emission transition moments are assumed colinear. The angles
of the transition moment from the z and x axis are given by 6 and ¢,
respectively.
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FIGURE 3 Light quenching with cylindrical symmetry around the z axis.
The top scheme shows one-pulse light quenching, and the bottom scheme
shows parallel two-pulse light quenching. The polar plots at the origin of
the coordinate system show the spatial distributions of the transition mo-
ments of the excited molecules.

Consider light quenching by a time-delayed quenching
pulse. The intensity decreases instantaneously upon arrival
of this pulse at time ¢ = 1, (Fig. 1, middle). After the quench-
ing pulse, the intensity decays with the same decay time but
with decreased amplitude. The intensity decay is unchanged
after the pulse because the perturbation is no longer present.
If the quenching beam is vertically polarized, the anisotropy
decreases upon arrival of the quenching pulse. The aniso-
tropy decreases because the vertically oriented portion of the
excited-state population is selectively quenched. If the light
quenching beam is horizontally polarized (Fig. 1, right), the
anisotropy increases because light quenching preferen-
tially depletes the fluorophores oriented along the hori-
zontal axis. In this case, observation of an increase in
anisotropy requires observation along an axis other than
the y axis (Fig. 2).

The effects of light quenching with a single pulse are il-
lustrated in Fig. 1 (left). Such experiments are somewhat
more difficult to visualize because both excitation and light
quenching occur at the same time. In a one-pulse (one-beam)
experiment, the excitation wavelength (A,,) can be the same
or different from the quenching wavelength (A,). Such ex-
periments are most conveniently performed with the same
laser beam, and we assume A, = A, for the one-beam ex-
periments. Light quenching results in a decreased time-zero
intensity relative to the absence of light quenching. The time-
zero anisotropy is expected to decrease because of photo-
selective quenching of the vertically oriented fluorophores.
The following sections provide a qualitative description of
one-beam and two-beam light quenching.

Fluorescence observables in the presence of
light quenching

The theoretical description of light quenching is facilitated
by the function n (6, ¢, t), which describes the time-
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FIGURE 4 Perpendicular two-pulse light quenching. The excited-state
population is determined by three polarized intensity components /,, I,, and
I, which can be measured from two different directions of observation.
Observation along the x axis requires use of an optical filter F to remove
the excitation and quenching beams.

dependent angular distribution of the transition moments of
the excited molecules (ADTM). This function n (6, ¢, t)
represents the density of excited fluorophores, whose tran-
sitions are oriented within the angular interval 0 to 8 + do
and ¢ to ¢ + de, at time instant ¢. If this function n (6, ¢,
t) is known then the intensity, anisotropy and/or polarization
of the emission can be evaluated.

For one-pulse and parallel two-pulse light quenching, the
emission field displays cylindrical symmetry. The emission
anisotropy is then determined by values of parallel (7)) and
perpendicular (/,) components of the emission (Fig. 3).
These values are usually measured by the same photodetector
with two positions of the observation polarizer (Jjand /,). In
the case of perpendicular two-pulse light quenching, the
emission field is not cylindrically symmetrical (Fig. 4) and
is compressed into the x-z plane because of preferential
quenching of fluorophores oriented along the y axis. The
emission anisotropy is then determined by the three polarized
components. I,, 1, and I, (Fig. 4), as described by Jablonski
(1967). Evaluation of I,, 1, and I, requires measurements
carried out from at least two different directions of obser-
vation (e.g., y and z, y and x, or x and z). An important
conclusion from Fig. 4 is that quenching with horizontally
polarized light results in the loss of cylindrical symmetry
around the z axis.

In practice it is not convenient to measure the polarized
intensities from different directions. For instance, it may be
inconvenient to measure the emission from the top of the
sample (7, and 1)) or at small angles relative to the incident
beam (I, and I,). Fig. 5 shows an alternative method to
measure these components. The measurements can be
performed twice using the same right angle observation,
using vertical, and then horizontal, polarization of the
exciting beam, allowing measurements of /, and I, and J,
and I, respectively.

Depending on polarization of the quenching pulse, the
ADTM may or may not display z axis symmetry. For ver-
tically polarized quenching, z axis symmetry of the ADTM
is retained, and the function n (0, ¢, t) does not depend on
¢ (Fig. 3). The time-dependent intensities of the polarized
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components of the emission are given by

2 w2
L@®) =c f f n(B, £) cos?0sinfdo dp, (1)
0 0

2 /2
I,()=¢c f f n(0, 1) (1 — cos?@)cos?¢p sin d6 do,
0 [
)

where ¢, is a constant. Equations 1 and 2 allow calculation
of the time-resolved anisotropy

L0 -1.0)
O TN ©)

The polarized steady-state intensities, /, and /,, may be cal-
culated using the time-averaged value of ; (¢) and 1, (1),

I,=c, f 1,(¢) dt, ©)]
]

where ¢, is a constant and the subscript p indicates the po-
larization axis. The steady-state emission anisotropy and po-
larization can then be calculated as usual from

4L )
I
-1
1~ L

= , (6)
L+,

where the total intensity is given by I = I + 2/,.

In cases where the z axis symmetry of the ADTM is not
present (Figs. 4 and 5), one can calculate the three different
polarized intensities from

2m w2
L@ = ¢, f f n(8, ¢, t)cos?0sinf d0de, (7)
0 0
L) ®)
2 a2
=¢ f f n(0, @, 1) (1 — cos20)cos’ sin d6 de,
0 0
I )

2w w2
= ¢ f f n(0, ¢, t) (1 — cos?8)sin’¢p sin8 dO de.
0o Jo

The steady-state intensities of 7, 1, and I, may be calculated
using Eq. 4. The lack of axial symmetry of the ADTM re-
quires use of the basic definition of the anisotropy of the
radiation field (Jabloriski, 1967). This definition, in the pres-
ence of light quenching for the coordinate system shown in
Figs. 2-5, takes the form

_ 2 _ 2 —
r2 = (Ix Iy) + (Iy 21212) + (Iz Ix)2 , (10)
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FIGURE 5 Perpendicular two-pulse light quenching. All three compo-
nents of the polarized intensity can be observed with the same right-angle
observation using vertical and horizontal polarization of the exciting beam.

where
I=L+1+], (11)

In the absence of axial symmetry, evaluation of the emission
anisotropy, r, requires observation from two different direc-
tions. We use the polarizations P, P, and/or P,, defined as

L-1
p=7—2 (12)

X

L+1’
_Iz_Ix

P,

; (13)

Rl
+
M

=9 &
P.=iv 4

Py
Py

These polarizations may be evaluated when the fluorescence
of the sample is observed from the x-, y-, or z direction,
respectively. The emission anisotropy given by Eq. 10 can
be expressed by any two combinations of the polarizations
(12)~(14). For example, when the polarizations P, and P, are
known, one obtains

P2P2— P2P,— P P2 — P,P, + P2 + P2
r=4-2 ! : LIy (15)
(P,P,+ P, +P,— 3)

One-pulse light quenching

We first consider the case where excitation and quenching
are caused by the same light pulse (Fig. 3, top). Assume that
the excitation and quenching pulse appears at time ¢ = 0 and
the shape of the pulse is described by the function P(t). P(¢)
is the laser power density (photons/cm?)) at time z. The
incident light is assumed to propagate along the x axis and
to be polarized parallel to the z axis. Recalling that we have
assumed colinear transition moments, 0 is the angle between
the electric vector of the incident light and both the absorp-
tion and emission transition moments (Fig. 2).
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Observation of light quenching in a one-beam experiment
requires that the sample absorbs and emits at the same wave-
length. This condition is satisfied by fluorophores that dis-
play small Stokes’ shifts (Lakowicz et al., 1994; Gryczyfiski
et al., 1994), and in some cases of two-photon excitation
(Gryczynski et al., 1993). For one-pulse light quenching, the
function n(6, ¢, t) displays a z axis symmetry and does not
depend on the angle ¢, and excitation and quenching occurs
within the same laser pulse. If the pulse duration (%,) is small
compared with the excited state lifetime (7), then during the
pulse for times 0 = ¢ = ¢, the excited-state population is
described by

dn(0, 1)

= P(1)o,c0s’0 N — P(t)o,,cos?0n(6, 1),  (16)

where N is the ground-state population, and o, and o, are
the absorption and light quenching cross sections, respec-
tively. The first term on the right represents the rate of
excitation, which depends on cos?0 because of the usual
photoselection properties of optical transitions (Michl
and Thulstrup, 1986). The second term on the right rep-
resents light quenching, which depends on laser power
density P(t), on cos’@ (Mazurenko, 1973), and on the
excited-state population and orientation n(0, ¢). For this
reason, the excited-state population does not increase in
direct proportion to the incident power, but approaches a
maximum value that depends on the relative values of o,
and o, Note that this apparent “saturation” occurs with-
out the need to consider depopulation of the ground state.
Spontaneous decay (characterized by the rate 7°?) is not
taken into account in Eq. 16 as being negligible during the
very short time scale 0 = ¢ = r,. However, spontaneous
decay is the only process responsible for the depopulation
of the excited state after #,. The time evolution of n(#6, t)
is simply described by

dn(6,1) 1
a Tn(@, 1).

(17)

Solution of Eqs. 16 and 17 with the initial condition
n(8, t = 0) = 0 leads to the following form for n(#, t):

n(8, 1) (18)

O/
N a—a {1 — exp[—W(r)o,,cos?6]},
Iq

for 0=t=1g,

= N sgn(_ 1"t
O'_Iq{l exp{—W(t,)o,cos 9]}( - ),
" for 1=1,
where
t
W) = f P dr’ (19)
[

is the number of photons passing a unit area of the sample
until the time . Equation 18 indicates that for the light
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quenching by short pulses n(0, ¢) does not depend on the
shape of the excitation and quenching pulse, but only on
the number of photons that interacted with the sample
before the moment of observation. It is also seen from Eq.
18 that the excited-state population at time ¢ = ¢, increases
sublinearly with pulse energy W(z,) and tends to a limiting
value No, /o). That means that the ground-state popula-
tion can remain unchanged for any value of the total en-
ergy in the laser pulse provided that o;, > @,

In practice, if #, < 7 the emission at times ¢ < ¢, is not
observed. The observed emission is then adequately de-
scribed by the limiting form of the second line of Eq. 18

when t,— 0

t
n(o, 1) = no(O)exp(— ;), (20)
where
O-B
ny(0) = Na-_ [1 — exp(—W, 0, cos’0)]  (21)
Iq
and W, = W(z,). The term ny(6) describes the ADTM

created by the combined excitation and quenching pulse,
and the term exp(—1#/7) is its time evolution after the
pulse. The parameter W, describes the number of photons
passing the unit area of the sample during a single pulse.
For small values of the product S ga-,q, one can write
0, '[1 — exp(—W,0,,c0s%0)] ~ W cos*0, consistent with
the common cos®8 photoselection i 1n the absence of light
quenching. On the other hand, if the value of S, becomes
large then for most values of the angle 0 (except for
6 ~ 7/2) one obtains exp(—S,cos’0) < 1, and ny(0) ~
No /o, This means that with S, tending to infinity the
ADTM becomes more and more spherical.

The effect of laser power or S, on the excited-state popu-
lation is shown in Fig. 6. At low laser power, the usual cos®0
distribution is obtained (left), and the anisotropy is 0.4 (the
polarization is 0.5). At higher laser power (S, = 3), the
excited-state distribution becomes compressed along the z

Sp=0 Sp=3 Sp=100
r =04 r=0.279 r =0.048
P =05 P=0.368 P =007

FIGURE 6 Effect of one-pulse light quenching on the excited-state popu-
lation ng, (6) (Eq. 21) for different values of S,. The plots have been ap-
proximately normalized to the same volume. The anisotropy and polariza-
tion were calculated from Egs. 5, 6, 22, and 23.
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axis, and the anisotropy and polarization decrease
(middle). At still higher amounts of light quenching
(S, = 100), the excited-state distribution becomes nearly
spherical, suggesting that the anisotropy approaches zero
(right). We note that the effect of decreasing anisotropy
is not the result of ground-state depletion. The excited-
state orientation distribution becomes compressed along
the z axis because of selected quenching of fluorophores
oriented -along this axis during the laser pulse. The
excited-state population remains symmetrical around the
z axis because of z axis symmetry of the electrical vector
of the incident light.

To understand better the parameter S, in light quench-
ing, we note that S, is equal to the average number of
photons passing the light quenching cross section of the
fluorophore (o)) during the quenching pulse. Because
the laser repetition rate is assumed low compared
with rate of spontaneous decay, S, can also be understood
as a number of photons during the fluorophore’s mean
lifetime.

Effect of One-Pulse Quenching on Steady-State
Intensity and Anisotrophy

Calculation of the steady-state intensity and anisotrophy re-
quires calculation of the intensities of the polarized compo-
nents of the emission. For a single beam experiment using
Egs. 1,2, 4, and 20, and using the substitution cos(6) = x, one
obtains

1
=eNZ — exp(—S xDlx?
I"—c3No_ f [1 — exp(—S,x*)]x* dx, (22)
1q 0

C3 T, 1
L=2N=> ] [1-exp(- S)J1-x)dx, (23)
27 oy o

where c,is a constant. These integrals can be evaluated
numerically. The dependence of J;, 1., the total intensity
I =i, + 2I, and the steady-state anisotropy on the pa-
rameter S, is shown by the dotted lines in Fig. 7. The
emission intensities are normalized so that ] — 1 when
§, = . The maximum value of the intensity depends on
the number of fluorophores in the ground state and on the
ratio of o,/o,,. The values of the intensities of the po-
larized components may be used to calculate the steady-
state anisotrophy (Eq. 5). In the limit when S, — o both
polarized components, I; and I, tend to the same finite
value, which is Y3 of the total intensity /. This causes
the emission anisotropy to approach zero at high values
of S,.

The extent of quenching can be described by the parameter
Q, = Iy, where I, = I} + 212 and I = I, + 21, are the fluo-
rescence intensities at the same incident power, in the ab-
sence and presence of light quenching, respectively. In the
case of one-pulse quenching the values of I}l) and I can be
found from Egs. 22 and 23 by setting 0, = 0. The value of
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FIGURE 7 Polarized intensities, I, and I, total intensity, I = L+ 2,
and anisotropy, , of the emission for increasing values of S, (dotted lines)
or §, (solid lines). The dotted lines are for one-pulse light quenching (Eqs.
22 and 23) and the solid lines are for continuous illumination (Eqs. 28 and
29). The total intensities are normalized so that / — 1 when S, —> ®or
S, — o, respectively.

Q, is then calculated using

b (2 11— 2] dx ) 24
=715 0[ exp(—5,x%)] .- (29

The relative values of the light quenching cross sections can
thus be found from a plot of 1,/I versus laser power. For small
values of S, Eq. 24 can be approximated by
Ly 3

QP—1_1+ESP’ (25)
indicating Stern-Volmer behavior for one-pulse light
quenching at low intensities of the incident light or at
small values of the light quenching cross section. The
exact (Eq. 24) and approximate (Eq. 25) dependence of
Q, on laser power are shown in Fig. 8. A linear Stern-
Volmer plot is seen for pulse light quenching when
S, < 1. The slope of the quenching plot slowly changes
with increasing values of S,. In the limit when §, — <,
Eq. 24 reduces to Q, = ¥5S,.

Light quenching by continuous illumination

Itis interesting to compare the expected effects for quenching
by pulses (one-beam) and by illumination with a constant
intensity light source. Instead of pulsed illumination, a con-
tinuous (c) laser beam of the power density P propagates
along the x axis and is polarized parallel to the z axis (Fig. 2).

The excited-state population is then described by
dn(e, 1) 1
TR Po,cos?0 N — P Poy,cos?0 n(6,1). (26)

Compared with Eq. 16, Eq. 26 contains the rate of sponta-
neous decay, 7!, which cannot be neglected on this longer
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FIGURE 8 Amount of quenching for one-beam pulse (Q,) and continu-
ous (Q,) illumination for increasing values of S, or S.. The solid lines rep-
resent expressions (24) and (30), and the dashed lines represent the respec-
tive Stern-Volmer-type approximations.

timescale. Under the steady-state conditions, the time
derivative in Eq. 26 equals zero and the function n(6, t)
approaches its limiting, time-independent value n (6)

Pro, cos?0 o, S.cos’6

n(0) =N Procos® " 5, 1+ 5, c0s%6"

@7
where S, = P70, A physical meaning of the parameter S,
is the average number of photons passing the light quenching
cross section of the fluorophore during the fluorophore’s
mean lifetime. The excited-state population n(6) for three
different values of S, are shown in Fig. 9. For small values
of S, one obtains n(6) ~ NPro,cos’8, which again is the
usual cos?6 distribution of excited fluorophores. For larger
values of S, > 1, then n(6) = No,/a,,. This means that, as
for one-pulse light quenching, the shape of the ADTM tends

S¢=100
r =0.071
P =0.103

FIGURE 9 Effect of light quenching on the excited state population n_ (6)
(Eq. 27) for a continuous illumination and increasing values of the parameter
S.. The plots have been approximately normalized to the same volume. The
corresponding values of anisotropy and polarization have been calculated
from Egs. S, 6, 28, and 29.
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to a sphere, and the anisotropy tends towards zero, as the
intensity of the incident power tends to infinity.

Effect of continuous illumination on the
steady-state intensity and anisotropy

The steady-state intensities in the presence of continuous
light quenching can be calculated by introducing Eq. 27 into
Egs. 1 and 2, use of Eq. 4, and substituting cos?8 = x, yielding

o oo
|=c31vs;f0 s (28)

1+Sx dx, (29)

in agreement with the results of Mazurenko (1973). The in-
tensities of the polarized components obtained from Egs. 28
and 29 can be used to calculate the steady-state anisotropy
(Eq. 5). The solid lines in Fig. 7 show the values of J, I, the
total intensity / = I + 2], and the steady-state anisotropy
for light quenching by continuous illumination. The emission
intensities are normalized so that /-1 when §—>. For in-
termediate values of S, and S, (<8), the steady-state inten-
sities for continuous illumination are lower than for pulse
excitation. This indicates that continuous illumination is
more effective in light quenching for comparable values of
S, and S,. For continuous illumination, the excited-state
population reaches its constant maximum value during il-
lumination. In contrast, for pulse excitation the excited-state
population increases monotonically within the pulse from
zero at time ¢ = 0 to its maximum at ¢ = £,. This results in
a lower time-averaged value of the excited-state population
and, hence, fewer excited-state molecules to be quenched.

Both pulsed and continuous light quenching results in a
decreased steady-state anisotropy. It is interesting to note that
the decrease in anisotropy is initially larger for continuous
illumination for smaller values of S, (Fig. 7). For values of
S,(S.) greater than 10, pulsed illumination becomes more
effective. The intersection of anisotropy curves in Fig. 7 is
a result of two different behaviors in the one-pulse light
quenching for different values of the parameter S,. For low
values of S, the higher steady-state anisotropy for pulse
quenching results from of the mechanism described above to
explain the differences in the intensities. The smaller
amounts of quenching for pulsed excitation result in smaller
changes in the anisotropy. For high values of S, the steady-
state anisotropy for pulse quenching is lower than that for
continuous illumination. For high values of S, the increase
of the excited-state population during the light pulse becomes
limited by the process of light quenching as can be seen
from the first line of Eq. 18. This leads to comparable
amounts of quenching for both kinds of excitation. However,
comparable amounts of quenching do not have to lead to
comparable anisotropies. For pulse excitation and quench-
ing, practically all observed luminescence is emitted by the
excited-state population, which has been modified by the
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process of light quenching. For continuous illumination, this
modification of the excited-state population continues
throughout the intensity decay. However, a significant
fraction of the luminescence may be emitted from the par-
tially changed population, resulting in higher anisotropy at
comparable intensities.

The extent of light quenching by the continuous illumi-
nation can be described by the parameter Q, = I,/I, where
I,=1) + 2I% and I = I, + 21, are the fluorescence in-
tensities at the same incident power, in the absence and pres-
ence of light quenching, respectively. Computationally, the
values of Il‘l’ and I, can be found from Egs. 28 and 29 by
setting 0, = 0 (note that in these equations o, is also in-
volved in the parameter S_). The value of 0, is then calculated

using
I o -
= —0 = s E——
=7 (3 fo 1+ schdx) (30)

For very small values of S, Eq. 30 reduces to (Lakowicz
et al., 1994)

6
S.. (31)

by
Q°_1_ 10

Plots of Eqs. 30 and 31 are shown in Fig. 8. The initial slope
of Eq. 31 for continuous quenching is twofold higher than for
pulsed illumination (Eq. 25). This result reflects the fact that
the total excited-state population is present during continu-
ous illumination. In contrast, for one-pulse light quenching,
the excited-state population increases from zero to the maxi-
mum value during the pulse, and on average only half of the
excited fluorophores are available for light quenching. As the
value of S, increases, the slope of quenching plot continu-
ously decreases. In the limit when S, — o, Eq. 30 reduces
to Q. = Y38, as for one-pulse quenching.

Two-pulse light quenching

We now consider the second class of light quenching ex-
periments in which the sample is illuminated with two dif-
ferent light pulses (Fig. 1, middle and right). The pulses are
linearly polarized and separated by a delay time z,. In this
case the wavelengths, intensity, and arrival time of the two
pulses can be independently controlled. We assume that the
fluorophore’s cross section for light quenching at the exci-
tation wavelength of the first pulse is negligibly small com-
pared with the cross section for light absorption. The cross
section for light quenching at wavelength of the second pulse
is assumed to be much higher than the cross section for light
absorption at this wavelength. Thus, the first and second
pulse are understood as the excitation and quenching pulse,
respectively. As for one-pulse light quenching, we as-
sume that the durations of both pulses, I and 1,5 are small
compared with the excited-state lifetime. The shape of the
first pulse is described by the function P,(r) and the shape
of the second pulse by the function P,(¢). Within the time
of the first pulse, (which is assumed to propagate along
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the direction of the x axis and to be polarized parallel to
the z axis), the time evolution of the angular distribution
of the transition dipoles of the excited molecules (ADTM)
is described by

dn(0, t)
dt

= P,(t)o,cos?6N. 32)

Equation 32 implies that the time-zero distribution im-
mediately after the excitation pulse is given by

ny(8) = NW,, o,cos?6, (33)

where

W, = f P,(1) dr. (34)
0

The shape of the time-zero distribution displays z axis
symmetry and is determined by cos?@ due to photoselec-
tion. Further temporal evolution of the ADTM depends on
the relationship between the lifetime 7 and the correlation
time O characterizing the rate of the rotational diffusion
in the sample. For the present discussion, we assume that
the correlation time is long and that the effects of the
rotational diffusion can be neglected. Hence, only effect
before arrival of the second pulse is a decrease of the
excited-state population caused by the spontaneous de-
cay, which is not dependent on the orientation of the
molecule. Thus, for times 0 < ¢ < ¢, after the excitation
pulse and before the quenching pulse, we have

n(6,t) = nO(O)exp(— f—r) (35)

For two-pulse light quenching, the propagation and/or
polarization direction of the second pulse may be arbi-
trarily oriented relative to the direction of the first pulse.
This implies that the ADTM may not display the z axis
symmetry after the quenching pulse passes through the
sample. Therefore, the distribution has to be described
using two angles, 6 and ¢ (Fig. 2). For times 1, <t < ¢,
+ t,, during the quenching pulse, the excited-state popu-
lation is described by

dn(8, ¢, t)
T = _Pz(t)o'qu’(o’ <P)n(o’ ¢, t)’ (36)

where the function (6, ¢) returns the squared value of
the projection of the unit vector, describing the direction
of the electrical field in the quenching pulse on the di-
rection of the molecular emission moment described by
the angles 6 and ¢.

In two-pulse light quenching, there are two basic orien-
tations of the electrical field in the quenching pulse. In par-
allel quenching, the polarizations of the excitation and
quenching pulse are parallel; and in perpendicular quench-
ing, the polarization directions are perpendicular. In both
cases, the propagation direction of the quenching pulse is
chosen to be colinear with the propagation direction of the
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excitation pulse. Thus, we have

cos?0, for parallel quenching,

¥(6, ¢) = {sinzf)sin2<p, for perpendicular quenching.

37

Note, that because of the assumed z axis symmetry of the
ADTM immediately before quenching, the result of
quenching is the same for any propagation direction of the
quenching pulse, provided the direction is in the x-y
plane. The initial condition of Eq. 36 may be obtained by
setting ¢ = ¢, in Eq. 35. This condition describes the shape
of the ADTM immediately before (b) arrival of the
quenching pulse

ny(6, @) = n(6, 1,) = no(e)exp(— ’;) (38)

Solution of Eq. 36 with the initial condition (38) yields
forty,=t=1,+1¢,

n(e’ ‘P? t) = nO(O)exp[_WZ(t)o.lq‘P(99 <P)]CXP<_ ;),

(39)
W,(1) = f P,(2) dt.

Based on Eq. 39 and recalling that ¢, << 7, one ob-
tains the ADTM immediately after (a) the quenching
pulse

where

(40)

ny (8, @) = no(B)exp[~ Wi, W (6, <p)]exp(— ’;)
(41)

where W, = Wy(t; + 1,,). After the quenching pulse for
times ¢ > t; + 1, the excited-state population given by
Eq. 41 decays uniformly for all dipole orientations caused
by the process of spontaneous decay,

n(6, ¢, 1) = no(B)exp[—5,, ¥(6, <p>]exp( - ’;) (“42)

where S, = W0

The relative change of the excited-state population caused
by the quenching pulse can be described by the parameter
q = (n, — n)/n,, where n, and n, are the total number of
excited molecules immediately before and after the quench-
ing pulse. The number n, and/or n, is defined as an integral
(over all values of 6 and ¢) of the function n(6, ¢, ¢) for ¢t =
15 and/or t = 1, + t,,, respectively. These values should be
distinguished from the number N, introduced in Eq. 16 to
denote the ground-state population. The value of n(6, ¢) rep-
resents the density of the excited-state fluorophores, whose
transitions are oriented within the angular interval 0 to 6 +
df and ¢ to ¢ + de¢, whereas the numbers n, and n, corre-
spond to the total numbers of the excited molecules. Based
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FIGURE 10 Relative change of the excited state population (Eq. 43) ver-
sus S, for parallel (¢™") and perpendicular (%) light quenching. The ADTM
immediately before light quenching is described by Eq. 33.

on Egs. 33, 38, and 41, one obtains

n,—n,

=5 43)

27 w2
3 .
=1- I f f cos?6 exp[—Spz (6, ¢)]sind d6 de.
0 (1}

Plots of the parameter g for parallel (pl) and perpendicular
(pp) light quenching versus the parameter S, = W0, are
shown in Fig. 10. The significant difference between ¢ and
g™ is caused by the initial distribution r,(6) (Eq. 33), which
is more highly oriented along the z axis and provides higher
efficiency for parallel quenching. As shown below, the pref-
erential quenching based on cos?0 photoselection provides
the opportunity to change the steady-state and time-resolved
anisotropy by time delayed quenching pulses.
Summarizing this section, one can say that for short ex-
citation and quenching pulses, the ADTM is satisfactorily
described by the function that has a jump at time 7 = 1,

n(6, ¢, t) (44)

O<t=y,,

t
nO(O)exp<— ;), for

t
ny(0)exp[—S,, ¥(6, (p)]cxp(— ;), for t>1,

where ny(68) and W (0, ¢) are given by Eqgs. 33 and 37,
respectively. The jump is a result of light quenching and
is described by the term exp[—S,,¥(6, ¢)]. The initial z
axis symmetry of the ADTM remains unchanged only if
the polarizations of the excitation and quenching pulse
are parallel.

Effect of two-pulse light quenching on the
steady-state intensity and anisotropy

The effect of a time-delayed quenching pulse on the steady-
state intensity and anisotropy depends on polarization of the
quenching pulse. For parallel (pl) quenching, the polarized
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components of the emission can be obtained from Eqgs. 1, 2, 4, 33, and 44, yielding

1
t
= %prlaa{l - exp(— f)l:l - 5f exp(—S,x)xtdx | ¢,
0
1
r = NW 1—exp| — fa 1- Ll exp(—S,,x)(1 — x>)x* dx
L 15 P\7 7 2 ) T '

The amount of quenching of the total emission is given by

Q {1 - exp( :_)I:l - 3f exp(—Sp2x2)x2 dx]} .

45)

(46)

(47)

For perpendicular (pp) quenching the z axis is no longer a symmetry axis, and I, # /,. The values of I, I, and 1, can be obtained

from Eqs. 7-9, 4, 33, and 44, yielding

e = %NWP,Ua {1 - exp( )[1 — —f f exp(—S,(1 — xz)sin2<p]x4dxd<p:| },
= ENWPI":{I - exp( :)I:l - — f f exp[—S,,(1 — x?)sin?e](1 — x*)x%cos ¢dxd¢]} 49)
a{l - exp( f )[1 -2 f f exp[~S,,(1 — )sine](1 — ¥)eisin <pdxd<p]} (50)

The total amount of quenching is given by

27 1 -1
t 3
op = {1 - exp<— i)l:l - Eq_'rf f exp[—S,,(1 — x2)sin2¢k2dxd¢]} .
o Jo

These expressions allow calculation of the emission
anisotropy or polarization for values of S,. Before describing
these effects, it is important to recognize that the change in
anisotropy or polarization will depend strongly on the delay
time ¢,. The steady-state polarization is an average of the
values before and after the light quenching pulse, and thus
depends on ¢,. As the delay time is increased, a larger fraction
of the emission occurs from the initial unperturbed excited-
state population. Consequently, the largest effects occur
when the quenching pulse arrives immediately after the ex-
cited pulse, that is, for a delay time of zero. At first glance,
this appears to be the same as the one-beam experiment in
which the pulses arrive simultaneously at the sample. How-
ever, these cases are quite different. Recall that fluorescence
lifetime are typically in the range of 1-10 ns, whereas it is
relatively easy to obtain laser pulses near 5 ps in width.
Hence, in practice one can readily obtain a delay time near
zero relative to the ns fluorescence lifetime, and still have the
quenching pulse arrival after the excitation pulse. We refer
to this case as z; = 0, where it is understood that the quench-
ing pulse arrives after the excitation pulse.

Suppose the excitation and quenching pulses are both verti-
cally polarized and the quenching pulse arrives immediately after

(48)

(1)

excitation, that is, £, = 0. The excited-state populations are
shown in Fig. 11 for no light quenching (S, = 0) and for

~17x
sz= 10
r =-0.275
P =-0479
q = 096

FIGURE 11 Effect of a time-delayed quenching pulse on the excited-state
population (Eq. 41). The quenching pulse is polarized parallel to the z axis.
Plots for §, = 3 and S, = 10 are magnified approximately 6 and 17 times,
respectively. The corresponding values of 7, P, and g have been calculated
from Egs. 5, 6, 43, 45, and 46, with z, = 0
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increasing values of S, = 3 or 10. The time-delayed quenching
pulse has the remarkable effect of depleting the excited-state
population along the z axis, resulting in the unusual shapes
shown in Fig. 11. Because of the selective depletion along the
z axis, the polarization and anisotropy become negative for larger
values of Sp,.

Remarkably different effects on the excited-state popula-
tion are expected for a perpendicular quenching pulse (Fig.
12). In the case of the initial cos6 distribution (left) is se-
lectively depleted along the y axis, resulting in a flattened
shape. Consequently, the excited-state population is not sym-
metrical around the z axis and the measured polarization
depends upon the direction of observation. For instance, per-
pendicular light quenching results in a more highly oriented
population when observed from the x- or z directions, but no
change is observed when using the usual right angle obser-
vation along the y axis.

The effects of parallel (pl) and perpendicular (pp) light
quenching on the observed polarization are summarized in
Fig. 13. For parallel light quenching, the initial polarization
of 0.5 decreases to —1.0 as the amount of light quenching
increases. It is valuable to note that negative polarization
values occur for just 10-fold quenching, so that the effects
of light quenching can be readily observed with a reasonable
amount of quenching. Also shown in Fig. 13 are the changes
in polarization caused by one-pulse light quenching. In this
case, the polarization decreases from 0.5 to zero, reflecting
the spherical distribution shown in Fig. 6. Two-pulse light
quenching is thus seen to result in larger changes in polar-
ization than one-pulse light quenching.

y
R,=0.988
sz’o sz’ 100
r =04 r =0656
q =0 q =0.87

FIGURE 12 Effect of atime-delayed quenching pulse on the excited-state
population (Eq. 41). The quenching pulse is polarized along the y axis. In
this case, the excited-state population is not symmetrical around the z axis.
The corresponding values of r, P,, P,, and ¢ have been calculated from Egs.
10, 12-14, 43, 48, and 49, with 7, = 0.
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FIGURE 13 Emission polarization in the presence of light quenching. For
one-pulse quenching (-:--+), P was calculated from Egs. 6, 22, and 23; for
parallel ({ 1) two-pulse quenching (——— Y—from Egs. 6, 45, and 46, and
for perpendicular ( { «>) two-pulse quenching (- — — —)—from Egs. 12, 14
and 48-50. The solid line shows the values of P calculated from Egs. 6, 28,
and 29 for continuous illumination. The values of Q were found from Egs.
24, 30, 47, or 51. The delay time ¢, was set equal to zero in the calculations.

For perpendicular quenching, the polarization depends on
the direction of observation (Fig. 13). When observed along
the y axis, there is no change in polarization, as can be seen
from the excited-state distribution in Fig. 12 (top, right). If
the emission is observed at a small angle from the propa-
gation of the quenching beam, the polarization (P,) increases
from 0.5 to 1.0. When observed along the z axis, the polar-
ization in the absence of light quenching is zero because of
the initial symmetry around this axis. As the extent of light
quenching increases, P, approaches —1.0. It is apparent from
Fig. 13 that a wide range of polarizations can be obtained
with time-delayed quenching pulses.

Fig. 13 also compares the effects of continuous (solid line)
and one-pulse (dotted line) light quenching for increasing
values of Q. In both cases, the polarization approaches zero
for high amounts of light quenching. However, one-pulse
quenching is somewhat more effective in decreasing the po-
larization as the entire emission is from the perturbed popu-
lation, whereas for continuous illumination some emission
occurs from the unaffected fluorophores.

Effects of the time-delay (t,) on the steady-state
intensity and anisotropy

In the preceding section, we discussed the excited-state
population when the quenching pulse arrived immediately
after the excitation pulse. We now consider the effects of the
time-delay between these two pulses on the steady-state in-
tensity and polarization. The effect of the quenching pulse
depends upon the number of excited-state molecules. Con-
sequently, for the same power in the quenching pulse, the
amount of quenching or change in polarization is expected
to decrease as the time-delay becomes larger relative to the
excited-state lifetime. This effect is shown in Fig. 14 for
parallel (top) and perpendicular (bottom) quenching pulses.
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FIGURE 14 Two-pulse light quenching. Effect of the delay time ¢, and
the parameter S, = W,,0,, on the amount of quenching Q% (Eq. 47) and
Q% (Eq. 51) for parallel (fop) and perpendicular (bottom) polarized pulses,
respectively.

For clarity, we note that the Q = I/l is the ratio of the
steady-state emission in the absence and presence of quench-
ing, respectively. As the time-delay increases, the amount of
quenching decreases in an approximate exponential manner.
There are fewer molecules in the excited-state at longer delay
times and, hence, fewer molecules to quench. This is a unique
feature of light quenching, as compared with collisional
quenching, which starts immediately after excitation. In the
case of light quenching, the quenching event can be delayed
to allow time for rotational diffusion, spectral relaxation, or
other excited-state processes.

Examination of Fig. 14 reveals that the delayed quenching
pulse is much more effective when polarized parallel to the
excitation pulse (top). At comparable laser power and time
delays, one expects relatively little quenching for a perpen-
dicularly polarized quenching pulse (botfom). However,
quenching can be accomplished at higher laser power, as
shown in Fig. 15. It is important to note that the extent of
quenching (1,/I) of the polarized components is not linear
with laser power (Figs. 14 and 15, insets).

The orientation-dependent effects of the quenching pulses
on the excited-state population result in changes in polar-
ization. Once again, the effect depends upon the time-delay
() because the steady-state values are the intensity-
weighted average of the polarization before and after the
quenching pulse. The effect of ¢, for parallel and perpen-
dicular pulses is shown in Figs. 16 and 17, respectively. The
largest change in polarization is seen for the shortest delay
times. These calculations can guide the design of future ex-
periments on light quenching. For instance, observation of a
change in the polarization from positive to negative values
can only be accomplished with short time delays (z,/7 < 0.03)
and for high amounts of quenching (S, = 4, Fig. 16). For
delay times longer than 20% of the lifetime (7,/7 > 0.2), one
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FIGURE 15 Two-pulse perpendicular light quenching. Effect of the de-
lay time 1, and the parameter S, = W,0;, on the amount of quenching

OF, (Eq. 51).

0.5

tq/T =010

POLARIZATION

02 03 04 05
fd/'l'

FIGURE 16 Effect of a time-delay parallel quenching pulse on the emis-
sion polarization. Values of polarization (P) were calculated from Egs. 6,
45, and 46. The polar plots show the combined steady-state, excited-state
populations calculated from Eq. 52 for S, = 10 and different time delays
of the quenching pulse. The arrows indicate the points on the anisotropy
curve where the given shape of the ADTM applies.

can expect only modest changes in the polarization for reason-
able values of S,. Experimentally, this is an advantage because
it is typically easier to obtain short time delays between pulses,
because long delays can require inconveniently long light paths.

To understand the polarization of the fluorescence result-
ing from pulsed excitation and steady state, observation is
useful to calculate the steady-state ADTM. This excited-state
population is defined as a weighted combination of ADTMs
observed before and after the quenching pulse

n(ea ‘P) = nl(e) + nZ(O’ (P)’ (52)
where (see Egs. 33 and 41)
n,(8) = w,cos?, (53)

n,(6, ¢) = w, cos*6 exp[—S,,¥(6, ¢)]. (54)
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FIGURE 17 Effect of a time-delay perpendicular quenching pulse on the
emission polarization. Values of polarization were calculated from Egs. 12,
14, and 48-50. The dashed (P,) and solid (P,) lines show the polarization
observed from x- and z direction, respectively.

The weights w, and w, are selected so that the total numbers
of the excited molecules in the ADTMSs, calculated from

27 w2
n, = f f n, (0, ¢) sin6 d6 do (55)
0 0

are proportional to the respective contributions of the un-
quenched and quenched emission in the steady-state inten-
sity. These contributions can be calculated as

I = f LOd, L= f L)d,  (56)
0 tq

where the intensity decays /;(¢) and I,(¢) are found from the
equation describing the total fluorescence intensity, resulting
from Eqgs. 7-9

L(®) =1, + L, + [,(®)

2w w2
=¢ f f n, (0, ¢, £) sinf d6 de.
0 0

To calculate I, or I,, the function n,(6, ¢, t) in Eq. 57 should
be expressed by Eq. 35 or Eq. 42, respectively. Comparison
of the so calculated steady-state contributions /, and I, with
Eq. 55 yields the coefficients w, and w,

(57

w,=1- exp(— %), (58)
w, = exp(— %) (59)

The shapes of the calculated steady-state ADTMs (Eq. 52)
are shown in Fig. 16 for S, = 10 and different values of
the time delay z,/7. At a short delay term (¢z/7 = 0.02),
the ADTM is a flattened disk, resulting in a steady-state
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polarization of —0.086. As the delay time is increased to
ty/T = 0.05, one observes an increase in the unquenched
(cos?6) distribution. At a still longer delay time (z,/7 = 0.10),
the component of the ADTM caused by the light-
quenched population is minor, relative to the unquenched
cos?@ distribution, and the polarization is 0.282. To avoid
confusion, we note that these two populations, before and
after the quenching pulse, do not exist at the same time,
but both populations contribute to the steady-state
polarization.

Phenomenological theory for time-resolved
studies of two-beam light quenching

We now consider the effects the time-delayed quenching
pulses on the time-resolved intensity and anisotropy decays.
In particular, we consider how the step-changes in intensity
and anisotropy will effect frequency-domain data (Gratton
and Limkeman, 1983; Laczko et al., 1990). The effects of a
time-delayed quenching pulse on the intensity and anisotropy
decays can be modeled in simple phenomenological terms.
Assume that the intensity and anisotropy decay with a life-
time 7 and a correlation time O, respectively, and that the
anisotropy in the absence of rotational diffusion is given by
r,. We assume that the time-delayed pulse, arriving at time
t = t,, results in an instantaneous fractional decrease in in-
tensity and anisotropy. It is apparent from the preceding
sections that the extent of light quenching will depend on
the orientation of the excited-state population and, hence,
the ratio of 7 to ©. We have not included this effect in
our model, except to recognize that the quenching beam
will cause a step-change in the intensity or anisotropy
decay.

The fractional decrease in time-dependent intensity is
described by

=7 (60)

where I, and I, are the intensities immediately before and
after the quenching pulse. Because the intensities /, and I, are
proportional to the respective numbers n, and n, of the ex-
cited molecules, the parameter g has exactly the same mean-
ing as that introduced by Eq. 43. The fluorescence intensity
decay then has the form

= Le™" for
0 = I,(1 — g)e™ for

O=r=y, 61
t>1,. (61)

The phase angle (¢,) and modulation (m ) at each modu-
lation frequency (w, rad/s) can be computed as (Lakowicz
et al., 1984; Gratton et al., 1984)

tan ¢, = N,/D,, (62)

1
mw=j \/N1+Dﬁ, (63)

where the quantities N, and D, are the sine and cosine Fou-
rier transforms of the fluorescence intensity decay, and J is
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the steady-state intensity of the fluorescence. For the decay
law described by Eq. 61

r
No=k—"F"55
1+ w?r? (64)
X {wt — [sin(wt,) + wT cos(wt,)]ge™'},
Yy —
w 07 x 2.2
1+ 0?7 (65)

X{l - [cos(wtd) — T sin(wtd)]qe—m/f},
J= 101'(1 - qe—!d/r). (66)

These expressions (Egs. 64—66) can be used to predict the
frequency response for any assumed values of g, ¢, or .

The frequency-domain anisotropy data can be simulated in
a similar manner. The instantaneous change in anisotropy at
time ¢t = ¢, is described by

Ar=r,—r,=r,— re ", (67)

where 7, and r, are the anisotropies immediately before and
after the quenching pulse. The fluorescence anisotropy decay
then has the form
roe™"® for 0=t=<iy, 63
o) = (rg + Are®) e™"® for t>1,. (68)
In this section, we restrict ourselves to cases where the
ADTM displays the z axis symmetry. Then the time-resolved
anisotropy is described by Eq. 3 and the intensity decay of
the parallel and perpendicular components are given by

Wle "1 + 2rye®] for 0<t=<t,
1"(;) = 1/3(1 _ q)Io e‘”’[l + z(roe—mle + Ar)e—(t—ld)/e]
for t>1,,
(69)
Wl el — rye ™8] forO<t=t,
I,(t) = (Y1 — @, e "1 — (r,e™® + Ar) ¢~ )8}
for t>1,,
(70)

The frequency-dependent phase difference A between
the perpendicular and parallel components of the modu-
lated emission, and the ratio A, of the AC amplitudes
of the components, can be calculated from Eqs. 69 and
70 and the well known expressions for differential
polarization phase and modulation data (Weber, 1977;
Lakowicz et al., 1993, 1987).

A = arctan(M) 1
@ 1\/'"Nl + D“Dl i
\/Ni + D
A, = (72)

“= /M D

where the quantities Ny Ny, D), and D, are defined as
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respective sine or cosine Fourier transforms of the po-
larized components of the fluorescence decay. For the
intensity decays given by Egs. 69 and 70, one obtains

Ny = Ysly(n, + 2n,), (73)
Dy = Vsl,(d, + 2d,), (74)
N, = Wl(n, — n,), (75)
D, = 1l(d, — d,), (76)
where the quantities n, and d; are expressed as
My = T fr — [sin(ar,) + wr cos(t)lge v}, (77)

H
m = o {rowH — [sin(wt,) + wH cos(wt,)]Re™""},
(78)

dy = s {1~ [oos(aty) — wrsin(ar)lge ™), (79)

H
dy = 7 {ro — [cos(wt,) — wH sin(wt,)Re "}, (80)

with
1.1 1 81
H 7 ©° (1)
R=ry— (1 — q)r,+ Are*®) 82)

Effect of two-beam light quenching on the

.intensity decays

Measurements of time-resolved fluorescence are often per-
formed using frequency-domain methods. Hence, we con-
sider the effects of a step-decrease in the intensity decay on
the frequency-domain data. Simulated FD data for a 60%
decrease in the excited-state population are shown in Fig. 18.
The step-decrease in intensity results in oscillations in the
frequency response. These oscillations are particularly evi-
dent in the phase data, but are also visible in the modulation
data. The frequency of the oscillations is related to the time-
delay between the excitation and quenching pulses. The re-
sults shown in Fig. 18 suggest that it will be readily possible
to detect even small amounts of light quenching from the
frequency-domain measurements. In fact, such oscillations
have already been observed for a two-beam light quenching
experiment (Gryczyiiski et al., 1994a, b). Depending upon
the relative magnitude of o, and o, or g, for two-photon
excitation, it is possible that the second pulse will result in
more excitation than quenching. In this case, the oscillations
in phase angle will start in the opposite manner, with the
phase (dotted line) initially becoming larger than the fre-
quency response in the absence of light quenching (¢ = 0,
dashed line). If the excitation and quenching pulses are time-
coincident, then there is no change in shape of the intensity
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FIGURE 18 Simulated effect of light quenching on the frequency re-
sponse of a fluorophore with a 10 ns decay time (——). The delay time is
1 ns. The dashed line shows the unquenched data. The dotted line (¢ = —0.6)
indicates excess excitation over quenching by the delayed pulse.

decay. Hence, the decay time and frequency response remain
unchanged irrespective of the extent of light quenching.

Effect of two-beam light quenching on the
frequency-domain anisotropy decays

Two-beam light quenching can result in a profound alteration
of the frequency-domain anisotropy decay. Simulated results
for 60% light quenching, and Ar = —0.26, with 7 = 10 ns
and © = 1 ns, are shown in Fig. 19. The time-domain in-

8=1ns
q=06 -

30} T =10ns
ro=04

DIFFERENTIAL
PHASE (degrees)

o.4F '~
a a o8 e~
E O 03¢ —~
< @x ‘,:: o \r(t)
—8' § o o
0O Z 01 ° T?ME(}-O-) 1
3>«

10° 10 10? 10° 10*
FREQUENCY (MHz)

FIGURE 19 Effect of parallel light quenching on the frequency-domain
anisotropy data. The quenching pulse arrives at time ¢, = 1 ns and decreases
the total intensity by 60%. The emission anisotropy is equal to 0.15 im-
mediately before the light quenching and is assumed to drop to —0.11
immediately after the quenching pulse. The corresponding effect of the light
quenching on the time-domain data is shown in the inset. The dashed lines
show the unquenched data.
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tensity and anisotropy decays for these assumed values are
shown as an insert in Fig. 19. The anisotropy is 0.15 upon
arrival of the quenching pulse at #, = 1 ns. The change in
anisotropy of Ar = —0.26 was used because it is near the
expected value for the assumed parameter values (see be-
low). The step-change in the anisotropy results in oscillations
in the differential polarized phase angles and the modulated
anisotropy. The depth of the oscillations is sensitive to the
extent of quenching (not shown), and the rate of the oscil-
lation depends on the time-delay. Examination of Fig. 19
reveals that the modulated anisotropy can exceed the usual
upper limit of 0.4 because of the step-change in anisotropy
and its effect on the frequency response.

The oscillations shown in Fig. 19 are unique property of
a two-beam experiment. If the time delay is decreased to
0.001 ns, then the frequency-domain anisotropy data become
almost identical to that observed for a fluorophore with a
lifetime (7) of 10 ns and correlation time (©) of 1 ns, but with
a decreased time-zero anisotropy (Fig. 20, left panels). If the
time-delay is increased to 10 ns, then the frequency of
the oscillations increases (Fig. 20, right panels). The am-
plitude of the oscillation is decreased, relative to Fig. 19 with
t, = 1.0 ns, because of the longer delay time and less quench-
ing of the total emission. These simulations suggest that
the frequency-domain anisotropy decay measurements will
provide a sensitive method to study the effects of light
quenching.

Relationship of the extent of quenching to the
change in anisotropy

In practice, the parameters g and Ar are related. We now only
consider the relationship between ¢ and Ar for parallel
quenching in two limiting cases, when the delay time ¢, is
very large or very small compared with rotational correlation
time O. Assume at first that 7,/0 << 1. In this case, rotational
diffusion does occur before arrival of the quenching pulse,
and the time evolution of the ADTM is described by the
equations derived in previous sections. The anisotropy r, im-
mediately after (a) the quenching pulse can be calculated as

Iall - Inl
r

T 7ol (83)
L+,

The intensities I,; and /,, can be found from Egs. 1 and 2 by
setting ¢+ = ¢, and integrating over ¢

w2
Iy=c2m f n,(6, t,)cos?0 sin 6 d6, (84)
0

w2
I, =¢m f n,(0, t;) (1 — cos®6)sin 6 d, 85)
0
where the function n, (6, ;) describes the ADTM immedi-
ately after the quenching pulse and is given by the second line
of Eq. 44. The parameter Ar can be then calculated from Eq.
67, with r, = 0.4 and ¢,/© = 0. Note that in this case, Ar does
not depend on the delay time #,, but is, of course, dependent
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FIGURE 20 Effect of parallel light quenching on the frequency-domain anisotropy data. The two panels show simulations as the time-delay of light
quenching pulse is increased from ¢, = 0.001 ns (left) to 10 ns (right). The decay time and correlation times are assumed to be 10 and 1 ns, respectively.
The dashed lines show the unquenched frequency-domain anisotropy data.

on the parameter S,. The value of the parameter g, which is
associated with a calculated value of the anisotropy de-
crease Ar, may be evaluated from Eq. 43 using the same
value of S,.

In the second limiting case, when ¢,/O >> 1, the same
formalism may be applied. The only difference is that now
the function n,(6) in the second line of Eq. 44 has to be
replaced by a constant, to indicate that the shape of the
ADTM immediately before the light quenching is spherical.
This correlation between g and Ar was taken into account in
the simulations on the frequency-domain anisotropy data
shown in Figs. 19 and 20. We use a value of Ar = —0.26,
which is the average of that expected for 7, > O and
t; < O for the assumed value of g = 0.6.

DISCUSSION

The previous section described the types of oriented fluoro-
phore populations that can be achieved with light quenching
and how the intensity and anisotropy decays are altered by
a time-delayed quenching pulse. Considerably more detail is
required to provide a complete description that includes the
effects of rotational diffusion, spectral relaxation, ground-
state depletion, non-colinear transition moments, and the ef-
fects of pulse width, to name a few. Based on our recent
experimental studies with light quenching of several fluoro-
phores (Lakowicz et al., 1994; Gryczyriski et al., 1993,
1994), we feel the results described above are experimentally
achievable. Using one-beam experiments (Gryczyiski et al.,
1993, 1994), we have already demonstrated that significant
amounts of light quenching can be observed using commer-
cially available ps lasers and that the light quenching oc-
curred without significant photochemical damage. Addition-

ally, the light quenching data demonstrated that the extent of
quenching is proportional to the amplitude of the emission
spectrum at the quenching wavelength and that light quench-
ing is accompanied by a decrease in the time-zero anisotropy.
It is important to note that light quenching is not the same
as polarized photobleaching, in which case part of the flu-
orophore population is destroyed by a bleaching pulse at the
absorption wavelength. In the case of light quenching, the
fluorophore will typically be illuminated at nonabsorbed
wavelengths, and the effects we describe do not require that
any fluorophores be destroyed.

Light quenching is accomplished using intense illumina-
tion at wavelengths longer than the absorption spectrum. It
is thus natural to question whether the extent of two-photon
excitation will be larger than the extent of light quenching.
We have found that this is not necessarily the case, and light
quenching can be the dominant effect. For instance, we were
able to observe light quenching of Rhodamine B (Lakowicz
et al.,, 1994) and the laser dye DCM (Gryczynski et al., 1994)
using one-photon excitation on the long wavelength side of
the emission spectra. We note that TPE is best accomplished
with fs sources, because the extent of two-photon absorption
is proportional to the square of the peak power. In contrast,
light quenching is a linear process and is proportional to the
total number of photons passing near the excited fluorophore.
Hence, light quenching can be accomplishing with the 5-10
ps pulses from mode-locked ion or Nd:YAG lasers with
minimal two-photon absorption.

And finally we note that technological advances in com-
mercially available lasers is resulting in the increasing pos-
sibility and practicality of the two-beam experiments de-
scribed above. For instance, it is now possible to buy
synchronized mode-locked Ti:Sapphire lasers, where the
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time delays between the pulses are readily adjustable. One
laser can be a ps or fs laser appropriate for excitation, and
the second can be ps or wider pulses to maximize energy
or minimize TPE. Ti:Sapphire laser sources have been
used in regenerative amplifiers to obtain intense
Q-switched pulses at kHz rates (Seaton, 1993). Addition-
ally, it is possible to obtain Q-switch laser sources with
the output centered near 355 nm, the emission maxima of
proteins.

In conclusion, multi-pulse time-resolved light quenching
offers new opportunities for the use of time-resolved fluo-
rescence in the study of chemical and biochemical systems.
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